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Abstract. This research aims to develop an algorithm that allows for the analysis of the influence of interlayer connections on the static response
of double-layer beams. Since their construction uses the advantages of different materials, multilayer beams are widely used in the construction
industry. The critical element of these types of structures is the connection between layers, the stiffness of which can significantly affect the
static response of the system, and therefore its strength. The Euler-Bernoulli model was used to describe the double-layer beams. In the paper,
the compliance of normal displacements in multilayer and double-layer beams was considered based on the research of other authors. It was
also assumed that the tangential interactions at the connection of layers were tangential forces that are proportional to the relative tangential
displacement (slip) of these layers. This general approach eliminates the need for a broader analysis of the connection (its description and
structure) with regard to the applied “connector” between the layers. Using equilibrium equations and the adopted assumptions, a system of
displacement equations was derived. This system is formed by three coupled second- and fourth-order differential equations, the exact solution of
which is a nontrivial mathematical problem. This system was solved using the finite sine and cosine Fourier transform. Although the algorithm
presented in the paper was used to solve a specific set of equations that describe a simply supported beam, the formulas derived in the paper
allow for solving beams with other support schemes. The Fourier transformation method, after appropriate modifications (changing the boundary
conditions and, in some cases, changing the sine to cosine transformation and vice versa), can be used to solve beams that have other support
conditions. To verify the correctness and effectiveness of the described method, two numerical examples were solved. In the first one, the
influence of the variable value of the tangential stiffness of the connection on the values ??and distribution of internal forces (including the
influence on the values ??0f normal stresses) was analyzed. In the second example, calculations were performed for an example taken from the
literature, and the obtained results were compared with the results obtained by other authors. The analyzed examples confirmed the significant
influence of the tangential stiffness of the layer connection on the static response of the system. Furthermore, they confirmed the correctness and
high accuracy of the method that was used to solve the problem.

Keywords: two-layer beam; interlayer slip; static analysis.

1. INTRODUCTION
Composite elements are often used in building structures, for ex-

and the second one describes sleepers. They are both mathemat-
ically modelled by coupled and modified Euler-Bernoulli beam

ample in bridge and high-rise constructions. It is therefore worth
researching multi-layered elements, which use the advantages
of various materials. In recent years, several researchers have
been studying multi-layered beams as ballastless track struc-
tures [1,2]. This is due to various reasons, such as the fact that
ballastless track structures have become a main development di-
rection for high-speed railway track structures worldwide. This
is due to their high stability, high smoothness, and low mainte-
nance [1], and also because slab ballastless tracks, which have
become the main form of subway track structures in China, have
the advantages of a fast construction speed, good durability,
less maintenance, and easy upgrading, [3]. An example of a
double-beam model is a rail track, which can be represented as
a two-layer system. In this system, the first layer represents rails,
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equations [2]. Other static models, such as columns, are also
considered in the analysis [4-8].

Connections between the layers in two-layer beams are sen-
sitive elements that often have a significant impact on the beam
stresses and displacements, as well as on its reliability. These
connections often fail. In these places, slip may occur between
the cooperating layers. This problem has been analyzed in many
works, for example in papers [7,9-12] with regard to static
and dynamic issues. Lu et al. [13] investigated the compressive
response of multilayer columns with different interlayers with
the use of experimental, analytical, and numerical approaches.
Wu et al. [14] presented simply supported two-layer composite
beams with an arbitrarily shaped interface that was not assumed
to be a straight line. Girhammar and Gopu [4] presented closed-
form solutions for the displacements and internal forces in par-
tially composite beam columns, which were developed for first-
and second-order cases. Foraboschi [7] analyzed the buckling
behaviour of laminated glass columns under axial compressive
loads. The research highlighted the critical role of the thermo-

© 2025 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0003-3268-2061
https://orcid.org/0000-0002-1967-0384
https://orcid.org/0000-0002-7618-8092
https://orcid.org/0000-0002-1750-7524
https://orcid.org/0000-0002-5200-3348
mailto:katarzyna.misiurek@pwr.edu.pl

N

www.czasopisma.pan.pl P N www.journals.pan.pl

<

K. Misiurek, M. Podwérna, P. Ruta, O. Szytko-Bigus and R. Idzikowski

plastic interlayer in both transferring shear stresses and influ-
encing the critical buckling load. Batista [5, 15] focused on the
numerical and analytical analysis of a multi-layer beam, taking
into account slip at the joint. He determined accurate finite ele-
ment solutions and analytical approaches to describing a partial
interaction, which is crucial for understanding the effects of slip
on the structural behaviour of beams.

Le Grognec et al. [16] and Siciliano et al. [17] presented so-
lutions that refer to the buckling and static analysis of two-layer
Timoshenko beams with slip in the joint. They identified that
proper slip modelling is crucial for predicting the critical load-
ing conditions and behaviour of a beam under load. Ecsedi and
Baksa [18,19], as well as Monetto [20], indicated the difficulties
associated with the analysis of beams with weak connections and
described the complexity of the mathematical models needed to
describe the behaviour of such beams. The authors emphasized
the importance of accurate theoretical and numerical analyses
that can be used to predict the behaviour of beams under various
conditions. Schnabl et al. [10] developed an analytical solution
for two-layer beams, which incorporates both interlayer slip and
shear deformation. The model was derived using Timoshenko
beam theory and provided an accurate representation of the me-
chanical behaviour under various loading conditions. The model
that gives the exact analytical solution for the linear behaviour
was also presented by Foraboschi [21].

In paper [6], Girhammar presented a new two-dimensional
model of composite beams with interlayer slips. The solution in-
cludes the effect of shear deformation and is two-dimensionally
exact, as it does not introduce the Euler—Bernoulli hypothesis of
deformation that is usually assumed in one-dimensional theory.
The results obtained from the present two-dimensional method
are compared with those available in the literature that are based
on one-dimensional theory. Faella, Martinelli, and Nigro [22]
presented an “exact” closed-form solution for the stiffness matrix
and equivalent nodal forces in steel-concrete composite beams
with partial interaction. The study builds on Newmark’s theory
and proposes a 1D finite element that allows for efficient, lin-
ear elastic analysis using only one element per beam member.
Girhammar [23] presented a simplified static analysis method
for composite beams with interlayer slip, which is similar to Eu-
rocode 5 but more general. The presented method is suitable for
various boundary and loading conditions, and typically yields
errors below 5%, except for shear stresses, where errors range
from 10% to 20%. Foraboschi [7] proposed a closed-form exact
analytical solution of a two-layer beam with nonlinear interlayer
slip. The model incorporated fully developed nonlinear equa-
tions to accurately describe the behaviour of the beam under
various loading conditions, with a focus on an interlayer slip.
Udove et al. [24] introduced a new model for analyzing two-layer
spatial beams with inter-layer slips in longitudinal and transverse
directions. The model incorporates shear deformations and uses
deformation-based finite elements to avoid locking issues. This
approach improves accuracy and stability in composite beam
analysis, particularly in cases where inter-layer slip significantly
impacts structural behaviour.

Bochicchio er al. [25] presented the different behaviour of the
nonlinear system with regard to double-beam linear systems.

This paper analyzes the influence of the connections between
layers on the static response of a simply supported two-layer
beam, while also taking into account the slip between layers.
The results clearly illustrate the magnification of the displace-
ments and the mutual slip between layers due to the reduction
in the shear stiffness of the connection between both layers. To
solve the described problem, an approximation method was ap-
plied, with a trigonometric Fourier series being used to expand
the displacement functions. Although the paper only presents
the solution for a simply supported beam, it is important to note
that this method is universal and allows for the solving of beams
with other types of supports. As demonstrated in the analyzed
examples, the method is characterized by high accuracy when
compared to other approximate solution methods. A further ad-
vantage of this method is the semi-analytical form of the derived
solutions. According to the authors, the method presented in the
paper, as well as the obtained results, can be a valuable guide
when designing sandwich beams that have increased strength
and reliability. This in turn will support the development of
more efficient and durable composite structures.

2. DESCRIPTION OF THE MODEL

Let us consider a beam composed of two connected layers with
a cross-section and a longitudinal section, as shown in Fig. 1.
In the presented considerations, it was assumed that the normal
displacements of both beams were consistent and, based on the
research of other authors, it was also assumed that the tangen-
tial interactions at the connection of both layers were tangential
forces that are proportional to the relative tangential displace-
ment (slip) of both layers.
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Fig. 1. Geometry of (a) the cross-section and (b) the longitudinal section
of a two-layer element
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The state of the longitudinal displacements, together with the
mutual shift of the layers and the cross-sectional forces acting on
the infinitesimal fragment of the beam, are presented in Figs. 2a
and 2b, respectively.

(b)

Fig. 2. (a) Mutual displacements of the components of a two-layer
beam; (b) Internal forces in the cross-section of the two-layer beam and
at the interface of the component layers along section dx

The slip of the layers, relative to each other, is described by (1)

dw(x)
dx

us(x) = uz(x) —ui(x)+h (1)
where h = hy + h; (see Fig. 1).

The tangential forces acting on the beam in the plane of
the connection (shear forces) are therefore described by the
following formula (see e.g., [5,23,26]):

Vs(x) = ksus(x) = kg |ua(x) —ui(x)+h

dw(x)
Tax |0 @

where constant k is the shear stiffness of the connection of both
layers.

From the equilibrium equations for the selected beam ele-
ment, the following relationships can be obtained:

2X=0
— for the lower beam

dN>(x)
dx

— for the upper beam

IV ks () =0,

ix —ksug(x) =0, 3)
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2Y=0

— for the upper beam — for the lower beam

dVv, dv.

D __pyer, 229, @)
dx dx

which, when added, gives the following equations:

dvi(x
Wb vwEnwene,  ®
IM =0
— for the upper beam — for the lower beam
dM;(x dM,(x
Vi(x) = dlx( ) +Vs()hi, Valx) = dzx( ) +Vs(x)ha,  (6)

which when added, gives the following equations:

dMp(x)

V) = dx

+Vs(x)h,  Mp(x) = Mi(x)+M(x). (7)

The following constitutive relations are important for the
Bernoulli-Euler beam

d?wy (x) d?ws(x)
Ml(x)=—E11?, Mz(x)=—E12V (8)
and
Ni(x) = EA, d”(; W M= )
X dx

When taking into consideration that w (x) = wy(x) = w(x) (the
condition of compliance of displacements that are perpendicular
to the beam’s axis), the following is obtained:

d?w(x)

Mp(x) = M;(x)+M>(x) =-EI
dx?

) (10)

where EI = EIL +EI,.
After using relationship (5) and formulas (7) and (10), the
following is obtained:

dV(x) _ d>M(x) h dV,(x) _

dx dx? dx

—p(x). Y

By substituting constitutive relations (8) and (9) in equilibrium,
equations (3), (5), and (7), the following displacement equa-
tions describing the analyzed model of the two-layer beam are
obtained:

d*w(x) du;(x) duy(x)
EI hk, — hk
dx4 * dx Sodx
d?w(x
- W2k (2 ) =p(x),
dx (12)
d? d
Eay S () — oty () + ke, X )
dx? dx
d? d
EA, 3720 4 otk () — ey ) o,
dx? dx
3
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In the case of the static scheme analyzed in the paper, i.e.,
a simply supported beam (<&~ 2.), and due to the fact
that the beam is not subjected to any external physical load, the
following relation N (x)+ N, (x) = 0 occurs. The internal forces
are defined as follows:

— bending moments:

M (x) = M{(x)+M(x) =N (x)h, (13)

— shear forces:

Q(x) =Vi(x)+Va(x) = +Vs(x)h.

dMp(x)
Tar (14

3. SOLUTION OF THE PROBLEM

The subject of further analysis will be a simply supported beam,
with support points located at the ends of beam No. 2 — on its
lower edge.

The boundary conditions for this case are presented in equa-
tions (15) to (17)

d?w(x d?w(x
WO =wny=o, SO W o g5
X x=0 dx x=L
do@| _du@|  _, 6
dx x=0 dx x=L ’
u2(0) = hy dv;(x) . duz(x) =0. (17
X x=0 dx x=L

The analyzed issue is solved by developing the sought functions
into a Fourier series. With such boundary conditions, we are
looking for solutions in the form of the following series:

up(x) = Z, U1, COSApX,
n=0
(18)

(o]
’
up(x) = Z Uny, COS Ay X,
n=0

(o]
w(x) = Z Wy, sina,x,

n=1

where

00

(o]

nm ’ 1

(Yn=f, Z an=§ao+Zan.
n=0 n=1

After substituting the above expansions of functions u, u#, and
w and the expansions of their derivatives u’l, u’z, "‘Y’ u’z’, w’,
w”, and w!V (see formulas (A.2)—(A.6)) into the system of
differential equations (12), and after comparing the coefficients
on the left and right sides of this system, an infinite system of

algebraic equations is obtained

Elaiwn —hkganuy, +hksa,ur, + hzksaflwn
= pu=EL e} [(=1)"w(L) = w(0)]
b ELZ 0, [(<1)w" (L)~ " (0)]
+ Ky 2y [(=1)"w(L) = w(0)],

- EAla'flu],, +kgup, — kg1, +hksapwy
= —EAI% [(=1)"u} (L) - u;(0)] (19)
~ ks 2 [(1)w(L) = w (O],
- EAga,zluzn —ksuon +kstt1n —hksapwy

- —EAz% [(-D)"ub (L) —uy(0)]

Rk (=1 w(L) = w(O)]:

for n > 0.

Taking into account the boundary conditions (15)—(17) in equa-
tions (19), the following is obtained:

forn > 1:

Elaflwn —hkganu, +hkgayusy,

2, 2
+hksa,wn =pn,

- EAlaiuln + kg, — ksuyy +hksa,w, =0,

(20)
- EAza/,zluzn —kgttopy + ks, — hksa,w,
2 7
= EAZZ”Q(O)Q
for n=0:
ksuzo —ksuio =0,
> @1
—kguzo+kguo = EAzz'/z(O),
where
2 d
DPn= z/p(x) sina,xdx, uy(0) = ujix) o
0

As aresult of solving the system of equations (21), the following
is obtained:

U0 = U0, u5(0) =0. (22)
After substituting u}(0) = 0 into the system of equations (20),

and after solving it, the following is obtained:

- EAyhks L3 pp
I = i) [((EA+EA) EI+EA EAsh?) ky P+EA EAEL(n7)?]’

U = — EA hksL’p,
2n = (nm)3[ ((EA\+EA)EI+EA\EAyh? ) ks L2+EA\EALEI (nr)?]’
L*((EA\+EAy) ks L2+EA\EASEI (nm)?) py,
Wy =

- (nm)*| ((EA|+EAy) EI+EA{EAh? ) ks L2+EAEAEI (nn)?]
(23)
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Expansion factors uyg = u ¢ are determined using the boundary

d
condition u;(0) = th’
dx Ix=0
1 [e9) [oe]
u2(0) = Fuz0+ D =ha Y apwy, (24)
n=1 n=1
and from this, the following is obtained:
uig =u20 =2 ) (@nhawn — ) . (25)

n=1

Calculating coeflicients w,,, u, and uy, allows the sought dis-
placement functions to be determined and, after using the re-
lationships that determine the coefficients of the derivatives of
these functions, also the internal forces. Normal stresses o
were determined using the known formula

N; M,

o (i) = E_14<+El<yi'
L L

(26)

4. NUMERICAL EXAMPLE

The influence of the stiffness (shear) of the connection on the
displacement and effort state of the two-layer system was ex-
amined by analyzing the following two numerical examples.
The analysis involved the simply supported beam described in
Section 3, which has its cross-section shown in Fig. 1. The solu-
tions for this beam are achieved by numerical integration using
Wolfram Mathematica [27].

4.1. Example 1

The dimensions of this beam are: L =2.0 m, b1 =0.30 m, b, =
0.05m, Hy =2h; =0.05 m Hy = 2hy = 0.15 m. The material
parameters are £ = E» = 1010 Pa. The beam was loaded at mid-
span (x = L/2) with a concentrated force P = 1 kN, and the co-
efficients, developed into a sine Fourier series, are given by (27)

2

L 2P
Pn= Z/P(S (X_E) sina,xdx = Tsin% 27
0

forn=1,2,3,...

The calculations were performed for different values of the
stiffness of the connection between layers k. The dependence
between the maximum displacement w(L/2) and the value of
the parameter k € <O, 109> Pa is shown in Fig. 3.

w(L/2) [m]
0.0010 |-

0.0008
0.0006 -

0.0004 -

» ks [Pa]

L T ———
0 2x108 4x108 6x108 8x108 1x109

Fig. 3. Dependence between displacement w(L/2) and the value
of the ks parameter
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0.000075

0.000100
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Fig. 4. Dependence between: (a) displacement w(x), (b) rotation an-
gle w’(x), (c) displacement u;(x), (d) displacement uy(x), (e) the
mutual slip between layers ug and the value of the kg parameter
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The displacement graphs w(x) for different values of ks = 0;
10%; 5-107; 10° Pa are presented in Fig. 4a. In the conducted
numerical analyses, the values of the relative displacement of
the layers (slip) in the plane of the contact were also determined,
i.e., the u (x) function (see equation (1)). The calculations were
made by assuming k; = 10° Pa; 5-107 Pa; 10° Pa. The graphs
of the functions, which are components of the formula (which
defines the relative displacement u(x), i.e., function w’(x),
u1(x), uz(x)), and the graph of the function u,(x) are presented
in Figs. 4b, 4c, 4d, and 4e, respectively.

The diagrams of internal forces: bending moments and shear
forces, were determined using formulas (13) and (14). The cal-
culations were performed for the values kg = 106 Pa; 5-107 Pa;
10° Pa. The obtained results are presented in Figs. 5a—5c. Each
of the figures also presents diagrams of the elements included
in the formulas that were used for the calculations. In Fig. 5a,
these are the corresponding functions M (x) + M, (x), in Fig. 5b
—Ni(x) - h and in Fig. 5¢ M(x). In Figs. 6a—6c, these are
dMp(x)

1 , Vs(x) - h, and Q(x), respectively.
X

0,00 05 1,0 15 2.0

N\
100F N 4
200t N\ /
300f \ ’
400f N

500}
M (x)+M(x) [kNm]

2.0
x [m]

-NRx}h[anﬂ

(b)

000 05 1.0 15 2.0

x [m]
100

200

300
400

500‘
M(x) [kNm]
©

ks=10°Pa ks=5X10"Pa ks=10°Pa

Fig. 5. Bending moments: (a) component M| (x) + M3 (x), (b) compo-
nent —N1(x) - h, (c) diagram of bending moments M (x)

0.0 0.5 1.0 1.5 2.0

i x [m]

AV & o e o

-500¢
-250¢
ot
250¢

500¢

\
Ox(M(x)+My(x)) [kN]

(a)
0.0 0.5 1.0 1.5 2.0

-400F ;[m]

-200¢

200¢

400 ¢
V(x)-h [kN]

0.0 0.5 1.0 1.5 2.0

-500f '
-250} !

O_
250} E
|

500 | mmmmmcmmcmancnnnnnaraid,

\
Q(x) [kN]

©

ks=10°Pa ks=5X10"Pa ks=10°Pa

Fig. 6. Shear forces: (a) component d Mg (x)/dx, (b) component
Vs(x) - h, (c) shear forces Q(x)

The determined graphs confirm the correctness of the derived
formulas, as they are consistent with the generally known (for
the analyzed static scheme) internal force diagrams.

4.2. Example 2

To verify the accuracy of the obtained solutions, the presented
method was applied to solve an example taken from the litera-
ture (see [4,28,29]). In this example, the subject of analysis is a
simply supported beam with a cross-section, as defined in Exam-
ple 1. The material parameters of the beam are: E; = 12-10° Pa,
E, =8-10° Pa, and the stiffness of the connection between the
two layers ks = 5-107 Pa. Beams of various spans were ana-
lyzed, assuming L/H =4, 5, 10, 20 (where H =2h = 0.2 m).
The beam was subjected to a uniformly distributed load over its
entire length ¢(x) = 1 kN/m. In this case, the coefficients of the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154278, 2025
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-0.0 -364 364 o(L/4) -0.05 -r24 724 o(LI2)

[kPa] [kPa]
0 — 0
0.15 0.15
1091 1091 2173 0 2173
h[m] h[m]
(@)
K -574 319
-0.05 264_95 o(LI4) -0.05 o(L12)
[kPa] [kPa]
0 0 —
0.15, 0.15
-368 0 707 -1085 0 1594
h [m] h[m]

Fig. 7. Normal stress diagram in cross-section x = L/4 (on the left) and
x = L/2 (on the right) when (a) ks =0 Pa, (b) ks =5- 107 Pa

0.05 ArA o(L4) _0.05 -432_-62 o(L12)

[kPa] [kPa]

0 0

0.15 0.15
-31 527 -62 1050

h[m] h [m]

Fig. 8. Normal stress diagram in cross-section x = L/4 (on the left) and
x = L/2 (on the right) when kg = 10'4 Pa

load expansion in the sinusoidal series are determined by the
following formula forn =1,2,3,...:

—cosnm

L
2 1
Pn= I / gsina,xdx =2q (28)
0

The obtained results for the maximum displacements of the
beam at point x = L/2 are presented in Table 1 and compared
with the results presented in the cited papers.

Table 1
Maximum vertical displacement [mm]
L/H ‘ 20 ‘ 10 ‘ 5 ‘ 4 ‘
Paper [4] 7.5599 0.7172 0.0665 0.0296
Paper [28] 7.6204 0.7315 0.0700 0.0318
Paper [29] 7.5590 0.7169 0.0665 0.0296
This paper 7.5599 0.7172 0.0665 0.0296
5. DISCUSSION

The obtained results indicate the changes in stiffness within the
range of (0, 5- 108> Pa have a significant impact on the dis-
placements w(x) of the two-layer system. If the difference in the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154278, 2025

displacements calculated for ky =0 Pa and kg = 10'* Pa s taken
as a comparative value, then the changes in these displacements
when kg € (0, 5 108> Pa are within the range of 93.55%. For
the value kg € (5-108, 10'#) Pa, these changes are within the
range of 6.45%. This result allows for a rational estimation of
the limit of the strengthening of the connection between layers,
above which such a reinforcement causes only minor strength
“effects”.

It is also worth paying attention to the graphs of the normal
stresses calculated for kg = 10'* Pa (Fig. 8). In the case of such
a high stiffness of the connection, the system should “behave”
like a monolithic beam. For such a beam, when E; = E>, the
normal stress diagrams in a given cross-section change linearly.
The linear course obtained in this paper for kg = 10'* Pa verifies
the correctness of the formulated two-layer beam model.

The correctness of the obtained results is also confirmed by
the obtained (and widely known) diagrams of the internal forces
(see Fig. 7).

The primary confirmation of the correctness of the derived
solution is the consistency of the results obtained in Example 2
with the results presented by other authors (see Table 1). Par-
ticular attention should be paid to the full consistency of the
results (given the adopted accuracy of the presentation of the
results) with the exact results obtained by analytical methods for
the Euler model (see [19]).

6. CONCLUSIONS

In this paper, the authors focused on the analysis of the main
beams of a layered system. They omitted the “precise” analy-
sis of an “element” or layer connecting these elements. It was
assumed that the interaction is of a tangential nature, and is
proportional to the value of the “slip” between the layers. As al-
ready mentioned, such a general approach facilitates the detailed
considerations concerning the description of the connection be-
tween layers to be omitted, in turn making them more general.

The consequence of this approach is an approximate descrip-
tion of this interaction. The basic goal of the research, i.e.,
developing an effective mathematical algorithm for solving and
analyzing such problems, has been achieved according to the
authors. The applied method, which uses finite Fourier trans-
forms, allows for the exact solution of equations that describe
such problems.

The results clearly illustrate the enlargement of displacements
and the mutual slippage between layers due to the reduction of
the shear stiffness kg of the connection between the two layers.
The obtained dependence is nonlinear (see Fig. 3). The results
also show that the share of bending strains in relation to axial
strains in generating the total bending moment depends on the
value of the stiffness parameter k; and it decreases with an
increase in its value (see Fig. 5). The analogous conclusion
concerns the influence of bending deformability in relation to
the share of the tangential force V; on the values of the resultant
shear force (see Fig. 6).

The goal of this research was to better understand the influ-
ence of interlayer connections on the strength and reliability of
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sandwich beams, in turn providing valuable design guidelines
for engineers working with composite structures.

The methodology involves the application of mathematical
analysis methods to evaluate the effects of interlayer stiffness on
a beam’s performance. The correctness of the derived solutions
was confirmed by: (1) the diagrams of the internal forces; (2) the
behaviour of a system that has high stiffness of the connection
and which acts like a monolithic beam; (3) the full consistency of
the results with the exact results obtained by analytical methods.

7. RESEARCH PERSPECTIVE

In this study, only the case of a simply supported beam was ana-
lyzed, as this is the most common model of any civil engineering
structure or any structural element of a building. Future research
by the authors will focus on beams with other types of supports
that are commonly encountered in practice, such as clamped-
pinned, clamped—free, and others. For some static schemes, to
reduce the number of additional (i.e., nonidentically satisfied)
equations that define the boundary conditions, it will be neces-
sary to apply a cosine series for the approximation. Particularly
interesting results are expected in static schemes where both
ends of the beam/beams are constrained from moving along the
beam axis. Furthermore, a subsequent stage will involve solving
dynamic problems for this type of beam using the described
method. These investigations will further enhance the under-
standing of interlayer connections, and also their impact on the
structural behaviour of layered beams.

8. APPENDIX A

If we develop the function f(x) in the interval < 0,L > into a
sine series

fx)= Z Jusina,x,
n=1

nm
ay = T (A.1)

L
2
fu= I / f(x)sina,xdx,
0
This function derivatives are defined by the following formulas:

oo
’

£/ =) frcosanx,
n=0

£ = f sina, (A.2)
n=1

FOE =) f1 sinanx,
n=1

where n=0,1,2,3,...and

i/an = %a+ian
n=1

n=0

fi= 2 1D AL = FO)
B = =2 [ (L)~ O] =2,
(A3)

A9 = 23 11" F(L) - FO)

~ 2 L1~ O+ .

If we expand the function f(x) in the interval (0, L) into a cosine
series

flx) = Z/ Jncosayx,
n=0
I (A.4)
fo= %/f(x) cosa,xdx.
0

This function derivatives are defined by the following formulas:

f(x) = Z’f,:’ COSpX. (A.5)

n=0

where forn=0,1, 2,3, ...:

fr: = _anfn’

(A.6)
= 2D )~ O -0

ACKNOWLEDGEMENTS

The team of authors would like to thank Professor Pawet Sniady
for the idea of the research topic.

REFERENCES

[1] L. Song, H. Liu, C. Cui, Z. Yu, and Z. Li, “Thermal deforma-
tion and interfacial separation of a CRTS II slab ballastless track
multilayer structure used in high-speed railways based on meteo-
rological data,” Constr. Build. Mater., vol. 237, p. 117528 2020,
doi: 10.1016/j.conbuildmat.2019.117528.

[2] P.Kozio and R. Pilecki, “Nonlinear double-beam system dynam-
ics,” Arch. Civ. Eng., vol. 67, no. 2, pp. 337-353, 2021, doi:
10.24425/ ace.2021.137172.

[3] S. Liu, X. Chen, J. Yang, D. Cai, and G. Yang, “Numerical
study and in-situ measurement of temperature features of asphalt
supporting layer in slab track system,” Eng. Struct., vol. 315, p.
117343, 2024, doi: 10.1016/j.conbuildmat.2019.117343.

[4] U.A. Githammar and V.K.A. Gopu, “Composite beam-columns
with interlayer slip-exact analysis,” J. Struct. Eng., vol. 119,
no. 4, pp. 1265-1282, 1993, doi: 10.1061/(ASCE)0733-9445
(1993)119:4(1265).

[5] M. Batista and J. Sousa Jr., “Exact finite elements for mul-
tilayered composite beam-columns with partial interaction,”
Comput. Struct., vol. 123, pp. 48-57, 2013, doi: 10.1016/
j-compstruc.2013.04.008.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154278, 2025


https://doi.org/10.1016/j.conbuildmat.2019.117528
https://doi.org/10.24425/ace.2021.137172
https://doi.org/10.1016/j.conbuildmat.2019.117343
https://doi.org/10.1061/(ASCE)0733-9445(1993)119:4(1265)
https://doi.org/10.1061/(ASCE)0733-9445(1993)119:4(1265)
https://doi.org/10.1016/j.compstruc.2013.04.008
https://doi.org/10.1016/j.compstruc.2013.04.008

(6]

(7]

(8]

(9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

(17]

www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Static analysis of a two-layer beam with a flexible interlayer connection

U.A. Girhammar, “Composite beam-columns with interlayer slip
- Approximate analysis,” Int. J. Mech. Sci., vol. 50, pp. 1636—
1649, 2008, doi: 10.1016/j.ijmecsci.2008.09.003.

P. Foraboschi, “Laminated glass column,” Struct. Eng., vol. 87,
no. 1, pp. 2-8, 2009..

Z. Bazant and A. Beghini, “Sandwich buckling formulas and
applicability of standard computational algorithm for finite
strain,” Compos. B Eng., vol. 35, pp. 573-581, 2004 doi:
10.1016/j.compositesb.2003.11.009.

P. Foraboschi, “Analytical solution of two-layer beam taking
into account non linear interlayer slip,” J. Eng. Mech., vol. 135,
no. 10, pp. 1129-1146, 2009, doi: 10.1061/(ASCE)EM.1943-
7889.0000043.

S. Schnabl, M. Saje, G. Turk, and I. Planinc, “Analytical solution
of two-layer beam taking into account interlayer slip and shear
deformation,” J. Struct. Eng., vol. 133, pp. 886-894, 2007, doi:
10.1061/(ASCE)0733-9445(2007)133:6(886).

T. Furtmuller and C. Adam, “A linear finite element for timber-
concrete layered beams with interlayer slip,” Compos. Struct.,
vol. 316, 2023, doi: 10.1016/j.compstruct.2023.117045.

C. Adam, D. Ladurner, and T. Furtmuller, “Dynamic anal-
ysis of tapered symmetrically layered beams with interlayer
slip,” Appl. Math. Model., vol. 120, pp. 463-484, 2023, doi:
10.1016/j.apm.2023.09.025.

Y. Lu, S. Zhao, and S. Chen, “Compressive buckling per-
formance of multilayer laminated glass columns with differ-
ent interlayers,” Eng. Struct., vol. 281, p. 115701, 2023, doi:
10.1016/j.engstruct.2023.115701.

P. Wu, D. Zou, and W. Liu, “2-D elasticity solutions of
two-layer composite beams with an arbitrarily shaped inter-
face,” Appl. Math. Model., vol. 40, pp. 1477-1493, 2016, doi:
10.1016/j.apm.2015.06.034.

M. Batista, J. Sousa Jr., and A.R. da Silva, “Analytical and nu-
merical analysis of multilayered beams with interlayer slip,” Eng.
Struct., vol. 32, pp. 1671-1680, 2010, doi: .

P. Le Grognec, Q.-H. Nguyen, and M. Hjiaj, “Exact buckling
solution for two-layer Timoshenko beams with interlayer slip,”
Int. J. Solids Struct., vol. 49, pp. 143-150, 2012, doi: 10.1016/
j-ijsolstr.2011.09.020.

A.F. Siciliano, L. Skec, and G. Jelenic, “Closed-form solutions
for two-layer Timoshenko beams with interlayer slip, uplift and
rotation compliance,” Meccanica, vol. 58, no. 5, pp. 893-918,
2023, doi: 10.1007/s11012-023-01655-4.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 4, p. €154278, 2025

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]
(28]

[29]

I. Ecsedi and A. Baksa, “Analytical solution for layered compos-
ite beams with partial shear interaction based on Timoshenko
beam theory,” Eng. Struct., vol. 115, pp. 107-117, 2016, doi:
10.1016/j.engstruct.2016.02.034.

I. Ecsedi and A. Baksa, “Static analysis of composite beams
with weak shear connection,” Appl. Math. Model., vol. 35, pp.
1739-1750, 2011, doi: 10.1016/j.apm.2010.10.006.

I. Monetto, “Analytical solutions of three-layer beams with
interlayer slip and step-wise linear interface law,” Compos.
Struct., vol. 120, pp. 543-551, 2015, doi: 10.1016/j.compstruct.
2014.09.003.

P. Foraboschi, “Behavior and failure strength of laminated glass
beams,” J. Eng. Mech., vol. 133, no. 12, pp. 1290-1301, 2007.

C. Faella, E. Martinelli, and E. Nigro, “Steel-concrete com-
posite beams in partial interaction: Closed-form exact’ ex-
pression of the stiffness matrix and the vector of equivalent
nodal forces,” Eng. Struct., vol. 32, pp. 2744-2754, 2010, doi:
10.1016/j.engstruct.2010.04.044.

U.A. Girhammar, “A simplified analysis method for composite
beams with interlayer slip,” Int. J. Mech. Sci., vol. 51, pp. 515—
530, 2009, doi: 10.1016/j.ijmecsci.2009.05.003.

I. Udovc, T. Planinc, A. Hozjan, and A. Ogrin, “Two-layer
spatial beam with inter-layer slip in longitudinal and trans-
verse direction,” Structures, vol. 58, 2023, doi: 10.1016/].istruc.
2023.105527.

L. Bochicchio, C. Giorgi, and E. Vuk, “Buckling and nonlinear
dynamics of elastically coupled double-beam systems,” Int. J.
Non-Linear Mech., vol. 85, pp. 161-173, 2016, doi: 10.1016/
j-ijnonlinmec.2016.06.009.

F. Focacci, P. Foraboschi, and M. De Stefano, “Composite
beam generally connected: Analytical model,” Compos. Struct.,
vol. 133, pp. 1237-1248, 2015, doi: 10.1016/j.compstruct.
2015.07.044.

Wolfram Mathematica 13, Wolfram Research, 2022..

R. Xu and Y. Wu, “Two-dimensional analytical solutions of sim-
ply supported composite beams with interlayer slips,” Int. J.
Solids Struct., vol. 44, pp. 165-175, 2007, doi: 10.1016/j.ijsol
str.2006.04.027.

A.R. DaSilva and J.B.M. Sousa Jr., “A family of interface el-
ements for the analysis of composite beams with interlayer
slip,” Finite Elem. Anal. Des., vol. 45, pp. 305-314, 2009, doi:
10.1016/j.finel.2008.10.007.


https://doi.org/10.1016/j.ijmecsci.2008.09.003
https://doi.org/10.1016/j.compositesb.2003.11.009
https://doi.org/10.1061/(ASCE)EM.1943-7889.0000043
https://doi.org/10.1061/(ASCE)EM.1943-7889.0000043
https://doi.org/10.1061/(ASCE)0733-9445(2007)133:6(886)
https://doi.org/10.1016/j.compstruct.2023.117045
https://doi.org/10.1016/j.apm.2023.09.025
https://doi.org/10.1016/j.engstruct.2023.115701
https://doi.org/10.1016/j.apm.2015.06.034
https://doi.org/10.1016/j.engstruct.2010.02.015{10.1016/j.eng struct.2010.02.015}
https://doi.org/10.1016/j.ijsolstr.2011.09.020
https://doi.org/10.1016/j.ijsolstr.2011.09.020
https://doi.org/10.1007/s11012-023-01655-4
https://doi.org/10.1016/j.engstruct.2016.02.034
https://doi.org/10.1016/j.apm.2010.10.006
https://doi.org/10.1016/j.compstruct.2014.09.003
https://doi.org/10.1016/j.compstruct.2014.09.003
https://doi.org/10.1016/j.engstruct.2010.04.044
https://doi.org/10.1016/j.ijmecsci.2009.05.003
https://doi.org/10.1016/j.istruc.2023.105527
https://doi.org/10.1016/j.istruc.2023.105527
https://doi.org/10.1016/j.ijnonlinmec.2016.06.009
https://doi.org/10.1016/j.ijnonlinmec.2016.06.009
https://doi.org/10.1016/j.compstruct.2015.07.044
https://doi.org/10.1016/j.compstruct.2015.07.044
https://doi.org/10.1016/j.ijsolstr.2006.04.027
https://doi.org/10.1016/j.ijsolstr.2006.04.027
https://doi.org/10.1016/j.finel.2008.10.007

	INTRODUCTION
	DESCRIPTION OF THE MODEL
	SOLUTION OF THE PROBLEM
	NUMERICAL EXAMPLE
	Example 1
	Example 2

	DISCUSSION
	CONCLUSIONS
	RESEARCH PERSPECTIVE
	Appendix A

