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SYMMETRY EQUIVALENCES OF BOUNDARY VALUE PROBLEMS FOR
THE NON-UNIFORM BEAMS

In this paper, the models of Euler—Bernoulli non-uniform beams with the axial loads on the Winkler
foundations are considered. The non-uniform beam in the model is described by three variable
parameters/coefficients: bending stiffness, foundation and beam mass per unit length. The key
finding of this study is the clear demonstration of how the agreed symmetry of variable parameters
affects the spectral properties of a problem. The qualitative results for the symmetric equivalence
(factorisation of sets of eigenvalues and eigenfunctions) of eigenvalues of non-uniform beams for
two types of fixing at the ends (clamped-clamped and hinged-hinged) have been obtained. In
order to demonstrate equivalence, a hybrid algorithm has been devised, based on the qualitative
spectral properties of fourth-order ordinary differential equations and axial load calculations. The
results have been validated using examples on the Maple computer package and compared with
the experimental measurements.

Key words: Euler—Bernoulli beam, non-uniform beam, eigenvalue, symmetry, equivalence.
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Byn xywmpicra ipreci Bunkiep 6oiibiaima ocbTik 2KyKTemesaepi bap ditnep-beprysin 6ipkesnki emec
OepeHeepIiH, MOJeIbAepi KapacTeipblaran. Mogembaeri 6ipKeki emMec 6opeme yIr aifHbIMAJIBI TTa-
pameTpMeH /KO3 UIMEHTTEPMEH CUIATTAIA bl Uiy KATTBUIBIELL, Y3bIHIBIK, OipJiriHe KaTblCThl
OepeHeHiH ipreci MeH Maccachbl. Bys 3epTTey il Herisri TYyKbIPBIMBI aiHBIMAJIBI ITAPAMETPJIIEPIiH,
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B namHoit pabore paccMaTpUBAIOTCS MOJENIN HEOTHOPOIHBIX 0asiok Ditnepa—bBepHysiu ¢ oceBbIME
Harpy3kaMu Ha OCHOBaHue Bunkjepa. HeomnoposHast 6ajika B MOJE/IM OIUCHIBAETCSI TPEMSsI [1epe-
MEHHBIME TTapaMerpamMu,/ Ko UumeHTaMu: XKeCTKOCThIO U3ruba, OCHOBAHUEM U MacCoil Gajiku Ha
enuuuily JnHabl. KJro4eBbIM BBIBOJIOM JAHHOTO UCCJIEIOBAHUS SBJISETCH HAIVIAIHAS JIEMOHCTDA-
[Usi TOTO, KaK COTJIACOBAHHASI CHMMETDPHsI IT€PEMEHHBIX [MapaMeTpPOB BJIUSET Ha CIIEKTPAJIbHBIE
cBoiicTBa 3ajadu. 1losydeHbl KadecTBEHHbIE PE3YJIbTATHI JJIsl CUMMETPUYHON SKBUBAJEHTHOCTH
(dbakTopusanun HAGOPOB COOCTBEHHBIX 3HAYEHUIT U COOCTBEHHBIX (DYHKIHIT) COOCTBEHHBIX 3HAUE-
HUI HEOJHOPOJHBIX GAJIOK Jisl BYX THUIIOB 3aKPEIIeHUs Ha KOHIAX (3alleMJICHHO-3AINEMICHHOE
U [IapHUpHO-IapHUpHOe). [lJis JeMoHCTpaIu SKBUBAJIEHTHOCTH Pa3paboTaH MMOPUIHBIH ajro-
PUTM, OCHOBAHHBII Ha KAYECTBEHHBIX CIIEKTPAJIBHBIX CBONCTBAX OOBIKHOBEHHBIX M depeHIinalib-
HBIX YPABHEHUI I€TBEPTOrO MOPSJIKA U PACIETAX OCEBO HArPY3KU. Pe3ysibraThbl ObLIH IIPOBEPEHDI
C UCIIOJIb30BAHUEM ITPUMEPOB B KOMIIBIOTEPHOM I1akeTe Maple 1 cpaBHEHBI C 9KCIIEPUMEHTAIbHBIMU

U3MEPEHUIMUA.
Kutrouessbie cioBa: basika ditiepa—bepHysuin, HeogHOpoIHAS OajiKa, COOCTBEHHOE 3HAYEHIE, CHM-

METpPUA, SKBUBAJICHTHOCTD.

1 Introduction

The majority of mechanical systems comprising beam construction, as employed in technology
and engineering, are defined by their geometric and physical variable parameters. Such
structures include parabolic tapering and functionally graded beams [1H3|, which can be
adopted for a light-weight design or specific wave propagation effects |45, as well as
piezoelectric energy harvesting [6,[7]. In [3], a closed-form dynamic stiffness formulation for
the analysis of transverse free vibration in non-uniform symmetric Euler—Bernoulli beams was
proposed, and effects of boundary conditions were investigated. A beam with a heterogeneous
temperature distribution exhibits variable physical properties. The presence of variable
parameters introduces a significant degree of complexity into the dynamic analysis. The
modelling of mechanical systems comprising non-uniform beam construction gives rise to
the formation of fourth-order linear equations with variable coefficients. Consequently, both
approximate analytical [8-10] and numerical methods |12-16] for solving differential equations
with variable coefficients under different conditions are being actively developed. A thorough
literature review on the solution methods for transverse vibration of non-uniform beams with
variable cross-sections can be found in [9]. In [10], approximate analytical expressions for the
natural frequencies of non-uniform beams were obtained in terms of asymptotic theory. The
isospectral problems for non-uniform beams were studied in |11{12]. The isospectral problems
between non-uniform and uniform beams were presented in [12]. The natural frequencies of
free boundary value problems for beams with symmetric coefficient without an axial load
were studied in [9]. In [15], a regular variation approach to finding natural frequencies and
modes of vibration of non-homogeneous beams were studied.

In the modelling of mechanical systems, it is essential to have a closed analytical formula
for natural frequencies [17,(18,20,23|. In [17], a closed-form solution for non-uniform beams
was proposed using special functions. In [18], an asymptotic formula of natural frequencies for
the non-uniform beams with different boundary conditions was derived based on perturbation
method. Eigenvalue asymptotics of an even order differential ordinary operator with square
integrable potential were obtained in [19]. In [20], a solution for the free vibrations of
non-uniform beams on a non-uniform Winkler foundation was presented, employing the
Laguerre collocation method. The influence of axial loads on the natural frequencies of
uniform beams with various boundary conditions were investigated in [21,22]. Additionally,
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the papers revealed critical values of axial loads. In [23|, several results pertaining to
the closed-form expression for the natural frequencies of uniform beams were modified.
Additionally, the concept of symmetrical equivalence was demonstrated for a uniform Euler-
Bernoulli beam subjected to an axial load. The spectral properties of hinged-hinged beams,
both with and without axial loads on an elastic foundation, were investigated based on
the characteristic determinant in |24}25] and [26], respectively. The effects of a foundation
coefficient for calculating of the critical load were presented in [27]. The symmetric equivalence
of boundary value problems for the uniform beams without and with axial loads lying on
a Winkler’s type foundation were studied in [28] and [29], respectively. Nevertheless, the
symmetric equivalence of boundary value problems for non-uniform beams remains an area of
incomplete investigation. One of the methods for studying non-uniform beams is to represent
them as stepped beams. The symmetric equivalence of stepped beams can be employed for
identification problems pertaining to the physical properties of beams, as evidenced by the
findings set forth in the paper by [30].

The goal of this research is to identify conditions for the variable coefficients of bending
stiffness, foundation and mass of the beam per unit length and fixing types of a non-
uniform beam under which it is possible to establish the equivalence of the eigenvalues and
eigenfunctions. The novelty of the paper is the agreed symmetry of the variable coefficients
(see Theorems [I)). The results presented here extend several known results from the cited
sources, namely [23]28]29].

The problem of transverse vibrations of a non-uniform beam of unit length

Pu(r,t) | () (mHTam(:c,t) P (EJ($)aw(x,t)) _o,

ot?

pA() ox? 0x? 0x?

after replacement w(x,t) = v(\, z) sin(wt) reduces to the following spectral problem:
(EJ(x)v" (N, 2))" +T" (N ) + k(2)v(\, x) = A\pA(x)v(\,x), =€ 1, p=1,2, (1)

where v(\, z) are the eigenfunctions of the transverse static deflection of the beam; E.J(x)
is the bending stiffness; p A(x) is mass of the beam per unit length; 7" is corresponding to
a constant compressive force if T > 0 or a constant tensile force if T < 0; A = pw? are
the eigenvalues; w is the circular frequency; p is the material density; k(x) is the variable
coefficient of foundation, I; = (0, 1), I, = (3, 1) . Notice that J(z) and A(z) are assumed
twice continuously differentiable and strictly positive, k(x) is the real-valued summable
function.

In this study, two types of beams are considered. The first is the hinged-hinged beam on
the interval I; with the boundary conditions (see Figure |1

v(N,0) =0, v"(N,0)=0,v(\,1) =0, v"(\, 1) =0, (2)

and the second is the clamped-clamped beam on the interval [; with the boundary conditions
(see Figure

v(A,0) =0, v'(N\,0) =0,v(A\, 1) =0, v'(\, 1) = 0. (3)

In addition, we introduce the sliding-hinged boundary conditions
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Figure 1: Hinged-hinged Euler—Bernoulli non-uniform beam.
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Figure 2: Clamped-clamped Euler—Bernoulli non-uniform beam.

1 1
v’ ()\, 5) =0,v" ()\, 5) =0, v(A\ 1) =0, 0" (A1) =0, (4)

and hinged-hinged boundary conditions

1 1
' (A’ 5) -0 (A’ 5) =0,v(,1) = 0,v"(3, 1) = 0 (5)

which are connected with hinged-hinged fixing on the interval I,. Furthermore, we introduce
the sliding-clamped boundary conditions

1 1
v’ ()\, 5) =0, 0" (/\7 5) =0,v(\,1)=0,7"(\1) =0, (6)
and hinged-clamped boundary conditions
1 " 1 /
v )\,5 =0,v )\,5 =0,v(\,1) =0, (A\,1)=0 (7)

which are connected with clamped-clamped fixing on the interval I.

2 Main results

Let o(A;),0(B1),0(Cy) be a set of eigenvalues of problems Ay — A, By — A, Cy — A\l
generated by Equation (]) on finite intervals by boundary conditions (2)), (), (F]), respectively.
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Theorem 1 Let J(x), k(z) and A(x) be the symmetric functions with respect to the point

_1
=73

Jx)y=J1—-2), k(zx)=k(1l-2z), Alx)=A(l-2), z¢€ {O; 11 (8)

and T < T.,.. The following statements are true:

1. U(Al) = O'(Bl) U 0'(01)

2. If X € a(By) or A € o(Cy), then the eigenfunctions of problems Ay — Al corresponding to
the eigenvalues A are symmetric or asymmetric with respect to the middle of the beam at the

point x = % on the interval (0, 1), respectively.

Let 0(As), 0(Bz), 0(C2) be a set of eigenvalues of problems A; — A, By — A, Cy — A\
generated by Equation (1)) on finite intervals by boundary conditions , @, , respectively.

Theorem 2 Let J(x), k(z) and A(x) be the symmetric functions with respect to the point

L i.e. the condition in Equation (@) holds and T < T... The following statements are

1'257

true:

1. 0(As) = 0(B2) U (Cy)

2. If X € 0(By) or A € 0(Cy), then the eigenfunctions of problems Ay — Al corresponding to
the eigenvalues A are symmetric or asymmetric with respect to the middle of the beam at the

point x = % on the interval (0, 1), respectively.

The proof of Theorems [1] and [2| is ideologically similar to that presented in work [28].
Nevertheless, there is a single discrepancy, which require is calculating of the critical value
T.,. Further will be described the scheme for proving Theorems [I] and [2]

First step. The following functions J(x), k(x) and A(x) will be selected to satisfy
condition ().

Second step. The critical value of T,, will be calculated that corresponding to the first
step and the value of T" will be selected such that T' < T,.. The calculation of T, will be
conducted using well-known numerical method (see, [22]).

Third step. The final step will employ the same technique used to prove the result
presented in [28|.

Upon completion of the aforementioned three steps, the proofs of Theorems [I] and [2] will
be obtained. In the third step, the analytical or numerical method may be employed. It should
be noted that if the functions J(z), k(x) and A(x) satisfy condition and the additional
condition from [12], then the non-uniform beam can be transformed into a uniform one.

Remark 1 Results from Theorem and Theorem are preserved for stepped beams.
Experimental and numerical simulations for the clamped-clamped stepped beam were carried
out in [30,31)]. The symmetric equivalence of the clamped-clamped stepped beam was used for
solving the inverse coefficients problems in [30].

3 Examples and discussion

In this section, we calculate approximately the four or five eigenvalues of boundary value
problems A, — I, B,—\I, C,— I (n = 1,2, 3) generated by the Euler—-Bernoulli equation for
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the various coefficients J(x), k(z), A(x) and p(x). The results of calculation of the eigenvalues
are shown in the corresponding columns of Tables [TH4]

Example 1 In this analysis, we examine three steps.
First step. Let J(x) =1+ x(1 — ), k(z) =4x2(1 — z), A(z) =2(1 —z) and E = 1.
Second step. In this example T, ~ 12.09 and take T = 5.
Third step. The numerical results of the first five eigenvalues’ square root \/X for Example
1 are shown in Table 1.

Table 1: Numerical calculations of the first five eigenvalues from the Example
Hinged-hinged at the Sliding at the point + = Hinged at the point x =

points x =0, z=1 %, hinged at the point %, hinged at the point
r=1 r=1
B @ B
17.95 17.95 95.65
95.65 229.93 420.31
229.93 666.79 969.34
420.31 1327.96 1742.63
666.79 2213.36 2740.14

The calculations presented in Example [1| provide corroboration for the validity of
Statement 1 of Theorem [I| pertaining to the factorization of the set of eigenvalues.

Example 2 In this analysis, we consider three steps.

First step. Let J(x) = z(1 —z), k(z) =5(1 + )3, A(z) = 2(1 —2) and E = 1.

Second step. In this example T, ~ 3.73 and take T = 1.

Third step. The numerical results of the first five eigenvalues’ square root \/\ for Example
are shown in Table[d

Table 2: Numerical calculations of the first five eigenvalues from the example
Hinged-hinged at the Sliding at the point + = Hinged at the point x =

points x =0, z =1 %, hinged at the point %, hinged at the point
=1 r=1
B ) B)
11.31 12.37 37.09
36.38 84.70 152.81
84.31 240.98 349.07
152.55 476.99 624.72
240.81 792.23 979.52

The violation of the regularity of factorization of eigenvalues in Example [2]is due to the failure
to satisfy the symmetry condition for the function k(x). The aforementioned calculations in
Example [2| confirm the validity of Statement 1 of Theorem [I}
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Example 3 We consider three steps.

First step. Let J(x) =1+ z(1 — ), k(z) =4, A(z) = 2*(1 — z)? and £ = 1.

Second step. In this example T, ~ 45.71 and take T = 30.

Third step. The numerical results of the first five eigenvalues’ square root \/A for Example
are shown in Table 3.

Table 3: Numerical calculations of the first five eigenvalues from the Example
Clamped-clamped at the Sliding at the point x = Hinged at the point z =

. o o 1 . 1 .
points x =0, =z =1 3, clamped at the point 3, clamped at the point

r=1 rz=1
B) ©) @
27.4 27.4 121.79
121.79 285.1 511.35
285.1 800.52 1152.37
511.35 1566.79 2043.71
800.52 2583.07 3184.87

The calculations which represent in Example [3] confirm the validity of Statement 1 of
Theorem [2| on the factorization of the set of eigenvalues.

Example 4 We consider three steps.

First step. Let J(z) =1+ z(1 + z), k(z) =4, A(z) = 2*(1 — 2)* and E = 1.

Second step. In this example T, ~ 67.4 and take T = 30.

Third step. The numerical results of the first five eigenvalues’ square root /A for Example
[4 are shown in Table [4)

Table 4: Numerical calculations of the first four eigenvalues from the Example
Clamped-clamped at the Sliding at the point x = Hinged at the point z =

. o o 1 . 1 .
points x =0, z =1 3, clamped at the point 3, clamped at the point

r=1 r=1
B) ©) @
43.21 62.46 191.41
159.65 420.72 725.72
357.61 1126.92 1602.73
631.47 3562.85 2820.71

The violation of the regularity of factorization of eigenvalues in Example [ is is due to
the failure to satisfy the symmetry condition for the function J(z). The aforementioned
calculations in Example [4] confirm the validity of Statement 1 of Theorem [2|

Example 5 In this study, we consider a two-stepped beam with clamped-clamped boundary
conditions. The geometric dimensions of the composite beam are as follows: Ly = L3z =
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247.6mm Ly = 508mm, hy = hy = hg = 3.6mm, by = b3 = 38.2mm and by, = 25.7mm
and these are illustrated in in Figld Young’s modulus and the density are 28.3GPa and
p = 1800kg/m3, respectively. In this example, T = 0, k(z) = 0. The natural frequencies

/382 - /382
,” 3E.2 mm '{{]1 7 mm /38l |'|1.||'|
’J—fﬁ '—ﬁ 3.6 mim
g l'lr r.." :+
—— A —|
! "IIII
L 247.6 mm SUE mm 247.6 mm |

Figure 3: Two-stepped composite beam with clamped-clamped boundary conditions [30431].

are computed by transcendental eigenvalue problem (TEP) and the results compared with the
experimental measurements [30] in Table[3

Table 5: The first five natural frequencies (Hz) from the Example
Clamped-clamped at the Sliding at the point x = Hinged at the point z =

points x = 0, x = 1. %, clamped at the point %, clamped at the point
Experiment |30] r=1 r=1
B) ) @

16.1 £ 0.16 16.12 41.01

41.3+0.16 78.67 130.55

79.3 £0.16 195.01 270.97

134.0 £0.16 360.78 465.47

196.5 £ 0.16 581.72 708.17

The calculations presented in Example [5| confirm the validity of Statement 1 of Theorem
2] on the factorization of the set of eigenvalues.

A numerical method was employed for the calculation of the eigenvalues at the variable
coefficients of J(x), A(x) and k(x) with the polynomial expansion and integral techniques as
outlined in [14]. The degree of the polynomial was selected as N = 25, which ensures accuracy
of calculations. The numerical calculations were carried out using the Maple computer
mathematics system [32].

The results obtained in this work permits to study the qualitative spectral properties of
a non-uniform beam. Symmetrical equivalence permits to calculate the natural frequencies
of a full beam using the natural frequencies of two short beams with different lengths and
fixing methods. This paper presents examples of partial factorization of the eigenvalues of
a full-length beam in the case of an asymmetric foundation coefficient. Furthermore, the
length of short beams is also contingent upon the agreed symmetry. To illustrate, when the
parameters are symmetric about the z = 1/2, the length of the short beams is equal to half
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the length of the full beam. The aforementioned capabilities are play a significant role in
computer calculations and the modeling of mechanical systems with complex structures. It
is therefore anticipated that future research will focus on the behavior of mechanical systems
of complex structure, with the star graph serving as a case in point 33| .

4 Conclusions

In this paper, the problems for determining the eigenvalues of the non-uniform
Euler—Bernoulli beam with the axial load lying on the Winkler’s type foundation at two types
of fixings at the ends have been solved: clamped-clamped and hinged-hinged. A sufficient
condition has been found for the variable coeflicients of the differential equation of the beam,
which a symmetrical equivalence of the eigenvalues and eigenfunctions is satisfied.
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