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Abstract The present paper is the extension of author’s ear-
lier research devoted to more accurate numerical modelling
of beam-to-beam contact in the cases when beam axes form
acute angles in the contact zone. In such situation with beam
deformations taken into account, the contact cannot be con-
sidered as point-wise but it extends to a certain area. To cover
such a case in a more realistic way, two additional pairs of
contact points are introduced to accompany the original sin-
gle pair of contact points from the point-wise formulation.
The Coulomb friction model is introduced and advantage
is taken from the analogy to plasticity. The penalty method
is used to enforce the contact and friction constraints. The
appropriate kinematic variables for tangential contact and
their finite element approximation are derived. Basing on
the weak form for frictional contact and its linearisation, the
tangent stiffness matrix and the residual vector are derived.
The enhanced element is tested using author’s computer pro-
grams and comparisons with the point-wise contact elements
are made.

Keywords Beam-to-beam contact - Multiple-point
contact - Coulomb friction - Elasto-plastic analogy
for friction - Penalty method

1 Introduction
The beam-to-beam contact represents a special case in the

general field of 3D contact analysis. The efforts to analyze
it numerically were started by Wriggers and Zavarise in [1]
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and subsequently continued in [2-4] where contact without
and with Coulomb friction for beams of circular and rec-
tangular cross-sections was considered. Since then further
developments appeared and they included inclusion of ther-
mal and electric coupling [5], smoothing procedures for 3D
curves representing axes of beams in contact, e.g., [6] as well
as a rigorous approach to the question of solution existence
and uniqueness in the point-wise contact formulation, which
was presented by Konyukhov and Schweizerhof in [7]. These
authors focused their interest on the closest-point projection
procedure, which in the particular case of the beam-to-beam
contact leads to the orthogonality conditions, see [1]. The
same authors used their approach to analyse the problem
of rope wound around a cylinder and the question of knot-
tightening [8]. The latter issue was also considered and solved
by Durville in [9].

A fine analysis of various types of contact scenarios,
including the beam-to-beam case, based on the geometry
consideration was given in [10].

One important assumption in the majority of those
approaches was the uniqueness of the mutual closest point
projection procedure for two curves, ensured at least locally.
The obvious consequence was the concept of the point-wise
contact between beams. Yet, it is perfectly clear that such an
approach fails in some special situations, e.g., when irregu-
lar assemblies of fibre-like objects are considered [11]. Thus,
the more precise approach should cater for possibilities when
the contacting beam-like objects form acute angles and are
parallel or conforming, see Fig. 1. The issues related to the
existence and uniqueness of the closest points location were
discussed in detail in [7,10].

Also the problem of contact between beams and other
objects like rigid surfaces has been recently investigated. This
topic was addressed in the further paper by Konyukhov and
Schweizerhof [12] and by Gay Neto et al. [13,14]. Further-
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Fig. 1 Non point-wise contact
between beams: a beams with
axes crossing at acute angles,
b conforming beams

more, the latter authors took into consideration the problem
of self-contact of a rope sustaining an off-shore riser [15].

The multiple-point beam-to-beam contact finite element
was developed in [16] to model in a more precise way the sit-
uations, when contact between beams cannot be considered
as point-wise. The frictionless interaction between beams
was considered therein. This element is now enhanced to the
frictional case. The main geometrical assumptions remain
valid, in particular it is necessary that, locally, there still exists
the unique solution to the closest-point projection equations.
Hence, the presented approach is not applicable for the case
of conforming/parallel beams which requires a completely
different approach. In such a case a full 3D analysis with
node-to-segment approach or a mortar method could be used
instead of a special beam-to-beam treatment.

In the suggested model the line along which the contact
may take place between two almost parallel or almost con-
forming beams, is discretised by three contact point pairs,
see Fig. la. This model with two additional pairs is the
most straightforward possible extension of the point-wise
approach.

The adopted interpretation of the contact zone between
two cylinders as a curved line is valid, if the assumption of
small strains and undeformable cross-sections is kept, as was
assumed in the previous papers [3,4,16].

Moreover, the contacting beams are modelled as one-
dimensional curves, with circumferential frictional effects
neglected, only the tangential friction force components are
taken into account. Hence, the proposed approach can be
practically used in the cases when the beam cross-section
dimension is much smaller than the beam length. The more
general case was considered successfully in [7,10] using a
geometrically exact covariant approach.

For a consistence of the present paper, in the Sect. 2 a
brief introduction of geometrical considerations regarding
the two additional contact pairs is presented repeating the
ideas from [16]. To this end also some results of the finite ele-
ment discretisation for the frictionless case are summarised in
Appendix 3. In the remaining sections the attention is focused
mainly on the frictional components of the contact formula-
tion, since the detailed description the normal contact part
can be found in the above mentioned paper. Furthermore, the
present paper is mainly related to the influences due to the
additional contact pairs, which are added to the formulation
of point-wise contact given earlier in [4,17].
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Section 3 includes the introduction of friction contribu-
tions to the weak form in the case of multiple-point contact.
The frictional interactions are defined using the penalty
method, and the analogy to non-associated plasticity is used
with the distinction of stick and slip friction status. The
consistent linearisation required for an effective use of the
Newton—Raphson method to solve the non-linear problem at
hand is also presented.

The kinematic variables present in the formulation of
frictional contact are introduced and expressed in terms of
displacements in Sect. 4. Again, the focus is put mainly on
the terms due to the additional contact pairs and a comparison
with point-wise contact variables is made.

Section 5 presents the finite element discretisation of fric-
tional terms. The components of the weak form and its
linearisation are suitably related to the nodal parameters of
the beam elements. In this way the components due to fric-
tion of the residual vector and the consistent tangent stiffness
matrix for the contact element are determined. Combined
with the normal contact components from [16] they yield the
complete frictional contact finite element formulation, which
was embedded in the author’s computer program.

Results of some numerical examples presented in Sect. 6
confirm the effectiveness and advantages of the multiple-
point beam-to-beam contact element with respect to the
previously derived one-point contact element in the cases
of beams forming acute angles.

Section 7 contains final remarks, conclusions and outlook.

2 Additional contact pairs

Let us consider a contact between two beams labelled m and
s. Their axes are shown in Fig. 2. The beams are of circular

&

Fig. 2 Central contact pair of points on beam axes and central normal
gap
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Fig. 3 Additional contact pairs of points on beam axes and additional
normal gaps

cross-sections with radii r,,, and r;. In the suggested multiple-
point beam-to-beam contact element three pairs of contact
points are considered—the central contact points C,,,, — Cg,
and two additional ones. The central points are found using
the orthogonality conditions, as described in [1,3] where the
minimisation of the axes distance dy yields the local co-
ordinates of the closest points on each beam —&,,,, and &,
(-1 <&, <1,i = s orm). Hence, the normal contact gap

function is

gN =dy — (rm +rs) (1)
with
dN = ”an - Xsn” (2)

To find the additional contact pairs, first, the contact candi-
date points Cgyp, Cypyp are found on the beam s using the
backward (subscript ) and forward (subscript f) shift of
local co-ordinates with respect to the value &, for the cen-
tral contact point

ésnb = gsn - gAs
’Smf =& + &as 3

as shown in Fig. 3.

The definition of the shift £o; of the local co-ordinate is
taken as a result of simple geometric considerations regard-
ing the layout of beam contact zones. Let us consider the
plan view of the contact zone presented in Fig. 4. The cross-
section A—A along the beam s is shown in Fig. 5. The distance
between the centre contact point Cy,, on the axis of the beam
s and the edge of the overlap region shown in the plan view
(Fig. 4) is

ag = " 4)
sin ¢
where ¢ is the angle between the beams axes in the plan view.
The distance between a shifted contact point, Cy;, or Cyy 1,
and the central one Cg,, is assumed as a fraction 1/k of a;. In
the numerical tests (see [18]) it was found that k = 3 yields
the best results, so

Fig. 4 Plan view of contacting beams at the contact zone (cross-section
A—A—see Fig. 5)

A-A

S

Fig. 5 Cross-section A—A of contacting beams at the contact zone—
see Fig. 4

'm

Sas = 3l sin g

(&)

where /; is the length of the beam element within which the
contact point lies.

Having located the additional points on the beam s, the
orthogonality condition can be applied to find their counter-
parts Cy;,p and Cypp on the beam m

(anb - Xsnb) *Xmnb,m = 0 (6)
(anf - Xsnf) *Xmnf,m = 0 @)

where dot - denotes the scalar product. Generally, each of the
conditions (6) and (7) represents a non-linear equation, which
can be solved iteratively using the Newton—Raphson method.
Following the lines of the solution for the central points with
a set of orthogonality conditions (see [1]) with the use of
the following expressions for the position vectors and their
derivatives with respect to local co-ordinates, determined at
the additional points

AXpnp = AW + Xpnb,m Aémnb
Axsnb = Ausnb + Xsnb,sAésnb

Aanb,m = Aumnb,m + anb,mmAgmnb 8)
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AXmnf = Aumnf + anf,mAémnf
Axsnf = Ausnf + Xsnf,s A%_snf
AXpnfm = DAUpnfm + Xmnf,mm A“::mnf 9

the iterative updates for the local co-ordinates of the points
Ciunp and C,p;, ¢ are obtained in the form

A‘i:mb _ - (anb - Xsnb) * Xmnb,m (10)

Xmnb,m - Xmnb,m + Xmnb — Xenb) - Xmnb,mm

Agmf — — (anf - XSnf) * Xmnf,m an

Xmnf,m - Xmnf,m + (anf - Xsnf) * Xmnf,mm

Having located the additional contact points at both beams
m and s, two additional normal gap functions can be defined
in a way analogous to the normal gap at the central point (1).
This yields

gnp =dnp — (rm + 1)
gny =dnf — (rm +715) (12)

where the distances between the contact points are

dnp = Xmnb — Xsnb |l
dng = [[Xmng = Xony | (13)

With three gap functions given by (1) and (12) the normal
contact formulation for three separate contact point pairs can
be formulated.

The point to note is the character change of the beam-to-
beam contact which is introduced by the presented procedure.
Instead of the parity of both contacting beams like in the
standard point-wise approach, the present model, due to the
shifted additional points on the beam s, brings the distinction
between slave and master bodies. It is advisable to treat the
beam with a smaller cross-section as the beam s. With this
provision, the resulting contact points are more effectively
distributed along the real contact zone which is longer along
the beam with a smaller cross-section and narrower along the
beam with a larger cross-section (see Fig. 4).

3 Friction contribution to the weak form

The weak form for the frictional contact problem between
two bodies can be written down in the following way:

8Tl = 811, 4+ 8115 + 8Ty + ST 7 (14)
where the subscripts at the components of the virtual work
811 denote the influences of the deformation of the body 1,

the deformation of the body s, normal contact N and friction
T. Here the latter term only will be discussed. It is assumed
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Fig. 6 Components and resultant friction forces at the backward addi-
tional contact pair

that the contact model is independent of the beam model
itself, as was assumed in previous research (e.g., in [17]),
while the normal contact component was analyzed in detail
in [16]. For the case with three contact pairs as introduced in
Sect. 2, the friction contribution to (14) can be given as

SIr :SHTC+8HTb+8HTf (15)

where the subscripts ¢, b and f stand for the central pair,
the backward pair and forward pair, respectively, as shown
in Figs. 2 and 3. The contribution from the central point with
the appropriate kinematic variables and the results of the
finite element discretisation in the form of tangent stiffness
matrix and the residual vector were presented in the papers
on point-wise contact model [2,4,17]. The present paper is in
principle devoted to the derivation of components concerning
friction at the additional points, described as forward and
backward contributions. Thus, the appropriate friction forces
and virtual displacements are introduced which allow to write
down:

M1y = Frsp - 88Tsbn + Frmb - 88T mbn (16)
M1y = Fryr - 887sfn + Frmf - 88Tmsn (17)

The friction forces Fryup, Frsp and Fryp, Frgr in each of
the relations (16) and (17) do not represent action-reaction
forces from Newton’s third principle of dynamics. Rather
than this, they have to be understood as pairs of components,
which result from a relative movement of a contact point
along each of the contacting beams, m or s. Let it also be
indicated, that special care must be taken when computing
the resultant friction forces Fr, and Fry, when the angle
between their components acting along the beams m and s is
arbitrary. Their definition must include tangent vectors and
proportionality coefficients, as introduced in the continua-
tion.

These resultant forces, can then be viewed as acting simul-
taneously on both beams, each of them can be treated as an
action or a reaction force. This is depicted in Fig. 6 for the
particular case of the backward contact pair.

Similarly, the corresponding variations of tangential dis-
placements present in (16) and (17), i.e., the tangential gaps,
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must be related to the contacting beams, m and s. For each
contact pair two independent movements are considered.

It must be also pointed out that the assumed way to model
the beams as one-dimensional curves limits the possibilities
of friction modelling to the tangential direction only. The
circumferential friction force is not included in the analysis.
From the practical point of view this means that the present
model is limited to the cases when the cross-sectional diame-
ter of contacting beams is much smaller than the beam length,
like in the case of fibres assemblies, thin contacting cables
or ropes, etc.

The analysis presented in this paper follows the foot-
steps of the point-wise contact formulation and the analogy
between the frictional contact and the plasticity [19] is uti-
lized. This concept includes the additive split of tangential
gaps at backward and forward pairs into sticking (superscript
e, for the elastic analog) and sliding (superscript p, for the
plastic analog) components:

8Tmb = & mp + &1 mp
8Tsb =g?sb+g¥sb (18)

8Tmf = g%m.f + géj"mf
87sf = 87 + 875y (19)

The Coulomb law with the constant friction parameter p
is assumed to model the interface physical relation and the
sliding functions f and fy must fulfil the conditions

o =IFrpll — - Fnp <0
fr=|Frs| —n-Fny<0 (20)

where Fyp, anf Fjyy are the normal contact forces at the addi-
tional points (see [16]). An important thing to note is that the
formulae (20) involve the resultant friction forces. There is
a theoretical possibility to check the sliding criterion sepa-
rately for each sliding component as was discussed e.g., in
[17]. However, such an approach seems to be non-physical.
Rather than this, each contact spot is to be treated consis-
tently and thus it should have one contact status attributed,
despite the fact that the resultant is determined using two
components.
Now the sliding rule can be introduced

.p . afb

ngb - yaFTmb

p . Ofp

8Tsb 7/aFTSb

) . Ofy

P _

S1ms =Y S Py

) . Off

P _

8rsf = yaFTsf 21

which is a counterpart of the non-associated flow rule.
The sliding rule can be integrated with respect to pseudo-
time using the incremental analysis. Hence, introducing the
current new (subscript n) and previous (subscript p) config-
urations the following relations can be written down

8Tmbn = &Tmbp + dngb
8Tsbn = 8Tsbp + dgst (22)

8Tmfn = 8Tmfp + dngf
&Tsfn = &Tsfp + dgTsf (23)

The second terms on the right hand sides of these expressions
represent the values of increments of tangential gaps. The
method to find these basic kinematic variables for friction is
given in Sect. 4.

In the process of the incremental solution at the current
new step, the trial values of sticking tangential gaps compo-
nents

et _ p
E8Tmbn = 8Tmbn — ngbp

g;’sbn = &Tsbn — gggbp (24)

t _ P
g;"mfn = 8Tmfn — 8Tmfp

g%tsfn = gTan - g;sfp (25)

are assumed using the current total gaps (22, 23) and the
history variables, i.e., the previous values of the sliding gap
components. The penalty method is now used to determine
the trial values of the friction forces components

F%mf =ér geTtmfn
Frof = €T 875fn (26)

t _ et
Fromp = €T 8Tmpn

t _ et
Fst = €T 8Tsbn (27)

where e7 is the frictional penalty parameter.

The unit tangential vectors have to be introduced in order
to evaluate the trial resultant friction forces. These vectors
follow from the definition of the kinematic variables given
in Sect. 4. Here, let it only be stated that they can be deter-
mined using the current and previous position vectors of the
contact points. Hence, the tangential vectors can be found
using

tup = M = (tmbla Imb2, tmb?a)T
[ %mbn = Xmsp |
top = bn 7 Bebp (b1 tsp2s ts3)” (28)
Hxsbn — Xsbp ”
Xmfn — Xmfp T
by p = TP (ot
0 Fonga =gy~ 02
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Xsfn — Xsfp

T
tyr = = (tsr1, tsp2s t 29
Sf ”Xan _ Xsfp ” ( Sfl sz Sf3) ( )

The magnitude of the trial resultant friction forces can now
be given by

Fry = |F5 || = | Froptms + Froptss|| (30)
| 31)

Fry = ‘FtTf H = H Frpstng + Frptss

and the trial values of the sliding functions can be evaluated
using

fy = ¥l = 1 Fan
f5 = |Fog| = F (32)

With (32) in hand the status of the friction at the additional
contact points can be checked. If the condition

fi<0 (33)

is met, then the backward pair is in the stick state, and if it
is not—then sliding takes place. Similar check is carried out
separately for the forward pair using

fi<0 (34)

In the case of stick the trial value of the friction force resultant
is within the sliding limit and it corresponds to the correct
current friction force components

t et
Frmb = Frypp = €T 87 mpn
t t
Frep = Fst =ér gg"sbn (35)

for the backward pair and
FTmf = F;mf =ér g;"tmfn
FTSf = F%Sf = €T g;"tsfn (36)

for the forward pair. In this situation there is no incremental
increase of the plastic part of the tangential gaps, either. For
the backward pair one has

P _ oP
8Tmbn = ngbp

P — oP (37)
8Tsbn gstp
and for the forward pair—

P _ P
ngfn - ngfp

s = &7 (38)
gTsfn gTsfp

If the sliding status is encountered, then the trial friction force
exceeds the limit imposed by the sliding rule and the Euler
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return procedure has to be employed. For the Coulomb fric-
tion model it leads to the closed-form solution and the friction
force components are given by their limiting values—

Frmp = upmbFno
Frsp = upsp Fno (39)

for the backward pair and

FTmf = MpmfFNf
Frsp = upsy Fny (40)

for the forward pair. It should be pointed out, that there are
also proportionality parameters introduced in (39) and (40).
Their presence is necessary due to the fact, that the sliding
status check is carried out for the resultant friction force and
the formulation of the weak form (16) and (17) requires the
values of the friction force components along the beams m
and s. These parameters are given by
F ;mb

Fp

t
% (41)

Tb

Pmb =

Psb =

Frng

Fi;
F%xf

F}f

Pmf =

psf = (42)

The sliding state involves the update of the plastic tangential
gaps. For the backward pair one gets

1
p p
8Tmbn = 8Tmbp + ; (F}mb - FTmb)
1
g?sbn = gi’sbp + ; (F;sb - FTSb) (43)

and for the forward pair—

P p 1 !

8Tmfn = 8Tmfp + 8_ (FTmf - FTmf)
Tm

P p 1 '
8Tsfn = 8Tsfp + ; (FTsf - FTSf) (44)
Letitagain be emphasized, that the current state of the friction
is checked separately for each of three contact pairs—central,
backward and forward. Hence, the status at these points may
be different and correspondingly to (33) or (34) the appro-
priate relations for the additional points (35)—(44) have to be
used.

The results for sticking or sliding cases can now be intro-

duced into the weak form relations (16) and (17) to get the
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following results. The weak form for the sticking case for the + LEN Smb ENb APmb 68T mbn
backward points reads + UEN Psb Ssb AgND 88T sbn
+ ue s AS
BH%}, =E&r geTm;,,, 8nghn +er g?sbn 8gTshn (45) HEN Psb Ssb ENb &Tsbn
+ WEN Ssb Nb APsbh 08T sbn (55)
and for the forward points p
ASHTf = WEN Pmf Smf Ang 8ngfn
5H%f =¢€T g;"mfn Sngfn +er g?sfn 8gTan (46) + LEN Pmf Smf ENf A88Tmfn
+ UEN Smf ENf APmf 08Tmfn
The linearisations yield pEN Pf Ssp AgNs 88Tss
sf s sfn
A(Sn?b = &7 AgTmbn 88Tmbn + €T geTmhn ASgTmbn TIEN Psf Ssf 8Nf ASgTan
+ &7 AgTsbn 88Tsbn + €T & ypn AO&Tson (A7) FIEN Ssf Nf APsy 8T s (56)

A(SneTf = &1 AgTmfn 88Tmfn + €T g?mfn ASgTmsn
+ér AgTSf” SgTSf’l ter g%sfn A(SgTsfn (48)

In the case of the sliding status the weak form is

8T17), = EN Pmb Smb ENb 88T mbn
+IEN Psb Ssb 8Nb 88T sbn (49)

for the backward pair and

SHIT)f = UEN Pmf Smf ENf O&Tmfn
+IEN Psf Ssf ENf O&Tsfn (50)

for the forward pair. These two formulae require additional
parameters sy,p, Ssh, Smf, Ssf tocontrol the sliding direction.
They can be found from the simple relations

Smb = $1g0(Embn — Embp)
ssp = sign(&spn — Esbp) (51

Smf = signEmpn — Emsp)
Ssf = Sign(ésfn - %-Sfp) (52)

using the local co-ordinates of the current and previous con-
tact points if these points are located in the same contact facet.
In the contrary situation, for instance the element numbers
can be used.

Besides, the values of the normal contact forces present
in (39) and (40) are evaluated using the penalty method

Fnyo = engnb (53)
Fyy = engny 54

with the normal contact penalty parameter ¢y introduced (see

[10D)

The linearisations of the weak forms (49) and (50) read

ASTIY, = WUEN Pmb Smb AgND 88 Tmbn
+ LEN Pmb Smb ENb ASETmbn

The weak form expressions (45), (46), (49), (50) and their
linearisations (47), (48), (55), (56) include various kinematic
variables. Some are related to the the normal gaps (12) and
thus concern the normal contact. They were given in detail in
[16] and are not discussed in this paper. The variables related
to the tangential gaps and to the proportionality parameters
(41) and (42) are considered in the following section.

4 Kinematic variables for friction

The tangential gaps representing the key kinematic variables
for friction, given by (22) and (23) require the definition
of the tangential gap increments dgrmp, deTsh, dgTmy and
dgrsr. The procedure to find these values will be given for
the example of dg7,,r and dg74r in the case of the forward
contact pair.

Let us consider the beams m and s in two subsequent
configurations—previous and current, as shown in Fig. 7.
The increment of the tangential gap is found as the dis-
tance between the current contact points Cy, 7, Cyry defined
by the current local co-ordinates &y, &7, in the current
configuration and the mappings C,, ,,, C{ ., of the previous
contact points Cy,rp, Cyrp from the previous configuration
onto the current configuration, defined by the previous local
co-ordinates &7, &rp. With the appropriate position vec-
tors introduced, see Fig. 7, the gap increments can be given as

dngf = Smf mefn — Xmfp H

drss = Ssf [|Xspn = Xogp (57)
For the backward pair one gets similar expressions

deTmb = Smb ”men — Xmbp ”
dersh = Ssb ”Xsbn — Xsbp H (58)

These relations include the sliding direction control parame-
ters given by (51) and (52).
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Fig. 7 Definition of the
tangential gap increment for the
beam m in the forward contact
pair

Fig. 8 Changes of contact
points spacing with the change
of the angle between tangents

Previous configuration

The local co-ordinates &5, and &7, of the current points
at the beam s are found from (3) and those concerning the
beam m follow from the orthogonality conditions (6) and (7)
applied to the beam m only, as discussed in [16]. The vari-
ations and linearisations of these variables were also given
in that paper. The only exceptions were Ad&,p, and ASEy, 7y,
which were absent in the frictionless contact formulation.
These variables can be derived from the orthogonality con-
ditions. The corresponding tedious but elementary derivation
is given in Appendix 1.

The local co-ordinates of the previous point mappings
require a comment and a special treatment. The nature of
the proposed contact model is that the additional points on
the beam s are defined by the shift of local co-ordinate &x;.
This value depends, among others, on the angle ¢ included
between the tangents to the beam axes at the central contact
points C,;, and Cg,,. If the angle decreases, than the spacing
between the points is increased to cover the longer contact
zone, see Fig. 8. The angle ¢ undergoes changes during the
deformation process. Therefore, it can be concluded that the
relative movement of the contact point on the beam s will
result from two independent factors—the frictional sliding
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Beam m
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previous
config.

Current configuration

and the change of location due to the varying angle ¢. If the
beams are modelled as 1D curves and the circumferential
effects are neglected, then the latter factor would result in an
unrealistic behaviour and unphysical addition to the frictional
force at the contact points. Therefore, the local co-ordinates
of the previous contact point mapping cannot be treated as
mere history variables and taken directly from the previous
increment.

To overcome this problem it is suggested, that the rela-
tive movement of the additional points is directly related to
the relative movement of the central points. The idea behind
this assumption is that the three contact points modelling
the continuous contact line for almost parallel beams are
tied together. Hence, the following relations are proposed to
define the local co-ordinates required to localize the previous
contact point mappings C;, bp* C;bp and C), Fpe C, p

ssbp = é;-sp —&ns

gmhp = Embn — (Emn - Smp) (59
gsfp = SSp + EAs
smfp = Smfn - (émn - Emp) (60)
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In other words it is assumed that the distance between the
additional contact point and the central contact point on the
beam s is determined by the same difference of the local
co-ordinate £ in the case of the current points (Cyry, Csy)
and the previous point mappings (C o C.,,). And similarly,
for the beam m it is assumed that the distance between the
current additional point C,r, and the mapping of the previ-
ous contact point C;nfp is given by the same difference in the
local co-ordinates (§,,, — &) as in the case of the central
points (Cy, C;np).

It should be pointed out, that simultaneously the influence
of the angle ¢ on the formulation of the local co-ordinate shift
in (5) remains unchanged. The results of this influence on the
contact element tangent stiffness matrix and the residual vec-
tor were derived in [16] and are summarised in Appendix 3.

Now the tangential gap variations present in the weak
forms and their linearisations derived in Sect. 3 can be eval-
uated. The results are similar to the kinematic variables for
friction at the central points, which were given in [17] for the
point-wise contact formulation. One gets

88T mbn = Smb tmb © (Xmbn,m 8&mbn — Xmbp.m SEmbp
+ Supn — 8umbp)
88Tsbn = Ssb tsp - (Xsbn,s 8&sbn — Xsbp,s 0Esbp
+ Sy — Sugpp) (61)

for the backward points and

8gTmpn = Smg tuf = (Xonfn.m 8&mpn — Xmfp.m 85mp
+ 8w, — Sumfp)
88Tsfn = s tsf - (Xopn,s 8&spn — Xspp,s 8&spp
+ uyp, — Sugpy) (62)

for the forward points. The difference between the formula-
tion for the central points and the additional points is the
presence of the second components in the parentheses in
(61) and (62) for the latter case. These components were
null for the central points because the variation of the local
co-ordinates for the previous point mapping was vanishing—
the co-ordinates were treated as history variables and were
independent on the current displacements variations. On the
contrary, for the additional points these local co-ordinates are
defined by (59) and (60) and their variations do not vanish.
These variables can be found using the relations

8&mpp =0 (%-mfn — &mn + Emp) = 8&mfn — 0&mn
Sémbp =94 (Smbn —&mn + ‘i'-mp) = 8&mbn — 8&mn (63)

for the points on the beam m

8Esfp =34 (Esfn + SAS) = 3&ns
aésbp =4 (%-sbn - SAS) = _5§As (64)

for the points on the beam s. The second components at the
right-hand sides of (63) are the variables related to central
points, which were expressed in terms of displacements in
[17]. The first components at the right-hand sides of (63)
concern the additional points; they are given in [16]. Finally,
the right-hand sides of (64) can also be expressed in terms
of displacements of the central points, as was shown in [16],
too.

The linearisations of the weak forms variations include
the linearisations of the tangential gaps and of the variations
of the tangential gaps. The former variables are computed in
the way analogous to the variations given by (61) and (62).
The latter ones are specified in Appendix 2 in Eq. (138).
It can be verified, that likewise for the variations, also here
the terms related to the local co-ordinates for the previous
point mapping are present, in what these relations differ from
the ones for the central contact point. The linearisations of
these local co-ordinates are computed in the way similar to
the variations given by (63) and (64). The linearisations of
variations can be found using

A‘Sg‘_mfp = A (Smfn — Emn + gmp) = A8$mfn — Ad&mn
A‘ngbp = AS (gmhn — &mn + Smp) = AdEmpn — A8&mn

(65)
for the points on the beam m and
A‘Sszp =A$ (é:sfn + SAS) = ASSAs
A&;:sbp = AS (Espn — Ens) = — A8 (66)

for the points on the beam s. Likewise with (63) and (64),
the particular components of these relations were expressed
in terms of displacements in [16,17].

The weak form linearisation for the slip state includes also
the linearisations of the proportionality parameters (41) and
(42) related to the friction force components. The similar
variables were derived in [17] for the central contact points.
Their detailed form is given in Appendix 2 in (139) and (140).

In this way all the terms in weak forms and their lineari-
sations are given by displacements and position vectors and
can be subjected to the finite element discretisation.

5 Finite element discretisation

A finite element for contact uses the same nodal parame-
ters as the finite elements for the beams themselves. In the
presented examples the beams are modelled using the co-
rotational beam finite element derived in [20].

An important issue influencing the form of the contact
finite element is the smoothing technique used to ensure
the proper continuity between the adjacent contact facets.
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Fig. 9 Beam-to-beam contact finite element based on smooth curves
segments

The importance of smoothing in a general contact context
was discussed for instance in [21]. The particularities of
the smoothing process for the beam-to-beam contact with
an analysis of several possible techniques were considered
in [17]. Out of the models presented therein, the one using
the inscribed curve and Hermite polynomials is used in this
paper. This leads to the definition of the contact finite element
involving two pairs of adjacent beam elements from two con-
tacting beams, see Fig. 9. There are three nodes m1, m2, m3
of the beam m and three nodes s1, s2, s3 of the beam s
involved in the formulation. The vector of nodal displace-
ments related to the contact element can be given by

qrigx1] = (Um11s Um12, Um13s Um21s Um22, Um23,
Um31, Um32, Um33, Us]], Us]2,

T
Ug13, Us2l, UsD2, UsD3, Us3], Ug3D, Ug33)
T
- (u,TV,, u§) (67)

where subscripts a = 1, 2, 3 and ¢ = 1, 2, 3 in the dis-
placement notation U4 and U, refer to the node numbers
and the co-ordinate numbers, respectively.

However, the issue can become more complex, if one con-
siders the fact, that the friction contact formulation for the
three-pair layout involves indeed not one but six different
points on each beam. These are: the current contact points
Cubns Cins Cign (Cspn, Cyn, Cypn correspondingly for the
beam s) and the mappings of the previous contact points

;nbp, ;np, Cl’nfp (C;bp, C;p, C;fp for the beam s). It must
be assumed that these points may not lie within a single con-
tact facet. The situation where the mapping of the additional
(forward or backward) previous contact point is separated
from the current point or where the additional contact point
itself is separated from the central point should be taken into
account. Therefore, the appropriate vectors of nodal displace-
ments are introduced

9 = (“;m “gb)T (68)
ar = (ulyy uly)’ (69)
ap = (i uhy) (70)
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T
asp = (uly, vk, (71)

which may or may not coincide with the vector q, given by
(67), related to the current central contact points C,,;,, and
Csn.

It must be pointed out, that the history variables for friction
and sliding are attributed to the particular contact points—
central and additional. They are stored and revised at each
iteration. If a local co-ordinate value at the current state
exceeds the limit (from —1 to 1) then the corresponding
number of contact segment and contact elements is changed
accordingly.

The method of smoothing determines the form of the
relation between displacements of an arbitrary point on the
contact facet and the nodal displacements. Let us assume the
following matrix representations for displacements at central
points

Sujp = Girduy
Auyp = GirAuy (72)

and at additional points

Su;jx = Gyjrduy;
Au;jr = GijrAuy; (73)

where the subscripts i and [ are related to m-beam or s-beam
(i =sorm, I = S or M), the subscript j is related to back-
ward or forward additional pair (j = b or f)and the subscript
k is related to current (new) or previous configuration (k = n
or p).

Similar relations are introduced for the derivatives of dis-
placements with respect to the local co-ordinates

dujr,; = Hjrduy
Auji i = HixAuy (74)

at central points and

ow;jr; = Hjjrouy;
Aujjgi = Hyjr Auy; (75)

at additional points withi = s orm, I = Sor M, j =bor
fand k =nor p.

The explicit form of all the matrices G and H present in
(72)—(75) was given in [17].

The variations and linearisations of the current local co-
ordinates can be discretised to yield the following relations
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Suy Auy
3&son = (Fs — Fas) |:(3115 :| AdEspp = [5[1;1 6“?] (—Ras) |:Alls i|
duyy Auy
5‘Esfn = (Fs + Fay) |:5lls :I (76) Aassfp = [81117(4 (Sllg: ] Ras |:All5 ] (84)
Au Suys Suyy;
A'i:sfn = (Fs - FAS) |:Au15"/1:| 3Emjp = (ijl - Fm) |:5uS ] + ij |:5qu]] (85)
_ Auy Auy Auyyi
Aévfn = (F€ + FAS) |:Alls i| (77) Aginjp = (Fm]l - Fm) |:Aus ] + Fm] |:8qu ji| (86)
Au _ T s.T ) Auy
A8Egpy = [ Suj, sul | (Ry — Ray) [Auf] A8&njp = [Sujy Suf ] (Rmji — Rpn) |:Alls ]
Au T T Auyj
A8Espn = [Sujy Suf ] (Rs + Ras) [ Auf] (78) +[ s, ul; | Ruy [ Aug; ]
T T Auy
for the points on the beam s and + [‘Squ dug; ] Ryj2 |: Aug
SE . .. Suyy F. . duyy; 79 + [5u£/[ 8u§ ] RnT1-2 |:Aqui| (87)
Emjn = Fmji Sug + o Sug; (79 72| Aug;
AUM AuM~
Admjn = Fmj1 |:Aus :| + Fuj |:Aquj:| (80) where j = b or f.

with j = b or f, for the points on the beam m.

The matrices F and R present in (76)—(80) were detailed in
[16] and for the self-consistence of the present formulation
are repeated in Appendix 3. The missing discretisations in
this group are for Ad&,,p, and A, ¢, and they yield

Au

T o T M

A8Emjn = [Sujy Sug [ Ry [ Aug }
Auyyi
T T . Mj

+ [(Squ ous; ] Ruj [Ausj' ]
Au M
Aug

Auyy;
Aug;

n [5u,{4j 8u§j]ij2 [

+[sul, sul |R] [ (81)

mj2
where j = b or f.
The matrices involved in (81) are derived in Appendix 1.
Similar relations can be found for the appropriate kine-
matic variables related to the previous contact points. Using
(63)—(66) and the matrices introduced above one can get

du
Sésbp = —Fxy |:3u1;4j|
511M
8&rp = Fas Sug (82)
Au
Agsbp = —Fa, |:Aug/l:|
Au
Akypp = Fas [ Aup } (83)

The discretisation of the proportionality parameters (139)
and (140) leads to the following matrix relations

Auyyi Au Auyyi
Apmj =ij0 |:AllSM’j ]+Prnj1 [Auf ]+ij2 |: M.jp:|
J

Augjp
(88)
Auyyj Au Auyy;
Apsj=Psjo |:All151‘/[']:| + Py [Auf] +Pyj2 [Aug{”’]
j ip
(89)

where j = b or f.
The matrices present in (88) and (89) take the form

er Pmj€T
Puja = | o = 3 F1j tuj | t;Smia
FT ' y
J (FTj)
Pmj€T & mi
- 2 mn Ftrj (1 - tmj ® tmj) Smja
t
(FTj) [ %mjn—Xmjp |
PmjeéT T
T\ (FZT/ 'tsj) t;iSsja
G
Pmj€T 8T jn
T2 Frj (1-t ®t5;) Syja
(FTj) [%sjn = Xsjp |
(90)
er DsjET
Piju=|— — = Fpty | 1S,

t 2
e (m)
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Psj€T 8T mjn
-
(FTj) ”ijn —Xmjp H

Psj€T T
2 (FZTJ . tmj) tijmja
(i)

e
ps./'ngTsjn

S
(FTj) ”ijn — Xsjp H

F7; (1=t ® twj) Smja

F7; (1—t; ®t5;) Syja
On
with a = 0, 1, 2 and where the auxiliary matrices

S0 = Xmgnm Fmg = Xmppm Fms + [Gupn 0]

St = Xmfnm Fmpt = Xmppm (Fmpt —Fn)

Smf2 = [=Gmyp 0]

S¢0 = [0 Gyyn]

Ssr1 = Xgrns Fs +Fas) —Xspps Fag

Ssr2 = [—Gysp 0] (92)
Sinb0 = Xmbn,m Fub — Xmbp,m Fip + [Grupn 0]

Sibt = Xmbn,m ¥mbt — Xmbp.m Fmp1 — Fr)

Smp2 = [~Gupp 0]

Ssp0 = [0 Gynp]

Ssp1 = Xson,s (Fs —Fas) +Xgrp.s Fas

Ssp2 = [—Gypp 0] (93)

were introduced.
For the simplification of notation some further matrices
are used:

Zinpo = F,Z;btzb [Hmbn 0]

Zopr =¥} 1t0 [ Hypn 0]

Zunby = —Fppth, [Hopy 0]

Zyps = — (F;bl - FnTw) to [Honop 0]
Zyp = (FT = FL,) 4, [0 Hyp |

Zops = Fot], [0 Hypp | (94)

Zingo = Fpy sty [Hugn 0]

Zyp1 = F;Lfltl’{lf [Hmfﬂ 0]

Znr = —F) ] [Hupp 0]

Zyfs = — (FnT1f1 - F;f) tnT1f [Hsp 0]
(¥ +F) € [0 1,0 ]

Zips = —Fp it [0 Hyp, 95)

7
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M3
tmbiGai 0
W, = ]zl mbj\Fdjmbn 7
i 0 0
B 3
— tmbiGaimbp 0
Wbz = ,; e
0 0
K 0
W, = 3
sb 0 z tsbdejsbn
j=1
K 0
Wpo = 3 96
sb2 0— z tsbdejsbp (96)
L j=1
]
tmriGai 0
0 0
I
— tmri Gai 0
W, = j; mfjxdjmfp ’
0 0
K 0
W = 3
7100 167 Gajsgn
L =
K 0
Wi = 3 97
20— 3 t7Gajsrp o7
L=

For the notation in (96) and (97) the matrices given in (128)—
(129) and the split of tangent vectors (28) and (29) into
components were used.

The finite element discretisation of the weak forms for the
stick state, (45) and (46), leads to the following expressions

T suT
6M7; = (Squ 8“3]‘) (Reijo + ReTjsO)
+ (Suj, ug) (Reijl + Rerjsl)
T T .
+ (aquﬂ ‘SuS.ip) (Reijz + R;‘js2) (98)

where j = b or f and the following residual vectors were
introduced

e _ e . .
Rija =er ngjn tmjsmja

e e
RTjsa =ér gTsjn tSjSSj‘l 99)

witha =0, 1, 2.
Similarly, the finite element discretisation of the weak
forms for the slip state (49) and (50) yield
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T T
SH;ZJ' = (3lle 8qu) (R%mo +RT/90)

+ (Su}\; (Sug) (R¥ jm1 +RT]sl)

+ (ulyy, ou;, ) (RE,0 +RE,)  (100)
where j = b or f and the residual vectors are
R7 na = HEN &Nj PmjSmjSmjatm;
RY = 1en gNj PsjSsj Ssjats) (101)
witha =0, 1, 2.

The linearisations of the stick state weak forms (47) and

(48) after the discretisation can be given in the form

ASTIS,;

T o T
= (8qu 5“Sj) (Kijoo + KeTjsOO)

e
] K7imo1 + K701

T T
( j ‘S“Sj) (Keijoz + K502 (Aqup
T
( (Keijm + KeTjsOl) (
( (ks 5’
( + K5 Aul . Aul. !
ij12 Tjs12 Mjp Sip
sul . 5 e INTAVCTAN
+( Wy ip “s]p (KT]m02+KT1502) ( Wy qu)
T
( (Keijlz + KeTjle) (Auj, Aug)

T
T T T T
Sulyip Sl ) (Kfjmon +Kfjp00) (Auiyy, Aufy, )
(102)

)
suyi, Sugjp)
)

where j = b or f and the tangent stiffness matrices involved
take the form (¢ =0, 1, 2andc =0, 1, 2)

e _ e
Kijac - 8Tngjn |:

Ke

(Smjatmj) ® (Smjctm;)

g;"mjn

Srﬂja ( tmj ® tmj) Sij e
d i + AT]mac
gTmj
o | (Syjats) ® (Ssjets))
Tjsac — €T 8Tsjn e
gTsjn

St (1=t ® ) Sy

+Af 103
dgTsj T]sacj| ( )

The further auxiliary matrices in (103) are:

e
ATmeO

e
ATmel

e
Tbm02
e
Tbmll

e

ATbm 12
e

ATbm22

e
ATbSOO
e
ATbsOl
e
Tbs02
e
ATbxl 1

e

ATbs 12
e
Tbs22

A;"meO

e
T fm01

A;"meZ

e
Tfmll

AT 12
AT fm
AT 500

7501
AT £502
ATfs11

A% fs12
A7 f522

= Zuno + Zypo
+ tﬁh (men,mm - mep,mm) FZ;,meb
+ t;b (Xmlm,m - mep,m) Riup + Winp
= Z’"bl + tnY;mebn,mmFLmebl
=t Xmbpmm oy Epr — Fp)
+t£b (men,m - mep,m) Ryup2
= Znp2
= tYEbXMb”,mmF;{;blFmbl
—F)" Fupt — Fin)
+t;bxmbn,mRmbl - t;bxmbp,m Rupt —Ry)

T
- tmbxmbp‘mm (Frb1

= Zmb3

=W, (104)

= st

=Zsp

—0

_+¢T T

=t Xsbn,ss (Fs —Fay)" (Fy —Fay)
- tAZ;,Xsbp,ssFZSFAs + tsTthbn,s (Rs - RAS)
_tz;yxsbp,s (—Ray)

=Zsp3

=Wy (105)

- mep,m) Rmf + Wmf

= mel + t;fxmfn,msz;,mefl
_ Fm)

+ t,if (men,m

- tzfxmfﬂ,mmFrEf (Fins1
+ by (Xmfnm = Xmgp.m) Ry

= Zonp

=ty Xinfn,mmFp 1 Fmf1

— Fm)

_ Rm)

T
- trﬁf Xmfp.mm (mel - Fm) (mel
+ th;mefn,mRmfl — tnTimefp,m (Rmfl
=Zny3

= Wop (106)

=W,
= Zsfl
—0
—¢T T
= ts.f'Xan,SS (Fs + Fas)' (Fs +Fay)
_tz}xsfp,sngsFAs
+ tsy}xsfn,s (Rs + RAS) —t

= Zsf3
=W;p2

STfXSfp,sRAs
(107)
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Additionally, the following relations hold

e A€ T
ATij10 = ATijoi
e A€ T
ATij20 = ATijn
e __ A€ T
Tij21 = ATiji2 (108)

for the both beams m and s (subscript i) and the both contact
pairs b and f (subscript j).

In the case of the slip state the discretisation of the lineari-
sations of the weak forms (55) and (56) yields

p
ASTIY,

T
T T
Auy, Ausj)
P
KT]ml

T
14 p T T
KT]m]2 + KTjle) (Aqup Aqup)

T T
P P T Ayl
(KT/moz + KTjsOZ) (Aqu Aug; )

P T T\T
1+ Kij) (Auj, Aug)

(109)

where j = b or f.
The particular tangent stiffness matrices take the form

Smjatmj ®RJ
K%mac MENENj PmjSmj |:¥
8Nj
Sr{ua ( tmj ® tmj) Sij P
+ AT mac
dngj J
Ssjatsj ®R]
ngm UENENj DsjSsj [—( )
8Nj
Stia (1=t ®t5;) Sy

A? 110
dgrs +”m} .

where a = 0, 1, 2 and ¢ = 0, 1, 2. The auxiliary matrices
R, and R result from the linearisation of the normal gaps
(12), see [17], and take the form

T .

R: = ijnnNJ
J = _GT nv;
sjn Nj
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(111)

with the unit normal vectors ny, and ny ¢

Xmjn — Xsjn

ny; = (112)

[Xmjn =%

Note also that the components including these matrices and
vectors are the ones introducing the asymmetry to the slip
tangent stiffness matrix due to the non-associativity of the
sliding rule (21).

The further auxiliary matrices in (110) can be given as

AP

e
Tjiac — =A

T]zac (113)

(SJTmt]i) ®Pjic

wherei =sorm, j=bor f,a=0,1, 2andc =0, 1, 2.

The contact element residual vectors and tangent stiffness
matrices (99, 103) or (101, 110) are ready to be embedded
in any computer program of beam-to-beam contact analysis.
An inherent contact search routine, like the one described in
[17], determines for each increment and each iteration, used
within the Newton—Raphson iterative solution scheme, if a
contact contribution has to be switched on—separately for
the central, forward and backward contact candidate pair. In
a case of an active contact pair the appropriate components
resulting from the normal contact (detailed in [16]) as well
as the friction components derived in this paper have to be
added to the global residual vector or stiffness matrix. At
each contact pair the friction status must be checked using the
criterion (33)—(34) and the appropriate, stick or slip versions
have to be applied.

6 Numerical examples

This section of the paper includes two examples of frictional
contact analysis for beams. The examples are meant to verify
the performance of the newly developed three-point contact
element in the frictional regime and compare it to the stan-
dard point-wise approach. The axes of beams in the contact
facets are approximated by Hermite polynomials as inscribed
curve segments, as discussed in [6,17]. The contact search
algorithm presented in [17] is applied. In both analysed cases
beams axes form acute angles in the plan view, i.e., the layout
for which the multiple-point contact formulation is devised.
In the both examples data and results are given without any
specified units but they may be interpreted using any consis-
tent unit set.

The computer times for both considered approaches differ.
However, it is worth to emphasize, that the introduction of
two additional points, meaning the 200 % increase in the
number of contact candidates or active constraints, increases
the time of computations only by about 20-30 %, depending
on the beam layout. This ratio is quite favourable because
the computations for the additional points involve several
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Fig. 10 Data for example
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matrices and vectors, which are identical as the ones used in
the computations for the central contact points. Besides this,
the vast majority of new matrices can be computed using
the same subroutines as in the point-wise formulation, what
gives some space for an optimisation of the computer code.

The values of the penalty parameters were adopted to keep
the penetration below 4 % of the beam diameter.

6.1 Example 1

Let us consider a set of two cantilever beams 1 and 2 with
the lengths /1 = [, = 6.021 and the angle between their axes
@ = 9.46° in the plan view, as presented in Fig. 10. Both
beams have circular cross-sections with the radius r = 0.1
and are made of a linearly elastic material characterised with
the Young’s modulus E = 250 x 103 and the Poisson’s ratio
v = 0.3. The initial gap separating the beams is gno = 0.001.

increment

The Coloumb friction parameter is taken as u = 0.1. The
beams are forced into contact by the nodal displacements
A1 = Ay = 0.2 applied in 60 increments at the free ends of
both beams. Each beam is discretised by 5 co-rotational finite
elements proposed by Crisfield [20]. The penalty parameters
used in the calculations are ey = 3 x 103 g7 = 1 x 10°.

The friction state in this example is slip. The values of the
measure of the relative sliding—the plastic tangential gap
gi during the deformation process in 60 increments are pre-
sented in Figs. 11a, b for various contact points and various
formulations. Due to symmetry between the beams the slid-
ing distance is the same along each of the beams, so only one
set of results for one beam is presented.

Figure 11b gives a comparison between the point-wise
formulation and the present multiple-point formulation. It is
clear that the new approach is characterised by larger easy
for sliding. It is due to the fact that the normal contact forces
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are distributed along the contact zone (line) instead of being
concentrated at a single spot. In this situation the resistance
to sliding is smaller.

Figure 11a showing the accumulated sliding distance for
the central and the backward contact points indicates, that
the three contact points (the results for the forward and the
backward points are virtually identical) move together. The
difference between the distance is due to the fact that for
technical reasons the computations for the additional points
must start one increment later than for the central point. This

0— —
4 multiple-point
_ _backward
-2 — —-
- ~ . N
S multiple-point
Foo4 ~ central
T ~
i ~ .
-6 — . . ~ ~
point-wise ~
- ~
-8 —
—10 T I T I T I
0 20 40 60

increment
Fig. 12 Example 1—evolution of frictional force

z

A

Ar=02

Ar=0.2

Fig. 13 Example 1—final deformation of beam axes

Fig. 14 Data for example Y
2—beam axes layout and
imposed displacements

XY view

XZ view

Lt

L

difference is kept constant during the process, what means
that the points indeed move together along the beam.

Figure 12 presents the results of the friction force compo-
nent along one beam; again due to symmetry the results are
identical for beams 1 and 2. In the slip state the friction force
for the Coulomb model is proportional to the normal con-
tact force. The distribution of the contact interaction along
the contact zone in the multiple-point formulation results in
smaller values of penetration and the contact forces, what is
evident in the presented graph.

The final deformed shape of beam axes is shown in Fig. 13.

6.2 Example 2

A symmetric assembly consisting of four identical beams is
considered. The beam lengths are / = 15.31 and their axes
are crossed in pairs in the plan view at the angles ¢ = 21.80°,
as presented in Fig. 14. The mid-points of all the beams have
the imposed support conditions resulting from the symmetry.
The beams are made of a linearly elastic material charac-
terised with the Young’s modulus £ = 250 x 10° and the
Poisson’s ratio v = 0.3 and have circular cross-sections with
the radius r = 0.1. The initial gaps separating the beams are
gno = 0.033. The Coloumb friction parameter is taken as
u = 0.1. The beams are forced into contact by simultaneous
application of 8 nodal displacements A = (.25 in 30 incre-
ments at all the beams tips. Each beam is discretised by 10
co-rotational finite elements developed by Crisfield [20]. The
problem was solved using the penalty parameters sy = 103
and e = 102

Due to symmetry there are only two different contact
points, depicted by A and B in Fig. 14. Also, at every con-
tact spot the contact behaviour including the sliding distance,
elastic tangential gaps and friction force components is the
same for each of two contacting beams.

The example presented here is characterised by the stick
state. Figure 15a, b presents the evolution of the elastic part

A =025 (8%)

ot
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Fig. 15 Example 2—evolution (a) 04 - ——- backward (b) 0 N ———- backward
of elastic tangential gaps at |
contact points in the stick 7] central centra
frictional case: a point A, -0.0005 — -0.002
b point B |
0001 | 0004 \
\
ng — ng N\
-0.006
-0.0015 — N
\ AN
1 -0.008 N
N N N
0002 = — — point-wise — — pomt-wise .
T T T L R L N
0 10 20 30 10 20 30
increment increment
Fig. 16 Example 2—evolution (a) 0 — (b) 0 —
of plastic tangential gaps at _|
contact points in the slip ]
frictionless case: a point A, -0.004 — -0.02 —
b point B ' —
] -0.04 —
P P
ng -0.008 N ng ]
_] ’ -0.06 —
0012 — ———- backward — ____ backward
central -0.08 —
] central
— T point-wise — — point-wise
-0.016 — T T -0.1 — T T
0 10 20 30 0 10 20 30
increment increment

of the tangential gap g? computed at the contact zones A and
B for various contact pairs and compared with the point-wise
formulation. To give the comparison with the frictionless
case, Fig. 16a, b presents the similar comparison, but related
to the plastic part of the tangential gap g? which in this
case represents the total sliding distance in the resistance-
less case.

In the fricional case it is clearly visible that the distribu-
tion of contact interactions in the multiple-point formulation
leads to the smaller values of elastic tangential gap and the
resulting friction force than in the case of typical point-
wise model where the interaction is concentrated in a single
point.

It can also be noted that, similarly as in Example 1,
the three points in the presented contact model are moving
together. The evolution of the tangential gaps in the addi-
tional points, forward and backward is virtually identical,
that is why only one of them is depicted in Figs. 15 and 16.
Each of these two evolutions follows the one for the central
point, with a shift related to the starting value of the gap at
the central point computed at the very first increment, when
due to computational reasons the additional points cannot be
included in the analysis.

The final deformed shape of beam axes is shown in Fig. 17.

A

Fig. 17 Example 2—final deformation of beam axes

7 Concluding remarks

The present paper includes an extension of the multiple-point
beam-to-beam contact formulation [16] to the frictional case.
The introduction of two additional contact pairs allows to
model the situation when the contacting beams form acute
angles and the resulting contact zone is not a single point.

One could certainly think of introducing more points but
the presented approach is devoted only to the simplest possi-
ble three-point approach. A further analysis of models with
more additional points constitutes an interesting topic for a
future research.
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The paper includes the full formulation of the contact con-
tributions to the weak form and its linearisation describing
the general contact problem. The appropriate kinematic vari-
ables are introduced taking into account the possibility of
independent frictional movement of the contact point along
each of contacting beams. These variables are determined
for the additional points using the central point coming from
the point-wise formulation as a reference. The required vari-
ations of the variables with respect to the displacements
are computed and then discretised using the finite element
methodology with appropriate contact finite element intro-
duced. The resulting consistent tangent stiffness matrix and
the residual vectors are ready to be embedded in the finite
element model of contacting beams. The author’s computer
programs written in Fortran language were used to solve
numerical examples which confirm the effectiveness of the
proposed solution in the frictional cases.

It should be emphasized once again, that the proposed
beam-to-beam contact element with additional points is
based on the existence and uniqueness of the closest point
location procedure. If this procedure is unable to determine
uniquely the closest points which are the central points in the
suggested model, than the additional points cannot be found,
either. Hence, the proposed approach may be viewed as an
alternative for the standard point-wise contact in the cases
of beams forming acute angles, but not in the cases of par-
allel or conforming beams or when one beam wraps around
another. It might also be used as an intermediate link between
the point-wise contact approach for large angles between
tangents and the node-to-segment or mortar approach for
conforming beams.

It is planned to use the derived formulation in the gen-
eral beam-to-beam contact model which would automatically
switch between the point-wise contact for perpendicular or
almost perpendicular beams and the full node-to-segment
model for conforming beams, while the presented multiple-
point contact would be a transition link between the two
classical contact models.
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Appendix 1: Derivation and discretisation of
variables Ad§,,p, and A&,y

This derivation is given for Ad&,, sy, the case of Ad&,p,
follows the identical pattern. The starting point is the orthog-

@ Springer

onality condition (7), which for the additional point concerns
only beam m. In the first step the variation is calculated, what
yields the following equation

axmfn,m “Xmsf + Xmfnm - (Sxmfn - stfn) =0 (114)

where
Xmsf = Xmfn — Xsfn

Besides, the variation of the position vectors and its derivative
can be found using the following relations

5men = Xmfn,m * ‘SSmfn + 5umfn

8Xsfn = Xsfn,s + 8Esfn + Sspn (115)

8men,m = Xmfn,mm * ngfn + 5umfn,m (116)

The next step is the calculation of the linearisation of Eq.
(114). This yields

A(Sxmfn,m *Xmsf + (Sxmfn,m . (Axmfn - Axsfn)
+ AXpfn,m - (Sxmfn - (stfn)

+Xmpnm - (A8XKppn — ASXgpy) =0 (117)

The majority of the kinematic variables related to the position
vectors of additional contact points required in (117) were
given in [16]. However, for the full self-consistency of this
derivation they are put together below

A8Xmfn = XmfnmmOmfn DNémen + AWnfn mO&mtn
+ W fnm Abmpn + Xmfnm A8Empn + AdUppy
ASXgfn = Xgfn,ss08sfnDEsfn + Algrn 685fn
+ 8Uspn s Aésn + X, s AdEsrn + Adugyy
(118)

And the yet undefined expression for the derivative with
respect to the local co-ordinates of the variation linearisa-
tion of the position vector, also present in (117), reads

ACSmen,m = men,mmm(sémangmfn
+ Aumfn,mm(s";:mfn + (Sumfn,mm A‘s;:mfn

+men,mmA8§mfn + ASumfn,m (119)

After substitution of (115), (116), (118) and (119) and some
reorganization, Eq. (117) can be given in the form
alA8&yrn = Ryy (120)

where

a = (men - Xsfn) Xmfn,mm + Xmfn,mXmfn,m
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With the simplifying notation

P1 = XmfnmmmXmsf + 3men,mmxmfn,m
P2 = Xsfn,sXmfn,mm
P3 = Xsfn,ssXmfn,m (121)

the right hand side of (120) can be expressed as

Ry = —P18Empn Démpn + P2 (8Empn Aspn
+ 8850 Aémpn) + P3 8Esn AEspn
+ X fn,mXsfn,s A&srn — Xmsf AWy 1. m
— W pnm (AUppn — Augyy)
— (Sumpn — Sugn) Alyfnm
—Xpfnm (AU py — Adugyy,)
— 8&mn [Xms f AW frmm ~+ Xonfmm (Dlngn
— Ausfn) + 2men,mAllmfn,m]
— [Xons 8 mm ~+ X, mm (SWnn — Sthspn)
+ 2XmfnmOUmfnm | Aémpn
— (XmfnmOUspns + Xspn sOUnpnm) Aspn
— 8&pn (Xmpnm AUgpn s 4+ Xgrn s Alypnm)  (122)

After the finite element discretisation Ry, can be put in the
matrix form
Au
T T M
Rmf = [3llM 8uS ]Ramfl |:Au5 ]
T T | Auyy
n [aqu Susf] Ry [Aqu
Au
T T M
+[ouly 0y [Ranya |:Aus ]

+[ouf, suf R, [A"Mf ] (123)

Augy

Substitution of (123) to (120) leads to the relation (81) where

1

Rmf = ; amf (124)
1

Rmfl = ;Ramfl (125)
1

Rup2 = ZRamfZ (126)

In order to define the matrices Rypf, Ramp1 and Rypmpo
expressions for the second derivative of displacement with
respect to the local co-ordinates

5umfn,mm = Mmfn Suy (127)

and for the linearisation of variations of displacements and
their derivatives with respect to the local co-ordinates

sul, Gaisrn Augy

A(Susfn = 8“5 GdZsfn Augy (128)

8usf Gusspn Augy

8u£,f Gaimpn Auyyp
Aduy = 8u1€1f Gaompn Ay
311;” Gd3mfn Aqu

(129)

Su;,lf Hyvmpn Auyyr
A‘Sumfn,m = ‘Su/]\:]f Hd2mfn Aqu (130)

(Su]]‘;[f Hyzmpn Auyyr

are also required.

The matrices M,,,r, and Mgz, in (127) are calculated
explicitly as the derivatives of the subsequent components
of the matrices H,, s, and Hy, with respect to the local co-
ordinates &, and &;.

The matrices Ggjsfn, Gajspn and Hyjmp, in Egs. (128)-
(130) can be obtained by partial differentiation of the matrices
Ggfn, Gyn and Hy,p, with respect to the nodal displace-
ments. This is done by the perturbation method in the same
way as it was discussed for the central contact points in [17].
For instance, in the case of Hyj, . if we split the appropriate
matrix H,, s, into row components

Hlmfn
Hmfn = H2mfn (131)
H3mfn
then we get
oH ;
Hyippy = Ot jmfn 132
djmfn 3qu ( )

Additionally two auxiliary matrices

Y = MrY;Lfn Xmsf + 2Hr7;1fn Xmfn,m + G,Y;,fn Xmfn,mm
mf _GZ}n Xmfn,mm

(133)
H?}n Xmfn, f

and the representation of vectors by means of their compo-
nents

T
Xmsf = [xmsfh Xmsf2, xmsf3]

T
Xmfn,m = [xmfn,mlv Xmfn,m2, xmfn,mS] (134)

are introduced. Finally the matrices in (123) can be expressed
as
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Rumg = —p1-F}  Fop —F) Y] o= Youp oy

(H£ 7w Gpn + Gl Hgn) —HE Gsfn:|
-G! n Hsfn 0

B 3 3
(' Xmfn,mj Gdjmfn + Z Xmsfj demfn) 0
_ Jj=1 Jj=1 3 (135)
0 — > Xmfnmj Gajstn
L j=1
Rump1r = —p1 -F,Efl Furi+ p2- [F,Efl (Fs +Fay)
+ (Fs + FAs)T mel]
+p3 - (Fy + Fa))" (Fs + Fay)
+men,mxsfn,s (Rs + RAS) (136)
Romp2 = —p1 -Frﬁf Fuf1 + p2- F,{,f (Fs + Fas)
_st (Fy +Fas) — me mel (137)
to yield the discretised form of the kinematic variables
Aéémf'n. The variable ASEmhn can be derived in the same Apmj = STT _ Pmj st ¥ -ty | Agrmin
way with all the subscripts f replaced by b. Fr; ( FL )
J
—ijgTFt--t-A ]
Appendix 2: Details of linearisation of friction kine- ( e )2 rj " ts D8Tsin
matic variables T
Pmj €T g;"m in
. .. . . . . - 2 ! F[Tj (l_tmj®tmj)
This appendix includes some relations used in the linearisa- ( FL ) |%mjn = X |
tion of kinematic variables for friction. !
Linearisations of tangential gap variations (61) and (62). X (Ximjnn Ainjn = Ximjp.m Mémjp + Mnjn = Attjp)
mj ET 8y
- _ Pmj TgTs]n Ft~(1—ts‘®ts')
A(Sg Sij (X 3%' (F’ )2 ” H Tj J J
Tijn = 2 —— (Xijn.i 8&ij AP
) P ) bom =
—Xijpi 8Eijp + O — ;) X (Xsjn,s Aisjn = Xsjp.s Msjp + Attsjn — Augjp)  (139)
x (1= tij ® tij) (Xijn.j Adijn — Xijpm Aijp er pyer o
Apsj = FL - 3 FTJ tsj | AgTsjn
AW, — Auijp) + 5ij tij no ()
(A8 + Xijn,ii 8&ijn Abijn + AWijn ;i 8&ijn Psj €T

+0uijn,i A&ijn + Xjjn,i Adijn — Adu;jp
—Xijp,ii 8&ijp Abijp — Ayjp i 8&ijp
—8ujp i Abijp — Xijpi ASEijp) (138)
where the subscript i is related to s-beam or m-beam (i = s
or m) and the subscript j is related to backward or forward
additional pair (j = b or f).

Linearisations of proportionality parameters given by (41)

and (42) introduced in friction contributions to the weak form
(53) and (54)
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. B FITJ' 'tmj Angjn

(i)
Psj €T 85 mi

- P Fr (1=t ® b))

. 2
(FTj) [%mjn = Xomjp |
X (ijn,mAgmjn - ijp,mAgmjp + Aumjn - Aumjp)

Psj €T 8%,
- T Fp (1t @ )

. 2
(FT_/) ”ijn — Xsjp H
X (ijn,s Ag.\‘jn — Xsjp,s Agsjp + Ausjn - Au.s‘jp) (140)

where j = b or f.
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Appendix 3: Matrices used in finite element discreti-
sation

For the self-consistency of this paper this appendix presents
the matrices related to the additional contact points derived
in [16] for the frictionless contact formulation and tran-
ferred directly to the frictional formulation discussed here.
In general they are expressed in terms of specific parameters,
vectors and matrices related to the central contact pair, which
do not have the subscript b or f, like Xs;, Xmn, Fm, Fs.
Those are not presented here, the interested reader may refer
to [17] or [4].
Matrix Fay in (76) and (77)

'm CoS ¢

Fas = 3L —(1 oo g0)3/2D0 (141)
where
Do = D7 Xmn,m . Pms X,
0= [ s dyy |Xons | }
+DT |:Xsn,x . Pms Xoun, j| (142)
" dms dms ||an,m ||2 o
D, = [Hmn 0] +an,mFm
D = [0 Hsn] + Xxn,st (143)
Pms = Xmn,m * Xsn,s
dms = [Xmnm | [ %sn.s |
P x| (144)
[ oo

Matrix Rag in (78)

32 52
Ra, r'"[[(l—cz) +3c2(1—c2) DgDO}

ED
5\ 32
—|—c(1 —c ) Dy — Dy —D3) (145)
where
1 3
D, = 1 (Z Xpn,miDami + DDy + DsTDm)
" \i=1
1 T T 1 T
—dT (Dx Xmn,m + Dmxsn,s> f_xmn,mDm
ms ms
+fmsxsn,st) (146)
1
D, = T |:D,],;an,m (X;Z;n,mDS + XSZ;LxDm) +
s men,m ”

3
+ Pms (DZ,;Dm + Z xmn,midei):|

i=1

% (fons [ mnan > X0, oD + 3dnsXly D) (147)

I
D; = T [D[xm (P Ds + X0, D)

dms “Xsn,s

3
+ Pms (DSTDA + szn,xiDdxi)]
i=1
Pms T
———— D X
A

ms
2
X (”X}Lsnxnﬁn,mnm + 3dmxSTn’SDX) (148)
ms

YR

-Hdlmn 0] + mnl
0

del = 0 0 Fm +FZ;I [anl 0]

T
+ xmn,mmmlFmFm + xmn,mmlRm

[Haomn 07 | [MF5]
Dym2 = démno + 0’””2 F +F, [My2 0]

T
+ xmn,mmm2FmFm + xmn,mm2Rm

[H 0] [M!
Dym3 = dgmno + 0 mn3

Fy +F, [My3 0]

+ Xmnmmm3F e Eo + Xomn mm3Rom (149)

D — [0 0 ] " [0 i
dst = _0 Ha’lsn_ _Mznl_

+ Xsn,sss1 Fg’Fs + Xsn,ss1 R,
(o 0o 7 [0 i

Dy = +

“2 7 0 Hypen | [ M, |

T
+ xsn,ssSZFs F, + xsn,stRs

Do [0 0 ][0
93 =1 0 Hysn |+ [ MZ, |

T
+ xxn,sssis‘Fs F, + xsn,ss?aRs

Fy +F! [0 M, |

F; +F! [0 M, ]

Fy +F! [0 M3 ]

(150)

and the subdivision of vectors and matrices into components
as in (130), (131) and (134) was introduced.
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