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Materially Nonlinear Analysis

Marc Bonnet

Laboratory of Solid Mechanics
Ecole Polytechnique and CNRS, France

Abstract. This chapter presents a review of domain-boundary element techniques for solv-
ing materially nonlinear solid mechanics problems. Quasi-static and dynamic formulations
are addressed, with emphasis on the use of implicit constitutive integration techniques and
the local and global consistent tangent operators. Symmetric Galerkin BEM formulations
are also presented. A section is devoted to steady-state elastoplastic calculations for mov-
ing loads, and another to the simulation of abrasive wear, both types of nonlinear analyses
being well-suited to D/BEM treatments. Another section deals with energy methods in frac-
ture mechanics. Finally, a symmetric formulation for BEM-FEM coupling is presented as
another way to use BEM, this time combined with FEM, for materially nonlinear analyses.

1 Introduction

Contrary to a widespread belief, integral equation based formulations are not restricted to linear
problems. While it is true that linearity is essential in defining the reciprocity identities and fun-
damental solutions, integral equations can be applied to nonlinear problems having a linear part,
e.g. elastoplasticity, by treating nonlinear contributions as (unknown) body forces associated with
otherwise linear field equations. However, the boundary-only nature of the integral formulation
is usually lost, as these (pseudo-) body forces are defined over (part of) the domain of interest.
Since the early paper by Swedlow and Cruse (1971), D/BEM treatments of quasi-static elasto-
plasticity have been proposed by Telles and Brebbia (1981a), Banerjee and Raveendra (1986),
Banerjee et al. (1989), Telles and Carrer (1991), Huber et al. (1996), among others. Bui (1978)
established the correct free term associated with the strongly singular domain integrals arising
in D/BEM. More recently, incorporation of implicit constitutive integration techniques has been
described and implemented by Bonnet and Mukherjee (1996) and further studied by Paulino and
Liu (1999). D/BEM formulations for dynamic elasto-plasticity have also been investigated, based
on either time-domain fundamental solutions (Ahmad and Banerjee, 1990; Israil and Banerjee,
1992; Telles and Carrer, 1991, 1994) or static fundamental solutions together with the dual reci-
procity technique (Kontoni and Beskos, 1992; Providakis et al., 1994); see also some of the ref-
erences provided by Beskos (1987a) and Beskos (1997). Other extensions include elastic-plastic
fracture mechanics (see e.g. Huber et al., 1996; Cisilino et al., 1998; Cisilino and Aliabadi, 1999),
elastoplastic contact (Aliabadi and Martin, 2000; Dong and Bonnet, 2001) nonlinear problems
involving finite strains (Zhang et al., 1992b; Foerster and Kuhn, 1994) and shape sensitivity anal-
yses (Zhang et al., 1992b; Leu and Mukherjee, 1993; Wei et al., 1994; Poon et al., 1998a). The
treatment of the singular domain and boundary integrals arising in D/BEM formulations is ad-
dressed in Bonnet and Bui (1993), Guiggiani (1994, 1998), Tanaka et al. (1994) and Bonnet et
al. (1998b). While all the references quoted thus far consider integral equations in collocation
form, the theory and implementation of symmetric Galerkin D/BEM formulations has also been



investigated, see e.g. Maier and Polizzotto (1987), Polizzotto (1988), Comi and Maier (1992),
Maier et al. (1993, 1995), Burgardt (1999) and Bonnet et al. (1999), for quasi-static problems
and Frangi and Maier (1999) for dynamical problems, and also the references in Bonnet et al.
(1998a). The book by Chandra and Mukherjee (1997) is devoted to D/BEM for nonlinear prob-
lems, and chapters on the same general topic can be also found in other books, e.g. Brebbia et al.
(1984), Beskos (1987b), Balas et al. (1989), Banerjee (1994) and Bonnet (1999a).

This chapter attempts to summarize the solution of materially nonlinear solid mechanics
problems by domain-boundary element methods (D/BEMs). Integral identities involving inelas-
tic strain distributions for quasi-static problems are presented in section 2. Next, section 3 ad-
dresses the algorithmic D/BEM treatment for quasi-static elastic-plastic analysis, with empha-
sis on the use of implicit constitutive integration techniques and the local and global consis-
tent tangent operators. While this is by no means the only approach to constitutive integration,
it is now widely accepted in the FEM community as robust and efficient, but not very often
used in D/BEM-based algorithms. Additional topics are covered in the same section: symmet-
ric Galerkin BEM formulations (in a quasi-static setting) and constitutive implicit integration
for elasto-viscoplasticity. Then, section 4 is devoted to a particular class of nonlinear analysis,
namely steady-state elastoplastic problems with moving loads, which are well suited for D/BEM
techniques because the underlying translational invariance implies that the computation domain
is unbounded. The simulation of wear induced by friction, which also lends itself well to BEM
treatments since materially nonlinear behavior (wear) occurs on the boundary, is considered in
section 5. Obviously, this kind of analysis involves contact mechanics, which is not treated here
(the reader is referred to the contribution of G.E. Stavroulakis and H. Antes in the same volume).
Finally, a symmetric formulation for BEM-FEM coupling is presented in section 7 as another
way to use BEM, this time in combination with FEM, for materially nonlinear analyses.

2 Basic BEM Identities: Elastic Equilibrium With Initial Strains

In the framework of infinitesimal strain, it is usually assumed that the strain tensor can be de-
composed additively into an elastic part and a plastic (or visco-plastic) part, i.e.,

e=¢e"+¢e" where o=C:¢€" (1)
so that the elastic part of the constitutive equation reads
oc=C:(e—¢") )
where C' denotes the fourth-order tensor of elastic moduli. For isotropic elasticity, one has

2v
Cijke = M[l—_'2—l/5ij5ke + (0ikdje + 5ie5jk)] (3)
where p and v denote respectively the shear modulus and the Poisson ratio. Hence, BEM treat-
ments for problems involving nonlinear constitutive properties are based on the integral identities
governing elastic problems with distributions of (a priori unknown) initial strains (or stresses)!.

! Of course, such distributions may also occur in their own right for a variety of other reasons: thermal
loadings, residual strains or stresses, inclusions or inhomogeneities in micromechanics. . .



2.1 Integral Representation Of Displacement

The usual basis for such integral formulation is a reciprocity identity between the unknown state
(u,€,0) and a known fundamental solution, here chosen to be an elastic field generated by an
unit point force applied at a fixed source point & and along a fixed direction k in a fictitious
(and usually infinite) body endowed with the same elastic moduli C'. The components u; of the
unknown displacement field are governed by the equilibrium equation

Cijab(Uapj — €qp ;) =0 4)

(commas denoting partial differentiations w.r.t. coordinates of the field point ) while the com-
ponents UF (&, z) of the fundamental displacement are governed by the equation

CijabUly; + 6(x — )0y = 0 )

where §(x — &) is the Dirac distribution at point . Multiplying Eq. (4) by U (%, =) and Eq. (5)
by u;, integrating both equations over the domain {2 of interest, invoking the defining property
of §(x — &), integrating by parts the remaining integrals and subtracting the resulting identities,
one obtains the reciprocity identity

k(&) ug () = / {Ui’“(a},w)ti(w) — Tik(:i:,a:)ui(m)} ds, + / Tk (&, z)e’y (x)dV; (6)
on P

where (2 C (2 denotes the potentially plastic region, that is, a region outside of which it is
assumed that " = 0 (keeping in mind that the true support of €" is not known a priori and
evolves with the load) ; k(Z) = 1 or 0 according to whether the source point & is interior or
exterior to the domain {?2; besides, t;, Ti’“ and E{“j denote the components of unknown tractions,

fundamental tractions and fundamental stresses, respectively, with
ti(x) = Cijab(ta,p() — €qp(2)) 15 ()
T} (&, 2) = I (&, ©)n; (@)

Efj (Z,z) = CijabUf,b(i:’ )

2.2 Displacement Boundary Integral Equation

The displacement boundary integral equation is the limiting case of Eq. (6) when & € 92. In
that case, in view of the non-integrable O(r?) singularity of the fundamental traction T, either
a regularization along the lines discussed in e.g. Tanaka et al. (1994) and Bonnet (1999a) or the
so-called direct approach (Guiggiani, 1998) must be used in order to obtain a mathematically
meaningful integral equation. In this contribution, the former approach is adopted. Here, apply-
ing Eq. (6) to the rigid-body displacement v(x) defined by v(x) = u(&) and subtracting the
resulting identity from Eq. (6), one easily obtains the regularized integral equation

Rug(Z) + /6Q {TH (@, )[ui(@) —wi(@)] - UF (&, 2)t:(2) } dS,

= Zab(:i:a :E)Sl;b(ﬂ:) dV:E (7)
fo)d

with & = 0 (2 bounded) or & = 1 (R3 — {2 bounded). This integral equation is regularized
provided u has C%* Holder regularity at = Z.



2.3 Integral Representation of Strain or Stress at Interior Points

If the initial strain field " is known, the displacement BIE (7) collocated at the BEM mesh nodes
provides a suitable set of discretized equations for the unknown boundary DOFs. However, in
nonlinear solid mechanics analyses by BEM, the field €” is to be determined in addition to the
usual boundary unknowns. Hence, another set of integral equations are needed, in the form of
the integral representation of strain collocated at interior points. In particular, note that using the
displacement representation formula at interior points instead would involve the unknown dis-
placements at these points, which are also unknown, as well, and thus would not be a satisfactory
approach. This new set of equations thus comes from differentiating the integral representation
(6) with respect to coordinates of the observation point &. A technical difficulty appears at this
stage, namely that the differentiation of Eq. (6) with respect to &, necessitates the evaluation of
0

Tre(Z) = — Doy (&, @)ety (@) AV,

0z 7 Jor
Indeed, the derivatives X fj’ (&, ) exhibit a |z — 5:|_3 singularity which is not integrable over
{2 (the overbar in () ;7 denoting a partial derivative w.r.t. the £-coordinate of &) .

Thus the differentiation with respect to & in Ij¢(Z) cannot be transferred under the integral
sign. This difficulty, which arises only in the presence of initial strains or stresses, is serious, as
witness the fact that the issue was incorrectly solved in the literature until Bui (1978) established
the correct expression of Ix(&), which involves a free term and a domain integral in the Cauchy
principal value sense

8 — 10v - 1-5v -
Ino(®) = _/ngb’i(i’ T)egy () dVe — 20 Ig(—l_—y)ffz’ce(x) - Tg(fjlj—)fpaa(w)éké ®)

Bui’s derivation proceeds by excluding the singular point & by removing a spherical neigh-
bourhood v, (x) and then differentiating the result with respect to &,. The integration domain
2 — v (x) thus depends on & through v, (), so that the process involves a convective derivative,
which was overlooked in previous attempts at solving this issue.

2.4 Regularized Integral Representation of Strain at Interior Points

Application of formula (8) entails the evaluation of a Cauchy principal value domain integral.
The direct approach (Guiggiani, 1998) can be adapted to this task. It is also possible, with the
help of an auxiliary integral identity, to perform an indirect regularization approach in order to
reformulate the integral representation in an integrable form.

Consider a constant initial strain tensor €°. Since €° is then geometrically compatible, it
induces in the absence of body forces in {2 and kinematical constraints on 02 the following
elastic state in {2, defined up to additive rigid-body motions:

u(z) =€ (x)=0 o(x)=-C:¢ )

Substituting this simple solution into the representation formula (6), one obtains an integral iden-
tity that holds for any constant strain tensor €°, i.e.,

{c,,»ab / Uk (2, z)n;(x)dS, — / ng(ﬁ;,w)dvz}ag,, =0 (10)
a0r 0P



In particular, putting €° = €*(&) and subtracting the resulting identity from Eq. (6), one obtains
the integral representation of displacement in regularized form as

w(@) = [ {UF(& 2)t(@) - THE, 2)ui(@)} dS, + / 5 (@, @) [y (@) — & (3)] 4V,
an 0P

2 (@)Ca | UH@ )y (@) s, an
EYe]
In practice, one would rather isolate the singular point & with a relatively small portion (2.

of (2, of boundary I, for regularization purposes (typically, {2, would be the integration cell
containing &), and recast (11) into

up(@) = / {UF(#,2)ti(z) — Tf (2, z)ui(z)} dS, +/ Zop(&, @) el (@) — €4(E)] AV,

+/ Ik (&, x)eb, () AV, + €% (2 CW,,/ (&, )n;(x)dS, (12)
-0,

Then, thanks to the term [€°(x) — €°(&)], a differentiation of the domain integral under the
integral sign produces a convergent domain integral and is thus mathematically valid, provided
the initial strain €” possesses C*'® smoothness at = Z. Indeed, under this assumption, one has

Efb,e(i',“’)[gl;b(m) —egp(Z)] ~ | — i‘|_3+a

so that this quantity is integrable in the usual sense over 2. A differentiation of Eq. (12) with
respect to T then yields the relation

wel@) = [ 5l @ @) e+ [ 2 @) - @] v

+ / (25, (&, @)ua(@)mo(@) - UE,(&, 2)ti(2)} dSe
+eby(a Cmb/ ;0@ T)nj(x) dS,

The factor of €7; (&) vanishes identically as a consequence of Eq. (10). As a result, the regular-
ized integral representation formula for the displacement gradient at an interior point T reads

U (E) = /Q " T (@, @)l (@) dVa + €04(&)Cigap /F UF (&, x)n;(x) dS,
+/ {Zk, o(&, T)ua(x)ns(x) — ULy(&, )ts() } dS,
+ /Q Sk, (@) @) — 5 (@)] 4V (13)

Note that the boundary integrals in Eq. (13) are nonsingular if £ € (2" is chosen inside (2. In
particular, they are always nonsingular if 2" N 02 = 0, i.e., when the potentially plastic region



does not reach the external boundary. If 2" N 92 # 0, it may be necessary or useful to invoke the
integral representation of strain at collocation points & € 0f2. This gives rise to hypersingular
boundary integrals, whose treatment by either the direct approach or indirect regularizations, a
very well documented subject (see e.g. Bonnet and Bui, 1993; Tanaka et al., 1994; Guiggiani,
1998), is not addressed here. The specific issue of indirect regularization of Eq. (13) is addressed
in e.g. Bonnet et al. (1998b) and Poon et al. (1998b).

Equations (7) and (13) are the two basic integral equations upon which BEM techniques for
materially nonlinear problems are built. In fact, since domain integrals over the potentially plastic
region are involved in the formulation, as well as collocation at internal points, the ensuing dis-
cretization technique is referred to as the domain-boundary element method (D/BEM) rather than
the BEM. In order to exploit them, one still has to invoke the nonlinear part of the constitutive
property, which has been left unspecified up to this point.

3 D/BEM Treatment Of Small-Strain Elastoplasticity

Since the early paper by Swedlow and Cruse (1971), D/BEM treatments of quasi-static elasto-
plasticity have been investigated by Telles and Brebbia (1981a), Banerjee and Raveendra (1986),
Mukherjee and Chandra (1987), Banerjee et al. (1989), Telles and Carrer (1991), Comi and
Maier (1992), Maier et al. (1993), Telles and Carrer (1994) and Huber et al. (1996), among
others. Elastic—plastic constitutive behaviour gives rise to history-dependent evolution problems.
Quasi-static situations are characterized by the absence of a physical time scale: the evolution
is then described by a kinematical parameter ¢ (e.g. a proportionality factor of the loading),
called ‘time’ for simplicity. Elastic—plastic analyses generally consist of prescribing loading
increments and finding the corresponding increments of mechanical variables (displacements,
strains, stresses. . .). Many solution strategies exist in the literature. They are often formulated in
terms of rates (i.e. ‘time’ derivatives) of mechanical variables.

However, during the last fifteen to twenty years, implicit algorithms, based on the concept
of consistent tangent operator (CTO) and formulated in terms of finite increments instead of
rates, have been proposed in the finite element framework (see Nguyen, 1977 and Simo and
Taylor, 1985). Using this approach, the Newton iterative method used for each load step con-
verges quadratically, allowing for a reduction of the number of iterations as well as for larger
load steps. Implicit CTO-based constitutive integration techniques are now widely used in the
FEM community (see Simo and Hugues, 1998 for a comprehensive exposition).

Implicit constitutive integration techniques have been first adapted to D/BEMs rather recently
(Bonnet and Mukherjee, 1996), where the robustness of CTO-based algorithms was also demon-
strated. The latter conclusion is supported by a recently published comparative study (Paulino
and Liu, 1999), where the CTO is seen to lead to more robust algorithms, entail fewer itera-
tions and provide better accuracy than the continuous tangent operator. For these reasons, the
D/BEM treatment of small-strain elastoplasticity presented in this section is based on an implicit
constitutive integration algorithm.

3.1 Incremental Formulation

Basically, the boundary element approach to elastic—plastic analysis is based on the integral
equation (7) and the integral representation (13) of strain. These equations are discretized using



boundary elements for the boundary unknowns u, t and integration cells for the domain integrals
containing €°. Since the plastic region, i.e. the geometrical support of €°, is not known a priori, a
potentially plastic subset {2° of {2, outside of which no plastic strain is expected, must be defined
a priori. Interpolation functions for the plastic strain €’ or the total strain € are defined on the
cells. The resulting matrix equations associated to (7) and (13) have the form

[Bl{u} - [Al{t} = [Q{C:e"} (14)
{e} = [A1{t} - [B'{u} + [Q{C:e"} (15)

or, after separation of known and unknown degrees of freedom in {u}, {t} (the former being
gathered into the vector {y}) and appropriate column-switching in the matrices [A], [B] and
[A'], [B'], the form

[Kl{y} = {f} +[Q{C:"} (16)

{e} ={f} - [K'[{y} +1Q){C:€"} (17)

where {f},{f'} incorporate the boundary data. Note that Eqs. (14), (15) or (16), (17) may
also be viewed as a symbolic form of the continuous integral equations with [A] etc. denoting
infinite-dimensional integral operators.

Solving Eq. (16) for {y} and substituting the result into Eq. (17), one obtains

{e} ={'} +[SH{C:e} (18)

with

{Y = {1 - [KIK]"HfY [S]=(Q1- [KK]|"Q]
Thus {e"} is the total strain under the given loading and in the purely elastic case, i.e. assuming
that no plastic strain is present.? To take into account the incremental nature of the problem, the
evolution between the time instants t,, and t,,+1 = t, + At is considered. Writing Eq. (18) for
both instants and taking the difference of the two resulting relations gives

{4e,} = {A¢e,} + [S){C: Ae,} (19)

using the notation A(), = ()n+1 — ()n. The variables (un,t,) on 012 and (e, 0,, ") are
assumed to be known. In particular, initial conditions must be provided at the starting time ;.
Solving the n-th increment of the time-discretized elastic-plastic problem then consists in finding
all mechanical variables at ¢t = ¢,,41, or, equivalently, in finding all the increments Ae,, etc.
The plastic part of the constitutive behaviour still remains to be accounted for. Following
the approach of Simo and Taylor (1985), the radial return algorithm (RRA), symbolically de-
noted by &, outputs the stress o, given a strain increment Ae,, and the mechanical variables
(€n,on, ) att =t, as
On+1 = &(Enao'n)é:uAsn) (20)

where " denotes the cumulative plastic equivalent strain

t
e =/0 \/g(clp:dp)l/2 dr

2 This should not be mistaken for the elastic strain €° in the additive decomposition of the total strain &.



In view of (2), the new plastic strain €7, , | = g'(en, on, &, Aey,) follows at once through
C:&'(en, 00,6, Aey) =6(n,0n, 8, An) — C:ep1 (21)

Since the RRA is directly formulated in terms of finite time and strain increments, a rate
formulation of the evolution problem is not necessary. After substituting the RRA, in the form of
Eq. (20), into Eq. (19), one obtains a nonlinear system of equations

(G(Aen)) = [S]{G(en, On, &, Aey) — o — C: Ay} — {Aet} + {Ae, )} = {0}

whose primary unknown is { Ae,, }, the strain increment compatible with both the elastic equilib-
rium and the plastic constitutive behaviour (left unspecified at this point). Equation (22) is then
solved by means of an iterative procedure. For example, using the Newton method, the additive
correction det, = Aett! — Ael to Ae!, solves the linear system of equations

([S)[Dhya] - 1) {0er,} = {G(A¢})} (22)
where
D,..=C-C ith C =—‘%—(s o, &, Aey) 23)
n+l — n+1 W1 n+l = 8A€n nyOn, €y, n

C', ,1is the local consistent tangent operator (local CTO) and ([S][D%, ] — [I]) is the global
CTO. The iterative procedure is carried out until convergence, and the value of {Ae,} thus
obtained is used to update the mechanical variables:

= —p
Entl = En + Asn Tpi1 = O'(En’ On,€,, Aen)

It is interesting to note that the Newton step (22) involves the difference [C — C*, +1) between
the elastic tensor and the local CTO, rather than the local CTO itself; this is entirely consistent
with the fact that Eq. (19) accounts for equilibrium as well as the elastic constitutive law.

Observe that at those material points where the incremental deformation is purely elastic
(i.e. trial stress lies within the yield surface), the local CTO coincides with C. The implication
is that the block-diagonal matrix [C — C*, +1) can have zero blocks on the diagonal, leading to
corresponding zero block columns in the matrix [S][ D", +1]- Hence, the Newton step (22) admits
the following block decomposition

([SI[D% 4] — ) pp{dei}p = {G(AEL)}p (24)
{6e1 e = ([S)[D}41)) Ep{del }p — {G(A€})} g (25)

where the subscripts E, P indicate partitionings based on currently elastic (E) or plastic (P)
nodes. Also, use is made of the conglomeration of zero block columns

([S]1Dnsa))pe = ([SIDnyi))eE = (0]

In effect, (24) says that the size of the linear system ties in with the size of the plastically deform-
ing zone, representing significant savings in computer time.



For completeness, the RRA is now explicitly given for a specific constitutive behaviour,
namely isotropic elasticity, a von Mises yield criterion an an associative flow rule. The elastic
domain E in the stress space is thus defined by

E = {o|f(o) <0} with f(o;e",a) = \/€:€ — \[ €) (26)

where s = o — —Tr( ) is the deviatoric stress, a is the center of E, i.e. the kinematical hardening
variable, and the threshold function k(€*) is given. Incompressibility of plastic strain is assumed.
The constitutive equations are then the elastic stress-strain Eq. (2), the evolution equations

. . 2
€=y €=y/2 a= gH’(éP)éP

(where n = 8f /00 = £/ |€| and the hardening function H (€°) is known) and the complemen-
tarity Kuhn-Tucker conditions

fle;@a) <0 v20  7yf(0;€,a)=0
The plastic multiplier - is found from enforcing the consistency condition
vf(o;e @) =0

First, the (elastic) trial stress oL 41 is defined by

s§+1 = 8, + 2udle,

Eni1 = €n + 2udley @7

ol =0, +KAe,:(1®1) +2ude,
(e: deviatoric strain). If (oL, ;;€,,a,) < 0,i.e. oL, is in the elastic domain, one has

C=0n11  Enp1=€n  Ep =8 Gup=an

On the other hand, if f(o, ;& an) > 0, & is given by the following equations, which consti-
tute the RRA (Simo and Taylor, 1985):

n= €£+1/|€Z;+1|

€1 =6,+ \/%At
Qni1 = an + \[2AH, A (28)
Spy1 = €7T1+1 = 2uv At + a1

Tg=Ken11:(1®1)+ 8,11

where K = 2u(1 + v)/(3 — 6v) is the compressibility modulus and with AH,, = H,, 1, — H,,
H, = H(&}), the function H being given. The scalar yAt solves a nonlinear equation expressing
that the yield criterion is verified at ¢t = ¢,,41, i.e.,

|£n+1| \/7 (e, +\/77At —2,u’yAt—fAH =0 29)



Finally, the local CTO is given in this case by (Simo and Taylor, 1985)
Cont =C = 2u| (=D& i+ 1= AT - 181 60)
where 1 is the second-order identity tensor, 21,pcq = dacObd + daddpe and
\[ AH, 4 rpyy) 6= St Hny
n+1} Kpy1 + Hj, 1+3M

and D, defined by (23) is thus given by

Daii=(5-0)a®h+(1-p)I-z101) 31)

In the common special case of linear kinematic hardening, for which there are two constant
moduli H and h such that

flo,@,0) = VEE~ \/§<ao FhE) &= %Hé" (32)

the scalar consistency equation (29) becomes linear in YAt and thus solvable in closed form:

TN _ /2 o e
P il e Gchatic
1+ (H +h)/(3p)

An extension of this constitutive integration scheme to anisotropic plasticity is proposed by
De Borst and Feenstra (1990).

The following pseudo-code outlines the overall solution procedure, from initial time ¢ (cho-
sen so as to correspond to the first yield load) to final time ¢y.,..

For0 <n< (NT — 1).‘
1. — Compute { At} (purely elastic internal strain)
2. — Initialize { Ael} (e.g. to the elastic value)

1=0
Iterative solution of (22):
(@i=0

(b) Compute the residual {G(A€e%)} from (22)
(this requires iterative solution of YAt from the RRA)
(c) Convergence test: if {G(Aet)} <  Eps, GOTO 3.
@i=i+1
(e) Compute the local CTOs C, ., at all nodes;
classify into currently elasttc (E') and plastic (P) sets.
(1) Set up and factor the global CTO [S(C — C%y1) — I]pp,
setup [S(C - Crt) — Ilgp. .
(g) Solve (24) for {de;, } p and compute {d€;, } £ using (25).
() Update: {Aek} := {Aek} + {0€4}.
(i) GOTO (b) (start new iteration).
3.— Update: {€"}nt1 ={€}n+ \/’{'yAt}
{ourn) = (o (At D}

{en+1} = {en} + {AQen}
End for

10



Discussion. The BEM matrices in Eqs (14), (15) are to be computed only once. However, as
always in BEMs, this may entail a significant computational effort, especially for the domain
cell integrations in 3D problems.

Likewise, the algorithm previously presented and summarized is based on a matrix operator
[S], defined by Eq. (18), which has to be computed only once. This is because the constitutive
integration algorithm, and in particular the CTO, is applied only at the domain cell nodes (in
other words, € and e” defined inside a cell by interpolation of the corresponding nodal values in
general do not satisfy exactly the constitutive equations).

It is interesting to consider alternative possibilities for defining the iterative algorithm used to
solve each load increment. For instance, putting Eqs (16), (17) in incremental form without first
solving for the boundary variables yields

Gu({Ay,},{4en}) = [K|[{Ay,} - [Q{C: A} - {Af,} = {0}
Ge({Ay,}, {4en}) = {den} + [K'| {Ay,} - [Q{C: Aey} — {Af} = {0}

Then, using again (21) and (23), the above set of equations can be solved for { Ay, },{e} by
means of the Newton iteration:

[K){6yy,} — QK Dry1 0063} = — Gu({Ay,}, {Aen})
(K] {oyn} + (] - [QIDh1a]){0e7} = — G-({Ay,}, {4en})

These Newton iterations can be set up in two ways, depending on how the previous derivation is
interpreted:

1. Ifthe above equations are matrix equations, i.e. if the D/BEM discretization is introduced be-
fore formulated the Newton step, the constitutive integration algorithm is again applied only
at nodes, the [D", 41) are block-diagonal matrices in the strain DOF space and the D/BEM
matrices [Q)], [Q'], etc. are computed only once.

2. if, on the other hand, the above equations are to be understood as continuous equations, the
notation [Q]{D?,, ; : 6% } in fact symbolizes the integral operator

/ UL (&,2)Dija([en, ons Eh; Ae} ()0, 4p(x) AV

in which the tangent operator DfI 41 1s space-dependent and must be evaluated at all points
(ie., in practice, at all quadrature points) of (2*. In this scenario, € and " do satisfy ex-
actly the constitutive equations, but for that [Q]{D;, , , : 6}, } must be recomputed for each
iteration of each load increment.

One sees that the more satisfactory (in principle) scenario 2 entails a very high, and in practice
prohibitive, computational effort.

3.2 Numerical Integration Over Domain Cells

Both the local and the global time-stepping schemes have been developed in Sec. 3.1. The setting
up of the BEM matrix Eqs (14) and (15) remains to be discussed.
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The matrices [A], [B] in (14) and [A'], [B'] in (15) are the usual elastostatic displacement
BEM and gradient BEM matrices. Their numerical calculation is well documented and does not
pertain specifically to the D/BEM techniques for nonlinear problems discussed in this chapter.

The matrices [Q)], [Q'] are obtained from domain integral over 2" and are specific to D/BEM.
Both result from weakly singular domain integrals when the collocation point & belongs to the
domain cell, respectively of the form

1(%) = /D 5k, (@, @)ty () AV, (33)
1.(&) = /D S, @) [ () — (@) dVa (34)

(the first one without any regularization and the second one after regularization), where D de-
notes any such domain cell. Usually, the domain cell D and the unknown plastic strain distribu-
tion €° it supports are defined by means of a FEM-type interpolation technique. For definiteness,
let us consider the common case where D and €' are defined by means of the isoparametric

interpolation
z=) N€x? =) Ny(€)e'
q=1

q=1

where D = {—1 < &1,&2,£3 < 1} is the unit cube in the parameter &-space, N1(£), ..., Ny (£)
are polynomial interpolation functions in £ = (&1, &2, &3), !, ..., ™ are the interpolation nodes
and e™!, ..., "™ are the unknown nodal plastic strains.

When integrals (33) and (34) are nonsingular, the above interpolation is directly substituted
into them and Gaussian quadrature formulas in £-space may be applied. Although it is customary
to use three-fold Cartesian products of one-dimensional Gaussian rules, other Gaussian rules
designed for multidimensional cubes (here, 3-cubes), corresponding to the same degree of exact
polynomial integration, require less quadrature points and thus are faster. For instance, the 27-
point and 125-point product Gaussian rules might be replaced by a 13-point rule and a 34-point
rule for the 3-cube (provided in Stroud, 1971), respectively.

When integrals (33) and (34) are (weakly) singular, specific techniques must be used. For
instance, coordinate transformations in the parameter £-space designed so that their Jacobian
absorbs the weak singularity can be applied in several ways, including introduction of spherical
coordinates and Duffy-type coordinates. In all cases, the cube D needs to be cut into up to six
pyramid-shaped subregions, such as the one sketched in Fig. 1, emanating from the singular
point &. Since Duffy-type coordinates are quite simple to implement, their use is now going to
be presented for the pyramid P joining E to the upper face (ABCD) of D defined by {—1 <
{1352 S~15£3 = 1} (Flg 1)

Let £ denote the image of & in D, and put

s u—&l+w 621+w £31+w
=6+ — 5 G=b+ 22 5 53—§3+ 5 5 (35)
where —1 < vy, v, w < 1. The Jacobian of this transformation is found to be
_ D(&1,6,63) 1+ w\21-4&
de dp gy = Tl dus duy du = (T> dvy dvs dw (36)
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Figure 1. Pyramid-shaped subregion emanating at singular point & in integration cell.

On the other hand, consider the position vector

T

2= V(&) - Ny(@llet

A first-order Taylor expansion of 7 shows that

m

r= Z(gr - ér) [qu.r(é) + O(|E - é‘)] =

q=1

1;wpwhmﬂw@+4xlzwﬂ

where the last step results from inserting the coordinate transformation (35). The new vector
function (v, v2, w; €) defined by the above expansion is easily shown to verify

rli"'("Ul'.r"-"Zs _l:é) ?é 0

Hence, the transformation (35) yields

1 11-—&;
r—gdng_—Q 5 dv; dvg dw

and thus allows to recast the integrals (33), (34) into nonsingular form in the (v, v, w)-space.
The numerical integration can then, at this stage, be performed by means of Gaussian quadrature.

The five other pyramid-shaped subregions are dealt with in a similar manner, using suitably
adapted modifications of the transformation (35).

3.3 Examples

The foregoing developments are now illustrated by an example (taken from Poon et al., 1998a):
the internal pressure loading of an elastoplastic hollow cylinder, in plane-strain conditions. Even

13



Figure 2. D/BEM mesh (with integration cells) and FEM meshes used for the hollow cylinder example
(from Poon et al., 1998a).

though the physics of this problem is really one-dimensional, a general 2D implementation of
the present implicit formulation is employed here. Despite the apparent physical simplicity of
the problem at hand, closed-form solutions, describing the evolution of mechanical variables as
the plastic front moves outward, are not available for the von Mises yield function case (note,
however, that the related three-dimensionql problem of a pressurized spherical cavity has an exact
solution). Here, the commercial finite-element code ABAQUS provides a reference solution. The
same example is also used in Paulino and Liu (1999).

The hollow cylinder has inner radius 1 and outer radius 2. The elastic constants are: u = 1,
v = 0.3. The material deforms plastically according to the classical J theory, with isotropic
strain-hardening (i.e. & = 0) defined by the Mises threshold (see Eq. (26))

K(&") = 214(0.001 + 0.001(&")™) (37)

where m will take on values of either 1 (i.e. linear hardening) or 0.2. The usual practice of non-
dimensionalization (e.g. dividing stresses by the shear modulus, radial distances by the inner
radius, etc.) becomes unnecessary with the current choice of material parameters.

The D/BEM implementation uses 3-noded boundary elements and 6-noded, triangular inter-
nal cells. The FEM setup ( ABAQUS) employs 8-noded quadrilateral elements. To exploit symme-
try, only one quarter of the body is modelled in the D/BEM implementation (meshes are shown
in Fig. 2).

Case 1: linear hardening. This example traces the loading history of the elastoplastic cylinder
under increasing internal pressure loading. Linear hardening is considered here (i.e. m = 1
in (37)). The pressure at first yield is p, ~ 8.7 x 10~%. The maximum pressure applied here,
14 x 107%, is such that a significant amount of plastic flow has occurred, yet the plastic front
remains inside the body. The total load is divided into 7 equal increments, the first 4 of which are
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Figure 3. Pressurized hollow cylinder: radial (top) and hoop (bottom) stress (linear hardening), comparison
of D/BEM and FEM results (from Poon et al., 1998a).
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Figure 4. Pressurized hollow cylinder: radial (top) and hoop (bottom) stress (nonlinear hardening), com-
parison of D/BEM and FEM results (from Poon et al., 1998a).

elastic. Figure 3 shows the evolution of radial and hoop stress profiles. The agreement between
D/BEM and FEM results is excellent.

Case 2: nonlinear hardening. Now, (37) is taken for m = 0.2. The internal pressure of 19 x
10~ is chosen so that a good portion (but not all) of the cylinder has yielded. This time, only
one increment is used (re-analysis using multiple increments confirms the validity of this choice).
The focus here is on the oscillatory behaviour exhibited by the D/BEM results in the absence of
averaging. Figure 4 shows the radial and hoop stress. The circles, which mark the D/BEM results
without averaging (along a radial edge in the quarter hollow cylinder), follow a visible pattern of
small oscillations around the solid line (ABAQUS reference solution). The oscillation is largely
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reduced upon averaging (see the crosses), implying a higher level of accuracy globally than on the
boundary. The origin of the oscillation appears to be the use of traction and tangential derivatives
of displacements to evaluate stresses. As a matter of fact, Guiggiani (1994) reported the same
situation in linear elasticity and showed that evaluating the hypersingular representation formula
(in his case using the direct approach) provides much better results.

3.4 Elastic-Plastic Analysis Based On Symmetric Galerkin D/BEM

The foregoing exposition is based on (regularized forms of the) traditional collocation integral
identities. However, it is also possible to develop elastic-plastic analyses based on the symmetric
Galerkin BEM (SGBEM); see e.g. Maier and Polizzotto (1987), Polizzotto (1988), Maier et al.
(1995), Frangi and Maier (1999), Burgardt (1999) Burgardt and Bonnet (2001). The SGBEM is
addressed in detail in the chapter of A. Frangi and G. Maier, and this section aims only at bringing
up the specific, and hopefully complementary, issue of incorporating an implicit constitutive
integration algorithm of the sort discussed above into the SGBEM equations in such a way that
the linear system of equations in the Newton iteration, i.e. the counterpart of (22), is symmetric.

For this purpose, one first needs to set up a symmetric set of governing SGBEM equations
for the boundary unknowns wu,t and the plastic strains €. Basically, and in particular without
discussing the manipulations needed to cast it in weakly singular form (see the present chapter
by Maier and Frangi and the above references), this SGBEM system results from the following
steps:

1. Multiply Eq. (7) by (&) (where £ is a traction-type trial function) and integrate the result
forz € Sy;

2. Multiply Eq. (13) by Cjjketix(Z)ne(&) (where @ is a displacement-type trial function) and
integrate the result for & € Sy;

3. Multiply Eq. (13) by C;jke€ke(&) (where € is a strain-type trial function) and integrate the
result for & € (2°.

having introduced a partition 82 = S; U S,,, where 02 = S; and S, are the portions of 92
supporting prescribed tractions and displacements, respectively. As a result, the set of continuous
SGBEM equations has the structure (Bonnet et al., 1998a, Burgardt and Bonnet, 2001)

Btt (t, i) + But(u, Z) + Bet (EP, z) = ft(i)
Biu(t, @) + Buy(u, @) + Bey (€7, 0) = Fy(ar) (38)
B (t,€) + Byue(u,€) + Bec (€7, €) = —A(€", €)

where the bilinear operators B, are such that By By, B.. are symmetric and By, Bye, Bie
are transposes of By, Bey, Bet, respectively; the linear operators F; and F,, incorporate the
prescribed displacements and tractions, respectively; the bilinear operator A is defined by

A(ep,é)z/ e C:edv (39)
or

Upon introducing standard BE interpolations for (u, ) on S; and (¢,t) on S,,, and standard
(continuous) FE-type interpolations for (&°,€) on {2° (and using the same interpolation bases
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for the associated unknown and test functions, in keeping with the standard symmetric Galerkin
approach), Eq. (38) takes the form

t
By By B 0] [ | (F
Btu Buu Bsu 0 & = Fu (40)
Bts Bus Bas A e 0

with obvious notations (By; being the matrix block produced by the discretization of By (¢, i),
and so on) and noting that A is a stiffness-like matrix.

Next, in preparation of the usual time-stepping process, Eq. (40) is written in the incremental
form (noting that the time-dependent loading is contained in F'; and F',,:
By Bu Ba 07 |40 AF?
Biy Byy Bey 0 Aepn = AFZ (41)
BicB, B, A " 0

Ae,,

The increments (Aw,,, At,,) of boundary unknowns are then given, from the first two lines, by
Btt But Atn _ AF? Bst P
[Btu Buu Aun N AF'Z B Bau {A€n}
Substituting this result in the third equation yields a relationship between (Ae?, Ae) of the form

[Rl{4e},} + [A[{Aen} = {AF,} (42)

As before, the variables (u,,,t,) on 0f2 and (€,,, oy, €),) are assumed to be known (including
initial conditions at time tg), and the increments At,,, Au,,, Ae,, are sought.

The plastic part of the constitutive behaviour still remains to be accounted for. This is again
done using the implicit algorithm based on the radial return algorithm, described in Sec. 3.1, and
with the same notations. Here, substituting definition (20) of &, i.e. 6,411 = F(A€,,Sy) (Where
S, collects all mechanical variables at time ;) into the elastic constitutive equation (2) written
in incremental form yields

0(Aen, S,) — o = C: (A€, - Aey,) (43)

which allows to express Ae’, in terms of Ae,, and &(Ae,, S, ). Doing so directly for the nodal
unknowns in Eq. (42) and performing the subsequent Newton iteration is feasible but leads to
unsymmetric tangent matrices for the Newton steps.

In order to formulate a symmetric Newton step, Eq. (43) is multiplied (in the tensor inner-
product sense) by a trial strain € and then integrated over (2°, to obtain

/ (e, So):EdV — A(Aen,E) + A(AE", &) = / o iEdV
(P P
Then, putting Aet! = Aet + et and expanding the above equality to first order in det, in
anticipation of the Newton iteration to be implemented, one gets
Al (€8, &) — A(J€l, &) + A(8el &) + H(Ael) =0

H(Ae,) = a(Aen,sn):édV—A(Aen,é)+A(As;,::)—/ PAY-
fo2d op
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where A’ , is defined by Eq. (39) but using the local CTO ct +1(Aen, Sy) instead of the elastic
Hooke tensor C. In discretized form, this equation becomes

(A}, — Al{6e},} + [Al{6€},'} + H,, = {0} (44)

where S, is the discretized S,, and H,, incorporates the known stress field o,,. In combination
with the linear equation (42) put in a similar iterative form, each correction {d&,, de’,*} is finally
found to be governed by the following symmetric system of linear equations:

R A (& _ (-G
o (S0 @

G, = [Rl{0e}'} + [Al{Aen} — {AF,}

n—

with

This scheme has been implemented for three-dimensional problems in Burgardt (1999). It is
worth mentioning that setting up the discretized bilinear operators of Eq. (40) involve numerical
integrations in four dimensions (for By, By, Byy), five dimensions (for By, B,,) and six
dimensions (for B..), including weakly singular integrations. In the latter case, various types
of coordinate changes in the parameter space are available, so that these singular integrations
do not raise serious conceptual difficulties. From a more practical viewpoint, the calculation of
the operators B, and, to a lesser extent, B.;, B, using Cartesian products of one-dimensional
Gaussian rules was found to be extremely time-consuming. Outside of other possibilities for
code optimization, which have not been explored as of now, much can be gained by employing
well-chosen quadrature rules devised for the n-cube instead of n-fold Cartesian products of one-
dimensional rules. A collection of such rules are given in Stroud (1971). For instance, the 6-fold
product of 3-point rule (i.e. 729 quadrature points in all) can be replaced by a 6-dimensional 125-
point rule, among several possibilities. For now, this high computational cost means that only a
moderate number of (20-noded brick-shaped) domain cells could be used in numerical examples.

Numerical example: elastoplastic torsion of a cylindrical bar. As a test example, the elasto-
plastic torsion problem for a cylindrical body (radius » = 100 mm, height A = 50 mm) is consid-
ered. A displacement-controlled twisting motion is prescribed on the plane ends. Perfect plastic-
ity is considered; the material properties are E = 200000 MPa, v = 0.3 and oy = 240 MPa. The

(a) BE mesh (b) Domain cell mesh

Figure 5. Elastoplastic torsion: discretization of the cylinder.
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Figure 7. Elastoplastic torsion: simulation of 7 loading / unloading cycles, with isotropic hardening (left)
or kinematic hardening (right), from Burgardt (1999).

numerical model is made of 8 27-noded hexaedral cells and 48 9-noded quadrilateral boundary
elements (Fig. 5). The results are compared to the analytical solution and the load-displacement
curve is plotted in Fig. 6. In addition, the simulation of seven successive loading / unloading
cycles, with either isotropic or kinematic hardening, is presented in Fig. 7.

Numerical example: rectangular strip including a hole. We consider a plate (L = 360 mm,
£ = 200 mm, constant thickness & = 40 mm) with a hole (radius » = 50 mm), with reference to
Fig. 8c. The constitutive parameters (isotropic hardening) are £ = 70000 MPa, v = 0.2, o9 =
243 MPa and h = 2240 MPa. The boundary-domain mesh, constituted of 8-noded quadrilateral
boundary elements and 20-noded brick domain cells, is shown on Fig. 8a,b.

A uniform tensile load Ty is applied as shown on Fig. 8c. The elastoplastic response at four
points A, B, C, D is displayed on Fig. 9, where the dimensionless load parameter A = Ty /0y is
plotted against u, /7 (points A, B) or u, /7 (points C, D). Results provided by both the symmetric
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(b) Domain cell mesh

(a) BE mesh

»
h
’ —
1/2 _# :
A 5y
L2
(c) geometry definition (d) FE reference mesh (exploiting sym-

metries)

Figure 8. Plate with hole: geometry definition and discretization.

Galerkin and the collocation D/BEM are compared with FEM results for the same domain mesh
as the D/BEM (labelled FEM 1) and for the finer mesh of Fig. 8d (labelled FEM2). It is seen that
the D/BEM results agree quite well with the FEM results for the finer mesh but deviate noticeably
from the FEM results obtained with the same domain mesh. Note, however, that this observation
must be compounded by the fact that the same domain meshes do not correspond to the same
interpolations of strains: they are interpolated directly in the D/BEM approach but obtained as
spatial derivatives of the displacement interpolation in the FEM.

3.5 Elastic-Viscoplastic Analysis

Algorithmically speaking, elastic-plastic and elastic-viscoplastic lead to very similar treatments;
in particular, implicit constitutive integration algorithms are also available (Simo and Hugues,

20



0.7 0.7
06 06F  omm. A
r : e
05f 05F
04f 04fF
03 03fF o |
: A point A - DBIE : A& point C - DBIE
02} O point A- GBEM 02 O point C- GBEM
i [ pointA - FEMI ; O  pointC - FEM1
2 O point A - FEM2 <& point C - FEM2 | \
01 / S— oM . '
/ : L
-/ A
..,' - N
3 | 1}
0 L L L L 1 L L TR | L L L PR iy F]
0.01 0.02 bo75 0.01 ~0.005 0
07 0.7
o6l 06F e
05F 05k
04F 04f
03F A 03f
A pointB- DBIE A point D - DBIE
02| C  point B - GBEM 02k O  point D - GBEM
E O pointB-FEMI | 8 O  point D - FEMI
E / <»  pointB-FEM2 | k <& point D - FEM2
o1 / o1k L ] \
L/ I Y
- F \.
0 b PR S SR OO o N N OO e O | PRSI RSN LS SR |
0005 001 0015 002 0025 00 36z 20,015 0.01 0005 0

Figure 9. Plate with hole: elastoplastic response (non-dimensional load factor plotted against the non-
dimensional displacement) at points A (upper left), B (lower left), C (upper right) and D (lower right),
from Burgardt (1999).

1998). For instance, Jo viscoplasticity is defined by the same yield function as J; plasticity, i.e.
(for linear kinematic hardening),

f@ie"0) = VEE— /Ao +he")  (E=5-a)

where again s = o — 1 Tr(c’) and o defines the center of the elastic domain E = {o]|f(o) < 0}.
Howerer, elastic-viscoplastic stress states such that f(o) > 0 are permissible; this is the main
difference with elastoplasticity.

The constitutive equations for Js viscoplasticity are the elastic stress-strain relationship

og=C:(e—¢€")
and the evolution equations
. . 2 1
VP =R & = fy\/-%‘ a= gHéVP with ~ = EU(U; " a))



where 7 is a new material constitutive parameter called fluidity of the model, (z) := (z + |z|)/2

is the positive part of = and, again, n = £/ |£|. Elasto-viscoplasticity can be viewed as a regular-
ization pf elasto-plasticity where 1/7 is a penalty parameter (Simo and Hugues, 1998).

The constitutive integration algorithm proposed in Simo and Hugues (1998) is as follows.
First, an elastic trial stress o' ; is defined by
s§+1 = s, +2pde,
bniy =E&, +2ule, (46)
ol =00+ KAe,:(1®1) +2ude,
(e: deviatoric strain). Define £, by

T T S
n+l — f(o‘n+1;eff,an)

If /7

w1 <0, ie. O'Z 41 1s in the elastic domain, one has

o= Uz:+1 E;;P+1 == E\,;LP é¥LP+1 = é;’: an+1 = Qp
On the other hand, if f7 41 > 0, & is given by the following equations:

g1 = Em 1 /|€0 |

T
2u+2(H + h)/3+n/At
VP __ SVP 2
Eny1 =€y + \/;['yAt] @)

Emi1 = En + [YAtR
2 R
a1 =a, + gH['yAt]n

Ont1 =0 =0n+ Keny1:(101) + 8L, — 2u[yAt]n

Finally, the local consistent tangent operator C, 1 is given by

06 . 1
with
5= 2u[y At _ 2u
[ 2+ 2(H + h)/3+n/At

3.6 Dynamic Elastic-Plastic Analysis By D/BEM

Up to now, only quasistatic problems have been considered in this chapter. However, the D/BEM
can also be used for solving dynamical problems (i.e. cases where inertia effects are taken into ac-
count). Basically, two approaches have been pursued in the literature, based on the time-domain
D/BEM formulation (using dynamical fundamental solutions) and the static D/BEM formulation
(incorporating inertia effects as body forces to be determined).
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Using time-domain fundamental solutions Representative references for this approach include
Ahmad and Banerjee (1990), Israil and Banerjee (1992), Telles et al. (1999). The basic integral
identities used are the dynamical counterparts of Eqs (7) and (13). The first one reads

Fui(3,1) /8 {THa (@] - THE @) (.0} 05,

— [ Ufla,t z|ti(e,t))dS, = / ShEt zlely(z, b)) dVe  (49)
Y] r

where (following the notation of Eringen and Suhubi, 1975) UF[Z,t, x| f(t)] denotes the i-th

component of the time-domain fundamental displacement at point « and time ¢ generated in an

infinite elastic medium by a point force applied along the k-direction at point & and with a given

time-dependent magnitude f(t); X%, [&,t,z|f ()] and T} (&, t, x| f(t)] are then the correspond-

ing elastic stress tensor and traction vector. The function f(t) is assumed to be twice continu-

ously differentiable and null for ¢ < 0 (which implies the initial conditions f(0) = f(0) = 0).
In particular, the fundamental solution thus defined solves the field equation

Sk = pUF +6(x — &)0uf(t) = 0

Detailed expressions for UF[Z, ¢, x| f(t)], etc. can be found e.g. in Eringen and Suhubi (1975).
The notations T (Z, x ), etc. are still used for the corresponding (i.e. Kelvin) static solution.

Using similar notations and definitions, the regularized representation formula for the dis-
placement gradient at an interior point & reads

ug o(Z,t) = /Q {28, fl&, t, xlely (@, 1)] — Bh, (&, @)epy (&, 1)} AV
-I—Ef,b(i,t)Cijab/ Ufz(i:,:c)nj(x)dsz
Fe

+ [ {2kt alua(a. (@) = U it oita(,6)]} 05,
o0

+ [ ok fatalely (@, 0]V, (50)
F-0,
Then, a time-stepping scheme is set up. Usually, the space-time interpolations are of the form
M N
u(@,t) =Y > Ni(&)e’ (t)uf (51)
k=1p8=1

where Ny (&) and ¢#(t) are interpolation functions associated to the node z* (1 < k < M) and
time instant t3 = BAt (1 < 8 < N), and ug = u(z", tg) (and similarly for the tractions and
plastic strains). Without discussing here the details of numerical implementation (see e.g. Kara-
balis, 1991, Schanz and Antes, 1997 and the review papers Beskos, 1987a, 1997), the dynamical
counterparts of Egs. (14), (15) are obtained by collocating Egs. (49) and (50) at suitably chosen
points and at a time instant ¢, (1 < b < N) and have the form

[Bol{us} — [Aol{ts}

b—1
= (Qul{C:e3} = Y {[Bo-sl{us} — [As-p){ts} - Qs C:ep} }
B:l
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and

{eo} + [Bol{us} — [Ap){ts}

b-1
= [Q4HC:et} - Y _{[Bisl{us} - (4} sl{ta} — [Qh_sH{C:€b} )
B=1

where the discrete time convolution structure results from invariance properties under transla-
tions in time and the use of a constant time step At. After separation of known and unknown
degrees of freedom in {u}, {t} (the latter being gathered into the vector {y}) and appropriate
column-switching in the matrices [A], [B] and [A'], [B’], and upon recasting the resulting matrix
equations in incremental form, one obtains

[Kol{Ay,} = {Afs} +[Qo{C: Ae}} — {Ahs} (52)
{4e} = {Af3} - [Ko[{Ay,} + [QH{C: Aeh} — {Ahy} (53)
having used that {y,} = {e0} = {€f} = {0} and with

b—1

{Ahs} = 3 {(Bo-sl{Aus} ~ [As-5]{Ats) ~ [Qy_g]{C: Ach} |
B=1
b—1

(A} = > {1By_sl{Aus} - [4]_gl{Ats} - Q) pH{C:Ac}}}
B=1

As usual, solving the time step b consists of finding the variables {y,}, {€}} assuming that
all variables defined at prior times are known. Here, similarly to the treatment of the quasi-static
case of Sec. 3.1, Eq. (52) is solved for {Ay,} (note that, as usual in the time-domain BEM,
the governing matrix [K ] does not depend on the time step) and the result is substituted into
Eq. (53), leading to:

{Aes} = {Aep} + [So[{C: Ae}} (54
with
{Ae'} = {f1} — {hy} — [Kol[Kol ™' ({£b} — {ht})
[Sol = [Qo] — [Ko)[Ko]'[Qy]

As in Sec. 3.1, the constitutive integration can be introduced at this point. In particular, the
implicit algorithms presented in Secs. 3.1 (elastoplasticity) and 3.5 (elasto-viscoplasticity) can
be used again without modification, and are therefore not repeated.

Using static fundamental solutions. Implementing time-domain D/BEM formulations is quite
involved, irrespective of whether domain-type nonlinearities such as plasticity are present; also,
difficulties related to the stability of the time-marching have also been raised and investigated
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(see e.g. Frangi and Novati, 1999, Peirce and Siebrits, 1997). For this reason, some investigators,
e.g. Providakis et al. (1994), introduced another approach to time-domain D/BEM formulations
which consists of using static fundamental solutions. In other words, dynamical problems are
treated using the static field equations where inertia terms pt appear as (unknown) body forces.

Following this appproach for D/BEM treatment of nonlinear problems, the counterparts of
Eqgs. (7) and (13) are

Rug(Z,t) + /zm {Tik(:i,a:)[ui(w, t) —ui(2,t)] — UF(z, x)ti(m,t)} dsS,

:/ Zfb(:i:,a:)szb(m,t) dV, —p/ Uf(:i:,x)iii(m,t)de (55)
fo2d 1]
and

Uk,0(Z, 1) / Eab[ Ve (@, t) — ebp(2,t)] dVy
-|-5';b(5i:,t)CijabA U'i’fz(:i,a:)nj(ar:)d&lc
+ /arz {ZE, (&, @)ua(x, t)ny (e, t) — UF (&, @)ta(x,t)} dS,
+ / o (@ @)ely (@, 1) dV, — / Ut (&, @)ii(@, t)dVe  (56)
-0, 7}

The price for using the simpler static fundamental solution is the introduction of a new un-
known, namely the acceleration pti, whose support is the entire domain {2 and not just the po-
tentially plastic region {2° .These new domain integrals can be recast into boundary integrals by
defining an auxiliary field w such that

CijkeWr,e5 = —pi;

This is always possible in principle (under some mild regularity assumptions on pit): indeed, one
has for example

wy(z) = —p'/!2 Ufz(iz,w)ﬁi(w,t) dv,

but this choice of course does not solve the problem of removing domain integrations. Assuming
that such a w is available, one finds that (with ¢ = o(w).n)

_p/ UF(&, x)i;(z, t) dV, = —w; (& / {UF (2, 2)qi(z) — TF (&, z)wi(z) } dS,

The approach which is generally preferred, called ‘dual reciprocity approach’ (see e.g. Par-
tridge et al., 1992, Kontoni and Beskos, 1992) consists in approximating the body forces (here
the inertia —pti) with global shape functions f™(x) (i.e. extending over the whole domain (2)

—pili(z me
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The fields w and q are thus expected to have the form
wi(x) =Y PP, @) =) 0@

The global shape functions f™ () must be chosen such that ¢j? () and 7]} () can be estab-
lished analytically. For instance, using radial basis functions f™(x) = R™ = | — ™|, one
finds

-1
m_ - _ [(3-10v/3)8;; — RTR"R®
wm 30(1 _ l/),LL[(3 OV/ ) J )l ,]]

m -1 m m 3
= i) [(4—5v)Rn; — (1 — 5v)Rn; — [(4 - 5v)6;; — RTRGIRnp| R

Frangi and Maier (1999) have recently proposed a symmetric Galerkin D/BEM version of
this approach based on a set of four independent variational equations, obtained by weighing the
displacement and traction DBIEs (for collocation points on 0{2) and the internal displacement
and strain integral representation formulas by appropriate trial fields.

3.7 Sensitivity Analysis

Sensitivity analysis of nonlinear (material and/or geometrical) problems in solid mechanics is an
active research area at present (see e.g. the book by Kleiber, 1997). In this context, design sen-
sitivity coefficients (DSCs) are rates of change of response quantities, e.g. stresses or displace-
ments, with respect to design variables. These design variables could be shape parameters, sizing
parameters, boundary conditions, material parameters etc. DSCs are useful in diverse applica-
tions, a very important one being optimal design using gradient based optimization algorithms.
Such analyses can be applied, for example, to optimal design of certain manufacturing processes.

Currently, the direct differentiation approach or the adjoint structure approach are popular for
accurate sensitivity analysis. Either of these can be applied in conjunction with general purpose
numerical methods such as the FEM or the BEM. In particular, Mukherjee and his co-workers
have been active in solving nonlinear (both material and geometric) sensitivity problems by the
BEM, see Mukherjee and Chandra (1991), Zhang et al. (1992a), Zhang et al. (1992b), Leu and
Mukherjee (1993), Wei et al. (1994) and the book by Chandra and Mukherjee (1997).

The accuracy of sensitivity calculation has been found to be strongly enhanced when based on
implicit integration techniques for the underlying nonlinear analysis. In particular, the CTO (see
section 3.1) has been found to be the correct tangent operator for the linear sensitivity problem.
Bonnet and Mukherjee (1996) investigated for the first time D/BEM-based sensitivity analyses
using an implicit formulation together with the CTO. This work was furthered in Poon et al.
(1998a). In this section, the D/BEM implicit approach to sensitivity is briefly presented and
illustrated with a numerical example.

The precise details as well as the algebraic complexity of the derivation (of sensitivity equa-
tions) depend on the specific choice of the design parameter b. Geometric design parameters, for
instance, result in much more tedious algebra than other (e.g. material) parameters do. In order to
illustrate the process of sensitivity derivation without excessive algebra, we choose a (material)
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parameter that characterizes (isotropic) strain hardening. More specifically, with reference to the
von Mises yield criterion (26) with a = 0, let

k= K(€,b) = a¢ + k(€)™ = k(€,b)

where b designates the parameter to be varied and can be any one of o, k1, or m.
Recall the incremental form of the usual problem (22)

{G(Ae,)} = [S){o(en, on, €, A€y,) — 0, — C: Ae, } — {Ae, } + {Ae,,} = {0}

Differentiating w.r.t. b yields (a ¢ above a variable denotes a derivative with respect to b)

(SH& — &0 — C:Aen) — {Act)} + {Aen} + [S){6 — o0 — C:Ae,)} = {0}
where use has been made of the fact that C is 1ndependent of b. The present choice of b im-

plies that both {Asn} (purely elastic strain) and [S ] (which encapsulates, among other things,
geometrical information) vanish. We are left with

[SH{& — & — C: Ay} + {Aen) = {0} 57)

At this point, it is necessary to differentiate the RRA algorithm in order to formulate &. This task,
performed in Bonnet and Mukherjee (1996) and Poon et al. (1998a), is not repeated here and
brings the following result (using the notations introduced in Sec 3.1, with (using the notations
introduced in Sec 3.1 and with o = 0):

&= Cpir:den + K(1®1):6, + [B(I - %1@ 1)~ (8- 6)h® )5,

Ok

+0(1—68)sT & + (1 6) §55ﬁ (58)

where C, 11 is the converged value of the local CTO (30).
Finally, substitution of (58) into (57) gives a linear equation for { Ae,, } of the form

([SI[Dna] - U){Aen} +{F} =0 (59)
where D,, ;1 is defined by (23) and the load vector {F'} is given by

{F} = [S{K(1®1):5,+ [0 - 3101) - (- aen]:é

+6(1—6)st n+le +(1- %%gh}

The matrix multiplying A*en is the converged value of the global consistent tangent matrix (see
Eq. (22). Thus:

1. The local CTO and the global consistent tangent matrix appear to define the correct tangent
operator for solving the (linear) governing problem for the sensitivity increment;

2. The global consistent tangent matrix is computed and factored at the end of the Newton
iteration (22), and therefore is readily available for solving the sensitivity problem. Indeed,
under these conditions, solving (59) only requires, for each parameter b considered, setting
up the load vector { F'} and performing a backsubstitution.
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Table 1. Sensitivity of equivalent plastic strain w.r.t. k2: comparison of BEM results (with or without aver-
aging along a hoop) to exact solution (from Poon et al., 1998a).

without averaging with averaging

T value % error value % error
1.000 -5.8908e-04 0.292 -5.9070e-04 0.0169
1.125 -5.8882e-04 0.336 -5.9019e-04 0.104
1.250 -5.9154e-04 0.124 -5.9054e-04 0.0445
1.375 -5.8927e-04 0.260 -5.9029e-04 0.0860
1.500 -5.9176e-04 0.161 -5.9058e-04 0.0369
1.625 -5.8921e-04 0.270 -5.9037e-04 0.0736
1.750 -5.9069¢e-04 0.0197 -5.9048e-04 0.0552
1.875 -5.8988e-04 0.156 -5.9055e-04 0.0420
2.000 -5.8902¢-04 0.302 -5.9075e-04 0.00834

Numerical example. Letus consider a stress state of the form
011 =022 = —2uq 033 = 2443012 = 013 =023 =0

generated by a uniform pressure p = —2ugn applied on the boundary of a body of arbitrary
shape under plane strain conditions. Putting the Mises yield stress x in the form

k(&) = 2ulks + ko)

one can obtain after some algebra the following analytical solution for " and é", having used
b = ko for this particular example:

_(1=2v)g—k1 x, 08 k1 —(1-2v)q
ket 1l+v Oky (ko +1+4v)2

SP

The sensitivity & has been computed using the implicit D/BEM and the method outlined in
this section, for a hollow cylinder loaded with the same pressure on both its faces (inner radius

*
1 m, outer radius 2 m). The sensitivity & computed at various radii 1 < r < 2 is compared in
table 1 to the analytical value. A good accuracy is reached in all cases, and is enhanced when the
results are averaged over a hoop. The values k; = 1073, g =5 103 and v were used.

3.8 Finite Strains

Extensions of D/BEM to problems with both geometrical and material nonlinearities are also
proposed by Mukherjee and Chandra (1991), Zhang et al. (1992b), Leu and Mukherjee (1993),
Foerster and Kuhn (1994), among others, and in the book by Chandra and Mukherjee (1997).
When geometrical nonlinearities, in the form of finite strains, are present, the governing equa-
tions must be formulated in rate form. A detailed presentation of this subject is not attempted
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here (the reader is referred to the above-mentioned references). However, some insight on how
D/BEM formulations are developed for this class of problems can be obtained by looking at the
governing displacement DBIE (or, more appropriately here, the velocity DBIE)

fu@)+ [ {THE@n(e) — (@) - Uk 2)i(e)) 85,
/zk (&, x)d};(x) dV, -I—/U’“ (Z,2)g,,(x)dV, (60)

where v is the velocity field, d = (Vv + VoT)/2 is the total strain rate, d" is the inelastic strain
rate, g is defined by the formula

g=0w+d.o— (Tr(d))o

(where w = (Vv — Vv7T)/2 is the antisymmetric part of the velocity gradient), t° is the scaled
Lagrange traction rate defined by

t'=n.(6+ow-—wo—g)
The stress-strain rate relationship is of the form
o =ATi(d) +2u(d—d) Tr(d")=0

which defines the inelastic strain rate d’.

Regularized strain rate representation formulas can be established from (60) following the
same general approach as in Sec. 2. Then, incremental and iterative solution algorithms are im-
plemented.

Contrary to small-strain plasticity, which in some cases may affect only a small part of the
domain {2 under consideration, geometric nonlinearities are expected to spread over the entire
region, thus entailing a significant computational burden in terms of numerical integration and
solution procedures, since fully populated matrices over domain unknowns arise in the process.

4 Steady-State Elastoplastic Calculations For Moving Loads

This section is devoted to a D/BEM treatment for a particular class of elastic-plastic analysis,
namely steady-state rolling / sliding contact problems. These problems involve loads that are
moving at uniform speed on bodies which are translationally invariant (and in particular infi-
nite) along the direction of the moving load. To avoid the high computational costs incurred by
traditional time-stepping schemes formulated in a fixed frame, for which incrementally moving
loads must be considered (see e.g. Bhargava et al., 1985a, 1985b), Dang Van and Maitournam
(1993) proposed an efficient and reliable FEM-based steady-state algorithm for the calculation
of stresses and strains in the half-space with perfiect plastic or linear kinematic hardening ma-
terials. In this approach, the equations are formulated in a frame moving with the load, with a
considerable computational gain over procedures solving the evolution problem in a fixed frame.

However, although the underlying steady-state assumptions imply that the computational do-
main is in principle unbounded in the direction of the moving load, finite element-based ap-
proches require bounded meshes in practice. This is a significant shortcoming, especially in view
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of the fact that plastic strains are expected to develop up to infinity. The characteristic length of
the computational region must thus be much larger than that of the contact area, and the boundary
conditions to apply at infinity are not clear.

On the other hand, boundary element method (D/BEM) is very well suited to unbounded
domains. Besides, the plastic regions develop near the surface. Hence, D/BEM is expected to
provide an efficient tool for the analysis of the stresses and strains in half space under (possibly
repeated) moving loads. The application of D/BEM to steady-state elastoplastic rolling contact
problems was first proposed in Lederer et al. (1998), where a regularized integral equation for-
mulation for contact problems on homogeneous elastoplastic bodies was used, together with an
implicit elastoplastic constitutive integration algorithm. The presence and effect of a coating, of-
ten used to extend the fatigue life of various components, was not considered. This approach has
been extended to loads moving on a coated half-space in Dong and Bonnet (2001). This section
is largely based on these investigations.

4.1 Geometry And Basic Governing Equations

The generic configuration considered (Fig. 10) is a coated half-space 2 = {z; > 0}: a coating
£2° of constant thickness h and made of possibly anisotropic material lies on top of a substratum
£2° = {2 — £2° made of isotropic material. A given loading is applied on a bounded subset I, of
the boundary I" = {z; = 0} while the complementary boundary I" — I, is traction-free. Perfect
bonding is assumed along the interface I; between the coating and the substratum. An elastic-
plastic constitutive behavior is considered for the substratum, whereas the coating is assumed to
remain purely elastic.
The stresses o¢ in §2€ and o in §2° solve the equilibrium equation without body forces, i.e.,

dive =0 in 2°¢, 2° 61)
together with the boundary conditions (72: outer unit normal to I”)

c‘n=t onl, c’n=0 onl-1T,

i

Figure 10. A coated half-space
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and perfect bonding conditions along the interface I; between the coating and the substratum
(u® and wu: displacement in £2¢ and (2°), i.e.,

(¢ —o)n=0 u“—u=0 on [; (62)

The strains &, stresses o and plastic strains €” are related through the constitutive equation
(2) in the substratum, and
of=C"¢e" (63)

in the coating. Isotropic elasticity, together with rate-independent J associative plasticity, is
assumed in the substratum, so that the corresponding elasticity tensor C' has the form (3). On the
other hand, the elastic properties of the coating are possibly anisotropic, and the corresponding
elasticity tensor is expressed as C° = C — AC, where AC denotes the (possibly anisotropic)
contrast of elastic properties between the coating and the substratum.

Following the approach of Dang Van and Maitournam (1993), a frame moving along with the
load is introduced, i.e. a new coordinate o = xo — V't is defined so that all physical quantities
are time-independent in the (1, &2) coordinates. Letting X denote one such quantity, its particle

time derivative is thus given by
X 0X

I V 9%, (64)

Steady-state problems entail considering domains that are infinite in the z5-direction, due to
the underlying requirement of translational invariance. Infinite media are well handled by integral
equation formulations: decaying conditions at infinity are built in these formulations, and other
conditions at infinity can be considered as well without giving rise to divergent integrals. On the
other hand, FEM for steady-state calculations requires a bounded computational domain, because
nonzero (but asymptotically constant) plastic strains are expected at infinity, which prevents one
to use infinite elements (divergent integrals at infinity do arise in that case).

4.2 Integral Representation of Displacement and Strain in a Coated Half-Space

The equilibrium of the coated half-space is formulated in terms of boundary-domain integral
equations. Their derivation follows the same lines as in section 2, but must be modified to take
into account the presence of the contrast of elastic moduli in the coating. In addition, it is advan-
tageous to use a fundamental solution which is traction-free on I, i.e. the Mindlin solution (for
the three-dimensional case) or the Melan solution (for the plane-strain case), see e.g. Telles and
Brebbia (1981b).

The integral representation formula for the displacement at any point & in {2 or on I" is found
to be

+ [ (Comictala) + ACmeena@)E @, 2) 0V, + [ Zhi@oe@av, 65

having put

1
(UL, +UE) = o= (5 — xTha0ij) (66)

EE —
(¥ 2/1,

DO
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and x = v/(1 + v) (in three dimensions) or x = v (in plane strain). Assuming that the loading
on [, is prescribed, the only unknowns in Eq. (65) are the plastic strains in §2° and the total
strains in §2¢. Note that (65) is written in terms of the fundamental solutions for a half-space with
homogeneous and isotropic elastic moduli. It involves domain integrals over the whole coating
(in practice very thin) and over the potentially plastic part of the substratum.

It is then, again, necessary to establish integral representation formulas for the strain. By
adapting the derivation presented in sec. 2 and without going through the details, one finds that
for an observation point & lying in the substratum region {2° the strain tensor is given by

exe(®) = / iy (&, 2)e} (@) Ve + /Q Sty (B2l () — €8, (2)) AV,

+€04(8)Cijad / 5 (@)Ut (&, ) dS, + / Ut (@, 2)Ei(z) dS,
FE

+ / ACiiab Efes; (&, 2)eap(x) AV, ©7)
Qc

whereas if Z is located in the coating region {2¢ one has instead

exe(Z / AC3jabErps (Z, )[€ab(T) — €ab(T)] de+/ ki (@, x)e; () dVy

e (#)CE g / 0y (@)Utes(&, ) 45, + / Uta(,2)%(z) dS,

a

+/ ACijab B (E, T)eap(x) AV, (68)
c—02,
having put
- 1 - -
Uiei(2, ) = E(Ui,fz(m7w) +Uf (&, x))
L 1
Zieii (T x) = 5(&’3 7@, ) + Efg #(Z,z))
* ~ 1 =, =,
Eppii (2, ) = 5(Ezkg (&, x) + Bl (2, )
iy . y
r=l =
-4 = ¥
1 - 9a | J
X X
(a) (b)

Figure 11. Plastic inclusions in the half-space
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Figure 12. Stresses produced by the inclusion of Fig. 11a (left) and Fig. 11b (right): comparison of analyt-
ical and numerical values

The expressions for Uik, X;ji, Uyy; and X%, ; are available in Telles and Brebbia (1981b) (for
plane-strain problems) or in Balas et al. (1989) (for three-dimensional problems). Those for £}, j
follow by virtue of (66).

In Eqs (67) and (68), all integrals except those over {2, are nonsingular, again assuming that
e’ and € have C% smoothness at = &. Equations (65), (67) and (68) can be applied to either
three-dimensional or two-dimensional situations, using the adequate fundamental solutions and
ranges of indices.

The correctness of Egs. (67) and (68) can be checked against closed-form expressions of
the stress field produced in a linear isotropic elastic half-space under plane-strain conditions by
a rectangular inclusion with constant plastic strain, established by Ballard and Constantinescu
(1994). Material constants are £ = 210 GPa and v = 0.3. Figure 12 shows that stresses obtained
using Eqgs. (67) and (68) agree well with the corresponding analytical values, for the inclusions
described by Fig. 11 (a) and (b), respectively, with €7, = 1., ¢y, = —0.5, and €7, = 0. and
using £ = 210 GPa and v = 0.3.

4.3 Discretization Of The Boundary-Domain Integral Equations

The loading boundary I, is discretized into straight quadratic boundary elements. The coating
{2¢ and the potentially plastic region of the substratum 2%, which is assumed to have a finite
depth, are both modelled by rectangular cells, each cell supporting constant strains. In order to
take into account the nonzero strains arising at infinity due to the fact that the loads are moving,
both sets of cells include infinite cells, which support the (unknown) limiting strain values at in-
finity in the horizontal direction. Eqs (67) and (68) are collocated at the centers of all rectangular
bounded cells; one collocation point is also chosen in each infinite cell. For each collocation point
x, the region {2, around & is taken as the cell containing P; this together with the piecewise-
constant strain interpolation implies that all integrals over {2, in Eqs (67) and (68) vanish.
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For the numerical evaluation of integrals on cells which extend horizontally to infinity (or on
their boundary), the following mapping is used for the horizontal coordinate zo:

34+¢
o (1sgsa (69)

where the infinite element is such that either 7y < 2o < 400 or —o0 < 3 < —rg, the + sign
being adjusted accordingly. In particular, this mapping is such that

:t.l‘g =T

1 4
et {ngrer et}

Since all kernels in the domain cell integrations are O(|x — 5:{2), all integrals over infinite cells
are thus converted into nonsingular integrals over a bounded region in the parameter space and
thus can be evaluated using ordinary Gaussian quadrature.

This discretization process transforms Egs. (67) and (68) into the matrix equations

{0} = [BCS]{EP} + [BCC]{ec} +{f.} (70)
{0} = [Bysl{e'} + [Bscl{e°} + {es} + {f} (71)

(where subscripts ¢ and s refer to the coating and the substratum, respectively), or equivalently,
in incremental form

{0} = [Be,{Ae'} + [Becl{Ae} + {Af} (72)
{0} = [Bus){e"} + [Bsc{Ae%} + {Ae,} + {AF.} (73)

4.4 Elastoplastic Steady-State Algorithm

The elastoplastic solution algorithm follows closely the approach of Sec. 3.1 proposed in Bonnet
and Mukherjee (1996): Eqs (72) and (73) are solved for the unknown increments of total and
plastic strains, using the consistent tangent operator.

In the steady-state case, the computational domain is horizontally infinite, and the infinite
cells are used. Collocation points are numbered using two indices a, b which range in the vertical
and horizontal subdivisions of the rectangular mesh, respectively. The index b takes increasing
consecutive values in the direction opposite to the motion (Fig. 13), and in particular the right-
most infinite cells are labelled by b = 0; this arrangement is similar to that made in Dang Van
and Maitournam (1993) in the context of finite element method (and without using infinite cells).
The horizontal width Az, of the cells is related to the time step through

At = A.CCQ/V

and in particular must be constant over the mesh. As a consequence, the strain increment Agg p
becomes a difference between this cell and its left horizontal neighbour, i.e.,

{4e}y = {e}pr1 — {e}s
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a=m

a=m+1

b=n+1 b=n b=0 (infinite)

e i . e s = e 1 ] e

Figure 13. Discretization into integration cells

(where the ‘vector’ {e}, gathers the values of €, for a fixed index b) and similarly for the
increments of plastic strains. Also, the initial distribution of plastic strain {€*}! is prescribed

through
{eb=0 = {"}!
To solve globally for the plastic and total strain increments, the Newton method is applied to

the system (72)—(73). The additive corrections 56((:;)!) = Aefﬂ'l) — Ael(:;)b thus solve the linear
system of equations

[Bes|[D]{6e*} + [Becl {06’} = —[Bes]{Ae"} - [Bec[{Ae°} - {Af.}
(Bss](D] + 1)) {6e°} + [Bucl{0e™'} = ~[Bas[{e"} — [Bsc{4e} — {4e,} - {AF,)

and the iterates {de>¢, de®¢} are computed until the system (72)—(73) is satisfied within some
tolerance. The local tangent operator D is again defined by (23) and (31).

4.5 Numerical Example: Elastic-Plastic Response Of A Coated Half-Space Under A
Moving Hertz Load

The effect of a moving Hertz load on a coated elastoplastic half-space is considered, with con-
stitutive and loading parameters as follows: Young modulus E; = 207 GPa, Poisson ratio
Vs = Ve = 0.3, shear yield limit ks = 159.118 MPa, hardening modulus E? = 69 GPa,
maximum Hertz contact pressure P = 5.0k;. Various values are considered for the Young mod-
uli in the coating and the friction coefficient between the roller and the coating. Two meshes,
labelled mesh 1 and mesh 2, are initially considered. Both are rectangular arrays of cells of size
0.2¢ x 0.2¢ (£ = 0.5mm is the contact half-width), such that 1 < a < 19and 0 < a < 100 (mesh
1) or 0 < a < 40 (mesh 2), with the notation of Fig. 13. The columns b = 0 and b = 100 (resp.
b = 40) are made of infinite cells. The coating thickness is A = 0.2¢, unless where indicated
otherwise.

The special case of a homogeneous half-space (i.e. Es = E.) allows comparisons. Figure 14
displays the plastic stress o2 against 21 and under the load area. The results obtained using the
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Figure 14. Stress o2 along the x; -axis: comparison with other published results obtained with FEM.

present approach are larger than those of Bhargava et al. (1988) and Dang Van and Maitour-
nam (1993) obtained using the finite element method. Meshes 1 and 2 lead to nearly identical
results, and the coarser mesh 2 will be used in the sequel. Next, Fig. 15 depicts the distribution
of equivalent plastic strain for the first loading pass and when a stabilized state is reached (after
several passes). In the latter case, the plastic strains are equal at ;1 = Zoo but their distribu-
tion is not uniform along the z;-direction. In addition, the results obtained for elastic shakedown
(z1 = 1.15a, 2 = 0.0) and plastic shakedown (x; = 0.85a, y = 0.0) are shown in Fig. 16.

Figure 15. Isovalues of &’ for first load passage (left) and in stabilized regime (right), from Lederer et al.
(1998).
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In an attempt to explain the observed discrepancy between FEM and D/BEM, the stress o9
generated along the x-axis by constant initial strains (¢}; = 1., €5y = —0.5, €]y = 0.0) on two
symmetrical infinite inclusions defined by d < z; < 2d and rd < |z2| < +oo (see Fig. 17,
where d = 1) have been calculated. The results for o22(z1, 72 = 0) shown in Fig. 17 for
various values of r show that the stress created by constant plastic inclusions going to infinity is
significant unless r is quite large, i.e. the inclusions are quite remote. The introduction of infinite
cells allow to account properly for the possibility of nonzero (and asymptotically constant) plastic
strain at infinity, which is seen here to have a significant impact on the overall results, whereas
this is not the case in Bhargava et al. (1988) and Dang Van and Maitournam (1993).

Figure 18 indicates that plastic shear strains decrease as the coating stiffness F, increases,
and increase with the friction coefficient (for £, = 50F;, i.e. a very hard coating).

5 A BEM Treatment Of Abrasive Wear Simulation

Wear occurs due to friction, possibly coupled with corrosion. Due to its adverse effect on struc-
tural integrity, it is important to take such phenomena into account for design or lifetime predic-
tion purposes.

To simulate abrasive wear, information about the frictional and wear behaviour of the two
antagonist materials is needed, usually in the form of a friction law (e.g. the Coulomb law) and a
wear law, which relates the local rate of wear to the local the contact stresses and relative velocity
of the antagonists. In particular, since neither the functional form nor the parameters defining a
wear law are well known in advance, abrasive wear simulation is expected to provide a valuable
tool for inferring the wear law characteristics from wear experiments by an inverse technique.

Besides, both the friction law and the wear law lead to non-linear equations of a superficial
nature, i.e. acting only on variables defined on the boundary (unless of course constitutive or geo-
metrically non-linear behaviour is also assumed inside the antagonist materials). Thus, like more
classical problems of contact mechanics, BEM techniques appear to be well suited to abrasive
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wear simulation. Besides, the evolution of S, (¢) induced by wear is much easier to monitor with
the BEM than with a domain-based technique such as the finite element method.

As a first step towards computing mechanical wear by BEM, procedures for relatively simple
situations have been recently developed. They are oriented towards predicting the macroscopic
behaviour of the mechanical system. Accordingly, the antagonist materials are assumed to have
isotropic and homogeneous constitutive properties. Our approach leaves out both the third body
and the motion of wear debris in the contact zone. Non-mechanical (e.g. electrochemical) can
conceivably be accounted for to a limited extent, through the values of the friction coefficient
and wear law parameters. Steady-state sliding is considered, in a quasi-static fashion; the entire
actual contact area is assumed to be in slip mode.

The usual field equations of elastic equilibrium are thus assumed to hold inside each antag-
onist 2! and (22, formulated in a frame moving with it. Equivalently, the boundary variables
(u, t) are constrained by the usual displacement BIE:

. {Tf (&, @)[ui(x) — us(&)] — UF (&, @)t;(x)} dS, =0 (74)

Besides, the boundary conditions away from the contact area are assumed of the usual form
o/ m =1t (on 892%) ul =a’ (on 002%) (75)

having introduced partitions 27 = 025 UO£2% U S., where S. is the contact area and 952" and
042Y are the portions of 042 supporting prescribed tractions and displacements, respectively.
The contact profile g, the stresses and the displacements on the contact area are assumed to be
subject to the conditions (in which f is the friction coefficient, assuming a Coulomb friction law)

2 2
U?Ln = Urlln Ont = Urllt lant' = f Ia'r21n| S
w2 —ul > gl — g2 o <0 Tan (U2 + g2 —ul —gl) =0 (on Sc)
n n = nn = nn Uy T 3G n— 9
(76)

where t is the (known) slip direction and 7 the normal direction to S..

For each antagonist material, the local rate of wear at ¢ € S, i.e. the evolution g(z, t) of the
contact profile at time ¢ and in the direction n, is related to the contact pressure p(x, t) through a
wear law, which is here assumed of the form

g7 (x,t) = kyfMax{0, p(z,t) — P}V (z) = gl (2.1) (xeS., J=1,2) (77)

where V() is the relative velocity at « between the antagonists and pg is a contact pressure
threshold below which no wear occurs at . This law basically states that the local rate of wear is
proportional to the local dissipated power density, with a factor k. The parameters k”, p} and f
may depend on the mechanical (and other, e;g. electrochemical) variables. Each antagonist shape
is thus a function of time, i.e. 27 = 2;(¢).

Since the rate of wear depends on the contact pressure through (77) and the contact pressure
in turn depends on the contact profile, which of course evolves due to wear, the contact and
wear phenomena are a priori coupled. To formulate properly the wear evolution problem in rate
form, one would need to apply the domain derivative technique (see e.g. Bonnet, 1995a) to the
integral equation (74), in order to obtain a linear relation between g,,(Z,t) and the rates (1, t),
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supplemented with the boundary conditions (75) and (76) in rate form and the wear law (77).
This would result in a rate problem in which contact and wear are coupled. In fact, the evolution
of the contact profile f7 induced by wear is expected to be very slow, so that uncoupling the
numerical treatment of contact and wear is a legitimate approximation, adopted here, whereby in
particular the domain differentiation of (74) is avoided.

In practice, a time-stepping approach is adopted, with a time step At. The total number of
time steps (for a given At) is to be determined from either the total duration of the experiment or
the cumulative slip distance. For solving each time increment, i.e. for finding the (new) mechan-
ical fields and contact profile at time ¢,4; = (n + 1) At from the (current) known ones at time
t, = nAt, two operations are performed in succession:

(i) The new mechanical fields are found by solving the contact problem for the current profile
g’ (Z,t,). In order to do so, the (BEM-discretized) integral equation (74) and the bound-
ary and contact conditions, Eqs (75) and (76) are all considered for the domains w;(t,) but
the variables {u,t} (-, ¢,+1). On solving the resulting nonlinear problem governing the vari-
ables remaining unknown after incorporation of the boundary conditions into (74), the new
distributions {u,t}(-,t,+1) over the contact area S, are found.

(ii) the new contact profile is obtained by invoking the wear law (77) in finite-difference form

(&, tny1) = G3(&,tn) + g2 (&, tny1) At on S,

15 1(4 1 (78)
g (z’tn-H) =9 (mvtn)_gw(w’tn+1)At on Sc

where the local rates of wear g2 , g2 are assumed to take positive values along the directions
—e, and e,, respectively.

5.1 Numerical Example: Ring-on-Disc Configuration

This example stems from the experimental study of coupled mechanical / electrochemical wear
Serre (2000). The system under study, conceived as the idealization of an industrial component
used at sea for watertightness purposes, consisted of two coaxial rings on top of one another and
in contact, with the lower ring kept fixed and the upper ring rotating about its axis of revolution
(Fig. 19). The experimentally recorded contact pressures were usually less than 10 MPa, making
it legitimate to assume linearly elastic constitutive properties for both antagonists.

Let (O, 1,0, z) denote a cylindrical coordinate system. Both the lower disc (or ring) and the
upper ring, having rotational symmetry about Oz, occupy domains (2! and £2? that are generated
by the rotation of domains w; and wy about Oz, with w; = {20mm < r < 40 mm,0 < z <
20 mm} and wp = {28,5 mm < r < 31,5 mm,20 mm < z < 40 mm}. In addition, the compo-
nents relative to the frame (e, g, ) of all mechanical variables are functions of (r, z) only; the
same symmetry assumption is made for the wear profile. Therefore, the underlying mathematical
problem to be (numerically) solved is essentially two-dimenstional (in the (r, z)-plane), although
not axisymmetric due to the presence of nonzero (but f-independent) orthoradial components.
The computation is thus based on elastostatic integral equations formulated in the 7, z-plane, i.e.
whose geometrical support are the curves dw!, w?; they are obtained by performing the angular
integration analytically in Eq. (74).

Zero displacements are prescribed on the base of ring 1, while a uniform vertical displace-
ment (relative to the rotating frame) is imposed on the top surface of ring 2. Outside the contact
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Figure 19. Wear simulation for a ring-on-disc configuration: geometrical configuration in the (r, z)-plane
(top), computed evolution of the contact surface (on ring 1) due to wear, with p? = 40 MPa (bottom), from
Serre et al. (2001).

area, the remaining portions of w; and wo are assumed traction-free. The constitutive parameters
used are £, = 10 GPa and F; = 100 GPa (Young moduli), »; = vo = 0.3 (Poisson ratios),
f = 0.1 (Coulomb friction coefficient), k; = 10~7 MPa~! and p} = 0 or 40 MPa (wear law
parameters for ring 1). Besides, wear is assumed to occur in ring 1 only, i.e. ko = 0.

The computed wear (here, the evolution of the contact surface of ring 1) is depicted on
Fig. 19. The wear law form used (77) is such that wear is initiated under the two edges of ring
2, where the contact pressure is, as expected, highest. This feature of the computed wear is in
agreement with experimental results from ring-on-disc tribocorrosion experiments Serre (2000).
Results for later time steps (n = 150 or 200) exhibit slightly oscillatory wear profile shapes,
which are likely to be caused by some kind of numerical instability in the time-stepping scheme.

5.2 Numerical Example: Sliding Cylinder (Steady-State)

As another illustration, taken from the doctoral dissertation of Lederer (1998), consider the fric-
tion generated by a cylinder infinitely long along the direction z3 which slides along the direction
x2 at uniform speed on a elastic half-space (z; being the direction normal to the free surface),
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with the following parameters: cylinder radius 0.2 m, Young modulus £ = 207000 MPa and
Poisson ratio v = 0.3 for both the cylinder and the semi-infinite body, kK = 110~7 MPa~!,
p° = 0 or 200 MPa. Plane strain conditions in the (z1,z2) are assumed. For simplicity, wear is
assumed to occur for the cylinder only, although more general situations could be treated as well.
Here, a steady-state solution is sought by introducing a frame moving with the cylinder, i.e.
introducing like in Sec. 4 a new coordinate &3 = x5 — X () with X (t) = Vt; X(t) is thus the
total sliding distance. Let g(z2,t) define the cylinder profile at any time ¢ in the fixed frame.
Then:
, 99 95 6f
g(z2,t) = V'ﬁ*‘ 262 QX
having assumed that &, < V and defined J, the cylinder profile in the moving frame, by
g(z2,t) = §(z2, X). The wear law (77) becomes

89 N 0 ” - N
5y &2 X) = kfMax{0, p(Z2, X) = p°}V = §u(32, X) (22 € S) (79)
3.1
sk
E 20|
£ 5
=
T 27
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J 28f
o5l
B 24
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Figure 20. Computed evolution of the contact half-width (top) and the penetration depth (bottom) against
the sliding distance: influence of the integration step Az and the number of boundary elements used on I'y
(from Lederer, 1998).
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Figure 21. Computed contact pressure distribution (top) and contact profile (bottom) for several values of
the friction distance (from Lederer, 1998).

Like in the steady-state formulation discussed in Sec. 4, time derivatives translate into X -
derivatives, and the time-stepping scheme with constant time step At leads to finite differences
in X with a step AX = V At. The wear law (79) in explicit finite difference form becomes

V§(#2, X + AX) = V§(22,X) + gu(Z2, X)AX (Z2 € Sc) (80)

The influence of the integration step At and of the number of boundary elements used to
discretize the potential contact area [, = {—5 mm < z < 5 mm} on the computed evolutions
of actual contact half-width and penetration depth, for sliding distances up to 0.5 m, is shown on
Fig. 20. The results appear to be rather insensitive to the the number of boundary elements (100
or 200) and AX (1 mm or 10 mm). The actual contact area S, is updated by addition of new
boundary elements, which explains the staircase look of the first graph in Fig. 20.

Figure 21 presents the computed contact pressure distributions and contact profiles for fric-
tion distances of 0 m, 1 m, 2 m and 3 m. The final profile is found to be similar to that proposed
in Hills et al. (1993) for a uniform contact pressure distribution of resultant F, namely (for an-
tagonists having identical elastic moduli):

2(1 —v?)F T2

9(z2) = —@——{(a +x2) In(1 + %) + (@ — z2) In(1 — ;)}
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Figure 22. Influence of the threshold contact pressure p° on the penetration depth (from Lederer, 1998).

Finally, the influence of the threshold p0 on wear is considered in Fig. 22, where both p0 =0
and p° = 200 MPa were used. In the case p° = 200 MPa, lower values of wear are obtained as
expected, but wear is also seen to reach a stabilized value, in contrast to the case p° = 0.

6 Fracture Mechanics and Energy Methods

Consider a body {2 containing a (possibly multiple) crack S. Many fracture analyses can be
performed using energy considerations. In particular, the first-order derivative of the potential
energy at equilibrium W with respect to perturbations of the crack front I" defines the energy
release rate G(s) as
*
G(s)8,(s)ds+ W= 10 VO € © (81)
r

where © denotes the set of all transformation velocities @ describing a crack front advance in
the otherwise unperturbed body. G characterizes the potential or actual energy dissipation in a
virtual or real crack advance. In elasticity, G is linked to the stress intensity factors by Irwin’s

formula: - )
v
Gls) = = [KT() + Kii(s)] + 5 K(s) (82)
Then, analysis of actual crack propagation (computation of the crack front velocity distribution,
investigation of the uniqueness of this solution and of the stability of the crack front perturbation)
in the framework of a Griffith-type criterion g(G) < 0 involve the perturbation of G, and hence

the second-order domain derivative of W.

6.1 Energy Approach in Fracture Mechanics

Early formulations of the energy approach, like the so-called virtual crack extension method
(Hellen, 1975), consisted in evaluating approximate values of the first-order derivative of W in
crack extensions using finite element models and numerical differentiation, i.e. invoking small
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but finite crack extensions. In two-dimensional situations, the crack tip is advanced by a length
A/, and the approximate value of G is

W + AL)

Y,

such a numerical differentiation technique is an ill-posed mathematical operation, whose accu-
racy is sensitive to the choice of A4.

It is thus conceptually better (and also more economical from a computational viewpoint)
to differentiate W analytically and discretize the resulting formulation. This viewpoint is at the
heart of the so-called ‘0 method’ (see Destuynder et al., 1983; Wadier and Malak, 1989; and also
Delorenzi, 1982; Nguyen et al., 1990) whereby W (for linear elasticity and in the absence of
body forces) is given by

1 -
Wz—/cr(u):VudV— tudS
2Ja S,

(u being the displacement field solving the elastic equilibrium problem with boundary data w =

0, t), is analytically differentiated in a domain transformation. The derivative W is found to be
* 1
W= / {ﬁa(u) :Vudivl — o(u): (Vu.VG)} dv (83)
2

and is seen to depend on the current elastic solution and the transformation velocity 8. As ex-
pected from basic fracture mechanics considerations and like the J-integral, the domain deriva-
tive © of the elastostatic state does not appear in the result (83). In fact,  has been eliminated by
invoking the virtual work principle and the symmetry of the strain energy bilinear form. Equa-
tions (83) and (81) are the basis of finite element implementations of the energy approach.

6.2 The ‘O-Integral Method’.

The ‘f-integral method’, which has been proposed in Bonnet and Xiao (1995) (based on collo-
cation BEM) and Bonnet (1999b) (based on SGBEM) consists in transposing the ‘6 method’ to
integral equation formulations and boundary element techniques.

Consider a linearly elastic body 2 C R3. Its external boundary is divided into two comple-
mentary parts .S,, (supporting prescribed displacements: © = @) and S; (supporting prescribed
tractions: o.n = t). Besides, a crack (described by an open surface S across which the dis-
placement is discontinuous: ¢ = u™ — u™~ denoting the crack opening displacement (COD)) is
embedded in {2. Assuming linear elasticity, infinitesimal strains and no body forces, W has the
following boundary-only expression:

1 -
W= l/ t.udS — —/ tudS (84)
2 Js, 2 Js,

In the sequel, we summarize a computational approach which (i) uses analytical expressions
for the first- and second-order domain derivatives of W, with no recourse to finite-difference
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evaluations, and (ii) is based on a Galerkin symmetric boundary integral equation (SGBIE) for-
mulation of the elastic equilibrium (Nedelec, 1982; Bonnet et al., 1998a), in view of the major
role played by geometry (the crack surface) and geometry perturbations in the problem. The
latter governs the boundary unknowns (t|s,,u|s,, ¥ |s) and has the general form

Bu(t,t) + Bu(t, u) + Bip(t, ) = Li(E)
V(@ t, @) Bt (@, t) + By (6, w) + Buy (@, ) = Ly(1) (85)
84/’ ( t) + B@u("P’ ) + B¢¢(¢7‘P) (‘P)

where the B; ; are known in terms of double surface integrals (see Bonnet, 1995b or Liet al., 1998
for detailed expressions) and such that the above formulation is symmetric, and 1, £,  are trial
functions of support Sy, St, S, respectively. After boundary element discretization, the above set
of equations leads to a symmetric linear matrix equation for the unknown boundary DOFs.

As aresult, a boundary-only formulation, based solely on a boundary element discretisation
(i.e. no part of the domain needs discretization) is obtained for the instantaneous crack pertur-
bation problem. Our approach is in fact an adaptation of the so-called #-method (Destuynder et
al., 1983; Suo and Combescure, 1989), originally defined in the framework of weak formulations
and implemented using finite elements, to boundary integral equation formulations. More specif-
ically, Galerkin symmetric BIEs are used because their symmetry is allows (like in the FEM
context) to formulate W ¢, in terms of the elastic field variables and their first-order domain
derivatives (i.e. no second-order field variable derivatives are needed). Also, like in the classical
6-method, Lagrangian-type domain differentiation formulas are used, in order not to increase the
crack front singular behaviour of the field variables through the differentiation process.

Energy formulation for the crack extension problem A quasistatic in-plane crack extension
process, induced by a load increment, is considered. Using a small (non-physical) time ¢, a per-
turbed configuration of S is described by S(t) = S + 6t, where S = S(0) is the initial crack
surface and 0, the “initial velocity” of extension, must satisfy the requirement

0cO={0cC’S)|6,=00nS,0,=00nTI} (86)

where v denotes the unit normal to I" which lies in the tangent plane to S and points outwards
to S. The variations of any field quantity induced by this domain perturbation are described in
*

a Lagrangian manner, using S as the initial configuration. Denoting by f = f; + V.0 the
lagrangian derivative of a field quantity f, then the material derivative of a surface integral at

t = 0 is given by
I(f,S;t):/ fds (f S) = /de+/fd1V59dS 87
5(¢)

where divs(-) = div(-) — n.V(-).n is the surface divergence of a vector field. Moreover, the

crack front singularity of V QB equals that of V¢ instead of increasing it; this is the main moti-
vation for our choice of the lagrangian framework, reminiscent of the ‘9-method’ (Destuynder et
al., 1983, Suo and Combescure, 1989).
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The energy release rate G(s) associated to (virtual) tangent crack extensions is defined

by (81), with W given by Eq. (84) and ( ) denoting the lagrangian derivative with fixed load.
Then, under the Griffith propagation criterion, the actual crack extension velocity pu € © verifies
at any point s of the crack front I

pueB,={pned|G(s) <Ge.= u(s) =0, G(s) =G, = pu(s) >0}
Following Nguyen et al. (1989), Pradeilles-Duval (1992), define

QO,u) _W +/ Gy p( (88)

where ( ) denotes the lagrangian derivative in the transformatlon velocity p under fixed load;
W is the second-order domain derivative of W, i.e. W (W)Y, evaluated under the assumption

9= 0; x(s) is the algebraic curvature on G). Then the three following statements hold (Nguyen
et al., 1989; Pradeilles-Duval, 1992): First, p is governed by the variational inequality

Find € 6., Y0 € O, Q(O — p, )+ W' >0 89)

where ()’ denotes the derivative with respect to load variations and with crack fixed. Second, a
solution p to (89) exists, i.e. the infinitesimal crack propagation is stable, if

Voeo, (0+£0)=Q(6,0)>0 90)
Third, the solution g to (89) is unique if (non-bifurcation criterion)
VO,p) €O (0#pn)=>QO0—p,0—p)>0 o1

Our objective is to propose a treatment *va tge statements (89)—(91) based on boundary-only
expressions of the energy derivatives W, W, W .

First-order derivative of W. Define the Lagrangian L

L=W + B(9,v) — L(?) (92)
where v, D, B, £ are compact notations for the set of unknowns, trial functions, bilinear forms
and linear forms appearing in Eq. (85). Upon Lagrangian differentiation with (9)* = 0, the
derivative L takes the form

* * 1 — % *
ﬁ:%/ tads - 5/ £ 4dS + B(o,o) + B (5,v:0) — L (5;0) (93
Su St

where B!, £!, respectively the Lagrangian derivatives of B with o= 0 and of £ with fixed load,
are linear expressions of 6. Now define the adjoint state v* as the solution to the variational

equation:

* * 1 - x *
(Vv) B(v'v) = —/ t.u dS1 tudS 94)
2 /s, 2Js,

Then, using the symmetry of B, one can eliminate  between Eqgs (93) and (94), thus obtaining
*

the following expression for W:

*

W= B(v*,v;0) — L' (v";0) (95)
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Second-order derivatives of W. First, one has
W= Bl (v",4;0) + B (#*,v;0) + B2(v", v; 0, 1) — L2(v": 0, ) (96)
whereas the first-order domain derivative states are governed by
B(®,) = LY(9;0) — B'(v,v;0) B(®,0*) = —B'(9,v%60) (Vd) (97)

upon choosing v =v4in (97a) and v= vin (97b), one then obtains an expression for the second-
order domain derivative of W as

W= B2(v", 0, ) — L2(v",0, ) — B(v*, ) — B(®, %) (98)
Next, the second-order mixed derivative ﬁ/’ is given by:
= B0 010) + B (0"), ;) — o L'(2":6) ©9)
whereas the first-order load derivative states are governed by:
B(d,v') = %Ij(i}) (Vo) (100)
B(v, (v*)) = %[5,, ta'dS — %/St t' udS (101)

Special case: crack in an infinite body. For this particular configuration, assuming symmetrical

loading of the crack faces (i.e. o.n = +t on ST), the only nonzero terms in the formulation (85)
are (see Nedelec (1982), and also Bui (1977) for plane cracks)

= [ [ Busle-9)Rgi@Repnl@)as45. £, = [ tpas
sJs s
with R, f = epcans fc (a tangential differential operator) and
- 2v
Bikqs(w - IB) = —8% (6pr6qs + 6ps5q7‘ + T__y(qufsrs)eiepekgr'r,eg

r= |:13 — :i| Ti= (yz - :131)/’!“ Tij = (57,] — r,ir’j)/r

This in turn leads to the following expressions:

‘197507 //szqs q‘Pz( ) S(Pk( )dS dS (102)
B (P, 90, ) // qus z,x) q‘Pl( Z)Rspr(z) dSz dS, (103)
LY(p;0) = /t Ve.08dS (104)

L%(p;0) = / [£.(V3.V1.0) + (Vi.pu+ (divsp)t).Vp.0] dS (105)
S
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with
Bl (:i!, :12) = [em(y) - em(a})] Bikqs,m(m - i’)
+ Bikqv(:r - 53)6 ( ) + Bikvs(w - i)av,q(i)
B*(&,x) = [0m(y) — O ()] [n(y) n( )] Bikgs,mn (T — &)

+ [ ( ) ( ]{em s qum n(x 213) + em q( )Bikms,n(:c - j)}
+ [9 ( {ﬂm s szqm n(m - ) + Nm,q( )Bikms,n T — :E)}
+ sz:mn {Mm s 9 ( x) + Nm,q(iwn@(w)}

Numerical implementation. The present approach has been numerically implemented for plane

cracks of arbitrary shape and mixed-mode loading. The crack surface S and field variables ¢, 4}3
,’ are discretized using 9-noded quadrilateral boundary elements. It is worth noting that the
bilinear forms B, B!, B? are actually formulated in terms of tangential derivatives of boundary
variables. Indeed, using a mapping (£1,&2) € A — x(£1,£2) € S (where e.g. A is a reference
element) one can show that

€abcTla (w)QSb,c(m)ec dS; = (¢,§1‘T7§2 - ¢,§2w751)d§1d€2 (106)

This formula is also applied to the numerical evaluation of the element integrals which arise in
the discretization process of B, B!, B2.

Due to the present use of material-type differentiations, the known fact that ultimately the
derivatives of W depend on the crack front velocities only through their normal component
6, lor, pw |ar (Pradeilles-Duval, 1992) is not apparent in Eqgs. (98,99). It is then necessary to
construct the velocity fields 8, p such as to be entirely determined by 6, |ar, 4, |or. At the BE
level, this is achieved by introducing interpolations of the form

0(x) = B*(x)6, with « € E(8TI) (107)

where 0, (1 < k < NC) are the values at the NC crack front nodes Ay of the normal velocity
6,.. The local numbering of the elements adjacent to I" is made so that the line £, = —1 is on the
approximate crack front. The vector shape functions B* (1 < k < NC), which must realize

B* |¢,-1=0  B*(A)) = 6uv(Ay)  B*n=0 (108)
are given (in local numbering) by
B(§) = 5(1-&)S(&)(lze ) 'ze An (j=1,2,3) (109)
with $1(€) = £(€ —1)/2, S2(€) =1 - €2, S3(§) =€(E +1)/2.

Il

Numerical example. A circular crack of radius a located in the (Oy;y2) plane is loaded by
two symmetrical point-forces & F'e3 applied at points (0, 0, £h). This example has an analytical
solution for G (Tada et al., 1973):

1-v? P? a(k+a?) ( a 2—1/)

¢= E (wh)3 (14 a?)* R

(110)

49



Three crack meshes M (8,2), M(12, 3) and M(16,5)
have been used, with M(n, p) being made of p rings of A
n 9-noded quadrilateral elements each; hence the mesh +FT
M(n, p) has are 2n nodes on the crack front, associ- n Sy,
ated to the same number of nodal normal velocities. :
Likewise, the discretized Q(6, p) is associated with a it f -
2n X 2n symmetric matrix. e e Y
First, Fig. 23 displays the relative error made on the . =
values of G, computed by means of either extrapola- |
tion of ¢ or the discretized variational equation (81- -F 1
95), against h/a € [2,2.5], using the mesh M (12, 3).

Next, an easy consequence of (110) is that

dG dG

dE>0 (> ay) and £<0 (0<a<any)
ih o V1612 —T20+105 - 2v 49
with o, = 22— 1)

thus the circular growth is stable for & > a,,, and unstable otherwise. The critical value a = a,
corresponds to a loss of positive definiteness of the quadratic form Q(6, 8) (88). The latter has
been numerically computed for h/a = o~ € [2.,2.5] with a 0.005 step and for the mesh
M( 12,3); we found o ~ 2.27. Then, in order to refine the search, @) has been computed for
a~! € [2.26,2.28] with a 0.0005 step and for the three meshes M (8,2), M(12,3), M(16,5).
The numerical values so obtained for ., are given in table 2 As can be seen, they approximate
very closely the analytical o, ~ 2.27589 (with the present choice v = 0.3). When o > o, the

0.020

C—Ocomputed G {B=intagral melhod)
O—Osomputed G (COD axtrapolatien)

0.015

error

Relative

0.005

0.000
2.00 2.10 2.20 2.30 240 250

hh / aa

Figure 23. Relative error on G using either the present approach or kinematic extrapolation of ¢3.
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Table 2. Numerical values obtained for o}

Mesh Brackets for « relative error
M(8,2) 2.267 < a,,,;' < 2.2675 <3.910°°
M(12,3) | 2.268 < oyt < 2.2685 <3.5107°
M(16,5) 2.277 < agt < 2.275 <7.0107*

Table 3. Relative errors on P, G, p for a = 0.5

Mesh AP/P lAGpresentle |AGextrapolationlL2 |AIL|L2
G2 G|z |1l 2
M(8,2) 2.905E-03 1.975E-02 5.463E-02 2.677E-02
M(12,3) 3.823E-05 7.897E-03 2.910E-02 1.965E-02
M(16,5) -7.176E-04 3.789E-03 2.142E-02 4.466E-03

radius increment da is given in terms of the load increment dF' by

_ ,dF a(1+a?)(k+0?)

da

T F 304+ (Tk—5)a? — &

(111)

The relative error between the computed extension velocity (using mesh M (16,5)) and the exact
solution defined by (111) are shown in Fig. 24. The deterioration of the error as h/a approaches

the degeneracy value !, caused by progressive ill-conditioning of @, is clearly visible.

Finally, table 3 displays relative errors between computed and exact values (with o = 0.5)
of W = W(a, F), eqn. (84); G(s) (extrapolation of ¢); G(s) (using the formulation (81); the

extension velocity pt.
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Figure 24. RMS error for the crack front extension velocity: mesh M(16,5),2 < h/a < 2.3



Note that the axisymmetric character of this particular example is not taken into account by
the actual computer implementation, but is very well reproduced by the nodal values of G, p,,
along OI" numerically obtained.

6.3 Energy Approach for Elastic-Plastic Problems

It is possible to extend the 0 method’ to elastic-plastic problems. To this end, under the as-
sumption that the plasticity and fracture mechanisms are independent, the elastic-plastic energy
release rate G p is defined as

/ Gp(s)8,(s)ds+ Wp=0 VOc @O (112)
r

where now the potential energy Wp at equilibrium incorporates a plastic dissipation potential.
For the usual J; plasticity with linear isotropic hardening, one has at time ¢

Wp(t) = l/Q(es(u) —&"):C:(e(u) — N dV

2
1 ¢ -
+—/ h(eP)ZdV+/ /(ao—khép)dVdmv/ tudS (113)
2 2 0 2 St

where the notations €, €°, h, 0y have the same meaning as in section 3.1.

A FEM-based extension of the ’6 method’ to elastic-plastic problems based on Eqs (112)
and (113) has been recently proposed by Lorentz et al. (2000). The extension of the BEM-based
’f-integral method’ to elastic-plastic problems has not yet been attempted to our best knowl-
edge, but is certainly feasible, for exemple using elastic-plastic SGBEM formulation discussed
in section 3.4.

7 FEM-BEM Coupling

Up to here, integral equation treatments have been described for several kinds of nonlinear anal-
yses. However, leaving aside the purely FEM approach which is outside the scope of this chapter,
coupled BEM-FEM methods can also be considered, and this last section is devoted to them.
Coupling BEM with FEM for nonlinear analyses is indeed a natural thing to do. The previ-
ous sections have highlighted the fact that any kind of constitutive or geometrical non-linearity
leads to domain integrals in the integral formulation, so that in any case some sort of domain
discretization must be carried out at least for that region which is, or may be, affected by non-
linear effects. On the other hand, the treatment of complex constitutive laws and the associated
algorithms for carrying out the constitutive integration in a time-stepping scheme have not only
reached a high level of sophistication but is also already implemented in many FEM packages.
The idea itself of coupling BEM and FEM is not new, and is particularly appealing in
fluid-structure, soil-structure and soil-fluid-structure analyses. Coupling collocation BIE with the
FEM, which is the most straightforward approach, breaks the symmetry of the resulting system
of equations. Although this drawback is by no means fatal, it is better for many reasons (opti-
mization of memory resources and of computing time, availability of powerful iterative solvers
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for symmetric systems in the FEM packages) to formulate symmetric coupled formulations, as
in Ben Mariem and Hamdi (1987) or Bielak et al. (1995) for fluid-structure interaction.

In this section, a recently developed symmetric BEM-FEM coupling procedure based on the
construction of the stiffness matrix of a 3D elastic domain without any body forces is summa-
rized (see Mouhoubi, 2000 Mouhoubi et al., 2001). Starting from a regularized symmetric (vari-
ational) Galerkin BEM (SGBEM) formulation ( Bonnet,1995b,1999a), the stiffness matrix of the
subregion can be expressed in terms of nodal displacements on the boundary only. The present
approach is designed so as to use the BEM stiffness computation as a ‘slave’ process which in
effect computes the stiffness of a super-element. To put it another way, the proposed operation
essentially corresponds to a condensation on the boundary of a 3D FEM stiffness, but with-
out ever having to discretize the interior of that region. The method presented here was meant
to be incorporated within a ‘master’” FEM package and in practice has been introduced in the
CAST3M Castem 2000 (1999) FEM package. An illustrative example of elastoplastic analysis
using this approach is given at the end of this section.

7.1 Symmetric Galerkin Formulations

Let {2 denote a three-dimensional homogeneous elastic body and I” its boundary so that I" =
UaI'® (a = 1, .. and each I'“ is a closed surface). In the absence of body forces, the elastic strain
energy associated with (u, t) can be expressed in boundary-only form (Clapeyron formula) as

w1t / o(3):e(3)d = = / #(2)u(@) dS (114)
2 N 2 r

Following Hsiao (1990), we will refer to the second term in the above equation as boundary
energy. Since (u,t) are assumed to be compatible (i.e. to correspond to each other through the
field equations of elastic equilibrium), the boundary energy is in fact a function of either w or
t alone. In order to build a stiffness operator in the usual sense, the displacement w is taken as
the primary variable and W = W (u) in Eq. (114). The explicit form of the mathematical link
between u and ¢ on I is either the displacement boundary integral equation (Somigliana identity)
or, equivalently, the traction boundary integral equation. Here, both integral equations are invoked
in Galerkin, i.e. weighted residual forms Bonnet; Burgardt (1999a; 1999). First consider the
displacement u being induced by given t, so one considers the Dirichlet problem

Find t €917 Bu(t,t) = But(u,t) + Dys(u, t) (115)

with

Bu(t,F) = / / 44 (3) e () UF (&, ) dS, dSs (116)
rJr

Butw) =Y [ [ (@)@ - (@)t (e.3) ds,a5;

+Z / / t (@)ui(2) T (@, &) dS, dSz (117)
apa’ /I
Du(w,d) = 3 ka / () ug () dS, (118)
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Then consider the traction ¢ as being induced by given u, so one considers the Neumann problem
Find u €9, Buu(u,a) = Bi(t, @)+ Dy (t, @) (119)
with

By (u,a) = /F/F(Ru)zq(:i) Bikgs(x — &) (RU)ks() dS; dSz (120)

+ tk(Z)1i (@) T} (&, @) dS, dSs (121)
YA J
Dultd) = V(a1 [ tu(@)ul@)as. (122)

a

V., and V7 denote the spaces of admissible displacements and tractions on the boundary, and
i and £ are test functions. Also, UF(Z,z) and TF(Z, x) are the i-components of the Kelvin
fundamental solution. The unit normal 7 is exterior to 2. In Egs. (118) and (122), one has either
Ko = 0 (if » is exterior to 'y, €.g. when I, is the external boundary of a bounded body) or
Ko = 1 (if m is interior to I',, e.g. when [, is the boundary of an unbounded medium or of a
cavity). The SGBIE formulations (115)—(118) and (119)—(122) are in weakly singular form, see
e.g. Bonnet (1995b, 1999a). In particular, the latter operation uses the surface curl operator, first
introduced in Nedelec (1982) and defined (with e, s,: components of the permutation tensor) by

(Ru)ig = €;7qm5s. 1 (123)
and the fourth-order tensor B, given by
%Bikqs = 48,0 F i + [A8ik8gs — 406isbiq — 2(1 — 1)8ig0ke) Fpp (124)
Fle-2) = tr—py Fole—2) = oo
Fi(xz— ) = E;r’u(ll_—y)r(‘sik — T k)

A key remark for the present purposes of constructing a stiffness operator in terms of boundary
degrees of freedom is that the boundary energy (114) is, from (118) and (122), given by

ZW(’LL) = Dut(ua t) - Dtu(t)u) (125)

7.2 Construction of the Stiffness Matrix

Assume now that the SGBEM equations (115)-(118) and (119)-(122) have been discretized
using boundary element interpolations of the surface I', the boundary fields (u, f) and associated
test functions (i, t). Further, let the latter be chosen specifically as %« = v and t = t.

{t}7[Bul{t} = {u}" ((But] + [Dut]){t} (126)
{U}T[BUU]{U} = {t}T([Btu] + [Dtu]){u} (127)
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The discretized version of the surface energy, Eq. (125), is then obtained by subtracting the
above two equations (taking advantage of the symmetry property [B:]7 = [B.]). Next, {t}
is expressed in terms of {u} by solving the discretized problem (119-122). As a result, the
discretized boundary energy is expressed in terms of {u} as

1
W = s{u} [Kuslu} (128)
where the stiffness matrix K ysg of the subdomain is given by

(K ne] = ([But] + [Dut)) [Bee] " ([Btu] + [Dut]™) — [Buu] (129)

Thus, the above equation provides the symmetric stiffness matrix for the subdomain {2, which
can be added to the stiffness matrix for the complementary subdomain, obtained e.g. by the FEM
approach. It is however important to point out that Eqs. (126) and (127) are not both exactly sat-
isfied by the same pair {u}, {t} due to discretization errors (in other words Eqs. (128-129) hold
only in an approximate sense for the discretized problem), although their continuous versions are
exactly satisfied.

7.3 Numerical Implementation

The evaluation of all integrals calls for the integration of kernels having at most a 1/r singularity,
i.e. leading to simple surface integrations that are convergent in the usual sense; this is the main
advantage of the analytical regularization. The present Galerkin procedure employs standard
BEM modeling: the boundary I of the subdomain {2 is divided into quadrilateral, eight-noded
isoparametric elements. In order to evaluate numerically the entries of the matrices [B,] etc.,
the double surface integrals over all pairs of quadrilateral elements must be computed and three
situations arise as follows: disjoint elements, coincident elements and adjacent elements.

In the disjoint case, the two elements do not have any common edge or vertex, so the double
integration is nonsingular and is evaluated by using the standard Gaussian quadrature product
rule with a variable order. When the two elements are coincident or adjacent (by edge or vertex),
the four-dimensional integral is weakly singular. Then singular integration schemes, which pre-
serve exact symmetry by treating the double integration as a whole and using relative intrinsic
coordinates, are implemented Mouhoubi (2000).

7.4 Numerical Example: Spherical Cavity in an Elastic-Plastic Infinite Medium

Let {2 be the infinite three-dimensional domain exterior to a spherical cavity (radius a = 1 mm).
The material is elastic-plastic (isotropic hardening, Von Mises yield criterion), with E = 1300
MPa (Young modulus), v = 0.3 (Poisson ratio). A time-dependent uniform pressure p(t) =
pe(1+ A(t)) is applied on the cavity surface, where A(t) is a nondimensional load parameter and
Pe = %ao is the pressure for which the first yielding occurs (at » = a). Due to the spherical sym-
metry, the example is essentially one-dimensional and has an exact solution. The only nonzero
mechanical variables, namely u,, €, €99 = €¢¢, Trr, 099 = 0ps depend only on the radial
coordinate . The Von Mises criterion reduces to

”(TTT — 099” - (Uo + hép) <0
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Figure 25. Displacements and accumulated plastic strains in plastified zone.

with o9 = 2Gky and h = 2Gk; (ko, k1: non-dimensional material parameters) and where &
denotes the cumulative plastic equivalent strain. The numerical results shown here have been
obtained for a FEM-BEM interface (radius R = 2 mm) made of 24 eight-noded boundary ele-
ments, while the potentially plastic region (a < r < R) is made of 48 cubic twenty-node finite
elements.

In Fig. 25, the numerical results in terms of displacements and accumulated plastic strains
are found to be in good agreement with the corresponding analytical solutions for various load
parameters A(t) = 1.21, A(t) = 1.78 et A\(¢) = 2.1 (the corresponding plastic radius are:
b/a =1.5,b/a =1.75,b/a = 2), despite the relative coarseness of the mesh.
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