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Abstract. The article discusses the dynamic calculation of the elements of
the box structure of buildings under the action of seismic effects, taking
into account the spatial work of the box elements, given by the
displacement of their lower part according to a sinusoidal law. The
equations of motion for each of the plate and beam elements of the box
structure of the building are constructed based on the Kirchhoft-Love
theory. Expressions for the forces, moments, and stresses of the plate
elements, which balance the box elements' displacement, the boundary
conditions, and the conditions of full contact through displacements and
force factors in the contact zones of the plate and beam elements, are
compiled. The general solution to the problem is constructed by
decomposing the movement of box elements according to their shapes
using the finite difference method. The calculation results are shown in
graphs for the height of the box of bending moments, plate elements
working in bending, and shear stresses of plate elements.

1 Introduction

This article poses the problem of forced vibrations of a spatial box-shaped element of a
building, consisting of rectangular panels and beam elements between them, as shown in
Figure 1.

The work [1] is devoted to the method of static accounting of higher vibration modes in
the problems of the dynamics of building structures under the action of an external
harmonic load. With the help of the calculation software package, the displacements of
nodes and internal forces in the elements of the structures under consideration are
determined.

In [2], a multi-storey reinforced concrete frame-braced frame with prestressed girders is
considered, subject to emergency impact, in the form of the sudden removal of a column of
the outermost row on the first floor of the building. Using the finite element method, a
nonlinear quasi-static analysis of deformation and failure was carried out under the
structure in the form of a two-storey two-span frame separated from the building frame by
the decomposition method.
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In a scientific study [3], oriented particle board (OSB) is considered an element of a
pitched roof structure with a soft roof under the action of a vertical load from snow. The
reasons for uneven deflections in OSB joints in the structures of inclined roofs and vertical
walls are revealed, and recommendations for eliminating these reasons are justified.

The article [4] considers the impact of earthquakes of various intensities and frequency
character on the seismic resistance of a wooden building. A computational and theoretical
assessment of the frame building was carried out on simple and complex models under
different intensities and frequency compositions. It has been established that the frequency
composition of the seismic effect significantly affects the seismic resistance of frame
buildings.

The article [5] proposes methods for solving dynamic problems of the dynamics of soils
and earth structures and underground structures interacting with the soil.

The authors of this article have performed several works using the theory of thin plates
[6-8] and the bimoment theory of thick plates [9-14]. Scientific articles [6-8] are devoted to
improving the box-shaped model of the building structure, considering the contact
conditions between the elements of the panel and beams. The equations of motion of the
box elements and the graphs of the displacements of plates and beams are constructed. The
problems of forced vibrations of a building of the spatial box type are considered,
consisting of rectangular panels and interacting bundles under dynamic action, given by the
displacement of the base according to the sinusoidal law. In solving the problem, the
method of finite differences was used.

In [15-16], the dynamic characteristics and oscillations of various axisymmetric and flat
structures are considered, considering various geometries, spatial factors, and inelastic
properties of materials. The problem's solution is carried out by the finite element method
and expansion of the solution in natural vibration modes. Various mechanical effects
associated with the structure's geometry and the material's inelastic properties are revealed.

The article deals with the problem of forced oscillations of a box-shaped structure of
panel buildings (Figure 1), the bases of which oscillate according to a given law:

U, =4,sinmt, Q)
where 4, and w, are the amplitude and frequency of forced oscillations. The work aims

to determine the laws of change in displacements in the panels of the box of a building with
a resonant mode.

Fig. 1. Box structure of the building.
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A theoretical calculation of the box-shaped structure of large-panel buildings for
dynamic effects was carried out under the assumption that the external load-bearing plate
elements of the building 1 and 3, located perpendicular to the direction of seismic effects,
work only for transverse dynamic bending in the OXY plane. Side plate elements 2 and 4,
located in the direction of external influence, are subjected to tension-compression and
shear in their plane OXZ

Let us introduce the following notation for displacement due to the deformation of plate
and beam elements.

Plate deflections 1 and 3 working in bending are designated W(x, y, ).

The displacements of plate elements working in shear are denoted u(x, z, #); v(x, z, ¢).
The plate elements of the box are connected by beam elements. Based on this condition, the
beam elements are subjected to bending and torsion. Deflections and twist angles of beams
will be denoted by W (x,7) and a” (x,1), where: i is L, II, III, IV (number of beams).

It is assumed that the overlap (plate element 5) is also deformable. The law of
movement of its points is determined following the forms of deformations of the upper
edges of the vertical contacted plate elements, the functions of displacements of the points
of overlap are designated u,(z, y, ¢); u,(z, y, t).

The following designations for the plate elements of the building box are introduced in
the article: E,, p,, b, h, and v, are modulus of elasticity, density, width, thickness, and
Poisson's ratio of bending plate elements, £, p. ¢, h. and v. are modulus of elasticity,
density, width, thickness and Poisson's ratio of shear plate elements.

E,, p, h, and v, are the modulus of elasticity, density, thickness, and Poisson's ratio of

E
the floor, G, is the shear modulus of the floor Gn =—"r

2(1+v,)

The height of the box, i.e., the dimensions of all plate and beam elements in the vertical
direction, are the same -a

All beam elements are assumed to have a square section with dimensions #,, 4, from the
same material. The elastic and shear moduli of beams are denoted by £ and G, Poisson's
ratios v and density p, moments of inertia of the beam section in bending and torsion J and
L.

The forces and moments arising in the elements of the box and their connection zones
are introduced. The expressions for the bending and torque moments of the bending plate
elements M,,, M,,, and M,, will be introduced by the formulas

2 2 2 2
M :—D[apV+vbapV}A4 = D6@6PV+6IV}

” ox’ oy’ v o> oy’ )
2
M, = —D(l—vb)a—W,
’ Oxoy
3
where: p — _Bhy cylindrical stiffness in transverse bending,
12(1-v,%)

The expressions for the longitudinal and tangential force of the plate elements working
in shear can be represented as:

R R A W L
Oz Ox ’ 0z Ox 2 ox Oz
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c C

2
1-v;

where: B =

is cylindrical stiffness of plate elements in tension and compression.

Bending and torsional moments of beams are:

_ 0
Mo = 1, 2% @)
X

oW

P
X

MY =-EJ

where: EI,, is the torsional stiffness of the beam, EJ is the bending stiffness of the beam.

The expressions for the shearing force of the bending plates in the areas of their
connections with the beams will be written as:

R =0 +8M"-" R =0 +aM*"’
x . Zx ax s by T Xy ay s
5
0. =—DQ(AW), ©)
: ox
0
=-D—(AW).
0, ay( )

The longitudinal and tangential forces of the plate elements in the contact zones,
working in shear, have the expressions:

PﬂzB(au+v 60) , PC=B(1_V")(8L'+60] . ©)
z=c ox oz z=¢;

z z “ ox = 2

where b; and ¢; are the corresponding coordinates of post-and-beam elements
The displacement field of post-and-beam elements during bending is determined based
on the Bernoulli hypothesis in the form

ow
V=—z—0!.
Ox

The torsion of the post-beam element is caused by the bending moments of the edges of
the plate elements 1 or 3.

2 Method for solving the problem

An analytic-numerical method is proposed for solving the problem of vibrations of the
building box, taking into account spatial deformations with full contact conditions in the
zone of connections of the plate and beam elements of the building box.

Based on representation (1), we rewrite the kinematic laws of displacement of points of
plate elements. The general kinematic law of box motion is presented as the sum of the base
displacement function Up(?) and the relative displacements of plates and beams

uz = Ug(t) + W(x.y.t), uy = Ug(t) + u(x.z.t),u; = v(x.z.t),

u® = Uy(t) + WO (x. y.t). 7
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We write the displacements of plate and beam elements in the form:

W =W(x.y) sin( wyt),
u = u(x.z) sin(wyt),v = v(x.2) sin( wyt),
W® =wO(x.y) sin(wet),a® = a®W(x.y) sin( wyt). 8)

Let us consider the theoretical calculation of the building box under dynamic action,
considering the spatial work of the transverse and longitudinal plate elements.

Let us compose the equations of motion for each plate and beam element of the box
structure of the building [6-8]. Lamellar elements are considered to be thin elastic plates
obeying the Kirchhoff-Law hypothesis. Each beam is subject to bending and torsion. When
constructing the equation of motion and the boundary conditions of plates and beams, we
use the expressions for the moments of forces and displacement (2)-(6).

The system of equations for bending, torsional moments, and shear forces is presented

in the form
oM
LB )
ox oy ’ 9.a)
oM, oM,
+——-0,=0,
ox oy 7
o 00, .. 9
Qc L% _ i+ iU, ©b)
ox oy
The system of equations of motion of plate elements working in shear is taken as:
%4—6& = phLu + pthO’
0z  Ox (10)
oP_. OP ..
—=+— = ph D.
oz Ox

The system of equations for bending and torsional vibrations of beams has the form:

@ .
5_2’; —QW 4 %ngc =0, (11.a)
o . ..
"g—x +pFW® = R, — P — pF U, (11.b)
oMY )
2 = plyd® + Mpy, + Ry, (11.¢)

where: g7 is the torsional rigidity of the beam.

Write the boundary conditions on the base of the building box as for a rigid pinch. The
lower part of the building moves with the base, and there is no rotation.

; ow . ow?”
u =u, =ul’ =U,(t), u, =0, a:o, ™

0, " =0. (12)

Boundary conditions (12) at x=0, taking into account (7), will be rewritten as:
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(i)
=0 _0uz0,0=0 w0 _

0, a” =0. (13)
X ox

As boundary conditions at the upper ends of the elements of the building box at x=a, we
accept the following contact conditions between these elements and the ceiling.

In the connection zone of the plate elements, full contact conditions are set, ensuring the
equality of displacements and stresses. The contact conditions in the zone of joints of beam
and plate elements working in shear will be written in the form

hy, W @ (x. t)

U 2.0) o, = WO, 0(x.2.6) yop, = o

W(x.y.t)yp, = WO (x. 1), (%"y”)) = —a®, (14)
y=bi

Let us denote the displacements of the upper points of beam and plate elements working
bending and shearing

W,(y.t) =W(a.y.t),us(y.t) = u(a.z.t),v,(z.t) = v(a.z.t). (15)

Based on the notation (15), the distribution law for the displacement of overlap points
will be given by the expressions

Up(z.y.t) = Wy (y.t) + ug(z.t) = WO(a.t)

Up(z.y.t) = v,(z.t). (16)
Contact conditions at the joints of the floor and plate elements working in bending have
the form
. or!, . ) ;
- Rx + UopnhbhnW:, = hbhn g - nopnhbhnU(), M)o( =0. ( )
where: n _ - {aWa is shear stress of the overlap atits edge z=c,p = M
zy n
oy bc

The contact conditions at the junctions of the floor and post-and-beam elements will be
written in the form

MD =0, —0D +n0p hh D = —nop, kU,
0 _
M@ <o,

(18. )

Contact conditions in the zones of butt joints of the floor and plate elements working in
shear, relative to the contact tangential and normal stresses, will be written in the form
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n

oo,

¢ ..
—Ch T + MMy iy, = chchy,

- T]OmnCUO ’
_ (18.b)

oG’
¢ . xz
- Cthxx +NoMypcVy = Chchn -

oz
its edge, 5¢ =F. al+v ou ,7¢ :G‘@Jr‘i”
ol Cez) ., T ‘Loz ox
stresses of plate elements working in shear, on its upper edge X =a..

The calculations were carried out for three values of the dimensionless frequency of the
forced oscillation: B, =16. B, =17. B, =18 are with amplitude 4)=2 cm.

where: ol = En{a“a } no_ Gn{ava } are normal and tangential stresses of the overlap on

} are normal and tangential
X=a

Note that the above frequency values approach the value of the first natural frequency,
and the movement of the building goes into a resonant mode. That is, the values of the
frequencies of forced oscillations vary near the values of natural frequencies.

The following parameters are set as initial data:

the ratio of the heights of the panels to the width of the bent panel @ _ 3. and the

b 4

height to the width of the shear panel ¢ — 3 The ratio of the thickness and width of the
c 5

bent panel  _ 0.28 and the thickness of the bent panel to the thickness of the shear panel
b 4
f_ 028 The ratio of the moduli of elasticity of the bent panel and the shear panel £ _3.

h  0.12 E, 8
Poisson's ratio of the panel material v =(.3. The material of beam elements and bending
panels is the same. The transverse dimensions of the beam elements are equal to the
thickness of the bent panel, respectively.

Figures 2 — 5 show the calculations of deflection and stress in panels and butt joints of
slabs and box beams. The maximum deflection value was found at the second upper half of
the height of the bent panel (Figure. 2).

Figure 3 shows the plot of bending stress o, along the height on the average vertical

section of the panel. Figures 4 and 5 show changes in contact normal p,_and shear stresses
P, - The maximum value of the normal stress p, _was found at the upper half of the

height of the contact zone. It's compressive. The maximum contact shear stress p _ was

found in the lower part of the contact zone.

Calculations show that the maximum value of the contact shear stress is much higher
than the value of the normal stress. At the junction between the inner slab and the bearing
wall, rather large stress values were obtained.

Laws of deflection change in height in the middle bending panel in resonant mode.
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Fig. 4. Curves 1, 2, and 3 correspond to the Fig. 5. Curves 1, 2, and 3 correspond to the
values of the normal contact stress values of the tangential contact stresses
b= D.. 10° at the values of the dimensionless p. = &103 at the values of the dimensionless

1 1

frequency of the external action - . frequency of the external action - j.

The law of change of the shear contact stress 7 along the height of the butt joint of the

beam element and the panel in the resonant mode.
For calculations, it was enough to accept n=m =10.

3 Conclusions

1. The method of dynamic calculation of the box-shaped structure of buildings under
dynamic influences has been developed. Equations of motion of points of plate and beam
elements, boundary and contact conditions of the box of buildings of the problem of forced
vibrations are constructed.

2. Using the method of finite differences, an analytical-numerical method for solving
the problem of vibrations of the building box is proposed, taking into account spatial
deformations with full contact conditions in the zone of connections of its plate and beam
elements.
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3. Within the framework of the finite-difference method, a method for dynamic
calculation of the bending moments of plate elements of box-shaped structures of buildings
has been developed.

4. From the graphs, it can be seen that the maximum values of the normal stress when
taking into account the window openings are obtained by 25-30% more than the values of
the normal stress obtained when solving the problem without taking into account the
window openings.

5. In the zone of butt joints between the inner slab and the load-bearing wall, quite large
stress values were obtained.
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