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SUMMARY

This paper proposes a new finite element method of frictional impact of elastic bodies. The formulation
introduces a contact frame that is placed in between contacting bodies and represents the contact
surface. The non-penetration condition and the slip-stick condition are defined between the contacting
body and the contact frame with the aid of the independent Lagrange multipliers representing the
contact force. The position of the contact frame and the local coordinate of the contacting node along
the contact frame are also treated as the independent variable, which enables the exact satisfaction of
the constraint conditions without the deficiency or redundant constraint. The energy and momentum
conservation algorithm is applied to the proposed impact system. In the result, the energy and the
momentum is exactly conserved in case of frictionless impact. In case of frictional impact, the linear
momentum is exactly conserved and the angular momentum is approximately conserved with negligible
error. Copyright (© 2004 John Wiley & Sons, Ltd.

KEY WORDS: contact/impact; localized Lagrange multipliers; contact frame; conservation algorithm;
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1. INTRODUCTION

The numerical simulation of the contact/impact between deformable bodies has been receiving
a great deal of attention in engineering field, and the remarkable progress in the computational
contact/impact problem has been achieved during recent years, especially by the finite element
method, and it can be observed on both the modeling and the solution method. There are
two major modeling methods of the identified contact surface, the so-called master-slave
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2 Y. MIYAZAKI AND K. C. PARK

method [1, 2, 3, 4] and interface surface method [5, 6, 7, 8, 9, 10] including the mortar element
method. The problem is described with these models, and solved with the non-penetration
condition. In most cases, the constraint condition is imposed by using Lagrange multipliers
[3, 5, 8, 9, 10] or penalty function [2, 6, 8, 11, 12, 13, 14]. The progress has resulted in the
improvement of the efficiency and the accuracy of the numerical solution.

The appropriate approximation of the contact pressure is one of the most important subjects
for the accuracy of the contact analysis based on both modeling method. Several researchers
have proposed the numerical methods to improve the accuracy. For example, Crisfield [3]
proposed the determination method of the interpolation function of the contact force field
based on the contact patch test and shown the appropriate choice of the function leads to
the improvement of the accuracy. Jones and Papadopoulos [9], and Lei [10] proposed the
formulation that introduces the contact pressure as the configuration variable instead of the
nodal contact force, and interpolates the pressure smoothly in the interface surface. Coorevits,
Hild, Pelle [15] showed the practical approximation method of statically-admissible stress filed
at the contact region as well as kinematically-admissible displacement field that satisfy the
non-penetration condition. Several error estimator of the constitutive relation at contact region
have been also proposed [7, 15].

The solution method of the non-penetration condition is also important for contact/impact
problem. Traditionally, the condition is formulated at the finite element node discretely, or
integral form in the contact region. Since Simo, Wringgers, and Taylor [5] proposed to solve
the non-penetration condition in the weak form by the augmented Lagrangian approach based
on the penalty function, and several researchers has proposed the modified methods [11, 12] to
improve the accuracy without decreasing the efficiency. The augmented Lagrangian approach
[6] is based on the explicit update of the value of the Lagrange multiplier, so that it is suitable
for the explicit time integral scheme. This approach should, however, be employed with great
care on the accuracy and convergence of the computation. The alternative approach has been
proposed to improve the convergence property [13]

In case of frictional contact/impact, the problem contains the inequality constraint concerned
with the frictional force. It is very difficult to ensure the existence of the solution that exactly
satisfies the constitutive relation of the frictional force that is written in the inequality form.
Such a difficulty does not occur in frictionless problem, i.e. it is unique to the frictional problem.
This problem is still a very active research field, and several researchers have proposed the
formulations and solution algorithms based on the implicit variational inequality with the
penalty function [6, 8, 6, 16, 17, 18]. Rebel, Park and Felippa [19] has proposed a formulation
of frictional contact problem that overcomes the numerical difficulties mentioned above. Their
formulation introduces a contact frame that is similar to the conventional contact interface
with one distinct difference, that is, the contact frame possesses its independent displacement
degrees of freedom and its associated equilibrium equations. The equilibrium equations consist
of the localized Lagrange multipliers [20]. The non-penetration condition is established between
the contacting nodes and the frame, and it is satisfied exactly. The friction is taken into account
between the body and the frame, instead of the contacting bodies themselves. The stick state
is realized by prohibiting the slip on the frame, i.e. fixing the local coordinate of the contacting
node measured on the frame. Thus the inequality associated with the frictional force is exactly
satisfied. The displacement of the frame is described by those of finite number of the frame
nodes. The location and the number of the frame nodes as well as the interpolation function
in each frame element are determined uniquely by the contact patch test so that the obtained

Copyright © 2004 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2004; 1:1-1
Prepared using nmeauth.cls



LOCALISED LAGRANGE MULTIPLIERS 3

pressure distribution has high accuracy [21]. The slip displacement of each contacting node is
also interpolated by those of the frame nodes. The geometric bias or surface locking associated
with the master-slave method [9, 22] never occurs.

The transient dynamic analysis of the contact/impact problem has the numerical difficulty
other than those mentioned above. The contact/impact system is essentially a conserving
system, so that the energy and momentum should be exactly conserved. However, it is
not easy to ensure the conservation condition because of high nonlinearity of the system.
Furthermore, the geometrically nonlinear motion with discontinuity induced by the impact
cases the numerical instability in the time integral procedure. In order to clear these difficulties,
the attempt to application of the so-called energy momentum method [23, 24, 25, 26, 27, 28]
to the impact system has been presented for frictionless problem [29, 30, 31]. The energy
momentum method modifies the equation of motion so that the conservation condition is
satisfied during the impact motion. In the result, it guarantees the unconditionally stable time
integration even if the motion is highly nonlinear.

The present work aims to extend the contact formulation of Rebel, Park and Felippa [19]
to the dynamic case. The present formulation inherits the feature of the contact frame except
the following two points. The first one is that the slip displacement of each contacting node
on the frame is given as independent variable. The second one is that the frame element is
separated from each other. These modification enables us to simulate the change of the contact
configuration during a single time increment including the switch between contact and release
state, an to avoid the singularity associated with the dependency between the unilateral contact
condition and the equilibrium condition of the contact force in case of frictionless contact.

Another aim of this paper is to apply the energy momentum conservation algorithm to the
contact frame formulation, and to show that the conservation condition is satisfied exactly in
the frictionless impact system, and approximately in the frictional one.

The organization of this paper is as follows. In Section 3, we introduce the concept of contact
frame, define the impact system based on the contact frame, and formulate the governing
equations of the frictionless impact problem. In this process, we introduce the concept of
partitioned frame, too. In Section 4, we apply the energy momentum conservation algorithm
to the impact system defined in Section 3, and modify the governing equations. In Section 5, we
extend our impact system to frictional impact problem. The solution algorithm is summarized
in Section 6. We demonstrate the good performance of the formulation with the support of
several examples in Section 7, and finally give the conclusion in Section 8.

2. NOTATION

In the transient impact analysis shown in the following sections, we subdivide the time domain
into discrete steps of index n, and denote the time at the origin of each time step as t,, .
We assume that the configuration variables at ¢,, are known already and those at ¢,,1 are
unknowns. The time step width between t,, and t,41 is denoted by At, i.e. At =tp41 — &y -
We call the state at and the previous and current state, respectively.

The bar above a variable represents the averaged value of the variable at the current and
the previous state. A represents the incremental value from the previous to the current state.
We denote the value of a variable at the previous state by using the tilde under the variable,

Copyright © 2004 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2004; 1:1-1
Prepared using nmeauth.cls



4 Y. MIYAZAKI AND K. C. PARK

while no index is attached to the value at the current state.

Z(tny1) + Z(tn)

7= ,
2

AZ = Z(tuy1) — Z(ty), Z=2Z(t,) for VZ (1)

3. IMPACT SYSTEM BASED ON LOCALIZED LAGRANGE MULTIPLIERS

Let us consider the impact of two elastic bodies, body-1 and body-2, that are modeled with
finite elements, and denote the domain of each body as Q) and Q3| respectively. In the
classical contact formulation, we determine the contacting node (slave node) and the contacted
surface (master surface), and formulate the contact constraint condition between the slave
nodes and the corresponding master surface. On the other hand, the present method considers
the contact between the node and a curved surface located so that the two bodies are separated
in opposite side as shown in Figure 1 [19]. We call this surface a contact frame, and denote
its domain as A. The contact surface I' is contained in the contact frame, and the equilibrium
condition of the contact force acting on the contact surface will be formulated on the contact
frame.

Contact Surface I’

Curvilinear
coordinate

Figure 1. Contact frame

In the finite element analysis of this impact system, the contact frame is also modeled with
finite elements. The initial location of the frame nodes that constitute the frame elements is
determined by the contact patch test [21], which is summarized as follows. Let us consider
a curvilinear coordinate system (s1,s2) on the contact frame A and define A* and I'* as the
projection of A and I" on s; — sy plane, respectively. Then, I'* € A* holds and the contact
nodes on body-1 and body-2 can be mapped on A* as in Figure 2. The frame node location on
A* is determined by carrying out the contact patch test on this plane. After that, the location
on A is obtained by the inverse mapping from A* to A. Based on the contact patch test, Rebel,
Park, and Felippa [21] concluded that the frame position should be interpolated linearly by the
frame nodes, i.e. the frame element should be three noded triangular or four noded quadratic
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LOCALISED LAGRANGE MULTIPLIERS 5

finite elements as in Figure 2.

_Contact frame A*

5 - Contact surface I'*

_— Node on body-1

< Node on body-2

“9<- Frame node

Figure 2. Placement of frame nodes

3.1. Frictionless impact problem

Let us denote the position vector of a body node on the surface of the body as x,, that of a
frame node on the contact frame as y,, where p and m represent the nodal number of body
node and frame node, respectively. The natural coordinate (£1,&s) is defined on the contact
frame as in Figure 3.

Figure 3. Frame element

In this impact system, the contact potential 7. can be defined as in Equation (2).
e = AP - (%, — N;”ym) (2)
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6 Y. MIYAZAKI AND K. C. PARK

where A? is the localized Lagrange multiplier vector that represents the contact force, and Ny
is the value of the interpolation function N = N™({;,&s) at node-p, i.e. NJ* = N™(£7,£5).
N;" has the following property.

Z N =1 for Vp (3)

We can obtain the governing equation of this impact problem by applying variational principle
to the total energy including 7.

The contact condition between the body node and the contact frame is described in terms
with the tangential and normal component of the contact force AP to the contact frame. Let
us denote the covariant basis vector at node-p by gP, and the unit normal vector on the frame
by nP. These are defined as Equation (4).

ON™ gp X gp
g = ﬁ}’m ) n’ = Upm for a=1,2. Vp (4)

where 7P is equal to 1 if the contact node hits from the negative side of the frame surface, and
-1 if the positive side, i.e.

nw=-1 for peQ® | =1 for peQ® (5)
Then, the variation of the contact potential is written as Equation (6).
0me = (Xp — NJ'ym) - 0N + AP - 0% — (AP - gh)ogh — Ny m (6)

Taking into account the contact potential 7., we obtain the governing equations (C1)-(C4)
for our frictionless impact system.

(C1) fP+ AN —FP=0 for Vp (7)
(C2) x,—N)'ym =0 for Vp (8)
(C3) —NA"=0 for Vm (9)
(C4) —gf-AP=0 for Vp,«a (10)

where f? is the nodal internal force including inertial force, and F? is the external force at node-
p. The physical meanings of these equations can be summarized as follows: (C1) equilibrium of
nodal force, (C2) geometrical constraint condition for the position of each contact node, (C3)
momentum balance of the contact force at each frame node, and (C4) condition for frictionless
contact at each contact node. The unknowns are the position vector of the body node x,,, the
frame node y,,, the localized Lagrange multiplier vector A?, and the natural coordinate £2.

The normal component QP of the contact force AP to the frame surface A must be positive.
Otherwise, the node should be released from the frame. QP is defined as follows.

QP = AP . n? (11)

8.2. Partitioning of contact frame

Equations (8), (9) and (10) suggest that we can partition each frame element and formulate
the governing equations for each frame element independently. The detail about the idea of
the partitioning is described in this section.
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2)

n’s= nf= _n(2)

Figure 4. Geometry of contact frame in 2D case: (a) normal vector of frame element; (b) contact of
body nodes and body elements; and (c) partitioned frame element

[Original system] Body-1 Body node

Bl B, B; By / Frame node

Contact frame o 4; Body node

As
Body 2
[Partitioned system]
B, Y

Frame node Y, B s B2 By, B3 Bs v,
=3 Oo-& S & O
o ()—()
Ay A, Y A, Y4 A, Aj Y7A3 Ay YS A4 As

Figure 5. Partitioning of contact frame in 2D case

Let us consider 2D case of the impact system. In this case, every frame element is a straight
line so that the normal vector at every contact node n,, in a frame element is identical to each
other. Figure 4(a) illustrates typical two frame elements, A; and As, connected to each other.
Black, white, and double circles represent the contact nodes on body-1, body-2, and frame
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8 Y. MIYAZAKI AND K. C. PARK

nodes, respectively. As shown in Figure 4(a),
n? = n’n(® for pelAy, a=1,2 (12)

where n() and n(® are the unit normal vector of A; and Ay, respectively. Equation (10) means
that the tangential component of the contact force AP vanishes. Consequently Equation (9)
for the frame node Y5 is written as Equation (13).

Z N;anp nM + Z N;)anp n® =0 (13)

peQ(1) peN(2)

Equation (13) is equivalent to Equation (14) if A; is not parallel to As.

> N2r=0 > NP =0 (14)

peN(1) peN(2)

Figure 4(b) illustrates the relation between the body nodes in the frame element A; and the
body elements along the boundary of each body. The body node-p; is in contact with body
element I's, so that the body node-p, that is out of A; should be on the line of A;. And so
is the body node-p.. This fact and Equation (14) suggest that we can partition the frame
elements if each frame element is extended to involve the outer nodes such as p, and p.. Thus
the frame element A, is partitioned and extended as Figure 4(c). In this figure, the positions
of the frame node Y; and Y are identical with those of the body node p, and p., respectively.
Figure 5 illustrates an example of the partitioning of contact frame.

In 3D case, the frame element can be also partitioned and extended in the same manner
with 2D case. An example is shown in Figure 6. The partitioning is carried out on A*. A;
are the contact nodes on body-1, and B; are those on body-2 (1 < i <7, 1 <j <6). Ay,
A5, By and B; are included in the frame element consisting of the frame node Y1, Yo, Y3
and Y4. By and By are in contact with the body element (A;,A5,A3,A ) and (A,,A5,AqA7)
on body-1, respectively. A; and A, are in contact with the body element (B;,B5,Bg,B,) and
(B,,B5,B3,B,) on body-2, respectively. Thus the frame element is partitioned and extended so
that A; and B; are included in the element.

8.8. Consistency of partitioned contact frame

As defined in the previous subsection, a partitioned frame is a piece of a flat plane and it
has unique unit normal n. Let us define orthogonal basis (e;, ez, n) on the frame (partitioned
frame is called frame for simplicity hereinafter). Then, the contact equation (9) is rewritten
as Equation (15).

NI'TY =0 , NJ'T7 =0 , N'Q?=0 for Vm (15)

where T? is a tangential component of A? in the direction of e,.

TP = AP - e, (16)

Equation (10) is rewritten as (17).
TP =0 for Vp,a (17)
Copyright © 2004 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2004; 1:1-1
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[original frame on A’] [view from body-1]

[partitioned frame] [view from body-2]
-Ba
Y4@
B3
BsT- B5
Y% Eé [

Figure 6. Partitioning of frame element in 3D case

The first and second equations of Equation (15) are unconditionally satisfied if Equation (17)
holds. Furthermore, Equation (15) and (8) allow arbitrary rigid displacement of the frame
node in the contact plane A*. Thus Equation (8), (15) and (17) are not independent to each
other, so that the solution of these equations has indeterminacy. If the frame consists of four
or more noded element, there are the additional constraints for the position of the frame nodes
that the nodes are located on a plane at the current state as well as the previous state (These
constraints are automatically satisfied if the frame consists of three noded triangular element).

In order to avoid this indeterminacy and to satisfy the additional constraint, we enforce the
following two conditions as well as the condition that all frame nodes are on a plane at the
previous state.

(C5) The motion of the frame from the previous to the current state must be a
rigid one, and the axis of the rigid rotation is parallel to the frame plane at the
previous state as in Figure 7. In 3D case, the total number of the condition
is (3ny — 5) where ny is the number of frame nodes. The total number is 1
in 2D case.

(C6) The natural coordinate (£7,&%) of a specific contact node is fixed, i.e. these
values at the current state are the same as those at the previous state. The
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10 Y. MIYAZAKI AND K. C. PARK

node located at the boundary of the partitioned frame is suitable to be fixed.
The number of this condition is 2 in 3D case, and 1 in 2D case.

Thus the total number of these enforced conditions, n.., is

_J 3ny-3 in 3D case
fe = { 2 in 2D case (18)
Therefore, we replace n. equations in the frictionless contact condition (C4) with (C5) and
(C6). This replacement makes the governing equation independent to each other, so that we
can solve the problem without any indeterminacy.

Figure 7. Rigid motion of partitioned frame

The implementation procedure of the constraint condition (C5) is summarized in the
followings.

In 3D case, the constraint condition (C5) can be implemented by introducing five new
configuration variables, too. When the frame is constructed at the previous state, the frame
node position is expressed as follows.

Ym =2+ 55 €q for Vm (19)

where e, (o = 1,2) is the orthogonal basis vector tangential to the frame plane A at the
previous state, and s is the coordinate of the frame node-m on A. Then, (C5) requires that
the frame node position is described in terms with two vectors z and 6 as Equation (20).

Ym =2+ §ZZR(0)§OL (20)

where R(6) is the rotation matrix described by the finite rotation vector 6. 8 is parallel to the
axis of the rotation. z and @ are expressed as

z = (217 22, 2’3)T s 0 =0.e, (21)

Thus the five independent variables (z1, 2o, 23, 61, 02) are necessary to describe the frame node
position. The total number of Equation (20) is 3ns. In the result, we can solve our impact
system by removing (3ny — 5) equations in (C4) and implementing Equation (20).
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LOCALISED LAGRANGE MULTIPLIERS 11

It is also possible to implement (C5) without introducing new variable. For example, (C5)
is expressed as Equation in case that the frame is four noded quadratic element (ny = 4 and
the number of condition (C5) is seven).

lye —yil = ly2—y11 =0, |ys—y2| —lys—y2|=0, |ys—ys|—I|ys—y3/=0,
[y1 —yal = [y1 —yal =0, |ys—yil —lys—yil=0, |ysa—y2|—|ys—y2/=0, (22
(¥2—¥1) - (Ays — Ay1) =0

In case of 2D impact, (C5) is expressed as Equation (23) for example.

‘YQ_Y1‘_|X2_X1|:O (23)

4. ENERGY MOMENTUM CONSERVATION PROCEDURE

The governing equations (7)-(10) can be solved with given time integral scheme. However, the
total energy and momentum may not be conserved unless appropriate conservation algorithm is
employed. Impact is essentially a conservative problem, i.e. the liner and angular momentum
are conserved and the total energy is also conserved if the impact is perfectly elastic and
frictionless. Numerical analysis of impact system should satisfy this conservation condition to
provide highly accurate results and stable time integration.

In this paper, we propose to apply the energy momentum method [23, 24, 25, 26, 27] to our
impact system. The energy momentum method ensures the preservation of total energy and
momentum, and is a quite powerful method for the analysis of highly nonlinear elastodynamic
system. The application of this method to the impact system based on the contact frame is
described in the following subsections.

4.1. Modified equation of motion

Firstly, let us consider a non-contact system, and denote the linear momentum by P, the
angular momentum by L, and the total energy of the bodies including the kinetic energy,
strain energy, and other internal energy by w. The energy momentum method requires the
modified nodal force vector f? satisfying Equation (24) and (25).

A =fP - Ax, (24)

AP AL -

=" _¢p == %P D

~ = & =X xf (25)
(26)

Based on the energy-momentum method, the equation of motion for the non-contact system
is given as follows.

fP—Fr=0 for Vp (27)
Equation (27) is solved with the following time integration scheme.

AxP
Ap =X (28)
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12 Y. MIYAZAKI AND K. C. PARK

where %P is the velocity vector at node-p. When Equation (27) and (28) are solved
simultaneously, we obtain that

Am = Ax, - F? (29)
AP AL _

—— =xP P
A CE . A TXXE (30)

Equation (29) and (30) show that the conservation principles of the energy and momentum
are satisfied approximately, and the total energy and momentum are conserved exactly if there
is no external force.

In our impact system, the total energy is the summation of the energy stored in the bodies
and the contact potential.

™ =7+ 7, (31)
From Equation (2) and (24), we obtain the incremental expression of 7* as
AT =(2 + W) - Ax, + (%) — NJ'ym) - AN
_ ON - 32
SN By (S N ) ag 2
where 0V, /065 is determined so as to satisfy Equation (33).

2
(‘)'NH'L
AN =Y [
P ot 556

. ONJ* ON[
lim =
At—0 5ER o&h,

Afg , for Vm,p,« (33)

From Equation (32), we can obtain the modified governing equation in case of frictionless

impact like Equations (7)-(10).
(C1y fP+ A’ —FP =0 for Vp (34)
(C2)y ~ NPy, =0 , Q>0 for Vp (35)
(C3)y - NmA” =0 for ¥Ym (36)
(C4y —gP-X"=0 for Vp,a (37)

where QP is the normal component of the contact force A”, and gP is the tangential vector of
A defined as Equation (38).

m

. _ p —

tildegl = 58 Vm (38)
Equation (37) suggests that gP is tangential to the contact surface, i.e. A is the equivalent
slip surface of our discretized impact problem. The unit normal vector of the equivalent slip

surface is defined as Equation (39).

~p

aP — g 8L 82 g5 (39)
87 x &
Thus QP is defined as
Q" =X -n¥ (40)
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LOCALISED LAGRANGE MULTIPLIERS 13

Equation (35).1 has a serious problem on the geometry of the frame. If node-p is not on the
frame at the previous time state, x,, can be expressed as

Xp = ﬂ;nzm + épgp (41)

where A, is the distance between node-p and the frame at the previous state, and A, < 0.
Then, Equation(35).1 results in

Xp — N;nYm = _(Xp - ﬁ;n’Xm) = _épﬂp 7é 0 (42)

Equation (42) means that the contact condition is not satisfied, i.e. node-p is not on the frame
at the current time state, which is not acceptable in view of the accuracy of impact analysis.
Therefore, we should modify Equation(35).1 so that the contact condition is satisfied without
the violation of the conservation conditions. Let us modify Equation(35) as follows.

1 -
(c2y 3 (Xp —N)'ym — épr) =0, Q>0 for Vp (43)

Then, Equation (43) is geometrically admissible if Equation (44) holds.

wP-n? =0 for Vp (44)
In the next subsection, w? will be determined so that the conservation of the momentum is
satisfied.
4.2. Conservation of momentum

Taking into account that Equation (25) holds, we obtain the increment of the momentum in
our impact system as Equation (45) by solving (C1’).

AP <

== _Fr_ )\ 4
Az A (45)
%:XPXFP—XPXXP (46)

The conservation principle of the momentum requires that the second terms of the right side of
these equations vanish. Equation (36) and (3) ensure the conservation of the linear momentum
as shown in Equation (47).

S N=DS3 NN =0 (47)

As mentioned in the previous subsection, the vector w? is determined by the conservation
principle of the angular momentum, which is shown in the rest of this subsection.
The conservation condition of the angular momentum is

%, x A" =0 (48)

By using Equation (43), the conservation condition is rewritten as

[ _ P P _
Ny < A7+ (M;H) <A Z 0 (49)
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14 Y. MIYAZAKI AND K. C. PARK

As shown in Equation (19) and (20), ym, Ym, and ¥, are located on planes extended with
€q, €4, and €,, respectively.

Ym =2 + églga s Ym =2+ aneoz , Ym =2Z+ §$éa (50)

Let us denote the normal vector of the frame plane A, A, and A by n, n, and i, respectively.

€| X e €1 X € €1 X €9

n=——-""%2 4§

n = e — 51
T e x| ler x ey |e1 x eq] (51)

Then, the requirement that the rotation axis of the orthogonal basis is parallel to A leads to
the following relations.

é1~Ae2:é2~Ae1:O s A61Xﬁ:A62Xfl:0 s n= An-n=0 (52)

Considering these relations, we can prove that the first term of the left side of Equation (49)
is 0 as follows. Let us denote the orthogonal basis vectors parallel to A by €,, and express the
contact force A” in component fashion.

A = nPQPh 4 TPe, (53)

Tg represents the tangential component of the contact force. The frictionless contact condition
(C4)’ is equivalent to Equation (54).

N =nPQPh TP =0 for Vp,« (54)

[e3

Under this condition, the momentum equilibrium condition (C3)’ is equivalent to Equation
(55)

NnPQP =0 for VYm (55)

By the substitution of Equation (50) and (54), the first term of the left side of Equation (49)
is recalculated as follows.

o _ 1, .
NJ'ym x N = (N;” m + EANP Aym) x n?@QPn 56)
. o1 RN T, _
= (N;”anp) Yo X 0L+ ZANP (Az X anpn) + EANP senPQP (Ae, x 1)

Using Equations (3), (52) and (55), we conclude that the right hand of Equation (56) is 0.
Considering Equation (52), we conclude that Equation (49) is satisfied by defining w? as
Equation (57).
1 1
wP =nP — n? =g (n — ~ﬁ> (57)

n? - n? n-n

Thus we can conclude that the conservation principle of the momentum,(30), is satisfied by
solving Equations (34), (43), (36), and (37) with the time integral scheme (28).
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4.8. Conservation of energy

The increment of the body energy in this impact system is recalculated as Equation (58) by
using Equation (24) and (34).

Am = Ax, - F? — Ar, (58)
where
Am. = Ax, - A° (59)
By substituting Equation (41) and (43) into (59), we obtain
Ame = [AN"Ym + N Ay + A, (WP —nP)] - X° (60)
Equation (36), (37), (52), and (57) lead the following relations.

- - - 1
ANV m - N=0 |, N Ay, - N=0, wP—nP=ypp (An — ﬁ-nn> (61)
By substituting Equation (61) and the fourth equation of (52) into (60), we conclude
A,Q"

A'/Tc:_ =
n-n

(62)

A, is positive because A, is negative and Qp is positive. In order to achieve the conservation
of the body energy, we will introduce the discrete contact velocity in the following section.

4.4. Discrete contact velocity

The idea of discrete contact velocity has been proposed in reference [31]. This idea requires a
discrete jump of the velocity after the governing equations (34), (43), (36) and (37) are solved.
Let us denote the current velocity obtained from the governing equations by x7 , and modify
the current velocity by adding the discrete contact velocity vZ, i.e.

XP = %P 4 vP (63)

This velocity jump causes the jump of the energy and momentum as in Equation (64).

AP) v
ol = My ~<
() =M

AL) vi
ALY o Ve (64)
(mjmp AV
1
(Aﬂ-)jump = 2Mqu V + M, qX Vq

where M, is the component of mass matrix contributed by node-p and node-gq.
After the governing equations are solved, the energy decreases of the amount Amn.. Therefore,
our purpose is to find v that satisfies the conservation conditions, i.e. the following relations.

AP ) ( AL )
— =0 |, — =0 |, (AT) i = AT (65)
( At jump At jump J b
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16 Y. MIYAZAKI AND K. C. PARK

Let us define v? as Equation (66) so that the first conservation condition of Equation (65) is
satisfied automatically.

vé
At
where a,, is the parameter determined later. Substituting Equation (66) into the second
equation of (65), we obtain

Mp,—5 = amN;”anpﬁ for Vp (66)

AL
t Jump

where
W = NI"PQP(x, x 1) - &, (68)
The conservation condition of the angular momentum, i.e. the second equation of (65), is
automatically satisfied if Equation (69) holds.
amwi® = apwy' =0 (69)

This equation has non-zero solution for a,, (The relation m > 3 hoolds in case of 3D impact.
THe relations w3® = 0 and m > 2 hold in case of 2D impact. Therefore, there exists non-zero
solution). Let us denote the solution as
= bVal) (70)

where (i) represents the frame element number in which the frame node-m is involved, and
a'?) is the solution of (69). Then, Equation (66) is rewritten as follows.

vl = b(i)uz(f) , uz(f) =al¥) [Mpq}*lN;”anqﬁ(i)At (71)
Substituting this equation into the third equation of Equation (65), we obtain a nonlinear
equation for b(?).

A b9 4 Bb® — A, =0 (72)
where
1 i j ; i
Ajj = §Mpqu7(”) ~u,(13) : B; = My %2 - u((]) (73)

We can obtain the solution of (72) by iterative procedure such as Newton-Raphson method.
Since Am,. has very small positive value, Equation (72) has non-zero unique solution that
satisfies

7B7f + Sgn(B,)\/(B;)Q + 4AiiA7Tc

b = . (74)
where
J#i

After b() is obtained, the velocity at the current state that satisfies the conservation
condition is calculated by using Equation (63) and (71).

Thus we solve the impact system by two stages. The first stage is to solve the governing
equations of the impact system, (34), (43), (36) and (37), with the time integration scheme
(28). The second stage is to add the discrete contact velocity vE to the obtained velocity.
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5. FRICTIONAL IMPACT

In case that there is Coulomb friction between two bodies, we should consider the frictional
force acting between the body nodes and the frame. In this section, we extend our formulation
to the frictional impact problem.

The frictional force T? is defined as the tangential component of the contact force A’ to the

slip surface A.
TP = \/(T)? + (1)? = |X* x & (76)
When the body node is in the slip state, the frictional force should be in the opposite direction
of the slip displacement. The slip displacement u, and the unit vector é?r along the slip
displacement is written as Equation (77).
&’ — Yp

e, = , u, = ANy, (77)
||

Let I'sjsp and I'gyier, denote the set of contact nodes that are in the slip state and the stick
state, respectively.
Fslip = {plp S Ev Tp > MQP} ) Fstick = {P|p S Ev Tp S MQP} (78)
Then, we can simulate the frictional impact problem by replacing the governing equation (37)
with (79).
Go - [u@pé?r “ XNl =0 if pe Tl
/ . .
(C4) gg o é-gnn B éz(i _ §gun . r (79)
é‘max _ é‘min - é‘max _ é“min i p e Lstick
a [ peXed 2
It must be noted that this modification guarantees the conservation of the linear momentum.

The angular momentum is not conserved exactly, but it has a very small amount of the
deviation as in Equation (80).

AL
At

1 1
= [1a8y @y + s, (a1 - )| T2t <) (30)

6. SOLUTION ALGORITHM

The solution algorithm of the present impact system is summarized as follows.

1. form the contact frame including possible contacting nodes at t,,

2. solve the governing equation (34), (43), (36) and (79) with the time integration scheme

(28) by some iteration algorithm, e.g. Newton-Raphson procedure, and obtain the nodal

position of the bodies at ¢,,41.

calculate the energy increment Ar. from (62).

4. calculate the discrete contact velocity v? from (71), and (72), and obtain the nodal
velocity at ¢, from (63).

©w

It should be noted that the contact frame is not necessary re-formed at each time step as
described above. The contact frame at ¢, obtained in the previous time increment [t,_1,t,]
can be used for the current increment. The re-formation is, however, recommended to avoid
the missing of newly contacting nodes.
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7. NUMERICAL EXAMPLES

In this section, three numerical examples are shown to demonstrate the performance of the
proposed method. The first example is the Hertz impact of two cylinders, which evaluates its
numerical accuracy. The second one is the impact of two free flying rings, which verifies the
conservation property of the proposed method. The final one is the frictional impact between
a ring and a strip, which verifies the convergence and conservation properties under friction.
The calculated results of the first and the second examples are compared with those obtained
from the classical master-slave method with conservation algorithm proposed in reference [31].

In the numerical results shown below, the nodal contact force at ¢t = t,, is evaluated by the
averaged value of the midpoints of the time step containing ¢,,, i.e.

5\p(tn—l/z) + 5\p(tn-s-l/2)
2

where xp(thrl/Q) is identical with A" in the time period [t,,t,,1], and Xp(tn,l/g) is that

in the previous time period [t,—1,t,]. The contact pressure is also evaluated by the similar

formulation with x,(t,41/2) = [Xp(tn) + Xp(tny1)]/2. The smoothing approximation proposed

in reference [32] is used for the evaluation of the pressure distribution to suppress its oscillation
[10, 32].

N(t,) = (81)

7.1. Hertz impact of two cylinders

Two identical elastic cylinders of non-dimensional radius R = 4 impact against each other with
opposite velocities v, = 2 as shown in Figure 8(a). Each cylinder has the following properties:
the Young’s modulus E' = 1000, the Poisson’s ratio v = 0.2, the thickness h = 1, and the mass
density per unit area p = 1. This problem is identical with the impact problem of a cylinder
and rigid foundation as shown in Figure 8(b). As in Figure 8(b), the cylinder is modeled by
using four-noded nonlinear plane stress elements. The simulation is carried out with the time
step width At = 0.01. In this case, the result is identical with that by the master-slave method
because the frame is the surface line of the rigid foundation which is identical with the master
segment used for the master-slave method.

The time histories of the total contact force F, and the distance d,. between the centers of
two cylinders are shown in Figure 9. The solution based on the Hertz static contact is also
plotted in broken lines. The Hertz solution is calculated by solving the following differential
equation [33, 34].

2
2rR?hpd, = F, | d, =2 {R — 77;? <§ + log 5;1)] , n= 17TEV (82)
The Hertz solution assumes that the contact area is small and the inertial force is uniformly
distributed in the cylinder. In other word, it does not consider the local oscillation within the
cylinder. Therefore, the Hertz solution underestimates the contact force at the beginning of the
impact when the inertia of the body near the contact surface increases the contact force. And
it overestimates the contact force when the velocity of the center of the cylinder gets small.
The total contact force for the present solution oscillates around ¢ = 0.65, which is caused by
the local vibration in the cylinders. Hertz solution cannot simulate such oscillation.
Figure 10(a) and (b) show the time history of the contact length a and the pressure
distribution p along the horizontal axis s; when the approach of two cylinders is at maximum.
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Figure 8. Hertz impact problem of two cylinders: (a) a schematic of the problem; (b) finite element
model-1; and (c) finite element model-2

The Hertz solution of these two properties is given as Equation (83).

nREF, 4F, 251\
=4 = = 1—-(— 83
@ h ’ p=p(s1) Ta a (83)

Because of the geometrical nonlinearity, the pressure at the center of the contact region is
smaller than that of the Hertz solution whereas the pressure at the outer side is larger.

250 —present sol.ution 8.2
----- Hertz solution ‘ 1 /
e 8 —present solution :

g 200 2 S S e AN | A RS Hertz solution
5 ’ N 7.8 .
5 . ”\ y
< 150 e 8 \ /
e )/ \ g 76
S 100 / ‘/\ a8 74 \ /
3 a \ /
g 50/ 7.2 N\ p
o ; X
- \\ ! \ _../

ol N ==

0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8

Time Time

Figure 9. Hertz impact of identical cylinders (model-1): (a) total contact force; and (b) distance
between centers of cylinders

In order to investigate the effect of nonmatch of the finite element (FE) mesh between two
bodies, this problem is solved by using the FE mesh shown in Figure 8(c). The FE mesh of
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Figure 10. Hertz impact of identical cylinders (model-1): (a) contact length; and (b) contact pressure
at the maximum approach

the lower cylinder is coarser than that of the upper cylinder. We call this FE model ”model-2”
whereas we call the model shown in Figure 8(b) "model-1”. Figure 11 shows the time history
of the total impact force and the contact pressure distribution along the horizontal axis. The
difference between the model-1 and model-2 is little, which shows the present method is robust
to nonmatch of the mesh. The difference between the present method and the master-slave
method is also very little, which means that the present method can describe the pressure
distribution without the laborious and sensitive construction of the pairs of master segments

and slave nodes.

200

150 / 0\

q’ )

8 100 / \
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Time
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160
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; T
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0 0.4 0.8 1.2 1.6
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Figure 11. Hertz impact of identical cylinders (model-2): (a) total impact force and (b) contact pressure
at the maximum approach
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7.2. Impact of two free-floating rings

Two identical elastic ring of non-dimensional radius R = 10 impact against each other as shown
in Figure 12. The initial coordinates of the center of Ring-1 and Ring-2 are (0,0) and (20, 10),
respectively. Ring-2 is initially at rest, and Ring-1 hits Ring-2 with the velocity v, = (4,0).
Each ring has the following properties: the Young’s modulus £ = 1000, the Poisson’s ratio
v = 1/6, the thickness h = 0.3, and the mass density per unit area p = 0.1. This example is
given in reference [31]. The number of the finite element division is 3 in radial direction. As in
Figure 12, the division in the circumference direction is not uniform, but the possible contact
region is much finer than the outer region. The total number of the division is 80. The time
step width is At = 0.01.

Figure 13 illustrates the transient shape of the rings. Two rings are point-symmetric to each
other. Figure 14(a) plots the total energy of the system and the energy stored in Ring-1. The
difference of the energy of Ring-1 between the present and the master-slave method, AFj,
is also plotted in Figure 14(a). The total angular momentum of the system and the angular
momentum of Ring-1 are plotted in Figure 14(b). The difference of the angular momentum
between two methods, AL, is also plotted. The total energy and the angular momentum as
well as the linear momentum are exactly conserved, and the difference between the present
and the master-slave method is small. Figure 15 shows the pressure distribution and the ring
configuration at t = 0.92, when the contact length is at maximum. The origin of the curvilinear
coordinate s is at the point of symmetry of two rings. The difference between the present and
the master-slave method is small. When we employ the master-slave method to the impact
problem in which the contact surface is curved, we should take great care of the determination
of the contact pair so that no lack of the constraint nor overconstraint has occurs. If we fail
the determination, the pressure distribution would be entirely wrong. On the other hand, the
present method provides the necessary and sufficient number of frame nodes so that neither
lack nor overconstraint occurs.

FE div. =48

FE div. = 32

Ring-2

FE div. =48

Figure 12. Impact of two rings: initial configuration
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Figure 13. Impact of two rings: transient shape
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Figure 14. Impact of two rings: (a) energy; and (b) angular momentum

7.3. Impact of ring and strip

An elastic ring impacts against a thin elastic strip as in Figure 16. The radius and the thickness
of the ring are R = 0.29 and h,. = 0.2, respectively. The length and the thickness of the strip
are L = 8 and h = 0.25, respectively. They are made of same material with the following
properties: the Young’s modules £ = 500, the Poisson’s ratio v = 0.3, and the mass density
per unit area p = 1. The initial coordinate of the center of the ring is (—3.125,3.125), and that
of the strip is (0,0). The strip is at rest initially, and the ring has the velocity v, = (2, —1). The
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Figure 15. Pressure distribution at maximum contact length: (a) pressure distribution; and (b) ring

configuration

number of finite element division of the ring is 48 in circumference and 3 in radial direction.
That of the strip is 32 in longitude and 3 in thickness. The time step width is At = 0.01.

Figure 16. Frictional impact of ring and strip

Figure 17 illustrates the transient configuration in case of frictionless impact (g = 0) and
that of frictional one with p = 0.5. In case of frictional impact, the ring trails the strip because
of the frictional force. The time history of the stored energies is plotted in Figure 18(a), which
shows the friction causes the high dissipation of the kinetic energy. The angular momentum
of the total system and that of the ring in the frictional impact are plotted in Figure 18(b).
The deviation of the total angular momentum from the initial value is also plotted in this

Copyright (© 2004 John Wiley & Sons, Ltd.

Prepared using nmeauth.cls

Int. J. Numer. Meth. Engng 2004; 1:1-1



24 Y. MIYAZAKI AND K. C. PARK

figure. This figure shows that the deviation of the total angular momentum is negligibly small
even though the change of that of each body is large, so that the conservation of the angular
momentum is almost satisfied in the present method. These results show the present method
has no numerical difficulty to analyze the frictional impact problem.

Figure 17. Transient configuration: (a) u = 0; and (b) u = 0.5
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Figure 18. Impact of ring and strip: (a) energy; and (b) angular momentum (¢ = 0.5)

8. CONCLUSION

A formulation of the frictional impact system of elastic bodies is proposed. This method is
based on the localized Lagrange multipliers technique. It introduces the contact frame in
between the impacting bodies. The contact frame provides accurate prediction of the contact
pressure as well as the total contact force and the deformation of the bodies without the
laborious construction of the contact pairs that is needed in the classical master-slave method.
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Furthermore, the modification from the frictionless impact problem to the frictional one is
quite simple, and no numerical difficulty occurs in the simulation. The proposed method
guarantees the conservation of the energy and the momentum in the frictionless impact, and the
conservation of the linear momentum in the frictional impact. The conservation of the angular
momentum in the frictional impact is approximately satisfied, and its error is negligibly small.
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