Coupled Systems Mechanics, Vol. 7, No. 5 (2018) 583-610
DOI: https://doi.org/10.12989/csm.2018.7.5.583 583

The stick-slip decomposition method for modeling large-
deformation Coulomb frictional contact

Layla K. Amaireh! and Ghadir Haikal

1Applied Science Private University, Amman, Jordan
2Lyles School of Civil Engineering, Purdue University, West Lafayette, Indiana, USA

(Received May 24, 2018, Revised June 22, 2018, Accepted June 23, 2018)

Abstract. This paper discusses the issues associated with modeling frictional contact between solid bodies
undergoing large deformations. The most common model for friction on contact interfaces in solid
mechanics is the Coulomb friction model, in which two distinct responses are possible: stick and slip.
Handling the transition between these two phases computationally has been a source of algorithmic
instability, lack of convergence and non-unique solutions, particularly in the presence of large deformations.
Most computational models for frictional contact have used penalty or updated Lagrangian approaches to
enforce frictional contact conditions. These two approaches, however, present some computational
challenges due to conditioning issues in penalty-type implementations and the iterative nature of the updated
Lagrangian formulation, which, particularly in large simulations, may lead to relatively slow convergence.
Alternatively, a plasticity-inspired implementation of frictional contact has been shown to handle the stick-
slip conditions in a local, algorithmically efficient manner that substantially reduces computational cost and
successfully avoids the issues of instability and lack of convergence often reported with other methods
(Laursen and Simo 1993). The formulation of this approach, however, has been limited to the small
deformations realm, a fact that severely limited its application to contact problems where large deformations
are expected. In this paper, we present an algorithmically consistent formulation of this method that
preserves its key advantages, while extending its application to the realm of large-deformation contact
problems. We show that the method produces results similar to the augmented Lagrangian formulation at a
reduced computational cost.
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1. Introduction

The computational modeling of a large class of contact problems involves simulating
frictional conditions on contact interfaces in composite materials, laminate and layered
structures and soil-structure interaction in underground piles, pipes and tunnels. The most
common model for friction on contact interfaces in solid mechanics is the Coulomb, or dry
friction behavioral model, which allows for two distinct states: a stick state, in which two
points in contact are glued together, and no motion tangential to the contact surface occurs, and
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a slip state when the bodies can slide freely with respect to each other while the tangential
interface traction remains constant. The first state occurs when the ratio between the tangential
and normal components of interface tractions at the contact location is less than a material-
specific value, called the Coulomb friction coefficient. When the tangential traction reaches the
Coulomb limit, resistance to transverse sliding is released, and the ratio between the tangential and
normal components of interface tractions is assumed to remain equal to the friction coefficient.

In the computational modeling of two bodies in contact using the finite element method, it is
critical for the computational model to reflect interface conditions accurately. Normal contact
constraints are enforced to prevent non-admissible overlap or mass inter-penetration, while
tangential frictional conditions distinguish between the stick and slip states within each load step.
The stick state requires enforcing additional constraints preventing motion tangential to the contact
plane, while the slip state involves free tangential motion under constant tangential force. Lateral
stick conditions can be enforced using the same approaches used for normal contact constraints,
namely the penalty, Lagrange multiplier, or Augmented Lagrangian methods (Wriggers 2006).
The Lagrange multiplier can be applied at a set of discrete contact locations, or interpolated along
the interface (McDevitt and Laursen 2000, Puso and Laursen 2004, Baillet and Sassi 2005, Fischer
and Wriggers 2006). While the Lagrange multiplier approach enforces exact stick conditions, it
introduces a dual unknown force, therefore increasing the size of the problem, invoking stability
concerns regarding dual discretizations, and leading to scaling-related convergence difficulties
(Vulovic et al. 2007, Gu et al. 2009). Alternatively, the penalty method simulates stick conditions
by controlling lateral sliding at contact locations through a user-defined, arbitrarily large penalty
parameter. The challenge in using the penalty method, however, is in identifying the magnitude of
the penalty parameter: A large parameter is needed to preclude sliding. Arbitrarily large values,
however, could potentially lead to ill-conditioning and instability (Vulovic et al. 2007 and
Stefancu et al. 2011). These numerical issues are particularly pronounced when the penalty
approach is used for both normal and tangential conditions. The Augmented Lagrangian method
(Alart and Curnier 1991) combines the benefits of the penalty and Lagrangian multiplier
approaches, and the contact force is computed through an iterative process starting with a penalty-
based estimate. This method has the advantage of obtaining the exact Lagrange multiplier values
and avoiding the numerical problems associated with the penalty approach (Simo and Laursen
1992, Laursen and Simo 1993a, Wriggers and Zavarise 1993, and Pietrzak and Curnier 1999). It
remains, however, an iterative process that, similar to the Lagrange multiplier approach, requires
an initial assumption of stick/slip at each contact point.

When the above methods are used to enforce Coulomb frictional conditions, an assumption has
to be made at the onset of the simulation whether contact at a given point is in a state stick or slip.
If a stick condition is assumed, the lateral force required to enforce zero tangential displacement is
computed. This assumption has to be revisited at the end of the analysis. If the tangential force is
found to be in excess of the Coulomb frictional limit, defined as the normal force multiplied by the
surface friction coefficient, the stick condition is released to allow free tangential slip while the
tangential force is kept at the Coulomb limit, and the overall solution is repeated under the revised
assumption. For large meshes, and under material and/or geometric nonlinearity, this process
requires multiple repetitions of the solution of the global nonlinear equilibrium equations for the
coupled system. Furthermore, since the Coulomb limit changes with variations in the normal
contact force, it is common for nodes to oscillate between stick and slip conditions throughout the
analysis. The change in stick/slip conditions at multiple contact nodes could be the source of lack
of convergence or instability, with nodes going in- and out-of contact, and oscillating between



The stick-slip decomposition method for modeling large-deformation... 585

stick and slip states (Sheng et al. 2006).

An alternative approach to enforcing frictional contact conditions is based on an analogy
between the formulation and implementation of the constitutive equations for friction and rate-
independent elasto-plasticity (Ibrahimbegovic and Wilson 1991, Laursen and Simo 1993b). In
small-deformation elasto-plasticity theory, the strains are decomposed into elastic (reversible)
and inelastic (irreversible) components. Stresses are accrued linearly with increasing strains
until the elasticity limit, defined by a stress yield surface, is reached. Once the material enters
the plasticity range, stresses are computed through a return mapping algorithm that ensures that
the yield surface limits for stress are not exceeded while plastic strains can increase indefinitely
through plastic flow. In the absence of hardening, stresses are therefore bound by their
magnitude at maximum elastic strain. Plastic strain flow is governed by a rate-independent
plasticity parameter and occurs in a direction determined by a plastic energy functional. It is
common to assume an associative flow rule, under which plastic strains flow orthogonal to the
yield surface.

A number of parallels can be drawn between elasto-plasticity and Coulomb frictional
contact; the tangential displacement can be thought of as comprising of elastic or reversible
(stick) and plastic or irreversible (slip) components. The tangential traction forces can accrue
linearly in the stick phase, and are computed as the forces required to enforce the stick, or zero
relative transverse motion, condition. When these forces reach the maximum value allowed by
the Coulomb model, lateral displacement occurs through “plastic” slip and the tangential
traction is computed through a return mapping algorithm with an appropriate flow rule for the
tangential displacement. Lateral tractions are bound by their maximum stick value, with no
increases allowed during “plastic” slip. The flow of slip deformations is controlled through an
internal variable that can be calculated at the material point level without interfering with the
global solution. Perfect stick conditions can be achieved by enforcing zero tangential
deformations on the stick component only. The separation between stick and slip tangent
displacements enables the enforcement of this condition on the stick component regardless of
whether the total tangential displacement is in a stick or slip state.

The stick-slip decomposition method eliminates the need for repeated solutions of the
nonlinear system of global equilibrium equations to enforce and release lateral contact
constraints, therefore reducing the associated potential convergence problems. This method was
implemented effectively in the context of small-deformation elasticity, and results showed that
the stick-slip decomposition enables a smooth transition between stick and slip states without
causing numerical oscillations or instability (Laursen and Simo 1993b). Its application in the
context of large deformations, however, has proven to be a challenge (Sheng et al. 2006,
Masud et al. 2012), and recent works on frictional contact in the presence of large deformations
remain reliant on the penalty-based Augmented Lagrangian (Busetta et al. 2012, Gholami et al.
2016, Burman et al. 2017, Galvez et al. 2017) or Nitsche (Mlika et al. 2017) approaches, and
mixed methods (Hild and Renard 2010, Popp et al. 2012, among many others).

The main issue with implementing the stick-slip decomposition method for large-
deformation frictional contact is due to the fact that, given the nonlinear relationship between
the displacements and strains, an additive decomposition of the tangential displacement field
does not translate into a linear decomposition of interface strain and stress fields. Consequently,
isolating the component of the traction responsible for maximum “stick” for the purpose of
defining a yield surface and detecting the onset of “slip” is not readily obvious. This problem
was resolved in large-deformation elasto-plasticity by adopting a multiplicative decomposition
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of the strain field that induces a similar decomposition of stress. This approach, however, is not
applicable to the frictional contact problem since the zero-stick condition needs to be applied
directly to the displacement, not strain, field.

In this paper we discuss the formulation of the frictional contact problem for the case of large-
deformation hyperelasticity and propose a new approach for extending the stick-slip
decomposition to frictional contact in the presence of large deformations. Numerical
implementation shows that the proposed approach is very effective at ensuring a smooth transition
between stick and slip states at a much reduced computational cost. The outline of the paper is as
follows: In Section 2, we outline the formulation of the frictional contact problem, starting with the
governing equations for coupled systems (Section 2.1), energy formulation (Section 2.2) and finite
element discretization (Section 2.3). Section 2.4 describes standard approaches for enforcing
normal and tangential contact conditions. The issues surrounding the handling of stick/slip
transitions are discussed and the stick-slip decomposition approach for small-deformation
frictional contact is presented in Section 2.5. Section 2.6 discusses the challenges associated with
the extension of this method to the case of large deformations, and the proposed methodology is
described in Section 3. Numerical examples are presented and discussed in Section 4 and the
conclusions are summarized in Section 5.

2. Formulation

We begin our presentation of the governing equations for the frictional contact problem with a
short overview of the formulation of a coupled problem where two bodies meet through an
interface. We discuss the conditions needed to enforced full geometric compatibility and a
complete transfer of tractions for the fully coupled system, and then discuss how the formulation
can be modified to account for the specifics of unilateral contact and frictional conditions
according to the Coulomb model.

2.1 Equilibrium and virtual work

Consider the two solid domains in contact, Q' and Q2 shown in Fig. 1. The boundary I of each
domain can be divided into three parts I' = I, U I, U I, where I} and I, denote the Neumann and
Dirichlet parts of that boundary, respectively, and I refers to the contact interface. Note that I N
I, N T, = @ in each body.

‘[ | K { Iyt
I \l It Ny
N N
! |
Iu? I'u?

Fig. 1 Two Solid Domains in No Contact (Left) and Contact Configurations (Right)
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Given the body force vector field for each solid b* and b?, prescribed traction fields t* and
t? on I'fand T2, and prescribed displacement fields g! and g? on I'land I'2, respectively, the
strong form of the governing equations in each of the two domains can be stated as follows
dive' +b'=0inQ! o'nt=tlonT} ul=glonl} M
dive?+b?2=0inQ? ¢?n?=t?>onl? ul!=glonl?
where div is the divergence operator, ¢' is the Cauchy stress tensor in each body, and n' is the
outer surface normal in each domain. When the two bodies are fully coupled, the conditions of
displacement continuity and traction equilibrium on the interface can be expressed as

1

u! =u?, o'n'+6%n?2=0 onT, 2)

Note that n® = —n? on I.. Defining the spaces S =f{u€ H!(Q):u=gonl,}, V=
{u € H'(Q):u =0onT,},in each domain, as well as V¢ = {@ € H/2(T.)} on the interface,
the weighted residual forms of Egs. (1), (2) for the coupled problem can be written as

(divel +bY)-uldQ+ | (t'—o'n!)-uldl'+ [ (div 6? +b?)-u2dQ
Q1 rt Q2
+ | (t?=o0%n?)-u?dl - | (o'n'+0o?n?)-udl'=0 3)
r2 ¢

vuleV!, u?ev? u‘eve.
In these equations, u' and u?are the virtual or variational displacement fields for domains
Qland Q?, respectively, while u¢ is the virtual displacement along the contact interface.
Applying the divergence theorem to the terms div aton Q'and div 6?on Q% in Eg. (3) and

imposing homogeneous boundary conditions on the Dirichlet part of each boundary, we obtain
the symmetric form of the weighted residual of the coupled problem

G(u, 1) = G(w,W)! + G(w,w)? +Gw,w)=0 vuleV! uw?ev? u‘eve 4)
G(u,)?! = —f al-Vﬁl-dQ+f bl-ﬁldn+f t!-uldr (5)
Ql Ql I"l
G(u,m)? = —f o?-vu?-dQ+ | b? -ﬁ2d0+f t?-u?dr (6)
0z 0z Iz
G(u,u)¢ = f oln!: (ul —u®dr +f o’n?- (u? —uc)dr (7)
I'c ¢

in addition to the displacement continuity condition on the interface
u! =u?onT, (8)

In the above equations, G (u,w)?!, G(u,uw)? are the virtual work functionals in each of the
two bodies, while G(u,w)¢ is the virtual work along the interface and u = [ul,u?] is the
displacement field in the coupled domain.

In a primal formulation of the coupled problem, the displacement continuity condition (8) is
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enforced as a Dirichlet-type condition along the interface. The variational displacement fields can
be arbitrary and need not obey the continuity constraint that applies to the real field. However, it is
important to note that when u! = u? = u¢ the interface work term G (u,w)¢ disappears and the
total virtual work is the sum of the work done in each domain G(u, ) = G(u,u)! + G (u, u)?.
Therefore, it can be concluded that when the virtual displacement field is continuous along the
interface between the two bodies, the equilibrium of interface tractions is automatically satisfied
and the transfer of tractions across the interface is complete. In standard Bubnov-Galerkin finite
element formulations, the primal displacement fields are discretized via partition-of-unity
interpolation functions, and this condition is satisfied by design on interfaces between elements
due to the C° continuity of the real and variational displacement fields. When two different meshes
meet across an interface, continuity constraints need to be imposed on the displacement fields to
enforce displacement continuity and a complete transfer of tractions (Eq. (2)) across the interface.

Continuity conditions are enforced separately in the normal and tangential directions to prevent
non-physical overlap or mass inter-penetration, and impose Coulomb frictional conditions,
respectively. Assuming n' to be the surface normal to T, in Q!, we can decompose the traction
vectors on the interface into normal and tangential components as follows

t' =o'n! = tin’ +t& i=1,2, (9)

where t;. = [I — n‘®@n‘|t’ = P‘t and P' is the projection tensor on side i of the interface

t =n-t<0
t,=Pt

Fig. 2 Decomposition of surface tractions into normal t,, and tangential t; components

Note that Pt; =t , and therefore the projection tensor satisfies the property PP =P.
Similarly, the displacement field can be decomposed into normal and tangential components as
follows

ul = uin’ + ub i=1,2. (10)

Taking these decompositions into account, the virtual work along the interface can also be
expressed as the sum of normal and tangential contributions such that

G(u,u)¢ = f tl (uk —uS)dr + f t} - (u} —uf)dr + f t2 (w2 —u)dr
Te Te Fe
(11)
+ f €2 - (02 — 05)dr

c
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In finite element implementations of contact problems, it is common to designate one side
of the interface as ‘master’ and the other as ‘slave.” The interface displacement field is defined
to be that of the master side, which we chose to be w¢ = u?, the interface virtual work
statement reduces to

G(u, )¢ = f th-(ul —ud)dr+ f ti - (u} —uz)dr. (12)
Te Te

In this form, the normal and tangential tractions on the interface are represented by their
values on the slave side of the interface, ¢t} and t}. Recognizing thatn = n? = — n! is the
normal on the master surface, we observe that t} - (@} — u2) = (t'-n)[n- (u! —u?)]. We
also define g"=n-(u'—u?) and g’ =uk—u? to be the normal and tangential
compatibility conditions, measuring the relative motion of a slave node 1 with respect to its
projection on the master surface 2, in the normal and tangential directions, respectively.

Dropping the superscripts and defining the interface tractions t,, = t! - n, t; = ti., the total
virtual work statement in the coupled system is written as follows

G(u,u) = G(w,u)! + G(w,u)? +G(wu)*=0 vuleV! u?ev? u‘eve (13)
where

G(u, )¢ = f

tn-gndl“+f ty-g’dl (14)
Te

Tc

in addition to the constraints g™ = 0, g" = 0.
2.2 Energy approach

In a conservative coupled system, the virtual work functional of Eq. (4) can be alternatively
obtained as the minimizer of the total potential energy in the coupled system, which includes
the energy stored due to elastic deformations in both domains as well as energy accumulated
along the interface. Assuming hyperleastic material behavior in Q!, Q2, the energy functional
in each domain Q! can be expressed as follows

mhi(ut) = fﬂi [¢(u?) — b’ - u']dQ

where 1 (u') is the stored energy density function due to deformations u’ in domain Q'. Interface
potential energy is accumulated through the work done by normal and tangential surface tractions
and can be expressed as follows

nc(ut,u?) = f

tn-g”dl"+f tr-gldl (15)
T¢

Te
Denoting u = [u?, u?] to be the displacement field in the coupled domain, the total potential
energy stored in the coupled system can therefore be expressed as follows
() = mgr(ul) + mo2(u?) + 7¢(u) (16)
Equilibrium of the coupled system corresponds to the stationary point of the modified
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energy functional, which is expressed by the directional derivative of the total potential energy
functional in the direction of a variational displacement field

G(u, ) = Drr(u) - U = D1 (ul) - U + D2 (u?) - u? + Dr(u) - U
G(u,w)! = D1 (ul) - ut
G(u,)? = Drgz2(u?) - u?

G(u, )¢ =Dr(u) - U :f ty -g'”dF+f ty-gldr
¢ ¢
The energy approach is only applicable to conservative systems, and thus can be used to
enforce normal contact constraints as well as tangential stick conditions. It is, however, the method
of choice for the implementation of these constraints using the Lagrange multiplier and penalty
approaches.

2.3 Finite element discretization

Defining the finite element partitions Q! = Y1 0%, 02 = Y202 in each domain, and adopting
the finite element discretizations

u =Y, ,Nu%, u'=Y,Nu% inQ, i=1.2

within each element, where N are the interpolation shape functions and u®t, u®! are the real and
variational nodal displacement vectors at node « in domain i, the discretized finite element form
of Egs. (5)-(7) is obtained as follows

G(U,U)' =[R' - Q|- U}, i=1.. (15)

In this equation U = [U*,U?] and U = [U?, U?] are the real and virtual nodal displacement
vectors in the coupled system, and R', Q' are the equivalent external and internal nodal load
vectors in domain i, respectively.

& | foy NbidQ + [, Netidr],

Q' = 1| [, BT(N) - ida), (19)

where ]'[2"' is the assembly operator for domain i and Vu? = B(N®)u%".
2.4 Enforcing normal and tangential stick constraints

Methods for enforcing contact constraints differ in their definition of the contact energy 7€(u)
and interface stress fields. In the penalty method, the contact energy is the norm of the gap
function penalized by a large penalty parameter. The Lagrange multiplier approach introduces a
field of Lagrange multipliers along the interface to enforce the non-overlap condition at contact
locations. In a discretized finite element mesh, discrete Lagrange multipliers are applied at a
number of slave nodes on the contact interface, leading to the following contact energy functional
for all contact nodes N at the interface

N N
T[C(U, )" )'T) — Z Alg;n + z )\'Ti . g’l[‘ (17)
i=1 i=1
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Eq. (17) represents the discretized contact energy functional along the interface. The
Lagrange multipliers A and A, can be interpreted to be the equivalent nodal forces for normal
contact pressure and tangential tractions at the slave contact points, respectively. Taking the
directional derivative of the potential energy functional with respect to U, A, A, the discretized
weighted residual functional for the coupled system is

N N
6(U,0)° = Dr(U A A T = ) gl + ) Ar & = G(U, 05+ G(U, U5
i=1 i=1
Dr¢(U, A Ap) - A; = g
DT[C(U; )‘! }‘T) ' )‘TL- = gT

In the above equations we assumed that interface compatibility applies are all times. In
contact problems, unilateral constraints are used to allow the two bodies to separate from each
other. Furthermore, lateral conditions are typically governed by the Coulomb frictional law that
allows for tangential sliding once a limit tangential traction value is reached. In the following
sections we describe how the above equations can be modified to account for unilateral
constraints in the direction normal to the interface as well as stick/slip variations in the
tangential direction.

2.4.1 Unilateral normal contact constraints

The simplest and earliest method for enforcing normal contact conditions is the Node-to-
Surface approach illustrated in Fig. 3 (Wriggers 2006). The Node-To-Surface (NTS) contact
constraint measures the normal gap or oriented distance between a “slave” node on one side of
the interface and its projection on the opposing “master” surface. The bodies on either side of
the interface are free to move apart or come in contact with each other and the sign of the gap
function is used to distinguish between the positioning of one body with respect to the other, as
shown in Fig. 4.

¢ e
re

N

Ll
I

FEM
slave
: H
measiter
Node-to-node Node-to-surface Non-
Conforming mesh conforming mesh

Fig. 3 FEM Interface Discretization
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For the displacement field to represent an admissible kinematic state, there could be no overlap
penetration or mass inter-penetration between the two bodies. This condition is typically reflected
through the unilateral contact constraint function

gt=(x—xP)-n>0forall x €T, (18)

In this equation g™ is the normal component of the gap between the two bodies, defined by the
closest projection x? of a point x on the boundary of one body (slave surface) to the surface of the
other body (master surface), and n is the normal vector to the master surface at the projection
point. The closest point projection x* of a slave node x on the master surface is the minimizer of
the distance x — xF.

With the isoparametric interpolation of the spatial variables in the master element x* =
Yo N*(EP)x%, the minimization problem reduces to finding the coordinates €” that correspond to
the closest point projection x” of x on the master element surface.

X

g'<0

Fig. 4 Gap Function

The normal gap function is enforced with a normal pressure field at the interface (1), and
governed by the contact Kuhn-Tucker conditions summarized in Fig. 5.

it
g"=0

2<0
g *1=0

Fig. 5 Kuhn-Tucker Conditions (Left) and Contact Forces vs. Normal Gap (Right)

We implement an active set strategy and include the constraints at slave nodes one by one
starting with the most violated. Thus, the discretized virtual work for normal tractions on the
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interface is given by

N
GU, D) = ) gl
i=1

SO0 e active set
_ l active set.
gr=0

(19)

2.4.2 Coulomb frictional contact formulation

Frictional contact behavior governs the relationship between tangential interface tractions t;
and the relative tangential motion between two contacting points at the contact interface
between the two bodies, g”. We implement the widely used Coulomb constitutive model in the
present formulation of the frictional contact. According to this model, points along the contact
interface can be in either a stick or slip state. The stick state occurs when the norm of the
tangential component of the interface traction vector, t, is less than the frictional resistance of
the interface, defined to be equal to the normal contact force multiplied by the friction
coefficient u. In this case, no relative tangential displacement occurs. Slip happens when the
applied force reaches the maximum frictional resistance and causes a relative tangential
displacement.

The stick/slip criterion of the Coulomb model can be expressed as an inequality slip
function that relates t; and the normal component of the traction t, through the friction
coefficient u as

fQtr,ty) = lltrll —pt, <0 (20)

The stick state occurs when ||t¢|| < ut,, in which case no tangential relative motion occurs
g7 = 0, while the slip state occurs when ||t;|| > ut,, leading to a non-zero slip rate||g”|| > 0
in the direction r, tangent to the contact surface. This leads to the Kuhn-Tucker conditions for
frictional contact

gh=yr, y>0
f<0

vf=0
These constraints are implemented at all contact locations i , and included in the tangential
part of the interface virtual work in the following form

G =YL, Ar, - 8], g’ =0 atstick locations (21)

GuW)s =Y, t; gl litzll = ut, ||g7|| >0 atslip locations (22)

In the case of stick, the work done by the tangential forces vanishes, and therefore, the
formulation remains conservative. When slip is detected, the negative work done by the
tangential forces leads to a dissipation of energy. The stick-slip transition is handled using the
augmented Lagrangian approach. The relationship between the tangential traction and relative
slip can be represented as

tr=—€rg’
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where e is interpreted as the tangential interface stiffness, and is the penalty parameter used to
enforce the stick condition g7 = 0. This relationship can also be defined using a friction potential
@ such that t; = d¢/dgT, where more elaborate interface models that include adhesion and/or
damage can be incorporated. Potential-based methods, such as the bi-potential approach (De Saxce
and Feng 1998) have been used successfully in the presence of large deformations and dynamic
effects (Terfaya et al. 2015). Penalty-based methods can be sensitive to the choice of the interface
stiffness parameter ;.

The distinction between stick/slip conditions at each contact location i is required to properly
account for the tangential work done on the interface. In the case of stick, a constraint has to be
placed on lateral displacements to prevent sliding g7 = 0, whereas in the case of slip, the
tangential displacements are released and a tangential force ||t;|| = ut,, is applied instead. For
each load increment an assumption of stick /slip condition is made at each contact point. This
assumption is revisited after completing the solution of the nonlinear problem, typically using the
Newton method. If the initial assumption is found to be no longer correct, the Newton solution is
repeated under revised assumptions. In a large finite element mesh where the contact state at a
number of interface nodes could potentially change between stick and slip, this approach in
enforcing frictional constraints has been found to be the source of algorithmic instability (Gu et al.
2009).

The dilemma in deciding the stick/slip conditions at contact nodes recalls a similar issue in
computing stresses in the theory of rate-independent plasticity. Much like the frictional case, the
stresses in plasticity are bound by a “yield” function upon which the material starts accruing
irreversible plastic flow that occurs normal to the yield surface and does not correspond to an
increase in stress. For frictional contact, tangential slip can be thought of as the equivalent of
plastic strain, i.e. an irreversible state of deformation not associated with an increase in tangential
stress/force beyond a limit dictated by the yield function of the Coulomb model (Eg. (20)).
Furthermore, the stresses and deformations beyond “yielding” in frictional contact are governed by
a similar set of Kuhn-Tucker conditions.

Therefore, an alternative approach to enforcing frictional contact conditions is to compute the
tangential tractions through an inner-subroutine, activated at the contact point, that releases the
flow of slip displacement in the case where the yield potential, in this case called the slip criterion,
is exceeded. The tangential relative displacements are decomposed into a reversible or stick
component, that correspond to a stick state, and an irreversible slip component that accrues when
the yield potential is exceeded. Tangential tractions are computed through a return-mapping
algorithm not to exceed the Coulomb limit with slip variables as history-depended internal
variables, calculated and stored locally at contact locations. This approach is algorithmically
superior since it does not require the repetition of the Newton solution anytime the slip criterion is
violated and slip is activated at a given contact location, thereby substantially reducing
computational cost and potential instability, as shown in Fig. 6.

This method was introduced in the early work of (Ibrahimbegovic and Wilson 1991), and has
been adopted by numerous researchers in the frictional contact community (Laursen and Simo
1993b, Sheng et al. 2006, Masud et al. 2012) although its application has been restricted to the
case of small-deformation linear problems for reasons that will become obvious in the discussion
below. Due to the issues associated with penalty-based methods and mixed formulations, and
given the effectiveness of the stick-slip decomposition approach in handling the transition between
stick and slip states, the aim of this work is to propose a new methodology for applying the stick-
slip decomposition approach to large-deformation problems.
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Fig. 6 Standard friction algorithm (left) vs. The local stick-slip decomposition approach (right)

We propose a new formulation for hyperelastic large-deformation frictional contact based
on the stick/slip decomposition method. This approach handles the numerical issues
encountered when modeling the stick/slip Coulomb frictional contact models. Our approach
handles the stick/slip condition in an inner loop inside the Newton solver without the need of a
repeated solution.

We start our formulation for the case of small deformations, which has been done also in
other studies in literature, in order to illustrate the challenge in extending this approach to the
large-deformation frictional contact problem.

2.5 The stick-slip decomposition approach for small-deformation frictional contact

Let us assume that the total tangential displacement is decomposed into two components: a
reversible “elastic” component u$ and an irreversible “plastic” slip uIT’ such as: uy = u% + u?
(Laursen and Simo 1993b). The total displacement therefore on the slave side of the interface

u = u,n + uf + uf (23)

An estimate of interface tractions can be calculated from Eq. (23) based on the element
constitutive behavior and finite element discretization. However, since the formulation of the
equations of motion is done in the discretized finite element space, and given that contact
constraints are enforced strictly at the slave nodes, it is more convenient to write the
relationship between interfacial force and kinematic fields in terms of equivalent nodal internal
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forces Q and nodal displacements U. Adopting a similar decomposition for the nodal displacement
vector at the contact slave node, we can write the equation for the nodal internal force as it is
computed from the total nodal displacements as follows

Q(U) = Q(U,n + U4 + UY) = K(U,n + U4 + UT) (24)

where K is the element stiffness matrix. Assuming linear elastic material behavior and small
deformations, Eq. (24) can be re-written as

Q(U) = K(U,n + U%) + K(UT) (25)

A key benefit to Eq. (25) is that it provides a natural means for computing interface stiffness
using element stiffness matrices, as opposed to relying on artificial user-defined penalty
parameters. The first part of Eq. (25) represents the force associated with the normal component of
the displacement as well as the reversible or “stick” component of the tangential displacement on
the interface. The second part of the force vector corresponds to the change in force due to the
occurrence of tangential slip. It follows that the reversible component of the interface nodal force
is expressed as

Q = Q° =K(U,n+U%) =K(U -U}) (26)

Note that this equation is written for the total interface nodal force. The normal component of
Q¢ represents the normal interface force needed to enforce the normal inter-penetrability
constraints, while the tangential component of Q¢ is responsible for enforcing tangential stick
conditions gr(U7) = 0. This formulation differs from other implementations of the stick-slip
decomposition method in which separate constitutive equations are used for the normal and
tangential components of interface forces. These implementations are often based on the penalty
approach for enforcing the normal (interpenetration) and tangential (stick) conditions, where the
respective penalty parameters represent interface stiffness in the normal and tangential directions.
It is not possible, however, to enforce perfect stick condition with the penalty formulation, and the
corresponding penalty stiffness is an artificial estimate of interface resistance to tangential sliding.
The present approach estimates tangential motion resistance directly from the finite element
estimate of stiffness associated with elastic deformations on the interface.

Remark: Note that the kinematic variable in Eqg. (26) is the absolute tangential slip
displacement at the slave node Uy and not tangential gap function g7 = Uy — u¥, where u¥is the
tangential displacement on the master side of the interface. This is the result of using the element
stiffness relationship, as pointed out in Eq. (25). However, since Uy, u¥ are independent variables,
Eq. (26) can be re-written in terms of g7 when necessary and without substantial impact on the
formulation, as follows

g’ =Ur—uf =[U¢+U7] - [ur® +ur’] = g& +gh
where g% = U% — u?"e = 0 is the “stick” tangential gap, which is enforced to be zero, and gZT’ =
ub - u’}“’ is the relative slip tangential displacement. It follows, therefore, that
T _ oP
g8 =87
Ur=g" +uf =g} +uf

Substituting into Eg. (26), we find an alternative form of the modified stiffness equation for the
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internal force at the slave node in terms of the relative slip displacement as
Q = K(U - Uy) = K([U — uf] - g7) (27)

Since g™ = 0 at the contact location, U — u} represents the relative tangential motion
between the two points across the interface.

According to Coulomb friction law, the tangential interface force component cannot exceed
the limit of ut,, where t, is the normal nodal pressure and u is the surface frictional
coefficient. The Coulomb friction law therefore follows the slip criterion

f=1Qrll —pQr <0 (28)

Let P = [I — n® n] the projection tensor on the contact surface with normal n. It follows
that the norm of the tangential force vector can be computed as

Qr=PQ, [Q;ll=,PQ PQ=,Q P2Q=,/Q PQ (29)
where P2 = PP = PTP = P. Recognizing that Q,, = Q - n equation can be re-written as
f=JQ-PQ—uQ-n<0 (30)

The value of f < 0 corresponds to a stick state; while f > 0 is an inadmissible state that
indicates the onset of tangential “plastic” slip. When plastic slip is initiated a return mapping
algorithm is activated to return the tangential forces to the slip surface. We assume that the
“flow” of irreversible slip displacement occurs tangent to the contact interface, therefore
resulting in non-associative flow rule with return mapping r such that

Ul =yr (31)
_PQ __PQ
—IPQll - /Q-PQ

In Eqg. (31) y is the rate-independent consistency parameter that enforces the persistency
condition. i.e., f = 0. Eqg. (31) defines the direction of slip flow as tangent to the contact
surface. It has to be noted that this direction does not correspond to an associative flow rule as
r = df/0Q.

The governing equations for the Coulomb frictional problem can therefore be summarized
as follows

(32)

Q = K(Uyn + U$) = K(U - UY)
f=JQ PQ-uQ-n

U?=yr, r=PQ/,/Q-PQ
y>0, f<0, yf=0

along with the persistency condition yf = 0

In a quasi-static time-stepping finite element solution, Egs. (32) are discretized in time using
the Backward Euler approach. Assuming Q,,, U?n and U,, are the nodal forces, tangential slip
and total displacement at a contact point at step n, the discretized governing equations for the

Coulomb friction model at step n + 1 are calculated as follows: First a trial state for interface
forces is calculated using current displacement estimates

(32)
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i =K(Upy, - U7 )

trial _ trial , trial Qtrtal
n+l — n+1 n+1 — HQn+1

If £,irial > 0, slip is activated and the following return-mapping algorithm is applied
24 = K(Upys ~ UR)
ng 1 U?,l + ¥y
Iy = PQn+1/\/ Qr+1 PQuyq
y =y At
Qui1 = QU — 7Kgy

fo1 = VQu+1 PQuii — 14 Quy1-n=0

(33)

(34)

Eqgs. (34) are used to calculate y and update the slip displacement and nodal forces at step n +

1.

Consistent Tangent:

The consistent tangent matrix T is computed by evaluating the partial derivative of the force

vector Q,,..; With respect to the displacement u,,,; as follows

0Qns1 _ 0QY OTn 1 o7
Tpsr = = -7K —-K
T T e T S TT A
In this equation
0Lt _ o
Up 41

arn+1 arn+1 aQn+1
a = a a = STl+ 1 T‘l’l+1
Un+1 Qn+ 1 Un+1

arn+1 _ [P - rn+1®rn+1]

——— =
e 0Qn+1 VQn+1 PQuiq

(35)

(36)

37)

(38)

where K is the elastic stiffness matrix and S is a projection matrix on the friction potential surface.
Substituting Egs. (36)-(38) in Eq. (35), the equation for the consistent tangent can be simplified as

follows
0Qn41 ay
T, =—=K —yKS, ;1T —Kr,,.,®
n+1 aUn+1 n+1*n+1 n+1 6Un+1
1 ay
K[K™4+78,,1|Th1 = K=Ky @ o—— 53U
n+1

ay

Thi1 = At—At 1 ® o ou,, .,

(39)

(40)

(41)
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where A = [K™1 + 7 S,,,,] is the modified flexibility tensor. In order to compute the derivative
of y with respect to the displacement U,,,;we note that, by taking the derivative of the slip
function with respect to u,,,; we obtain the orthogonality condition
Ofnrs _ Ofnsr 0Quis
0Upi1 0Qpi1 0Upyq

=hj 1T =0 (42)

where
afn+1 PQn+1
hpyy = = —un 43
" 0Quit Qurr PQuig (43)

is the normal to the Coulomb surface. Pre-multiplying Eq. (35) by hZ., and substituting Egs.
(36)-(38), we find

_ _ ay
hy 1 Tpyy =0=hj ;A" —h] A" rn+1T
n+1
which, in combination with Eq. (39) leads to
ay 1
Y - hrTz+1A_1 (44)

== —
aU1’L+1 hn+1A 11'n+1

Substituting Egs. (36), (37), (44) into Eg. (35), the expression for the consistent tangent
reduced to

Toy = A1 — ;A-1 r;1®A1h
n+1 h A1 n+1 n+1
n+1 Tt (45)
= A =V Wy
where

Alr

Vier = = (46)
T -1

Vhn AT

Alh,,,;

Wpi1 = s 47)

T A-1
hy 1 A70 g

It is worth noting that, without additional consideration, this formulation does not guarantee
a perfect stick condition. In other words, there could exist a non-zero lateral displacement that
would not cause the violation of the slip criterion. This issue, however, can be remedied by
enforcing an additional constraint on the tangential component of the “stick” displacement to
be zero such that the virtual work functional for the system is expressed as
G(u,u) = G(U, 0+ G(U,0)2 + G(U, D) =0

N N
GO =Y Agh+ Y Ar, 8] “
i=1 i=1
in addition to the lateral stick and normal contact conditions
gl =0 (49)
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2.6 Large-deformation frictional contact

Extending the above to the case of large-deformation problems is hindered by the fact that Eq.
(26) no longer holds when the traction is a nonlinear function of the displacements. In other words,
an additive decomposition of the displacement field does not translate into a similar result for the
traction field. Therefore, the return-mapping algorithm, as described above cannot be
implemented.

A direct approach to remedy this problem is to implement a procedure similar to large-
deformation computational plasticity theory by following the idea of a multiplicative
decomposition of the deformation gradient into elastic and plastic parts as: F = F¢FP (Simo et al.
1985). For frictional contact, the elastic and plastic parts of F correspond to the stick and slip
response modes, respectively.

Recalling that F = %, where x and X are the spatial and material variables, respectively, we

can assume that it is possible to find a stress-free plastic state X such that F,, = % and F, = g , as

shown in Fig. 7. The right Cauchy-Green strain tensor C = FTF can be derived from both the
elastic C¢ = F¢' F¢  and plastic CP = FP'FP components of F. The “reversible” left Cauchy-
Green strain tensor be is given as b® = F¢F¢' = FFP 'FP_ FT = FCP FT.

A

J Time=¢
\

K] s >
I Time=0 ”p

:

Fig. 7 Multiplicative Decomposition of the Deformation Gradient (Bonet and Woods 2008)

We write the above fields in terms of the principal directions since they are invariant with
arbitrary rigid-body rotation. Accordingly, the left reversible Cauchy-Green strain tensor is
represented by the principal elastic stretches 1%, and the corresponding principle directions n,, as

3
b° = ) (A2)’n,®n, (51)
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The return mapping procedure is thus strain driven. The global system of equations sends a
strain update to a material point in the form of an estimated deformation gradient F,,, ;. Using
the previous converged solution and the current assumed trial solution, a trial value of the
reversible deformation tensor can be found

-1
by = Fora €Y Fiia (52)
The trial stretches in the principal directions can then be found by solving for the
Eigenvalues and Eigenvectors of bflﬁrl‘“l
be trllal Z(Ae tnal) ntnal trial (53)
n+

A trial state of stress is calculated based on b%!"/®!, and if the yield function is exceeded, the
principal stretches are updated using a return mapping algorithm in directions n+1

In /16 n+1 =1In /13 Jtrial —7 U’&+1 (54)

n+1 — afn+1/a.[aa (55)

where 7., is the principal stress in the direction a. The plastic deformation tensor is then obtained
from an updated strain tensor as follows

$1+1 Z(Ae n+1) ntnal®n(tzrial (56)
-1
Chis = Falibg Bl (57)

The fact that the plastic deformation is computed through the strain tensor C?™", however,
limits the application of this approach for frictional contact since it would not be possible to
enforce perfect stick conditions. This is due to the fact that the plastic displacement u?. required
to enforce these conditions is not a variable in this formulation.

3. Proposed stick-slip decomposition for large-deformation frictional contact

We propose an approach for implanting the stick-slip decomposition method while
preserving the additive split of the displacement field: u; = u$ + u} in order to enable the
enforcement of perfect stick conditions. To circumvent the fact that this decomposition does
not correspond to an additive split of the traction field, we propose using a linearized form of
the traction vector, based on a Taylor series expansion around the elastic (stick) displacement
as follows:

Let Q be the nodal interface force at a given contact location. In a hyper-elastic material
under large deformations, the force is a nonlinear function of the total displacement vector

Q(U) = Q(Uyn + U4 + UL) (58)
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Now let Q°(U,n + U%) be the force vector associated with the reversible part of the
displacement, which includes the normal displacement as well as the stick component of the
tangential displacement, U¢ = U, n + U%. Since Eq. (58) is non-linear, we cannot assume that

Q°(U,n+U%) = Q(U,n + U% + UT) — Q(UF) (59)
However, if the slip displacement is relatively small, the following is an acceptable first-order
approximation of Q
Q(U) = Q(Uyn + U4 + UY) = Q(U,n + U) + DQ - UL,
= Q(U®) + K(U®)u%
A first-order approximation of the reversible traction field can therefore be obtained as
Q(U®) = Q(U - U}) = Q(U) — K(U°)U%, (61)

In this Eq. Q(U¢) are the forces associated with the reversible part of the displacement, while
the term K(Ue)Ui represents the correction needed to bring the traction field back to the
Coulomb friction surface. K(U¥®) is the consistent tangent evaluated at U®.

Eq. (57) can be used in a return-mapping algorithm in a manner that is very similar to the linear
small-deformation case. The term Q(U) represents the value of Q obtained using the hyperplastic
constitutive law and the full displacement field. The slip variables u}. are calculates as internal
variables using the following equations

f=JQPQ-uQ-n
u;=yr, r=PQ/\/Q PQ
y>0, f<0, yf=0
If the slip displacement is relatively large, we can modify Eq. (54) so that the linearization is
performed with respect to a previously known state of the slip displacement U?’O

(60)

Q(w) = Q(Upn + U% + UY° + AUP) (62)

Q(U) = Q(U,n + U% + UP®) + DQ - AUP
= Q(U®) + K(U®)AU?
leading to the modified definition of the stick force
Q(U®) = Q(U,n + U§ + UL?) = Q(U - UZ?) = Q(U) — K(U®)AUY, (64)

When discretizing Eq. (64) using the Backward Euler scheme, we can interpret the initial
assumption on the slip displacement to be the value computed at the previous time step U?’O =
U?n. Therefore, the discretized system of equations for the Coulomb friction model becomes

(63)

UR ™ = Upyy — U, (65)

it = QU™ = Q(Uner - UF) (%0)
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trial _ trial , trial _ trial ,
n+1 = | Qusr PQuyt — 0 Quy1 'n

If £,i75 > 0,

p — 1P =
UTn+1 - UTn TV Tnet
e _ p __ qyetrial —
U1 = Upyg — UTn+1 - Un+1 —V T

PQny1 =
Tnt1 VQn+1'PQniq Y v
~ Jtrial
Qn+1(U$1+1) = Q(Un+1 - U%l) - K(Urezf—rlla )AU%H
— Q(U;;ltrial) -7 K(Urel,irlial)rn-'_l

fo1 = VQu+1 PQuii — 14 Quy1-n=0
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(67)

(68)

(69)
(70)
(71)

(72)

Note that the force vectors in Egs. (66) and (71) can be computed using a hyperelastic law.
The slip criterion is then computed and the tractions are updated in the same manner as the
small deformation case. The consistent tangent can also be computed from Eqg. (45) with the
interpretation of K as the instantaneous tangent at U2,

It is useful to point out that this formulation assumes that the amount of plastic slip within a
given load step is small enough for the Taylor series expansion to hold. In the case of large slip,
this assumption can be satisfied using appropriately small load increments. When slip is
persistent over a large number of load steps, the large total slip should be of no consequences
since the value of the tangential traction should remain relatively constant as it is bounded by
the slip criterion.

4. Results and discussion

In this section we show a number of numerical examples to demonstrate the effectiveness
and capabilities of the proposed frictional interface formulation for large-deformation contact
problems. In these examples, we will omit units in input parameters and assume consistent
inputs. For example, if the modulus of elasticity is interpreted to be in ksi, all resulting stresses
will be in ksi and displacements will be in inches. If units are assumed to be consistent, the
particular choice of these units are otherwise of no influence on the numerical values of the
results. For hyper-elastic materials we implement compressible Neo-Hookean material with the
energy density function given by

Y =50c—3)—uinj +35(nJ?),

where I is the trace of the left Green deformation tensor C = FTF, J is the determinant of the

Ev _
(1+1/)(1—2v)"u T 2(1+v)

The three examples shown in this section were chosen to illustrate different aspects of the
proposed implementation. The first example was chosen to challenge the simulation into
switching between stick and slip states at different load levels. The second example is to verify
the implementation using an example published in the literature. The third example compares

deformation gradient F and A4 = are the material Lamé parameters.
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the results of the proposed approach to those obtained using Abaqus with the updated Lagrangian
method.

Example 1

The first example represents a simple configuration of a punch sitting atop an elastic foundation
as shown in Fig. 8. The two bodies have the same modulus of elasticity of 30,000 and Poisson’s
ration of 0.3. A vertical pressure P = 200 and a prescribed horizontal displacement u = 0.04 are
applied to the top punch as shown in Fig. 8. The loads were applied in nine increments, assuming
large deformations and a Coulomb frictional coefficient of 0.4 is used. The contact constraints are
enforced using Lagrange multipliers and the proposed stick-slip formulation is applied to the
interface.

TEENER

u
e

Body A P

TRATN Y

c e
d

Body B| (2 elements)

O O O O

Fig. 8 Sliding Patch Test

Fig. 9 shows the deformed shapes at each load increment. The results show that node 1 (bottom
left corner of Body A) is slipping while node 2 (bottom right corner of Body A) is sticking along
the interface. The two states were handled in an equally efficient manner, with few (<5) iterations
using the Newton method and without the need to repeat the overall nonlinear solution to revise an
assumption on stick or slip. These results showcase the capability of the proposed frictional
interface formulation in handling both the stick and slip conditions.

Example 2

The second numerical example is obtained from Simo and Laursen (1992) and is used to verify
the implementation of the stick-slip decomposition framework for friction for the case of linear
elasticity with small deformations. The example considers an elastic block sitting on a rigid
foundation and subjected to a normal pressure field on its top surface while being pulled
tangentially by a lateral traction applied to its right edge, as shown in Fig. 10. The block has an
elastic modulus of 1,000 and Poisson’s ratio of 0.3, and the Coulomb friction coefficient on the
block-foundation interface is u = 0.5. To follow the exact conditions used by the authors in this
paper, no frictional stress is allowed to develop at the first and last nodes of the contact surface due
to the uplifting at the edges. Therefore, these ends are assumed not to be in contact with the
foundation. The rigid foundation is modeled with solid elements with a very high modulus of
elasticity.

The resulting deformed shape shown in Fig. 11 is an agreement with the results reported by
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Fig. 9 Incremental Deformation in a Punch-Foundation System (Example 1)

Simo and Laursen (1992) and shows the block being compressed under the normal loading and
pulled to the right as a result of the horizontal load. The deformation shape also confirms the
assumption of uplift at the corner nodes and is identical to the one reported in the reference. Fig.
12 shows the distribution of vertical and horizontal axial stresses in the elastic block and
foundation, in which high stress values are observed along the edges closest to the applied loads,
as would be expected. It is useful to point out that the mesh chosen in this simulation is identical to
the one reported by Simo and Laursen in order to maintain comparability of the results.
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Fig. 10 Geometry and Loading Conditions for Example 2
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Fig. 13 Interface Tangential and Normal Stresses for Example 2

The distribution of normal and tangential interface stresses is compared with the results of
Simo and Laursen in Fig. 13. Since the proposed formulation is based on nodal forces, and for a
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consistent comparison with the stress results of Simo and Laursen, interface stresses were
computed from the nodal forces vector by normalizing with respect to element length. Both the
normal and tangential tractions show perfect agreement.

Example 3

In this example we simulate the frictional contact between two hyperelastic bodies with the
configuration shown in Fig. 14. This example consists of two hyperelastic bodies, 1 and 2, with
geometric dimensions AC=CE=EF=FA=IH=JG=3, 1J=HG=9. Body 1 is subjected to a normal
pressure of 90 and a prescribed lateral displacement u=5. The two bodies have different
material properties, with Young’s modulus values of 3000 and 100000, and Poisson’s ratio of
0.3 and 0, in Body 1 and 2, respectively. The Coulomb friction coefficient for the interface is
0.4.

Figs. 15 and 16 show the distribution of the resulting horizontal and vertical axial stresses in
the bodies 1 and 2. The results show that the values are higher at locations closest to the applied
loads, and the results also show a good agreement with ABAQUS. The computed interface
tractions are shown in Fig. 17. and the comparison shows matching results with ABAQUS.
While the Abaqus solution oscillated between stick and slip states, the solution using the
proposed approach suffered no such oscillations. The number of global iterations is reduced by
an estimated 50% since the solution at each step does not need to be repeated with changes in
stick/slip conditions. Greater savings are expected in larger systems.

Body 2

C o o To OO O O
Fig. 14 Geometry and Loading Conditions for Example 3

s, 511
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Fig. 15 Horizontal Axial Stress Distribution for Numerical Example 3: Proposed Approach (left) versus
ABAQUS (right)
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Fig. 16 Vertical Axial Stress Distribution for Example 3: Proposed (left) versus ABAQUS (right)
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Fig. 17 Tangential and Normal Traction Components along the Interface for Example 3

5. Conclusions

Methods used to enforce Coulomb frictional contact conditions pose a major algorithmic
challenge due to the inability of the algorithm to handle transitions between stick and slip states at
contact points smoothly. Each change in stick/slip condition requires the repetition of the Newton
solution for the whole problem, a process that could prove costly in large meshes. Oscillations
between stick and slip states could be the cause of algorithm instability, often leading to ill-
conditioning and non-convergence of the solution.

To remedy this problem, a new plasticity-inspired, stick-slip decomposition method for
handling frictional conditions under large deformations is introduced. The proposed approach is
designed to increase algorithmic efficiency and circumvent numerical issues encountered when
modeling stick/slip conditions in Coulomb frictional contact models. The method is based on an
additive decomposition of the displacement at the contact interface into “stick” and “slip”
components, with the latter following a non-associative flow rule based on the slip criterion
defined by the Coulomb friction model. A linearization of interface tractions around a “stick” state
ensures the applicability of this approach to the case of material and geometric nonlinearity. The
approach produces accurate results that compare well with those obtained using available
techniques at a reduced computational cost.
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