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We investigate the dynamic behavior of a rectangular orthotropic plate loaded with the
concentrated force moving with constant speed along the structure. In this work, we consider
two types of plates in terms of boundary conditions. In the first case, we assume that the plate
is simply supported on all of its edges with a number of point supports arbitrarily located in
its area, and in the second one, we look at a two-span bridge plate with arbitrarily oriented
intermediate linear support. Solutions for both cases are obtained by replacing the original
structure with a single-span plate subjected to a given moving load and redundant forces
situated in positions of removed intermediate supports. Redundant forces are obtained by the
application of Volterra integral equations for the simply supported plate, and finite difference
discretization and the Newmark method for the bridge plate. Two numerical examples are
given to prove the effectiveness of the presented approach.
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1. INTRODUCTION

Many types of structures are subjected to various types of moving loads
causing structural vibrations. It is a problem that occurs, for example, in road
and railway bridges, ceilings above underground passages, tunnels, or runways.
This issue was analyzed by many authors for many years with various types
of structures as well as different moving load models taken into account [2, 7,
11, 12]. In civil engineering, structures such as bridges or ceilings can be ef-
fectively modeled as rectangular orthotropic plates. Structural orthotropy oc-
curs in slabs stiffened with uni- or bidirectional ribs, grillages, box floors, and
slabs on trapezoidal plates or plates made of orthotropic material (for exam-
ple, wood). LANGER [4] proposed a solution for the eigenvalue problem of the
orthotropic bridge plate by applying the Ritz method and Legendre’s polyno-
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mials. KLASZTORNY [3] analyzed damped vibrations of rectangular orthotropic
bridge plate resulting from moving inertial loads, described by matrix differ-
ential equations of Hill’s type. LAW et al. [6] obtained the dynamic response
of a bridge deck subjected to moving loads by applying Hamilton’s principle
and modal superposition. PAPKOV [10] proposed an asymptotically exact solu-
tion for the problem of transverse vibrations of rectangular orthotropic plate
with free edges. ZHANG and ZHANG [13] applied the method of finite inte-
gral transforms to solve the problem of the transverse vibration of a plate
with two opposite edges rotationally restrained. MARTINEZ-RODRIGO et al. [9)
investigated the dynamic response of railway bridges modeled as orthotropic
plates simply- or elastically supported on opposite edges in terms of free vi-
brations and vibrations resulting from a stream of moving constant forces.
FARAH et al. [1] proposed a semi-analytical solution based on modal super-
position for the free vibration problem of a multi-span orthotropic bridge plate
with rubber bearings. LENARTOWICZ and GUMINIAK [8] applied the finite ele-
ment method and finite difference method to describe free vibrations of iso- and
orthotropic plates with variable thickness and contact with water taken into
account.

This work is focused on two types of orthotropic plates. The first one is
a plate of dimensions B and L simply supported on all its edges and point
supported by a number of k intermediate supports (see Fig. 1). The second one
is a plate with two simply supported and two free edges with arbitrarily oriented
intermediate linear support dividing the plate into two spans (see Fig. 2). Both
plates are subjected to the concentrated force of magnitude P moving along the
plate with constant speed v.

FiG. 1. Simply supported plate with point supports subjected to a moving force.
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F1G. 2. Two-span bridge plate subjected to a moving force.

Equation of motion describing vibrations w = w(x,y,t) of an orthotropic
plate subjected to a force P moving with speed v on the distance yy measured
from the axis x has the form

0*w 0*w 0*w
— +2H D
* Oxt + 0x20y? Py oy

(1.1) D + pio = Pé (x —vt) § (y — yo)
where D, and D, are the flexural rigidities in the z- and y-directions, H =
D1 +2D,, is the effective torsional rigidity, where Dy = vy D, = v, D, is defined
with Poisson’s ratios v, and vy, Dy, is the torsional rigidity, and j is the mass
of the plate per unit area. Symbol § on the right side of Eq. (1.1) denotes the
Dirac delta.

2. SIMPLY SUPPORTED PLATE WITH POINT SUPPORTS

As the first type of structure, we shall consider a simply supported rectan-
gular plate of length L and width B with a number of k arbitrarily situated
point supports. In the presented approach, we replace this model with a simply
supported plate subjected to a given moving load and point time-varying forces
X;(t) applied at positions of removed intermediate supports (see Fig. 3).

2.1. Case of a moving constant force

The equation of motion for the plate loaded with a force moving with con-
stant speed has the form (1.1). Boundary conditions for the plate simply sup-
ported on all edges are
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F1G. 3. Simply supported plate subjected to a moving force and concentrated time-varying
forces.

w(0,y,1) =w(L,y,t) =0,
w(x,0,t) =w(x, B,t) =0,

Pw (z,y,t)| 0w (z,y,t)

2.1 =
21) 0z2 20 02 _ 0,
Pw(@yt)|  _ Pwlxy|
8y2 y=0 ay2 y=B ’

and the initial conditions are

(2.2) w(z,y,0) =w(z,y,0) = 0.

We assume the solution in the form of double sine series:

T . nw
(2.3) (x,y,t) ZZYmn sin - 7 sm?y.

m=1n=1

After substituting expression (2.3) into Eq. (1.1) and applying the orthogo-
nality method, we obtain a set of ordinary differential equations:
4P mmut NTYo

(2.4) Yoo (£) + w2, Yoo (t) = DL sin T sin B
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where

1 mm mm\2 /nm\?2 nm\4
2
(25)  wnn = [Dx< ) 2 () () + 0 () ]
Assuming zero initial conditions, function Y;,, (t) can be presented as

mmout nmTYo mnv i, mmut i, NTYo
4P | sin 5= sin —5 T sin T sin 5

(2'6) Ymn(t): -
HBL | = (T o [0~ (72)]

Therefore, vibrations of the plate resulting from the moving force have the fol-
lowing form:

mm}t nTYo mmx nny
sin B sin T, sin B

2.7) w” (z,y,t) = Z Z = w2, — (mrv)?

L

o 0O mmv i, mmut L:.. NTYo mmnx nny

_ZZTSIH T sin B sin 17 sin B

m=1n=1 Wmn [w%ln - (mﬁw)ﬂ

2.2. Case of a concentrated time-varying force

The equation of motion for the plate loaded with the concentrated time-
varying force X;(t) situated at coordinates z;, y; has the following form:
0*w 0*w 0*w

2.8 D, 2H D
(28) Ox? + Ox2 0> + Y oyt

+ pid = Xi(t)0 (x — ) 6 (y — wi) -

The solution of Eq. (2.9) has a similar form as for Eq. (1.1):

mrr . nw
(2.9) (z,y,t Z Z Yo (t) sin sin ?y

m=1n=1

Substituting expression (2.9) into Eq. (1.1) and using the orthogonality
method, we obtain a set of ordinary differential equations

4 mnT; . NTY;

MBLX (t) sin 7 sin—p,

(2.10) Yin () + w2, Yoo () =

where w2,,, is described as (2.5). The solution of Eq. (2.10) can be presented in

the convolution form:

t

4

(1) Y (t) = o sin " sin D b (¢~ 1) X3 (1)
0
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where hy,, (t) is the impulse response function described as

1

(2.12) o (£) =

Sin wynt.
Wmn

Finally, vibrations of the plate have the following form:

X, mrT; . MY
(2.13) w™i(x,y,t) /,LBL Z Zsm 5
m=1n=1
/ 1
- sin m;rx sin n;y / o Sin Wiy, (8 —7) X; (1) dT.
0

2.8. Vibrations of a plate with point supports

Vibrations of a simply supported plate with k point supports can be pre-
sented through the superposition of previously solved cases:

k
(2.14) w(z,y,t) = > w¥ (z,y,t) + w’ (,y,1).
=1

Knowing that deflections of the plate at the positions of point supports are
equal to 0, we can build a system of Volterra integral equations of the first kind
in order to find functions X;(¢) describing reactions on the point supports:

T
(2.15) zk:/dm t—7)X; (1) dT + Ajp () =0, j=1,2,...,k,
=17
where
dij () = " i 3 B (£) 80—t i Y iy TV gy BT
(2.16) pBL = L B L B

Aip (t) = 0" (zi,yi,t) .

To avoid difficulties of solving a system of integral equations analytically,
we shall apply a simple procedure in which we replace direct integration with a
numerical one:

Tr

(2.17) /d” (tp — 1) X; (1) dT = Zdw tp — 1) Xj (1) AT.

0
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The procedure above is based on the midpoint method in which we divide the
time of force movement on the plate tmax = L/v into N equal time segments Ar.
This way, we can replace Eq. (2.15) with

k
(2.18) > dij(tr —70) Xj (1) AT+ Aip (tr) =0,  i=1,2,..,k,
j=1r=1
where
tr = RAT, . = (r—0,5) AT, r=1,2,..., R,
(2.19)

R=1,2,.. N, AT = L/(Nv).

Time step AT used for the numerical calculations should be carefully selected
in order to obtain an acceptable and stable solution. The size of time step AT
depends on the highest value of wy,, used in previous formulas and should fulfill
the condition:

2
(2.20) Ar< —C
Wmmn,max
Further calculations were performed assuming mpax = 7max = 10. The

convergence analysis proved that for higher values of m and n used in the series,
differences in obtained results are negligible.

3. TWO-SPAN BRIDGE PLATE

As the second type of structure, we consider a two-span bridge plate with
arbitrarily situated linear support dividing the plate into two spans. Similarly
to the previous model, we remove intermediate support and introduce linear
load X (z,y,t) describing support reaction. Single-span bridge plate subjected
to a given moving force P and distributed load X (x,y,t) is shown in Fig. 4.

Boundary conditions for the bridge plate are

w(0,y,t) = w(L,y,t) =0,

Polzyt)) _ Pwyt))

a.ﬁUZ =0 B 61.2 =L -

(3.1) Pwlyt) _SwEyt
ayz y=0 ay2 y=B ,

Pw@yt) _ Pwl@y ]

A o0 ly=p

Initial conditions are the same as for the simply supported plate — Eq. (2.2).
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F1G. 4. Single-span bridge plate subjected to a moving force and distributed time-varying linear
load.

3.1. Case of moving constant force

The solution of the equation of motion (1.1) for a simply supported bridge
plate subjected to the moving force can be presented as

2 P £) = - (y. ) sin 2L
(3.2) w' (z,y,1) ;V(y, ) sin 7

After substituting expression (3.2) into the equation of motion (1.1) and
using the orthogonality method, we obtain a set of partial differential equations:

4 2 92
OVa(y,t) oy (@) Vo (y,1)

nm 2P . nmut

4
+ Do () Valyt) = - sin =0 (y = o).

In order to replace partial differential equations with ordinary differential
equations, we shall use central difference quotients:

OV (y,1) 1

8y2 = (Ay)Q [Vn,i—l (t) — 2Vn77; (t) + Vn,i+1 (t>] )

(3.4) oV, (y,t) 1 [
ot (A’

Viji—2 (£) = 4Vii1 () + 6V, (1)

=4V i1 () + Vijiv2 (1))
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Let us divide the plate into s longitudinal stripes (along axis x) of equal
width Ay and apply formulas (3.4). This will lead us to ordinary differential
equations:

(3.5) 1V () + AnVili o (8) + BaV,[ioa (8) + CuVil (8) + BViliya (1)

+ AV o) =Pai(t) for i=23,..,5-2,

where constants A,,, By, C, are described as

D, 4D, 2H /nm\?2
v Bl e (D]

[((Z)/?‘i + (fy{f (%)2 +Dq (T)T

(3.6)

n

equations for : = 0,4 =1,7 = s — 1, 1 = s are related to boundary conditions
(free edges at y = 0 and y = B)

NVnF,)O (t) +Dnvnfj)0 (t) +Envn1?1 (t) +Fnan:)2 (t) = Pmo (t)

for =0,
Mvnli)o(t)+Gnvn€0(t)+HnVn{)1 (t)"‘BnV?fz(t)'i‘AnVn%(t) = Pn,l(t)
(3.7) for i=1,

/J’Vrfsfl(t)—l_AnVTfsfS(t)+annf:)572(t)+HnV7fsfl(t)—i_GnVnF,)s(t) = Pn75_1(t)
for i=s—-1,
/’Lvnf,)s(t)+annf,)sf2(t)+EnVn},Dsfl(t)—i_DnVnF:s(t) = Pn75(t)
for i=s,
where constants D,,, FE,, F,, G, H, have the form:

Dn = (221;4 * (i]yi)z (%)2 +Dq (%)4

[t )

(3.8) En= (ZAI:?/?“ [2+ (Ay)zbuDti <nL7r>1
2Dy 2D, 2H — vy Dy [nm\2
e ol T (0]

Hy = (221)14 + (15)2 (%)2 + Dy (%)4'
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Equations (3.5) and (3.7) can be presented in the matrix notation:
(3.9) M-V () + K- V() = P(t).

Taking into account a number of N mode shape functions, the vectors of
displacements and accelerations will be presented as

[ VP(t) T [ Vio(®) ]
P VP (t
ve— | 2O v - ’T() ,
| VR (@) L VP ()
(3.10)
Vi) ] [ VE @) ]
P VP (¢
vi=| 20| V) = w1 ) n=12..N
| Vi (t) VR ]

The mass matrix M will have diagonal form:

M;
M,

L My | N(s+1)zN(s+1)

/2

(3.11)

L w2 (s+1)z(s+1)
The stiffness matrix K will be presented as
- K, -

K,
(3.12) K =

= N(s+1)zN(s+1)
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[ D, E, F,
Gn H, B, A

A, B, H, G,
- Fn En Dy = (s+1)z(s+1)
The load vector has the form:
Py (1) P (1)
(3.13) piy=| P20 | py= | T,
Py (t) P,s(t)
where
2P . nmot . .. .
P,;(t) = AL sin — for i=4, j#0 and j#s,
(3.14) oy b mmut L _
P, (t) AL sin — for i=j4, j=0 or j=s,
P,;(t)=0 for i # 3.

3.2. Case of concentrated time-varying forces

Continuous load X(z,y,t) shown in Fig. 4 is replaced with concentrated
forces X;(t) situated on the support line (see Fig. 5).

The equation of motion for a case of single concentrated time-varying force
has the form (2.8). The solution of the equation can be presented as

> nwx
1 X t) = 7 (y,t) sin ——.
(3.15) w (x,y,t) ;V (y,t)sin 7

Taking a similar approach as for the previously mentioned cases, we obtain
a set of partial differential equations:

OV lt) gy (") V), (PT)'

3.16) uV, (y,t) + D,—22"2 _9f
( ) % (y, )+ Y ay4 L 83/2
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F1ac. 5. Single-span bridge plate subjected to concentrated time-varying forces situated on the
line of intermediate support.

Ordinary differential equations obtained by applying finite difference proce-
dures have the form:

MVﬁ),(o (t) + DnVn),(O (t) + Envﬁ),fl (t) + anri{Z (t) = Xn,0 (t)

for =0,
iViao (1) + GuVilo (8) + Ha Vi (8) + BaVil (1) + AV (8) = X (2)
for =1,

PV () + ApVi_o (8) + BuVii_y (8) + CRVi (2)
+ BoV,N1 (8) + AnV, Ky () = Xy (1)
(3.17) for i=2,3,....,5 —2,
uVifs-l (t) + AnVn),(s—?) (t) + BTLVn),(s—Z (t) + anéq (t)
+ RV, (1) = Xnjso1 ()
for i1=s5-—1,
PV (8) + FpVits o (8) + B Vi i (8) + DV (8) = X (1)

for 7=s.

Constants A, ..., H, are described by formulas (3.6) and (3.8). The matrix
notation for the equations above has the form:

(3.18) M-V (#) + K- VX (1) = X (1),
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where mass and stiffness matrices are described as (3.11) and (3.12). Vectors of
displacements and accelerations can be presented as

BACR V()
Vi (t VX (t
V() V.X(#)
(3.19) x o
Vl (t) Vn,O (t)
. X . X
. . V(¢
Vi =| V2O | P = N I
RO | V@
The load vector has the form:
X1 (t) Xn’() (t)
X2 t Xn,l t
(3.20) X (t) = :( ) , n(t) = ) Q ,
XN (t) Xn,s (t)
where
_2X4(t) . nmx; . .
Xni(t) = Ay sin — for i#0 and i#s,
(3.21)
Xn,i (t) Xill) g, i for i=0 or i=s.

= AyL sin i

3.8. Two-span bridge plate

The solution for a two-span bridge plate is obtained by combining two pre-
viously analyzed cases and applying the Newmark method formulas [5] for the
case of moving constant force:

VP (tar) = VE (1) + AtV () + a (A2 VT (1) + B (A2 VT (tr11),

V() =V () + %At\"fp(tr) + %At\"fp(tm),

(3.22)
VP(tH-l) = Mﬁlf)(tr—f—l) )

P

P(tr1) = P(t,1) — K |[VEE) + AV (1) + a (A2 VT (1))
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and for the case of concentrated time-varying forces situated on the support
line:

VX (t41) = VX)) + AV (1) + a (AD2 V(1) + B (A2 VY (t41),
V(1) = V(1) + %At\"fx(tr) + %Atv%m :

(3.23)

. X ~ 1~
Vo(try1)) =M X(tr41),

X (trp1) = X(tri1) — K [VX(t) + AV (1) + a (A2 V (1,)],

where r = 0,1, ..., R. R is the number of time steps used in the Newmark numer-
ical integration. For further calculations, the average acceleration method has
been chosen with parameters 8 = 0.25 and o = 0.5 — 8 = 0.25 = (8 providing
unconditional stability. Initial conditions are

VP (ty = 0) = 0, Vite=0=0, V' (ts=0)=0,
(3.24)

V= (tp=0) =0, V' (tp =0)=0, V' (tp=0)=0.

The matrix M required to determine the vector of accelerations unknown at
every time step is described as

M = M + 5 (At)? K,

M= (M+B(At)2K>_1,

-~
M,
~ 1
~-1 M,
M - ’
My
(3.25) - N N(s+1)xzN(s+1)
~ - B T T
Mn,00 Mpo1 - Mn0s mg, g
T
— Mp,10 Mp11 *°° Mnpls mpy4
M, = = J
T
L Mnso Mnps1t " Mnpss | (s+1)z(s+1) | My, |

m ‘:[ Mni0 Mnil - Mpjis ]

)
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The vector X* containing values of forces X;(t) can be obtained from the
system of compatibility equations given in the matrix form:

(3.26) B - X*(tr41) + b(tr41) = 0.

The matrix B has the form:

N
(3.27) — 2a (At)? Z{ - nmcz} 1{Sin TL’/T%',L},
n=1 L
where
(3:28)  {sin "7} = diag (sin T sin Ty s MTE),

The vector b (t,41) is defined as

wl (zo, tri1) + ZSI dn,o (tr+1)
P . nmaq
wy (x1,tp41) + » sin dn,1 (tr41)
(3.29) b(tr41)= ; ;
N nrx
wl (zs,tr41) + Z sin Tsdn,s (tr41)
L n=1 -
where

(3:30) dultr1) = ViX (b) + ALV, () + a (AD? [V () = wnltr)|

dno (try1)
d

n,1 (trJrl)

dn,s ('t,.+1)
and
[ my - K-V ()] ]
(3.31) W, (tri1) = my - [K-Vy (tega)]
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The vector X* can then be defined as

Xo(tr41)
(3.32) X+ (1) = ~B L b (tyy) = | )
X,(trs1)
The load vector in Eq. (3.16) has the form:
X1 (tr41) Xno(try1)
(3.33) X(tr+1) = X2(’f’"+ Dol Xl = Xnvl(.t”l) ,
XN(.trJrl) Xn,s(.trJrl)
where
Xni(tr41) = 2X£(;2+1) sin nza:z for i#0 and i# s,
(3.34)

Xi (tr41) i VT
AyL L

Xni(tr41) = for i=0 or i=s.

Finally, vibrations of the two-span bridge plate can be presented as

(335) w($79i7tr) = wP (xuyi7t7“) +wX (xayiat’r‘)
N nmwx N nmwx
=D _sin ==Vl (t) + ) sin—= V.5 (t).
n=1 n=1

4. NUMERICAL EXAMPLES

4.1. Simply supported plate with two point supports

The first presented example is of a simply supported rectangular orthotropic
plate with two point supports of dimensions shown in Fig. 6. Plate rigidities are
equal to D, = 7.68-108 N-m, D, = H = 1.82-10 N-m, D, = 7.29-10" N - m.
Poisson’s ratio is equal to v, = 0.2 and the mass per unit area is equal to
@ = 1414 kg/m?. The plate is subjected to the concentrated force of magnitude
P = 100000 N moving along axis x with constant speed v = 40 m/s. Figures 7
and 8 show dynamic deflections of points “a” and “b” with respect to time
of the force movement along the plate. Results (continuous line) are compared

with numerical results (dotted line) obtained by applying the finite element
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F1G. 6. Simply supported plate with two point supports subjected to a moving force.

-0.0005 - - T
=0.00025 |- | L e LN
e o ;
0.00025 [ NN\ L (N SN
— 0.0005 | £
£ | |
= 000075 [\ 7 — A S ———
0.001 i b
! ! ——Presented method
000125 | N SEZ S ceeFEM
i 3 — —Static solution
0.0015 ! ! !
0 0.25 0.5 0.75 1
T=vilL [-]
F1G. 7. Dynamic deflection of point “a”.
-0.0005 ; ;
-0.00025 |- N\ O S ——

0
0.00025

'E 0.0005
= 0.00075
0.001
0.00125

0.0015
0

**FEM
“|— —Static solution

0.5
T=vt/L [-]

F1G. 8. Dynamic deflection of point “b”.
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method (FEM) and very good agreement can be observed. FEM results were
obtained for spatial discretization using quadratic plate elements of size 1 x 1 m
and time step At = 0.0025 s. Calculations were performed by using the Autodesk
Robot Structural Analysis Professional program. The dashed black line marks
the influence line of static deflection of points “a” and “b”. Figures 9 and 10
show the deformed surface of the plate at the moment when the force arrives at
points “a” and “b”, respectively.

~0.0005 S
pesfes
A““““““““‘“‘?
S
N A
0.0005 \\\\}'\“\““‘“‘X
N

w [m]

0.001

0.0015

@0.001-0.0015 ©0.0005-0.001
@0-0.0005 m-0.0005-0

F1c. 9. Deformed surface of the plate at the moment when moving force arrives at point “a”.

—0.0005

= 0.0005
2

0.001

0.0015 <

20.001-0.0015  ©0.0005-0.001
@0-0.0005 =-0.0005-0

F1ac. 10. Deformed surface of the plate at the moment when moving force arrives at point “b”.

4.2. Two span-bridge plate

The second example is a two-span bridge plate of dimensions shown in
Fig. 11. The plate has the same rigidities and material properties as the plate
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\\ N ,]
b E010)

F1G. 11. Double-beam system with two elastic restraints loaded with moving point force.

in the previous example, and is also subjected to a force of the same magnitude,
moving with the same speed as in the previously analyzed model. Figures 12
and 13 show dynamic deflections of points “a” and “b” with respect to time of

-0.001

-0.0005
0

0.0005

w [m]

0.001 :
——Presented method
«eesFEM

— —Static solution

0.0015

0.002

0 0.25 0.5 0.75 1
T=vilL [-]

Fic. 12. Dynamic deflection of point “a”.

-0.001

=0.0005 [ A

Presented method

0.0015 [——|*+**FEM | Seaeh

— —Static solution

0 0.25 0.5
T=vt/L [-]

Fic. 13. Dynamic deflection of point “b”.
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the force movement along the plate, respectively. Results (continuous line) are
compared with numerical results (dotted line) obtained by applying the FEM
and very good agreement can be observed. FEM results were obtained for spa-
tial discretization using quadratic plate elements of size 1 X 1 m and time step
At =0.0025 s.

Calculations were performed using the Autodesk Robot Structural Analysis
Professional program. The dashed black line marks the influence line of static
deflection of points “a” and “b”. Figures 14 and 15 show the deformed sur-
face of the plate at the moment when the force arrives at points “a” and “b”.
respectively.
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Fi1G. 14. Deformed surface of the plate at the moment when moving force arrives at point “a”.
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Fi1G. 15. Deformed surface of the plate at the moment when moving force arrives at point “b”.
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5. CONCLUSION

The presented method can be successfully applied in vibration analysis of
rectangular orthotropic plates with point and linear intermediate supports. After
appropriate modification, the method can be applied to other types of moving
non-inertial loads, such as moving distributed load or moving moment. By us-
ing the presented method, we avoid spatial discretization for a simply supported
plate and discretization in the z-direction for a bridge plate. Difficulties of solv-
ing Volterra integral equations for the case of a simply supported plate can
be bypassed by applying the presented numerical procedure. The effectiveness
of the proposed method has been proven by comparing obtained results with
those obtained by using FEM. The disadvantage of this method is that it can
be applied only for non-inertial loads. Another limitation of the presented ap-
proach is that it is dedicated only to plates of rectangular shape with uniform
cross-section. However, a wide group of structures fulfills these conditions, so
for them, it can be applied as an alternative solution or verification for other
methods.
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