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Abstract

In recent years, interest in adhesive bonding has grown as it can be considered an efficient
solution in terms of strength-to-mass ratio when applied to lightweight structures or an
interesting solution to complement conventional technologies. The study of bonded adhered
joints is carried out using a technique based on the macro-element method (ME), the ME
shape functions are modelled using Taylor expansion power and Fourier expansion series.
The purpose of this work is to compare the stiffness matrix obtained first from the entire
Taylor series and then with the entire Fourier series. The method has been developed so far
for 1D-bar and 1D-beam kinematics frameworks.
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1. Introduction

The design of structures leads to the use of joining technologies. Adhesive bonding offers the
ability of joining without damaging or modifying the physical characteristics of structural
parts to be joined, eventually made in various materials, like metals or plastics. Moreover,
the volume of adhesive materials, the specific mass of which is mainly slightly higher than
the unity, required to transfer the loads, is very restricted. As a result, adhesive bonding
can be regarded as an efficient solution in terms of strength-to-mass ratio when applied to
lightweight structures or as an attractive solution to complement conventional technologies
such as mechanical fastening in the frame of damage tolerant design approach for example.
The strength prediction of adhesive joints mainly involved an initial stress analysis which can
be addressed by the Finite Element (FE) method [1, 2, 3, 4, 5, 6]. Nevertheless, to reduce the
costs in terms of pre-processing, computational and post-processing times simplified stress
analyses are attractive. As demonstrated in various review papers [7, 8, 9, 10, 6, 11], a large
number of simplified stress analyses have been developed since the beginning of the 20th
century [12]. A simplified stress analysis can be analytical or semi-analytical. An analytical
stress analysis is fully led in close-form up to a ready-to-use equation. A semi-analytical
stress analysis is partially led in close-form and requires a dedicated resolution computer
program, based on more-or-less elementary numerical schemes, to provide the final result.

A widespread approach to simplify the stress analysis of bonded joints is to model the joints
as two beams on elastic foundation. The adhesive layer is then seen as a bed of spring linking
the kinematics of the adherends. The overlap composed by the beam and the adhesive layer
is often referred to the sandwich zone. This approach is the one introduced in the fundamen-
tal analytical models of a single-lap bonded joint under membrane by Arnovljevic [12] and
Volkersen [13], or under membrane and bending by Goland and Reissner [14]. However, de-
pending on the nature of both adherends (similar or dissimilar), on the assumed constitutive
model of materials (linear or non-linear), on the graduation of geometrical parameters, on the
boundary conditions, the existence of a ready-to-use equation is not guaranteed. Indeed, even
under linear analyses, the coupling of ordinary differential equations (ODEs) governing the
system can be too severe. Semi-analytical approaches have then been developed to extend the
application field of beams on elastic foundation modelling framework and to offer solutions
where the analytical solution cannot be applied due to the enrichment or complexification of
the set of hypotheses. The approach developed by Mortensen and Thomsen [15, 16, 17, 18]
involves a particular resolution scheme based on the multi-segment integration method [19].
Another semi-analytical approach, called macro-element (ME) modelling, has been developed
for some two decades by the authors of the present paper and their co-authors [11]. A ME
is a 4-node brick representing for a bonded overlap so that it includes the assumed physics
of the adhesive and adherends. This brick takes the shape of a stiffness matrix linking the
nodal displacements with the nodal forces, which has to be formulated. The formulation
of early ME stiffness matrices does not assume the shape of interpolation functions. In-
deed, the interpolation functions take the shape of the solution of the system of governing
ODEs, so that only one ME is needed to assess the solution at every abscissa along the over-
lap. The ME modelling is then able to support complicated configurations such as hybrid
(bolted/bonded) joints [20, 21]. Associated with an iterative resolution scheme, non linear
constitutive behaviors can be considered to simulate the progressive debonding of bonded



joints [22] or delamination of composite materials [23], similarly to cohesive zone modelling.
In such a case, a discretization only along the overlap is required to locally update the ma-
terial properties and then the ME stiffness matrices. To take advantage of the required
discretization, a methodology of stiffness matrix formulation using the exponential of matrix
has been developed [24]. This methodology does not required the shape of interpolations
functions and significantly reduces the effort level in terms of mathematical pretreatment.
The solution is then provided at the discretization nodes. This approach allows for an easily
variation of initial simplifying hypotheses, such as the assumed beam model (Euler-Bernoulli
or Timoshenko) or local equilibrium of adherends. In particular, it has been applied to the
case where the adhesive properties are graduated along the overlap [24] or to the case of
multilayered bonded joints [25]. To retrieve the ability to mode an entire overlap with only
one ME while easily varying the initial set of simplifying hypotheses, two other approaches
were developed. The first one makes use of the Jordan form to solve the system of coupled
ODEs, the unknown of which is the vector of displacements and their derivatives [26]. The
second one is based on the use of Taylor expansion power series (TEPS) [27, 28, 29], which
has been applied on the graduation of adhesive properties and on the formulation of ME
mass matrices. Following the previous path consisting in enriching the ME modelling, the
objectives of this paper are to present the formulation methodologies based a new methodol-
ogy based on TEPS, (ii) on Fourier expansion series (FES) and (iii) to validate and compare
their convergence performance. Firslty, the formulation methodology of ME stiffness matrix
based on FES is described under membrane (section 2) and under membrane plus bending
(section 3), but more rapidly as it follows exactly the same way but with additional complex-
ity due to the higher number of variables. This methodology has already been presented in
[27] and [28] but in a different way. Furthermore, it is also given to introduce notations and
to make easier the description of Fourier series methodology. The formulation based on FES
is then validated and finally compared to the TEPS one in terms of convergence performance
(section 4).

2. ME for the 1D Bar model

2.1. Assumptions and governing equations of 1D Bar model

Here is considered a single-lap joint structure, given in Figure 1. The first hypothesis is to
consider this structure as monodimensional. The joint geometry is defined by the adherends
thicknesses e; and eg, respectively for the upper and lower one, while e, is the adhesive
thickness. Finally, L and b are half-length and width of adherends.

The model of single-lap joint is based on the following assumptions:

e both adherends are modelled as bars made of a homogeneous linear elastic material;

e the adhesive layer is modelled as an infinite number of shear springs linking the upper
and lower adherends;

e the adhesive thickness is constant along the overlap;

e the adhesive stress is constant in the adhesive thickness.
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Figure 1: Simply supported single-lap involving the geometrical parameters, boundary conditions and in-
plane loading.

The same equilibrium as Volkersen’s [13] is used here (see Fig. 2). For both adherends, it
leads to

dN; - .
WE) _ apry =12 1)
where N; is the normal force of adherend 7 and T is the adhesive shear stress.
Ni(x) Ni(x+dx)
—
T.bdx
4—
Na(x) No(x+dx)

Figure 2: Free body diagram of infinitesimal pieces included between x and x 4 dx of both adherends in the
overlap region under 1D-bar kinematics. Subscript 1 (2) refers to the upper (lower) adherend.

The normal force in each adherend i is equal to:

du;(z) ,
N’i = AZ s = 1, 2 2
(1) =40 ©)
where A, = FE;e;b is its membrane stiffness, E; being its Young’s Modulus. The normal

displacement wu; is the displacement of the point on the neutral line of adherend ¢ at abscissa
x.



The expression of the shear stress in the adhesive layer depends on the expression of its
shear modulus. If we consider a joint with homogeneous adhesive properties, the constitutive
equation of the adhesive layer reads

T(e) = %2 (up(a) - wi(a)) . (3)

€a
where G, is the shear modulus of the adhesive layer.
Introducing equations (2) and (3) in (1) leads to the following second order equations, ex-
pressed only in displacements

Eieid Z;;gx) = (—1)if—:(u2(x) —w () , i=1,2 . (4)

Taylor series expansions on each displacement u; were used to solve these equations in a
previous paper [28]. Here, however, another method will be used, considering only the
following set of first-order equations

T )02 (o) - (@)
- | (5)
c;x - Ei@ibNi<x) e

2.2. Taylor expansion in power series (TEPS) for the 1D Bar model

For solving (5), the solution functions are searched as TEPS for any = between —L and L,

which means
“+o0
n
n=0

+00
Nl(LC) = ZNznl’n s 221,2
n=0

= - 7
which means the solutions are functions of variable £, belonging to ] — 1, + 1[. Now, the
unknown functions read

( 400
ul(€> = Zuln Lg Zuln[’néﬂ = Z(ul)nfn
n=0
(8)
+o0
MO = SNy = YN = S0 =12
\ n=0




where (u;), and (N;), are the adimensioned series coefficients. It should also be noted that
this change of variable implies the following change in the derivative of any function, say ¢

do(x) 1 dp(€)
& L & 9)

The expressions of u; and V; are introduced in the equations (5). It follows, for all £ and for
allt=1,2

% Zn (Ni)ngn_l = (_1)% f_: (Z(UQ)ngn_Z(ul)n§n>

1 & o JR—— . ,
Z E n (uz)né- ! - E@b E (Nz)né- ) 1 = 17 2
TL:1 (3

\ n=0

which leads to the following recursive equations for all integer n

S N = (1) () — (u)a) = 0

(11)
n-+1 1

7 (ui)n-H - Fieib

(Ni)p, = 0 , 1=1,2

To solve this set of equations, it’s defined a truncation order, say N, which means all coef-
ficients of order greater than N are set to 0. Therefore, the above relations are valid only
for 0 < n < N —1, which leads to a set of 4N equations, involving 4(N + 1) unknowns
((N + 1) for each function u;y , ug , Ny and Ny). The vectors of unknowns is now presented,

say Cy, , Cy, , Cn, and Cl, , defined as

(u1)o (U2)o (Nl)o (N2)0
C, = (U1)1 C,, (UQ)l Cn — (N:1)1 s — (N:2)1 (12)
(Ul)N (UQ)N (Nl)N (NQ)N

However, the objective is to build the stiffness matrix of the ME. The way to obtain it is the
following. To complete the set of equations (11), the nodal displacement boundary conditions
are added:

( N

o= w(§=-1) = > (u)a(=1)"

(13)




Then, the nodal force boundary conditions are written according to the sign convention
defined Fig. 3:

(§ = —M=-1) = —ﬁouvl)n(—l)”
N, = N(e=-1) = - é(m)n(—w
. (14)
N; = Ni(¢=1) = Z::O(Nl)n(l)”
| Mo- M-y - é(m(w
[ p— 4.—5\ [ o~ .—:\
m us N N3
® > [ >
Uy Uy Ny N,
2) b)

Figure 3: Nodal boundary condition diagram for 1D-bar kinematics. a) Nodal displacement b) Nodal forces
including sign convention.

Finally, the 1D Bar ME stiffness matrix, say Ky;g, is such that

Uy No
K o= | = 15
ME 3 N3 ( )

and is obtained through the following way. First, gathering equations (11) and (13) leads to
a square system of size 4(N + 1), which formally reads

C’ [ [01\4N

ul
Cy ~
Dk CN2 = U2 (16)

Chn, A

or, conversely

Q
=
N
2

21 = Dyp Ug (17)

us
C, o

Q
) S




which allows to compute Cy, and Cl, as functions of u;

i

C’N1 _ /—T '&\2

[ONJ - Dy |2 (18)
Uy

—_—

where D)} is the rectangular matrix built of the 2(N + 1) last lines and 4 last columns of
D,/ At last, with (14) which formally reads

5
2| = e 0] (19)
Ny
where Ly/p is a rectangular matrix of size 4 lines and 2(N + 1) columns, is obtained
N, @
% = Lue Dify | (20)
N, iy
which means the 1D Bar ME stiffness matrix reads
Kue = Lug Db (21)

Remark. The change of variable (7) is introduced because the calculations leading to the
matrix K/ are numerically more stable (see [30]).

2.8. Fourier series expansion (FSE) for the 1D Bar model

e Preliminary remarks on FSE (see [31] for example)

Now, for solving (5), the solution functions are searched as Fourier series for any x between
—L and L, which means the unknown functions are considered as 2L periodic functions.
However, it is well known the Fourier series convergence is poor at a discontinuity point (Gibbs
phenomenon), which is the case at the extremities of the joint as far as there is no reason the
displacements nor the stresses will be equal there. For example, for u; displacement, one has

w = w(r=-L) # w(x=+L) = uz . (22)

So, to recover good convergence properties, all the equations just mentioned must become
continuous. To do this, we proceed as follows, considering for example a general 2L periodic
function say ¢ which is assumed to be continuous inside the interval | — L , + L], but such
that ¢(—L) # ¢(+L). A new function called T'ildevarphi is then introduced as

p(+L) = p(-L)
2L

plr) = olz) — (23)



It is easy to check

p(-1) = p(+r) = LD AZE (24)

which means ¢ is 2L periodic function which is continuous on all R. Then, the Fourier
series of ¢ uniformly converges towards ¢ everywhere and may be derived term by term
(Dirichlet-Jordan theorem). Thus one has

ao nmx nmwx

o(x) = () + Z(an(aﬁ) cos — + bn(Q) sinT> ) (25)

2 L

for all  in R, coefficients a, () and b,(p) being given by

1 +L
a,(p) = E/ o(x) COS% de , n € N

L
(26)
1 +L
ba(@) = I /_L o(x) sin? de , n € N*
Finally, one obtains, for all z in R
do(z) _ do(x)  o(+L) — o(=L)
dx dz 2L
+o0o
_ _ T . nux _.nmw nwx o(+L) — ¢(—L)
= 2 (@) T o+ o) Foeos ) oL
(27)

e Application to the ME stiffness matrix computation

Consider (5). We introduce the continuous functions T'ildeu; and T'ildeN; associated with
u; and N; respectively via (23). Replacing these last functions by the continuous ones in (5)
gives

dNy(z) | Ni(+L) — Ni(=L) G, )
dx + 2L = (=1 bg(m(x) —U1($)) + (Au); x
(28)
di; () wi(+L) — wi(—L) 1
dx * 2L - EzeszZ(m) + (AN)z x , 1=1,2
where it is set
(du), = (-1 (“2<+L> — =) wlt) - u1<—L>)
“ (29)
(AN)i = Eleb e oL MED i



Now are introduced the Fourier series of u; and Ni, which read

4 - +00
() = @) 1) cos 8 ) sin 7E
u(r) = 5 + Z(an(u, cos — + b, (1) sin 7 >
(30)
. NZ nw S\ . nmw :
Ni(z) = + Z (an COST + b, (NV;) smT) , 1=1,2
and lead for 2 = 1,2 to
( +o0o
-~ nT . NTT nw nwx N;(+L) — N;i(-L)
;<—Gn<N) f Sll’lT + b (N) T COST) + 9],
= (1) [ Golt2) = aolih) +f(a (1) — an(101)) 08 o + (by(ai) — b (a))sm@)
- Cq 9 o n\ W2 n\ W1l I n\ W2 n\ W1l i3
+ (Au);
“+oo
_.nmT . nmx . nm nmr ui(+L) — u;(—=L)
> (o) s o b)) T oeos )+ Sy
1 ao(N;) <= - nmwx ~ . . nrw
k = Eieib< 5 + ;(an(]\fZ COS —— + by (N;) smT> + (AN); x
(31)

To obtain the recursive equations for the integers n, the Fourier series of the function
varphi(x) equiv x is calculated, giving

1 [ 2L
anf@) =0 (n € N) , bufa) = 7 /L x sm”—?” dr = == (1" (n € N') . (32)

Finally, each equation of the previous system leads respectively to 3 set of equations, corre-
sponding to the constant term (namely ag), the terms in cos *F* and the ones in sin “F*. So

the complete set of recursive equations reads for i = 1,2 and n € N*

10



( (—1)21) f_: (lo(iZg);CLo(?Zl) _ Nl(+L) 2—L NZ(—L>
() 5 — (21 S an() — an(i)) = 0
—an (%) 5T = (1) (b)) = (B 2 (-1
. (33)
Eieb 2 2L
bli) " E;ban(m-) ~ 0
(@) - () = (AN) 2 (1

To solve this set of equations, as for TEPS, a truncation order is defined, say N, which
means all coefficients of order greater than N are set to 0. Therefore, there are here (2N +1)
unknowns for each Fourier series so a total number of 4(2N + 1) unknowns. But, contrarily
to TEPS, there are 4(2N + 1) equations in (33), which means the same number as unknowns.
However, there is some difficulties with the ”first” equations of (33), as one has, by taking
1=1and i =2

b % ao(dg) — ao(u]) _ N1(+L) — Nl(—L) _ NQ(+L) — NQ(—L) (34)

€q 2 2L 2L ’

First, ag(uz) and ag(u;) only appears in these relations and only through their difference, so
they cannot be separated. Second, relation (34) creates a link between the stresses N; and
Ny at the extremities of the joint. Actually,the equation (1) can be written as follows

ANy () ~ dNy(x)
dx dx

= —bT'(z) =

(35)
which leads to
d(N1(x) + Na(z))
dz
or else Ni(z) 4+ Na(x) is constant along the joint. So one has

Ni(+L)+ No(+L) = Ni(=L) + No(—L) <= Ny(+L)— Ny(—L) = —(Ny(+L) + N (—L))
(37)

=0 (36)

and there is no contradiction in (34). But it means one equation in set (33) is lost and
remains the problem to separate ag(uz) and ag(u;) . A way to tackle this problem is to go
back to the Fourier series (30) giving ;. Moreover, there is

di(+L) = u;(+L) ;— ui(=L) _ ao(Qdi) n Z(_l)n anlds) (38)

11



which allows to obtain directly ag(u1). It is why the set of recursive equations (33) becomes
fori=1,2and n € N*

( ao(t;) 0~ ~u(+L) + u(—L)
3 ) - 2
b8 5 = (21 S an) — anli)) = 0
(N B = (1) (bl — b)) = (A o (-1
' (39)
1 ap ~l-) _ wi(+L) — u;(—L)
Eieb 2 2L
i) "7 ﬁan(ﬁfi) .
| (@) - () = (AN) 2 (e

It should be noted that, in the previous equations, the sum appearing in the first relations
is done for any n € N* in the general case, but becomes a sum from n = 1 to N when the
truncation is done.

In the following, it is described how the 1D Bar ME stiffness matrix Ky g (see (16)) is
obtained in the case of the FSE approach. The following notations are recalled

i uy(—L) N1 = —N(-L)

12\2 = UQ(—L) N2 = —NQ(—L>

uz = wu(+L) ]E?) = Ny(+1L) (40)
Uy uy(+1L) Ny = No(+L)

according to the sign convention defined Fig. 3. Then the vectors of unknowns, say C,
Cu, , Cn, and Cl, , are introduced

1 0

[ ag(17) ] [ap(uz) ] ao(N1) ao(N2)
a1 (1) ay (1) ai(N1) a1 (N2)
_ |an(w) _ |an(d2) an(Ny) an(Ny)
Co = Tom) | %= | n@) | T | T e | WY
ba (1) ba (1) ba(IN1) ba(N2)
bN("lh)_ b () ] bN(N1>_ b (V) |

First, definition of (AN); given in (29) and relation (34) allow to replace the last equations

12



of (39) by

_.nm 1 <y 1 Ny(+L) — Ny(—L) 2L n+1
1 . Ga (lo(l[g) - CL()(U]) 2L
= ~1)ib —* = (—1)m

Eieib (( ) €a 2 mr( )

(42)
which equivalently reads

-\ hm 1 ~ 1 i Ga (lo(dg) - CL()(UNI) 2L n+1

(@) T o) g <( b . = (-1 = 0 (43)

With this new relations, the right-hand side of equations (39) only depends on numbers u;
but not on numbers N;. This new set of equations formally becomes

Cuy o
Cy s
Dup || = Une |z (44)
1
Cr, i

where Dyp is a square matrix of size 4(2N + 1) and Uyp is a rectangular matrix with
4(2N + 1) lines and 4 columns. Hence one obtains

Cuy 0
Cuz _ —1 17’\2
o | = Duds Uns | (45)
Cn, iy

Moreover, with the truncation, one gets

Ni(+L) -; Ni(=L) _ R(+1) = G0(2Ni) N Zl(_l)n an(N)) (46)

and (first equations of (33))

Ni(+L) — Ni(—L)

2L = (- = 5 (47)
These relations equivalently read
( Ny O i i
Nty = 0 S )+ (1 e olle) = i)
. N (48)
\ M=) = CLO(Q d s ;(—1)" an(N;) — (—D%Lf—: “0(“2);‘”0(“1)



which formally becomes

5, c.
Ny C

A =L “2 49
N3 ME CNl ( )
7 Cx.

where Ly g is a rectangular matrix of size 4 lines and 4(2N + 1) columns. Finally, one attains

N, @
Np| = s
N, iy

which means the 1D Bar ME stiflness matrix reads

Kyeg = Lug D]QIE Uve - (51)

3. ME for the 1D Beam model

3.1. Assumptions and governing equations of 1D Beam model

The development of the 1D Beam ME is based on the following assumptions:

both adherends are modelled as linear elastic Euler-Bernoulli laminated beams;

the adhesive layer is modelled as an infinite number of shear springs and peel springs
linking the upper and lower adherends;

the adhesive thickness is constant along the overlap;

the adhesive stresses are constant in the adhesive thickness.

The equilibrium of the joint (see Fig. 4) comes from Goland and Reissner’s analysis [14].
The system of equilibrium equations reads

- = (=1)T(z)
d‘gix) = (=1)*'bS(x) 1=1,2 (52)
dM;(xz) be;
| % = V- TT(I)

where, for each adherend i, N; is the normal force, V; the shear force and M; the bending
moment at abscissa x. T is the adhesive shear stress and S the adhesive peel stress of the
adhesive layer.Finally, it should be noted that b is the overlap width and e; is the thickness
of the adherent 1.

14
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Figure 4: Free body diagram of infinitesimal pieces included between x and x + dx of both adherends in the
overlap region under 1D-beam kinematics. Subscript 1 (2) refers to the upper (lower) adherend.

The constitutive equations of the adherends are

( du;(x db;(x
Niz) = A dy_Bi d:Ec)
du; A0,
Mi(z) = —B; “dff> + D, d;@ i=1,2 (53)
dv;(z
| fil@) = d;)

where, for each adherend 7, A; is the membrane stiffness, B; the coupling membrane-bending
stiffness and D; the bending stiffness; Moreover, u; is the displacement in the z-direction, v;
the normal deflection and 6; the bending angle.

In the case of a homogeneous adhesive macro-element, the constitutive equations of the
adhesive layer are

T(x) = f— <u2(x)—u1(x)—%292(:16)—%91(3:)>
' (54)
S@) = £ (o) - (o)

where G, is the shear modulus of the adhesive layer and F, its adhesive peel modulus, which
is the parameter characterising its transverse tensile behaviour. The variable e, is redefined
as the adhesive thickness.

Now, it is possible to replace in equation (52) the expressions of 7" and S given in (54),
and those of N;, M; and 6; given in (53) to obtain a differential system expressed only with
respect to the u; and v; and their derivatives (up to the order 3 for w; and 4 for v;). It is the

15



way it is chosen in [28], where TEPS on each displacement u; and v; were used to solve these
equations. But here again, as for 1D Bar model, we use an alternative way, considering only

the following first order set of equations

( dN;(z) o G es el
5o = U () — () = Fo) — Shi(@))
dv; B,
A ) () - ()
dMZ(lL‘) o bei Ga €9 €1
= Vi 2 () — (@) - Sh(e) - Sh@)
i=1,2 (55)
i~ AD,—p et gp g M)
i~ ADp g MWt g M)
dvi(z)
L dl' - QZ(ZL')

Let us remark this supposes A;D; — B? # 0 which is a classical hypothesis on material

properties.

3.2. Taylor expansion in power series for the 1D Beam model

To solve (55), it is continued as done in the in Section 2.2. After the same variable change
(see (7)), the solution functions are searched as TEPS for in £

( +00

n=0

“+o00

n=0

+oo

\ n=0

It means there are now 12 unknown functions.

After having introduced the above expressions in
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“+oo

D (N)ng"

n=0

“+oo

> (Vi)ag"

n=0

i=1,2 (56)

equations (55), the following recursive



equations are obtained for all integer n and for all ¢ =

1,2

r nz- 1 (Ni)ps1 — (=1)b f—: ((u2)n — (u1)n — 6_22(92)n _ %(Ql)n)
n—LH (Vinsr — (=1)"*10 Ea ((1)n — (2)n) = 0
€a
n4L—1 (Mj)ny1 + (Vi) + ? C;—: ((Ug)n (t1)n — %(92% — %),
nz—l (Ui)n+1 Ain)i B (N;)n AiDiBi = (M), = 0
n—gl (0i)nt1 — AiDiBi 2 (Ni)n — AiDjli = (M), = 0
L nzl (Vi)nt1 — (Bi)n = 0

To solve this set of equations, it is defined a truncation order, say N. Therefore, the above
relations are valid only for 0 < n < N —1, which leads to a set of 12N equations, involving
12(N + 1) unknowns ((N + 1) for each function). At this point one introduces the vectors of

unknowns defined for all i = 1,2 as

(ui)o (Ui)() (Qi)O (Ni)o (Vi)o
c, = (U'z')l c, = (Uf)l Gy, = (9?')1 . = (A?)l Cy = (V:i)l Cor, =

(Ui)N (Ui)N (Qi)N (Nz')N (Vi)N

o Bpe AR L
Uy U3 N,

@r\ez U310 Vel VM“
U2 Uy N, N

a) b)

Figure 5: Nodal boundary condition diagram, 1D-beam kinematics. Nodal displacement (force) sign conven-

tion on the right (left) hand-side.

To complete the set of equations (57), the nodal displacement boundary conditions are added:

0 u(§ = —1)
Uy = up(§=-1)
iy = w(§=1)
iy = ug(§=1)

0y vi1(§ = —1)
Oy = v(f=-1)
3 = (=1
vy = w(§=1)
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0,

01(§ =

01
02

1)

~1)
(€=-1)
(€=

€=1)

(59)



Similarly, the nodal force boundary conditions are written according to the sign convention
defined Fig. 5:

N = -ME=-1) W= -WE=-1) M = -M(§=-1)
Ny = MiE=1) o= Vie=1) My = Mig=1)
Ny = Np(§=1) Vi = W(E=1) My = My(§=1)
Finally, the 1D Beam ME stiffness matrix, say Kjyg, is the 12 x 12 matrix such that
Kwe |G| = |U (61)
0; i=1,4 ]\Z

i=1,4

It is obtained through the following way. First, gathering equations (57) and (59) leads to a
square system of size 12(N + 1), which formally reads

Cu,
Ch, [AO] 12N
Cgi . U;
DyEe Ch, = o (62)
Cv, Z i=1,4
[ Cni i=1,2
which allows to compute Cl,, Cy, and Cyy,
Chu, 0;

td =12 tli=1,4

—

where D)/}, is the rectangular matrix built of the 6(N + 1) last lines and 12 last columns of
D,/ Finally, with (60) which formally reads

N, Cy,
i = Lup | Oy, (64)
M; i—1.4 Ch, i=1,2
where Ly/g is a rectangular matrix of size 12 lines and 6(N + 1) columns, we obtain
V; = Lye Dyjp |0 (65)
M; i=1,4 Oilic1a
which means the 1D Beam ME stiflness matrix reads
Kyr = Lup Dyy - (66)
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3.3. Fourier series expansion for the 1D Beam model

The procedure is the same as in 2.3. In (55) are introduced the continuous functionsd;, v;,
0;, N;, V; and M; associated respectively to w;, vi, 6;, N;, V; and M; through (23). It gives,
fori=1,2

dNi(z)  Ni(+L) — Ni(—L) o Ga (o N ey ~ e1 ~
e o = (1" (uz(:v) — i) — SOa(x) - 5%@)) +(Au);
dVi(z)  Vi+L)=Vi(=L) i1y Lo (- .
P 5T = (=D o (U1(z) = v2(z)) + (Av); @
sz<ﬂ?) Mz<+L) - Ml(—L) ~ bei Ga ~ ~ €g ~ €1
el o = Vi) -5 (UQ(x) — (@) = 2ha(w) - 591@;)) N
dr T 2L = ap, g V@t g p T M)+ (AN)i
d@;gﬂ) + ei(—i—L)Q—L@z’(—L) _ %:Bf Nz(x) + #1_33 MZ( )+ (AM)
| Tdr 20 = o)+ 20 ! o
where we have set for : = 1,2
(Au); = (—1)%% (“2(+L)2—LU2(_L) _ u1(+L)2—LU1(—L)
ey 0a(+L) — 02(—L) e 01(+L) —0,(—L)
2 2L 2 2L )
(Av), = (=1)"*1% f_: (“1(+L)2—LU1(—L) B U2(+L)2—va(—L))
(A), = VL) = Vi(=L) bei Ga [ua(+L) —us(—L) wi(+L) —wi(=L)
’ 2L 2 e, 2L 2L (68)
ey Oa(+L) — 02(—L) e 01(+L) —0,(—L)
2 2L 2 2L )
_ D; Ni(+L) — Ni(-L) B; M;(+L) — M;(—L)
(AN); = A;D; — B2 2L 4D - B 2L
B B;  Nj(+L)— N;y(—L) Ai My(+L) — M;y(—L)
\ (AM): = A;D; — B2 2L 4D - B 2L

Then are introduced the Fourier series of the unknown functions, with the same notation
convention as in equation (30), which means a, () and b, (¢) are Fourier coefficient of any
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function ). Using again the Fourier series decomposition of function e(x) = =z, each
equation of the previous system leads respectively to 3 sets of equations, corresponding to
the constant term (namely ag), the terms in cos “F* and the ones in sin “F%. So the complete

set of recursive equations reads e Constant term for 1 = 1,2

% (CLO(UNQ) _ ao(dl) & Go(‘%) €1 00(9~1)>

2 2 2 2 2 2

Ni(+L) = Ni(~=L) )
2L “(_1)66%

Vi(+L) = Vi(=L) i1y, o [ao(v1)  ao(vr)
2L = (=17 €q ( )

2L 2 2 e, 2 2 2 2 2 2
w(+L) —u(—-L)  D; ao(N;) LB ao(M;)
2L A;D; — B2 2 AD;— B2 2
0;(+L) —6;(—L) B ao(N;) N A, ao(M;)
2L - AD; - B} 2 A;D; — B? 2

e Terms in cos *7* for i =1,2 and n € N~

(4, (V) ”f” — (1)’ f— <an(122) —anid) — 6—22%(9;,) - %an(él)>
balV0) T = (1 22 (an() — an(12)
(V1) " = (V) 2 G (1) — (1) — L () — ()
. . ‘ . (70)
bn (1) T = WZ_BQ an(N;) + TlBQ an(M;)
-~ nT B; ~ A; ~
b (6:) T = m an(Ni) + A,D; — B? an(M;)
b (0s) % = an(9~1>
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e Terms in sin *7* for i =

1,2and n € N*

anr o G — N T €1, 5 2L n+1
~an (W) = (1) 2 (bai) = baliin) = Gba(Be) = F0u(1)) + (Au)s (1)
— / E — 1+1 & 7)) — 5 . % n+1
an(V) - = (Z1*10 22 (ba(0) = bu(2)) + (Do) (1)
(V1) = b, (7 = 20 S0 (b 1) b a1) — b, (82) — Lb,(61)) + (A0)
Qanp, zL— n\ Vi 26@ n\ U2 n\U1 2n2 2n1 i
nmw D; ~ B; ~ 2L
— — v ) v — n+l
anl i) I = 5 (W) + g ) + (AN): T2(=1)
~ nmT B; ~ A; 2L
— N — ¢ ) v — n+l
0T = 55— (V) + g5 b (M) + (AM): (1)
nwo_ = 0;(+L) —6;,(—L) 2L il
an ()7 = bnl6h) oL D

(71)

Following Section 2.3, to solve this set of equations, a truncation order is defined, say N.
Therefore, there are here (2N + 1) unknowns for each Fourier series so a total number of
12(2N + 1) unknowns. As previously, it is observed that the number of equations (69)-(70)-
(71) is equal to 12(2N + 1) equations which is equal to the number of unknowns. But here
also, there are exactly the some difficulties than in Section 2.3. More precisely, in the set
(69), ag(uz) and ag(u;) only appears in expression ag(ds) — ag(uy), like ag(v7) and ag(vs)
through ag(v7) — ag(vz). The consequences of these stress relations are not discussed as in
Section 2.3 but is directly studied the solution proposed previously, which consists in going
back to the truncated Fourier series giving u; and v;:

(

\

which allows to obtain directly ag(4;) and ag(v;). Likewise for the variable 0,

Oi(+L) =

G(+L) =

u;(+L) + u;(—L) ao(u;) ZN:

2

vi(+L) + vi(—L) ao(%;) i

2

0;(+L) + 6,(—-L)

2

@
3
Cbz

N

n=1
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(=1)" an(v:)

(72)

(73)



These new relations are used to replace the three first ones of (69), which become

(wi(+L) + w(=L)  ao(d) al s
; - T X e
vi(+L) + v(=L)  ao() Yoo
: - T L e
O:(+L) + 6:(-L)  ao(f) ;
3 2 2 n=1 (74)
wi(+L) —w(=L)  _ Di  ag(Vy) LB ag(M;)
2L AD,— B} 2 AD,— B} 2
0:(+L) —0:(-L) B ao(Ny) LA ag(M;)
2L AD; — B2 2 AD;— B2 2
vi(+L) —vi(=L)  _ aof ;)
y 2L 2

Below is obtained the 1D ME beam stiffness matrix Ky g, defined by (61). The same no-
tations are used for the nodal displacements (59) and for the nodal force (60) as in 3.2, the
only difference being that £ = —1 and £ = +1 now become x = —L and x = +L respectively.
Then, for each unknown function, generically noted v, the vector of unknowns reads

ao(1)
a1 (1/’)

It can be observed that equations (74) and (70) only involve Fourier coefficients unknowns

and nodal displacement boundary conditions but not nodal forces. Those ones only appear
in (71), and only through the terms (A#f);, which involves W7 (AN); and (AM);
which involves w and W (see (68)). However, the three first relations
of (69) allow to write these 3 terms as functions of the Fourier series unknowns. With this
new relations, the system (74)-(70)-(71) may formally rewritten as a square linear system
which unknowns are all the Fourier coefficients, the right-hand side depending only on nodal

displacements but not on nodal forces. This new set of equations formally becomes
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where Dyp is a square matrix of size 12(2N + 1), C' is the vector gathering the 12(2N + 1)
Fourier coefficients, Upsp is a rectangular matrix with 12(2N + 1) lines and 12 columns and
U contains the 12 nodal displacements given in (59). Conversely, it becomes

C = Dy)y Uys U . (77)

The last step is the following. With the truncation, one has

Ni(+L) ; N(=L) _ Far) = “°<2~") + é—l)" a,(N;)
M) £ D) gy - ) nf}_l)n W) ()
| Vi(+L) g Vi=L) _ Vi(+L) — ao(;) + nﬁ;(_m an(V7)
The three first relations of (69) read _
(MDD _ (L G (aowz) ) _exonlly) %%(291))

Vi(+L) = Vi(=L) iv1y; Ea (ao(v1)  ao(v2)
2L = (=1 bZ(Q - 2)

2 2 2 2 2 2

2L 2 2 e,

MZ("—L) — MZ(—L) . CLQ(‘Z’) bei Ga (ao(ﬁg) CL[)(U]) €9 &Q(ég) o 6_1(10(51)

(79)
By simple linear combinations, it is easy to express the vector of the 12 nodal forces, say N,
as functions of all the Fourier coefficients, which formally becomes

N = Lyg C = Lyg Dyl Uup U (80)

where Lyp is a rectangular matrix of size 12 lines and 12(2N + 1) columns. Finally, is
obtained the 1D Beam ME stiffness matrix

Kug = Lyp Dyje Uue (81)

4. Validation
4.1. Method

The formulation methodologies presented in section 2 and section 3 are implemented in
Matlab codes which are supplementary materials of the present paper. The ME stiffness
matrices based on expansion series (TEPS or FES) are dependent on the truncation order N.
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The validation method consists then in assessing the convergence ME based-series stiffness
matrices as function of N. The convergence is then expressed as function of N with respect
to reference stiffness matrices, based on two cases for both 1D-bar and 1D-beam model: a
balanced case and an unbalanced case. The geometrical parameters used are the same for
both cases and are provided in Table 1. The material properties are given in Table 2. For
both cases, the adhesive material parameters are the same. The unbalanced case differs from
the balanced case by varying the Young’s modulus of the upper adherend only.

[ L [bleale]e]
16,25 [25]2]2]0,2]

Table 1: Geometrical parameters in mm

El E2 Ga Ea
Balanced case 70000
Unblanced case || 210000 70000 | 800 | 2240

Table 2: Material parameters in MPa

In the case of the 1D-bar ME with homogeneous properties, the closed-form expression for
the ME stiffness matrix is known [32, 11]. It is then regarded as the reference 1D-bar ME
stiffness matrix and is recalled here:

w w 1 w
tanh w + X 1 tanh w sinh w ; sinh w 1
w w w
K p— Lé 1 - tanh w tanhw + X smhw —1 " sinhw X (82)
MET 1 x2r w1 ~1 +1 01—
X sinh w X smhw tanhw tanh w
w w w
sinhw 1 " sinhw X 1 - tanh w tanh w + X

where y and w are nondimensional parameters given by y = A2 and w = 2L,/ f 81;'EX In the

case of 1D-beam ME, the ME stiffness matrix components are not provided in closed-form
due to the complexity of the mathematical treatment. When the properties are homogeneous,
they can be deduced from algebraic manipulations without any approximations [20] using, for
example, a method involving coupling matrices Dyp and Ly g [23, 11]. It is then regarded as
the reference 1D-beam ME stiffness matrix and a Matlab code is available as supplementary
material of the paper by Lachaud et al. [23].

The convergence is firstly assessed by a comparison components by components of the ap-
proximated ME stiffness matrices by expansion series with the reference one through the
following error indicator:

P P ) ,
exrac series
£ g -
error = may [ Ko7 (83)
ij
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where P is the total number of degrees of freedom: P = 4 (P = 12) for the 1D-bar (1D-beam)
model.

A second convergence assessment is dedicated to the computed displacement jumps at the
interface for the classical single-lap joint configuration. The displacement jumps are evaluated
at both overlap ends where they are maximal. For simplicity, the boundary conditions are
directly introduced at the four ME nodes by prescribing or loading degrees of freedom. This
approach is like sandwich-type analyses of bonded joints. The prescription of degrees of
freedom leads to an inversible structural stiffness matrix K while the loading of degrees of
freedom leads to the feeding of a structural nodal force vector Fs. The minimization of the
potential energy leads to the classical equation F, = K U, where U, is the structural nodal
displacement vector. For the 1D-bar model, the degree of freedom of the left-side upper
adherend node is prescribed (#; = 0) while the force F' = 5 kN is applied to the right-side
lower adherend node: ]/\Z F. A 3 x 3 linear system has then to be solved. For the 1D-beam
model, the 3 degrees of freedom of the left-side upper adherend are prescrlbed (u3 =0,0; =0,
01 = 0) while the the right-side lower adherend node is loaded such as: N4 F, V4 oz

and M4 = — M. The values of V; and M, are chosen following the approach of Cheng et al.
[33] to approximately consider the nonlinear geometrical effect due to eccentricity of the load
path. They are then depending on F'. For a balanced joint, it is indicated that the Cheng
et al. approach reduces to the Goland and Reissner approach. The values of M, and V|, are
then given in Table 3 for the balanced and unbalanced cases. A 9 x 9 linear system has then
to be solved for the 1D-beam model.

Vo | My
Balanced case 231 | 3555
Unblanced case || 297 | 3282

Table 3: Values of V in N and My in Nmm for both cases

For the 1D-bar model, the interface displacement jumps in shear ¢, of the in x = —L and
x = +L are computed such us §,(—L) = ty—u; and 9, (L) = @y —u3. For the 1D-beam model,
the interface displacement jumps in shear d, and in peel 9, of the in = —L and 2 = +L
are computed such us 0,(—L) = uy — 13 — —6292 6191, Ou(L) =ty — u3 — 6294 6193,
dp(—L) = 17 — 03 and ,(L) = 03 — 0y. The absolute values of the relative dlfference with
the displacements jumps computed from the related reference ME stiffness matrix are then
computed.

4.2. Results for FES formulation

4.2.1. 1D-Bar model

For both balanced and unbalanced cases, as a function of the truncation order N, the vari-
ation of the error indicator as well as the absolute values of relative difference in interface
displacement jumps in shear 6, in ©+ = —L and x = +L are provided in Fig. 6 and Fig.
7 respectively. For the balanced case, the absolute values of relative difference in displace-
ment jumps are the same in x = —L and in x = +L for every truncation number N. It is
shown that the error as well as the relative difference are decreasing functions of increasing
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truncation number N. The more N is elevated, the more the approximated stiffness matrix
components and the interface displacements jumps tends to the reference ones. Errors and
relative differences around 1% are obtained for N=100. In addition, best fitting curves are
provided in the shape of power law. A convergence for the error indicator and displacement

jumps in shear in % is then measured.

1.E+01
. e
1.E+00 g - . .\‘\
“e. °.
* “:o‘
*o, y = 4.1042x09%
- e . 2 _
g 1.E-01 | iy=2'3024x-0.988! o R ........... 0 9998
¢ F | R*=0.9997
................... Z .
T \k.\\‘.\.
- ...
S .
1E02 | *e %)
- ’*‘0
e balanced case e unbalanced case
1.E_03 1 1 [ TR N B A | 1 1 1 [ N N B | 1 1 1

1 10 100
truncation order (N)

Figure 6: Error as function of the truncation order for both balanced and unbalanced cases

4.2.2. 1D-Beam model

For both balanced and unbalanced cases, as a function of the truncation order NN, the vari-
ation of the error indicator as well as the absolute values of relative difference in interface
displacement jumps in shear ¢, and in peel 9, in © = —L and x = +L are provided in Fig. 8,
Fig. 9 and Fig. 10 respectively. The same tendencies as for the 1D-bar model are observed.
The absolute values of relative difference in displacement jumps are the same in x = —L
and in x = +L for every truncation number N for the balanced case. Moreover, the error
as well as the relative difference are decreasing functions of increasing truncation number N.
The more N is elevated, the more the approximated stiffness matrix components and the
interface displacements jumps tends to the reference ones. A convergence in around % for
the error indicator and displacement jumps in shear and in peel is then measured. Finally,

relative differences in displacement jumps in shear and in peel around 1% are obtained for
N = 100.
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Figure 7: Relative difference in interface displacement jumps in shear at both overlap ends as function of the
truncation order for both balanced and unbalanced cases

4.3. Comparison between FES and TEPS formulations

A formulation methodology of 1D-bar and 1D-beam ME stiffness matrices based on TEPS
was presented by Ordonneau et al. and a Matlab code is available as a supplementary material
of [28]. In the present paper, a new methodology based on TEPS for the formulation of these
stiffness matrices are presented in addition of the FES formulation. The objective of the
current section is to compare the FES and both TEPS formulation in terms of convergence.
Only the balanced case is under consideration in this section. The results and associated
conclusions are the same for the unbalanced case and are provided in Appendix A.

For the 1D-bar model, as a function of the truncation order N, the variation of the error
indicator as well as the absolute values of relative difference in interface displacement jumps
in shear d, in x = —L are provided in Fig. 11 and Fig. 12 respectively. For the 1D-beam
model, as a function of the truncation order N, the variation of the error indicator as well as
the absolute values of relative difference in interface displacement jumps in shear 9, and in
peel 0, in x = —L are provided in Fig. 13, Fig. 14 and Fig. 15 respectively.

It is shown that, for the 3 series formulation, the error indicator and the relative difference
in interface displacements jumps converge with increasing function for both 1D-bar and
1D-beam models. Moreover, for low truncation number N, the FES formulation appears to
provide better or similar approximations as the TEPS formulation while, for higher truncation
numbers, the TEPS formulations provide significantly closer approximations. Indeed, the
convergence for TEPS formulations speeds up from N = 10 and lesser. For N = 10, the TEPS
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Figure 8: Error as function of the truncation order for both balanced and unbalanced cases

formulations provide relative difference 10 to 100 times lower than the FES formulation.
Finally, for the 1D-bar model, not any differences in terms of convergence are shown between
the TEPS formulation. For the 1D-beam model, the TEPS formulation by Ordonneau et al.
[28] converge lightly quickly than the present TEPS formulation.

4.4. Remarks

The methodology presented in for the formulation of ME stiffness matrix using TEPS and
FES as well as their implementation appear as validated for both 1D-bar and 1D-beam
model. The stiffness matrix components and the interface displacement jumps converge
to the reference ones. For a truncation order N = 100 (N = 10) relative differences in
interface displacement jumps around 1% are obtained with FES (TEPS) formulation. The
convergence rate associated with the FES formulation is regular and depend on % On the
contrary, the TEPS formulation convergence rate is characterized by a significant speed up at
low truncation numbers. The present TEPS formulation present similar or lesser convergence
as the one presented by Ordonneau et al. [28]. Nevertheless, the methodology for the present
TEPS formulation is straight forward since it considers the first order differential equations
deduced from the simplifying hypotheses. Contrary to the one presented by Ordonneau et
al., not any algebraic manipulations are required. Finally, elements on computation cost
could be interesting. However, computational times are dependent on the implementation
quality and implementation platform used. As a result, instead of a quantitative assessment,
a qualitative assessment is preferred based on the coupling matrixp,/g, the inversion of which
is necessary for both TEPS and FES formulation. The size of DME is equal to P(N + 1)
and P(2N + 1) for TEPS and FES formulations respectively, so that the TEPS formulation
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Figure 9: Relative difference in interface displacement jumps in shear at both overlap ends as function of the
truncation order for both balanced and unbalanced cases

qualitatively appears less costly.

4.5. Application on the single-lap bonded joint test case

4.5.1. Overview

The computation of adhesive stresses by the ME modelling has already been (i) validated
with respect to classical theories (e.g. [20, 32]) by demonstrating that the same hypotheses
lead to the same results and (ii) assessed with respect to refined FE methods (e.g. [21, 28]) on
various types of bonded joints, eventually including nonlinear adhesive material behaviors.
In this section, the adhesive shear and peel stress distributions along the overlap of the
single-lap bonded joint are considered. The single-lap bonded joint is supposed (i) made
with adherends having the same elastic linear isotropic homogeneous materials, (ii) in-plane
loaded by a tensile force of f = 5 kN and simply supported at both extremities (see Figure
1). Under these hypotheses the classical theory of Goland and Reissner [14] can be applied.
The geometrical parameters are given in Table 1. Moreover, the length outside the overlap
of both adherends is equal to [; = I = 50 mm. The material parameters for the adhesive are
provided in Table 2. The Young’s modulus and Poisson’s ratio are supposed equal to 70 GPa
and 0.35 respectively. 1D-beam ME models and a 2D FE plane strain model of this joint
are built. For the ME model, the computation is made considering for the overlap either
the reference stiffness matrix (see Section 4.1) or the stiffness matrix formulated using the
FES. The objective is to compare the adhesive stress distribution obtained by the different
approaches.
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Figure 10: Relative difference in interface displacement jumps in peel at both overlap ends as function of the
truncation order for both balanced and unbalanced cases

4.5.2. ME model

The ME model of the single-lap bonded joint (Figure 1) is built with one macro-elements
representing for the adherends and the adhesive layer along the overlap and two beam ele-
ments representing the adherends outside the overlap [11]. The structural stiffness matrix
K is then assembled from the elementary ME stiffness matrix Kj;r and the beam element
stiffness matrix Kpeqm i for the adherend ¢ where:

AJl; —AJl 0 0 0
—AJL Al 0 0 0
0 0 125 —128 6L 6L
Kyeam,i 0 0 —122 120 6D gL (84)
0 0 62 —eh 4B ok
0 0 6% —6% 2L 4l

12 m 1;

A total of 6 nodes is then involved, each node having 3 degrees of freedom. After the
prescription of concerned displacements to ensure a simply support, a total of 15 degrees
of freedom is obtained. When considering the ME stiffness matrix K);r based on FES
formulation, the ME model depends on the truncation order N. Here, 4 truncation orders are
selected: N =2, N =5, N =50 and N = 500. The minimization of the potential energy
leads to the linear system Fy = K, U, where Uy is the unknown nodal displacement vector
and F the nodal displacement vector depending on the applied tensile load f. Finally, to
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consider the geometrically nonlinearity in terms of defection due to eccentricity of the load
path, the lengths outside the overlap [; are modified to get the bending moment and shear
force at overlap ends such as predicted by Goland and Reissner ([11, 20]).

4.5.8. FE model

The 2D plane strain FE model of the single-lap bonded joint in Figure 1 is developed using the
commercial FE software SAMCEF v21.1 (SIEMENS). The geometry as well as the material
laws and parameters are the same as described previously. The adherends are meshed with
linear 4-node elements under plane strain assumption with 2 degrees of freedom per node
and normal Gaussian integration. The mesh strategy consists in refining the mesh in the
areas subjected to high stress gradients: both ends of the bonded overlap. Moreover, the
mesh of the FE model is designed to be driven by the number of elements in the adhesive
layer at both overlap ends. At each of both extremities of the overlap and along a length
of 4 mm, the adhesive is regularly meshed with elements, the aspect ratio of which is one.
Along the rest of the overlap, the mesh is distributed towards the center of the overlap to
reduce the size of the FE model (Fig. 16). At the interface between each adherend and
the adhesive, kinematics bonding condition at coincident nodes is applied, meaning that a
transition ratio equal to 1 is considered. To reduce the size of the FE model, the mesh is
then distributed in the adherend thickness and along the length outside of the overlap. The
prescription of displacements related to simply support conditions and the applied tensile
force f are introduced by constraining 2 additional nodes linked to both joint extremities
with rigid body elements (Figure 1 and Figure 16). Two computation cases are considered:
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geometrically linear and geometrically nonlinear. The same iterative resolution based on
the Newton Raphson scheme is then employed for both previous computation cases. The
adhesive stresses measured are Cauchy stresses extrapolated at nodes and averaged with
neighboring elements. The adhesive stresses are measured along the overlap at the middle of
the adhesive thickness.

To justify the mesh convergence, four different numbers of elements in the adhesive thickness
are tested: 2, 4, 8 and 12 elements leading to densities of 10, 20, 40 and 60 elements per
mm in the adhesive thickness — since e, = 0.2 mm — respectively. The adhesive peak stresses
in shear and in peel for a density of 60 elements per mm are taken as a references. The
ratio between the adhesive peak stress in shear and in peel for a given number of elements
in the adhesive thickness with the related reference adhesive peak stress in shear and in peel
is provided as a function of the meh density in Figure 17. It is shown that with 12 elements
in the adhesive thickness, the FE model can be regarded as converged.

4.5.4. Comparison

The adhesive shear and peel stress distributions along the overlap provided by the ME models
and FE model are given in Figure 18 and Figure 19 for geometrically linear and nonlinear
assumptions respectively. Moreover, the adhesive stress distribution by Goland and Reissner
[14] are added in Figure 19. The adhesive stress distributions predicted by the ME models
based Ky based on FES formulation converge when the truncation order N is increased
as expected. The ME model with Kj;r based on FES formulation at N = 500 provides
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maximal adhesive shear and peel peak stresses relatively different from the ones predicted by
ME model with the reference K, stiffness matrix of —0.12% and —0.30% respectively for
both geometrically linear and nonlinear assumptions. Besides, in both geometrically linear
and nonlinear assumptions, the adhesive distributions provided by the ME and FE models
are in very close agreement. The differences appear at both overlap ends. As the ME models
are based on a simple beam on elastic foundation approach, they are not able to capture at
free ends (i) the tendency of the adhesive shear stress to drop to zero and (ii) the induced
brutal decrease of the peel stress, contrary to the converged FE model. Small differences in
terms of peak stresses can then be measured. The same conclusions arise when considering
the adhesive stress distributions given by the Goland and Reissner theory instead of those by
the ME models. Another source of difference is due to the various set hypotheses of models.
The ME model are 1D-beam models involving true Young’s modulus while the FE model
is under plane strain assumption resulting in effective Young’s modulus. This the same for
the theory by Goland and Reissner: the shear stress is assessed through the adherend true
Young’s modulus while the peel stress makes appear the adherend effective Young’s modulus.
That is why, in particular, the adhesive shear stress distribution given by the converged ME
model tends to the Goland and Reissner one contrary to the peel stress distribution (see
Figure 19).
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5. Conclusion and perspectives

In the frame of the simplified stress analysis of adhesively bonded single-lap joints, it is
common to model the adherends as beams or cylindrically bending plates and the adhesive
layer as a bed of springs. Even under these simplifications, the expressions for the me-
chanical fields in closed-for manner is not always possible, all the more when the models
are enriched (graduation of properties, variation of constitutive equations, boundary condi-
tions). Semi-analytical approaches associated with dedicated resolution schemes, such as the
macro-element modelling able to represent for an entire length bonded overlap with only one
4-nodes brick, become then necessary. In this paper, the formulation of ME stiffness matrix
of an entire adhesively bonded joint is approximated using Taylor expansion poser series and
of Fourier expansion series. A methodology associated with each of both previous expansion
series is presented and implemented. Both methodologies are validated by comparing the
stiffness matrix components term by term and the interface displacement jumps with the re-
sults from exact formulation. In addition, the formulation based on Taylor expansion power
series offer a significantly convergence rate associated with an expected lesser computation
cost. Nevertheless, the use of FES does not make disappear series terms so that it is not
necessary to look for additional equations. In the frame of 1D-bar or 1D-beam models, the
finding of additional equations is obvious. But the finding of additional equations prevented
Ordonneau [29] from the formulation of the macro-element stiffness matrix of an entire over-
lap made of 2D plates bonded by a bed of springs — associated with the peel and both shear
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displacement jumps. The use of FES could then be tested as a future work.
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Appendix A. Appendix

The results for the comparison of FES and both TEPS formulation for the unbalanced case
are given in this appendix. The relative difference in interface displacement jumps is given
in x = —L only since those in x = 4L are similar.

For the 1D-bar model, as a function of the truncation order N, the variation of the error
indicator as well as the absolute values of relative difference in interface displacement jumps
in shear 0, in x = —L are provided in Fig. A.1 and Fig. A.2 respectively.
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Figure A.1: Error as function of the truncation order (in log scale) for the unbalanced case

For the 1D-beam model, as a function of the truncation order N, the variation of the error
indicator as well as the absolute values of relative difference in interface displacement jumps
in shear §, and in peel §, in x = —L are provided in Fig. A.3, Fig. A.2 and Fig. A.5
respectively.
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