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The article investigates the dynamic behaviour of a box-shaped building structure sub-
jected to seismic excitation modelled as a sinusoidal base displacement. The structure is rep-
resented as a spatial system of interconnected plate and beam elements, accounting for bend-
ing, shear, and torsional effects. The problem is solved numerically using the finite difference
method. Calculations are performed for three dimensionless excitation frequencies i1 = 16,
B2= 17, and Bs = 17.5, with a base displacement amplitude of Ao = 0.02 m. Material proper-
ties are taken as Eb = 20000 MPa and Ec = 7500 MPa, with geometric parameters a = 3.5 m,
b =5 m, and hc = 0.2 m. Results show that as the excitation frequency approaches the natural
frequency (B = 17.5), resonance leads to a significant increase in displacements. Maximum
dimensionless deflections (W/Ao) occur in the upper regions of bending panels and are notably
higher near openings compared to solid sections. The presence of openings increases displace-
ment values, particularly along their edges, while beam and plate elements exhibit consistent
deformation patterns.

Keywords: Box-shaped building structure, displacements of constructions, dynamic
impact.
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1. INTRODUCTION

Modern construction imposes high
demands on the reliability and stability
of structures, especially in seismic zones.
When designing and analysing buildings,
assessing the behaviour of their elements
under external loads remains a relevant
task. Plate elements of box-type building
structures, such as walls, floors, and oth-
ers, play a key role in ensuring the stabil-
ity of a building. They are subjected to both
static and dynamic effects, requiring pre-
cise calculations to determine their spatial
state. Various methods, including the finite
difference method, are used to evaluate the
behaviour of plate elements in box struc-
tures under seismic activity, allowing for
accurate numerical solutions.

The study [1] investigated the free
and forced vibrations of a sandwich beam
with a porous core and composite face lay-
ers, analysed the effects of various param-
eters. The paper [2] examined the nonlin-
ear free vibrations of a fully geometrically
exact Timoshenko—Ehrenfest beam and
employed numerical methods to account
for nonlinearities. In these articles, dynamic
properties were determined, and the results
were compared with existing literature,
highlighting their significance in engineer-
ing and structural design.

Articles [3], [4] were devoted to
dynamic calculations of elements of box-
shaped buildings for seismic resistance,
considering the spatial work of box-shaped
elements. In this case, the dynamic effect
was specified as harmonic oscillations of
the base movements according to a sinu-
soidal law. The equations of motion were
given for each of the plate and beam ele-
ments of the box-shaped building structure
based on the Kirchhoft-Love theory.

Studies [5], [6] focused on improv-
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ing the box model of a building structure,
considering the contact conditions between
panel and beam elements. Equations of
motion for the box elements were derived,
and displacement graphs for the plates and
beams were constructed. The articles exam-
ined the problem of forced vibrations in
a spatial box-type building, consisting of
rectangular panels and interacting beams
under dynamic impact, defined by a sinu-
soidal base displacement. The finite differ-
ence method was used to solve the problem.

In works [7]-[10], the dynamic charac-
teristics and vibrations of various axisym-
metric and flat structures were considered,
taking into account various geometries,
spatial factors and inelastic properties of
materials. The solution of the problem was
carried out by the finite element method and
the expansion of the solution in terms of
natural vibration modes. Various mechani-
cal effects associated with the geometry of
the structure and the inelastic properties of
the material were identified.

The articles [10], [11] studied the
dynamic analysis of elements under the
influence of seismic and vibration loads.
A method for taking into account inertial
forces in dynamic analysis was proposed.
The paper [12] considered classical analyti-
cal methods for calculating displacements
based on the Kirchhoff-Love thin plate the-
ory. The main assumptions and limitations
of these methods were considered.

The paper [13] presented the modal
analysis of a thin rectangular plate simply
supported. The analytical solution of the
differential equation was obtained by apply-
ing the method of separating the variables.
Numerical methods such as the finite ele-
ment method allowed approximating these
functions with greater accuracy. The results



obtained by MEF through Ansys 15.0 were
then compared with those obtained by the
analytical method.

The present article aims at developing
a theoretical calculation methodology for
plate elements of the box structure in large-
panel buildings under seismic effects, con-

2. THEORETICAL BACKGROUND

sidering the spatial interaction of transverse
and longitudinal elements. The building is
modelled as a spatial box structure consist-
ing of beam and plate elements, as shown in
Fig. 1. It is assumed that the lower part of
the building moves together with the foun-
dation under dynamic loading.

Let us assume that the load-bearing ele-
ments of the building (plate elements 1, 3),
located perpendicular to the direction of
seismic impacts, work only on transverse
dynamic bending. The deflections of the
plate are designated by The plate elements
(plate elements 2, 4), located in the direc-
tion of the external impact, are subject to
tension-compression and shear in their
plane OXZ. The displacements of the plate
elements working on shear are designated
by W(x,y,t). The floor (plate element 5) is

also deformable. The law of motion of the
floor is determined in accordance with the
forms of deformations of the upper edges of
the vertical contacting plate elements.

The lower part of buildings under seis-
mic impact in the direction of the OZ axis
moves according to a given law [5], [7].

Uy =4,sinw,t,

6]
where Ay and wo — the amplitude and fre-
quency of forced oscillations.

Fig. 1. Structural model of the building.

The article introduces the following
designations for the plate elements of the
building box: E, p,, b, h, and v, are the
modulus of elasticity, density, width, thick-
ness and Poisson’s ratio of bending plate
elements, E, p_, ¢, h_and v_are the modulus
of elasticity, density, width, thickness and
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Poisson’s ratio of plate elements working in
shear.

E, p,, h and v - elastic modulus,
density, thickness and Poisson’s ratio of
the floor, G, — shear modulus of the floor
G, = z(i'vn)- All elements of box height are
the same. It is considered that all beam




elements have a square section of size h , h and torsion J and [, .

b’ b
from the same material. Elasticity and shear The expressions of bending and
moduli of beams are designated E and G, torque moments of bending plate elements

Poisson’s ratios v and density p, moments My, My, and M,,, are introduced using the
of inertia of the beam section in bending formulas:

?w ?w *w | *w 2w
My, =—-D <ax2 + v W)'Myy =-D (Vb Py + W)' Mxy =-D(1—vp) %, (2)
3
where D = —2">_ _ cylindrical rigidity in transverse bending.
12(1-vp2)

The expressions of the longitudinal and in shear are presented in the form:
tangential forces of plate elements working

] ] ou | @ ou | 8
P =B (5 +ve5r) P = B(ve gy +50) P = BA—vO) (554 57). 3
where B = ff:lfz — cylindrical rigidity of plate elements under tension and compression.
c

2.1. Method for Solving the Problem

A method for solving the problem of Based on representation (1), the general
displacement of elements of a large-panel kinematic law of motion of the box is pre-
building box 1is proposed, taking into sented as the sum of the base displacement
account spatial deformations with full con- function Uy(t) and the relative displace-
tact conditions. ments of the plates and beams:

u; =Up(t) + W(x,y,t),

) _ 7
u = UO(t) + u(xlzl t):uZ = U(xlzl t)l ugl) = UO(t) + W(l)(x:% t) ( )

The displacements of the plate and
beam elements are written in the form:

W =W (x,y) sin(wgyt),
u =u(x, z)sin(wpt), v = v(x, z) sin( wyt), (8)
w® =w®(x,y)sin(wot),a® = a®(x,y) sin( wot).

Let us consider the theoretical calcu- of the building [5]-[7].
lation of the box of a large-panel building The plate elements are considered to be
under seismic impact, taking into account thin elastic plates, subject to the Kirchhoft-
the spatial work of the elements. Let us Love hypothesis. When constructing the
compose the equations of motion for each equations of motion and boundary condi-
plate and beam element of the box structure tions of the plates and beams, we will use
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the expressions of moments (2)—(3).
The system of equations for bending,
torque and shear forces is presented in the

form:

aff;"‘ + az;;y ~Q. =0,

al:;y aMyy -0y = (9,a)
2“‘Q—%%W+WM% (9,b)

The system of equations of motion of
plate elements working in shear is taken as:

0P, P ) .
a;z a;;z = pcheit + pchcUy,

0P,y 6Pxx

e + =% =p.h 0. (10)

The system of equations for bending

®
Uy = Ug —ug) Ug(t),uy; = OaLO

The boundary conditions (12) taking into
account (7), are rewritten as:

aw aw()

— =0v=0W® =0,—=
ox

W=0—=0u

In the zone of connection of plate ele-
ments, full contact conditions are speci-
fied, ensuring equality of displacements

U(x,2,t) 72c; = WO, ), 0(x, 2, ) 2, = +—

2
ow t
Wy, 0y = WO, (F522)
y=0;

The displacements of the upper points
of beam and plate elements operating in
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=0,a® =0.

= —q®,

and torsional vibrations of beams has the
form:

amM®

hp
o PZCx =0,

(11,a)

0] i . .
ag_x+ p(l)FW(l) = Ry - PZC _p(i)FUO' (ll,b)

oM

D e n
a)l: = pil,a@®D + M5, -|-7°Ry. (11,¢)

where G I, — beam torsional rigidity.

The boundary conditions on the base of
the building box are specified as for rigid
clamping. The lower part of the building
moves together with the base, and there is
no rotation. The boundary conditions at the
base of the building frame are specified as
fixed (rigid clamping). The lower part of the
structure moves together with the founda-
tion, and rotation is absent.

M =, (12)

(13)

and stresses. Contact conditions in the zone
of connections of beam and plate elements
working in shear are written in the form:

hy, W O (x, t)

ox ’ (14)

bending and shear are denoted by



Wa(,6) = W(a,y,t), ua(y, 1) = u(a,2,1),v,(2 t) = v(a, z1). (15)

Based on notation (15), the law of dis- points will be defined by the expressions:
tribution of the displacement of overlap

Un(2,y,t) = Wo(0,t) + ua(2,t) =W (a,t)
Un(z,9,t) =v,(z,t). (16)

The contact conditions at the joints of  bending are of the form:
the floor and plate elements operating in

oty

—Ry + nopnhbhnWa = hyhy 3y

- nOpnhbhnUO!MJtclx =0, (17)

aw,
oy

_ 2(bhy+chy)

where: 775, = G, ( )— shear stress of the floor at its edge z = c,pg = ——,-

The contact conditions at the joints of  are written as:
the floor and the post-and-beam elements

M® = 0,-Q® + nopuhyha W = ~nopyhyhalo, My = 0. (18.2)

The contact conditions at the joints of  shear, with respect to the contact tangential
the floor and plate elements operating in and normal stresses, are written in the form:

—Cthsz + nomncua = Chchn a_;Z - nOmHCUO’ (18,b)

903,
9z’

c R
—Ch oy + oMyl = chehy

ou v .
where 0z, = Ej [a—Za],U}lx = Gy [a—za] — normal and shear stresses of the floor at its edge
ou

v
_ c _ v i
y= b, Oxx = Ec [6x + v 0zl q

dv | ou
»Tox = Ge [_ +--| ,—normal and shear stresses of plate
dz 0xly—q

elements working in shear at its upper edge x = a.

As boundary conditions on the contour  for the free edge (Fig. 2):
of the window opening, we set the same as

M,, = 0,R, = 0, at x = const (on the contour AB and CD), (19,a)

My, = 0,R, =0, at y = const (on the contour AC and BD). (19,b)
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At each internal corner point of the conditions:
opening A, B, C, D, we have five boundary

My, = 0,R, =0,M,,, = 0,R, = 0,M,, =0, atx = const,y = const. (20)
A B
Rx=0 Mx=0
= o
c Ry=0  Mx=0 o

Fig. 2. Flexible plate element with a cut-out.

The vibration modes (8) must satisfy forced vibrations of a bending plate ele-
the equations of motion (9)—(11), boundary ment of a box is described by a function
conditions (13), (19) and (20), and contact represented as the sum of the solution to the
conditions (14), (17) and (18). problem of forced and natural vibrations:

The general solution to the problem of

W(x,y,6) = AWy (x,¥) sinwo t + ZiLy CiW(x, y) sinp; ¢. @1

The solution to the problem of forced  bending is expressed through the natural
oscillations of a plate element operating in ~ modes of oscillations:

W, (x,y) = XiL, AW (x, ), (22)

where A;(i = 1,2,3,..) — expansion coefficients.

Based on the expression C; = —AOAl% and eral solution to the problem for a bending

taking into account (22), we obtain algen- plate element in the form [5]-[7]:

W(x,y,t) = A (sin wot— %sin 1 t) W, (x,y). (25)
1

The expression for the displacement of
a plate element working in shear has the
form:
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1)
u(x,z,t) = Ay (sin wot — p—osin P1 t) uy(x,2),
1

v(x,z,t) = Ay (sin wot— %sin P1 t) Uy (%, 2).
1

The problem of determining the
unknown coordinate functions in expres-
sions (25)—(26) is solved by the finite dif-
ference method. For convenience of calcu-
lations, the frequency of forced oscillations
o, is presented in the form:

- _ B [D
Wk =2 o

3. RESULTS AND DISCUSSION

(26)

where the values of 8, are specified, and the
frequency of the external action is deter-
mined through the parameters of the panels.

The study develops a method for
dynamic calculation of the box structure
of buildings based on the method of finite-
difference schemes.

In the calculations, the values of the
frequency of the external impact were car-
ried out for three values of the dimension-
less frequency of forced oscillation B =16,
B,=17, B,=17.5, and the amplitude of the
base displacement A =0.02 m.

Note that the value of the third fre-
quency is very close to the first natural fre-
quency and the building’s movement goes
into resonant mode.

The following parameters are specified
as the initial data for the box elements.

Moduli of elasticity of plate ele-
ments operating in bending and shear are
E,=20000MPa, E =7500MPa. Poisson’s
ratio of the materials of plate elements is
vp =V, = v, = 0.3.

Set the following geometric dimensions:
for bendable plate elements 1 and 3, thick-
ness, height a = 3.5 m and length b = 5 m,
and for plate elements 2 and 4, thickness
h = 0.2 m; length ¢c= 4 m. Let us proceed
to the discussion of the obtained numerical
results on the bending moment on bending
plate elements. The transverse dimensions of
the beam elements are equal, respectively, to
the thicknesses of the bending plate elements
and the plate elements working in shear.
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In the graphs, the solid lines W show
the results of plate elements with an open-
ing, and the dotted lines W show the results
without openings,  is the interval (step) of
finite differences. Figure 3 shows a graph of
the change in the dimensionless deflection
W/A,, along the vertical (Fig. 2 M =0, R =0)
at the right edge of the opening of the bend-
ing plate elements. The calculation results
show that the deflection values at the edges
of the opening of the plate elements are
greater than the re sults without an open-
ing. The values of the frequencies of forced
vibration vary near the values of natural fre-
quencies. The maximum deflection value is
found at the second upper half of the height
of the bending panel.

Figure 4 shows the change in dimension-
less deflection by width at the lower edge of
the opening (Fig. 2 M =0, R =0) of the bend-
ing plate elements. Figure 5 demonstrates the
laws of change in deflection by width (deflec-
tion diagram) at the upper edge of the opening
of the bending plate elements. The solid lines
W(k)v show the results of plate elements with
an opening, and the dotted lines W(k) reveal
the results without openings, 7 is the interval
(step) of finite differences.
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Fig. 3. Laws of change in the vertical dimensionless maximum deflection W/A , at the right edge of the
opening for three values of the dimensionless frequency of forced oscillation of plate elements operating in
bending in resonant mode.

35
30 WLk
25 __-_"‘-'-——__ WYk
= 20 Wk
184 e WYk
10 = == R
5 LTLTLTLTLTLTILTLTLTLTLTLTLTLLTLTLTLTiLTLon - - - Wil
0 - === 5F======+=== ]

Fig. 4. Laws of change in the vertical dimensionless maximum deflection /4, at the lower edge of the
opening for three values of the dimensionless frequency of forced oscillation f of plate elements operating in
bending in resonant mode.
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Fig. 5. Laws of change in the vertical dimensionless maximum deflection W/4,, at the upper edge of the
opening for three values of the dimensionless frequency of forced oscillation /5 of plate elements operating in
bending in resonant mode.

Figure 6 shows a graph of the dimen-  and the dotted lines W = show the results
sionless deflection of a vertical beam ele- without openings, # is the interval (step) of
ment, the solid lines W(m)v demonstrate the finite differences.
results of plate elements with an opening,
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Fig. 6. Changes in the vertical dimensionless maximum deflection /4, at three values of the dimensionless
frequency of forced vibration f of beam elements in the resonant mode.

Comparing Fig. 3 and Fig. 6, we con-
clude that the deflection of the vertical edge
of the bent panel is less than the deflection
at the edge of the opening. This is explained
by the fact that the edges of the panel are

4. CONCLUSION

held by transverse plate elements that work
in shear. This means that the bending shapes
of the beam elements and plate elements are
identical.

The equations of motion of points
of plate and beam elements of the building
box, boundary, contact and initial condi-
tions of the problem of forced vibrations
are provided in the paper. Within the frame-
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