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SPECTRAL METHODS FOR DETERMINING THE SEISMIC FORCES OF
BUILDINGS

CIIEKTPAJIBHBIE METO/Ibl ONPEJIEJEHUSA CEUCMUYECKHNX CIJI 3JAHUIA

Makanaoa cnekmpOux uupu Ccul3blK OOIOHYA UMAPAMMApea XHcaua Kypyimaiaped
CEUCMUKANbLIK — Maacupiepou  3CeNMOOHYH  bIKMALapbl, — KOHCMPYKYUANAPOLIH — MAULYydy
OONYKMOPYHYH OUHAMUKAIBLIK ICENMOO CXeMANapblH MY3YY, UHEPYUANbIK PeaKyusnap Hcaua
Kypyaywi — KOHCMPYKYUALAPLIH — KOMOPYY,  CEUCMUKANbIK — KY4YmyH  maacupumer  Yaam
UMapammapOobiH O3YHYH JHCAHA AP2ACHI3 MEPMENYYAoPY Kapaiam.

O30k c0300p: KypYIyW KOHCMPYKYUANAPbL, KOHCMPYKYUAHLIH mawyydy 0Oenyey,
CeUCMUKANLIK MAACUD, CHI3bIKMYY MEePMENYYA0p, UHEPYUAILIK peaKyus, 0epopmayus, Kemepyy
HCOHOOMOYYNLY2Y, CEPNUNSUYMUK, KATNYYIVK.

B cmamve paccmampusaromesn memooul pacuema ceticMudeckux 6030euUcmaull Ha 30anus
U COOpYIHCeHUs. NO CNEKMPALbHOU KPUBOT, cO30anue OUHAMUYECKOU PACYeMHOU CXeMbl HEeCYUUX
JEeMEeHMO8  KOHCMPYKYUU,  UHEPYUOHHble peakyuu U  nepemeweHus  CmpoumenbHblx
KOHCMPYKYutl, COOCMBEHHbIE U BbIHYIHCOCHHbIE KOIeOAHUs 30aHUll NPU 0eticmBUlU CellCMU4ecKux
cul.

Knwuegvie cnoea: cmpoumenvHas KOHCMPYKYUS, HECYWUll dJeMeHm KOHCMPYKYUl,
celicmMuueckoe 6o30elicmsue, JUHeliHoe Kolebanue, UHEePYUOHHAS pearyus, Oepopmayus,
Hecywas CnocO6HOCMb, YAPY20CMb, HCECMKOCb.

The article discusses methods for calculating seismic effects on buildings and structures
along the spectral curve, creating a dynamic calculation scheme for load-bearing structural
elements, inertial reactions and displacements of building structures, natural and forced
vibrations of buildings under the effect of seismic forces.

Keywords: building structure, load-bearing structural element, seismic action, linear
vibration, inertial reaction, deformation, bearing capacity, elasticity, rigidity.

Relevance. With the current level of development of computer technologies and software
applications, calculations for the periods and modes of natural vibrations of building structures
are relatively easy to solve, for these purposes there is a wide range of software products such as
Autodesk Revit, Autodesk Robot Structural Analysis, Lira, etc. The main problems are of
fundamental nature and based on the difficulty of determining seismic forces. The function Wo
(t) = Y (), the model of rock fluctuations in the calculation formulas, is unstable and does not
provide an accurate analytical explanation. Seismic forces are defined in the same vein.

Research Purpose. Perform numerical modeling of buildings and structures on the
spectral curve.
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Methodology. The following methods of structural mechanics were used in the work: <<
spectral method for determining seismic forces, the method of concentrated deformations, the
method of boundary conditions, methods of graphic statics, methods of statically determinate
and statically indeterminate systems, fundamentals of the seismic vibrations theory.

Research Results. Static theory has been primarily used in retrospect. The deformation
of building structures according to this theory was insignificant and the acceleration of points
with the acceleration of the ground was synchronized. The highest indicators of seismic inertia
are calculated from the maximum ground acceleration [1]:

max W

_ — ——O =
5, = max‘Sk(t)‘ =mmaxy =— 00, =K 0;. (1)

Here Q) — is the weight of the concentrated load at the point .

Current methods for determining seismic loads on buildings and structures are based on a
dynamic approach to the problem and they use the theory of seismic vibrations. One of these
methods is the calculation based on real records of earthquakes that have occurred. Seismic
forces are calculated by numerically solving differential oscillation equations, and the
instrumental accelerogram of one of the last strong earthquakes in a real and specific area is
taken as a Y(?) function. Calculations are performed using Robot Structural Analysis, Lira or any
other available on the market software. Among other things, the disadvantage of this method is
the complexity of choosing an accelerogram that is sufficiently suitable for this particular case.

An alternative method is based on the probabilistic interpretation of the seismic
vibrations problem [2, 3, 4]. This allows deformations to be determined based on the properties
of seismic forces or properties of fundamental vibrations of the environment. The possibilities of
this method are limited by the lack of basic knowledge about the probabilistic properties of rock
vibrations.

The spectral numerical model is used to determine the seismic forces. It does not give an
accurate description of the seismic forces fluctuations in different ranges of temporal data. The
method approximates seismic forces for individual normal components of buildings and
structures oscillatory process.

Then we derive the mathematical formulas of the spectral method. The absolute value of
the maximum seismic forces during normal vibrations is:

2
Sik = maxt‘Sl.k (t)‘kal.le. (T_maxt‘[i (l‘)‘)
i
(k=12,...,n)

We enter the notation as follows:
Cppy (1) = maxt|W(t,T,7/)| . (2)

This function, which expresses the greatest accelerations of the generator depending on
its own period, is called the acceleration spectrum. Its graphical signature is a spectral
acceleration curve. The displacement and velocity spectra of the oscillator are calculated in an
identical way.

While taking into account the notation (1), the previous expression of the maximum
inertial forces will be rewritten in the following form:

Sie =™ Xix

(k=12,...,n)

X DiCyp (1)

3)
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Thus, the maximum inertial forces of the individual normal components of seismic
vibrations are expressed using the acceleration spectrum. In this vein, the acceleration spectrum
can be considered as the main engineering and technical characteristic of the seismic impact.

Now we will replace the masses my in expression (3) with the concentrated weights Qi
according to the relation

m, =——, 4

where g is the gravitational force. In addition, we will introduce the following notation:

Tie = X P> ®)

K B.. (6)

Then expression (3) is written as follows:

Sik =K Py
(7)
(k=12,...,n)

Formula (7) is the key calculation formula for existing building codes and regulations. It
determines the concentrated seismic forces of a discrete contour corresponding to the i-th normal
component. In formula (7), fi is called the dynamic coefficient, and #ik — is the shape
coefficient, Kc — is the seismicity coefficient. Let us include the value of Di in formula (5),
replacing the weights mk in it in proportion to the values of Qk. Then for the coefficient of the
form we obtain the following expression:

n

z 0 X,

v=1 v 1w

k=N ®
z Qin
v=1

As shown, the indicated coefficient is derived from the natural form only and the
localization of the load Ok in the marked design scheme.

It follows from formula (6) that Kcfi is the spectrum of accelerations, expressed in
fractions of the gravitational constant acceleration. The Kc values in the norms are the same as in
the static theory. The desired value of the seismicity coefficient should be considered as a key
factor. The properties of the seismic response spectrum are reflected in i coefficient. Its values
are based on the spectral curve.

Based on the spectral curves, it is possible to determine the inertial forces for systems
with distributed parameters. The maximum intensity of the distributed inertial forces of the i-th
normal component can be represented as [5, 1]:
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Si (x)= max

Si (x,1)

=K B (1)q(x).

Here ¢g(x) is the intensity of the vertical force configuration. The eigenmode shape
coefficient in this case is determined by the following formula

h
[g(0)X (x)x

n,(x)= X (0D, = X, (x) ;j : (10)

jqr(x)X.2 (x)dx
0 i

where /4 is the height of the structure under consideration.

In this regard, the response spectrum curves describe the largest inertial forces for the
seismic wave components. To compensate for this shortcoming of the spectral method, it is
reasonable to resort to additional assumptions about the phase relationship of individual normal
components [6, 7, 1].

The probabilistic calculation takes into account the first few normal components of
seismic vibrations. For each of them, the maximum seismic loads are calculated using formulas
(3) or (9). In addition, the seismic forces for each component are considered as an independent
static load, and the seismic forces in the section Ni corresponding to the individual components
are calculated in the usual way. Their maximum values for this particular section are denoted by
Nmax. The design force in the cross section is defined as the root-mean-square value of these
forces, all Vi, except for its maximum value, are entered with a factor of 0.8.

From the mathematical expressions described above, it can be seen that the response
spectra of individual earthquakes can be determined from instrumental accelerograms. They can
also be obtained from alternative seismometers that directly record the maximum accelerations
of oscillators with different periods and shapes [8, 9, 10]. The calculated response spectrum can
be obtained by cumulative generalization of the spectra of individual earthquakes characteristic
of a particular region. We assume that with the accumulation of information data from
seismometers, it will be possible to construct refined spectral curves for each individual region.

In the building codes of some countries, the calculated spectral curves take into account
the influence of the soil conditions of a particular area [8].

The spectral method for determining seismic loads is based on the fact that, depending on
the periods and modes of natural oscillations of building structures, calculated according to their
dynamic design scheme, seismic loads for individual natural modes and periods of oscillations
are determined using a spectral curve. For these loads, considered as static loads, the seismic
forces are determined from individual natural modes and oscillation periods. Next, the numerical
values of seismic loads are calculated, due to the entire complex of accepted normal components
of seismic vibrations. The process of calculating seismic loads based on the dynamic method is
shown below according to their parameters in sequential order.

In order to create a design model of a discrete type, the distributed vertical load in the
supporting structures is shown in separate sections and in the form of concentrated loads used in
the centers of gravity of the corresponding structural elements. But it is difficult to use for unique
buildings and structures, and for many man-made structures. In practice, the concentrated
element load is calculated as the total load on the corresponding structural elements. The load
should be applied when the loads on reinforced concrete structures are high and earthquakes are
close to the nature of the prevailing seismic vibrations. In addition, the authors believe that the
results are based on the dynamic calculation scheme shown in Figure 1.
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Fig. 1. Numerical model with n degrees of freedom

The power Ok is determined by the standard mass corresponding to building structures.
The hydrostatic E, of groundwater drainage is the basis of the surrounding particles and does not
affect the mass. In this regard, some design solutions do not take into account the effect of
hydrostatic pressure. During calculations, ongoing dynamic calculations can be calculated using
the same method as building structures, which can be transferred to the overall structure. When
calculating the concentrated pressure on a dynamic load element from an automatic switchgear,
this effect is fixed using an additional factor of 0.8.

Single displacements are determined according to the rules of structural mechanics, while
taking account the actual rigidity of the elements of building structures into account. It should be
taken into account that load-bearing elements of structures that are not involved in strength
calculations often increase the rigidity of the structure to a significant extent, which will
inevitably lead to an increase in seismic inertial forces. Thus, for example, the excessive
horizontal rigidity of spans of bridge structures in the transverse direction, in addition to
horizontal ties, depends significantly on the road surface. Not taking into account these structural
elements can give a result that does not exist in fact, which must be taken into account when
calculating single displacements. In some cases, it is recommended to take into account the
elastic-plastic characteristics of foundation structures.

The higher the rigidity of the load-bearing structural elements and the identical its scheme
to a system with one degree of freedom, the higher the components (overtones) of seismic
vibrations. Determining the number of components to be calculated, the authors recommend
determining the intrinsic step period 7/, which is a measure of the dynamic stiffness of building
structures.

For T1>1/2 s, the first three normal components should be taken into account (i = /,2,3).
If flexible structures such as suspension bridges, it becomes necessary to consider a larger
number of components (up to five). For structures with a period 7/<1/2 s, the norms allow
taking into account only 1 component of seismic vibrations in the calculation.

To redefine Ok and unit displacements dkv of concentrated masses, it is necessary to
calculate masses with concentration mk = Qk/g and form a matrix of the following form:

m,0 m25 .. m O

1711 12 n ln
m. o m,0 . m O
[mkékv]}évn: 1...21 2...22 nm2n (1
m15n1 m25n2 mnénn

Hereafter, for this matrix, it is necessary to calculate the first exponents of the
eigenvalues Ai and the coordinates of the corresponding eigenvectors Xik. Secondly, it
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determines the wave height coefficients, that is, the coordinates of the corresponding modes
natural vibrations at the points of application of the concentrated forces Xik =CXi (xk). Their

duration is expressed as eigenvalues
T.=2x \/Z . (12)

The real problem here is to calculate the eigenvalues and eigenvectors. It is well known
that the characteristic equation is used to determine the eigenvalues:

ml5ll -1 m2512 mn51n
m1521 m2522 -1 .. mn52n S (13)
ml5nl m25n2 mnann -1

The eigenvectors are calculated from the following system of linear homogeneous
mathematical equations:
b8y =2 gy 8 Xy m 5y, X =0

g Xy gy =2 J e, 3, 0, 0

m15n1Xil + m25n2Xi2 Tt (mngnn B Ai )Xin =0

i=12,...,n

(14)

The eigenvalue 4 = md and, accordingly, the oscillation values are calculated by the
following formula:

T =27dms =22 J05 . (15)
Je

where m, Q are the weight and load of the system, ¢ is the unit horizontal displacement of
their pinching point.

For a system with two degrees of freedom, visualized in Fig. 2 we derive the following
quadratic equation

2
2m,m (5 Onn —O j
P 172(7117°22 12 ' (16)

1,2
, _ 2
MmOy + im0y, +\/(m1511 +’”2522)2 _4’”1’”2(511522 _512)
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Fig. 2. Numerical model with 2 degrees of freedom

According to equation (14), the amplitude-frequency coefficients can be written as
follows:

A, —m.o
X, =tx, =-t 111
il i2 )
2°12 (17

(i=12)

Most likely, in some cases, only the base form and the corresponding definition of 7/ can
be defined. Without software applications, it cannot be used by the method of successive
approximations [28] or the spectral curve method. Approximation to reality and the form of the
energy method can be obtained on the basis of the energy method [2, 3, 4]. The concentrated
masses Qg are applied to the scaled circuit in the horizontal circuit and determine the point of
application, based on this, the following is true:

n
Yk = 9% (18)
(k=12,....n)

These displacements are taken as approximate values of the ordinates of the form of the
main vibration (yk=X1k).
Pitch period:

(19)

It should be noted that the actual deformation properties of building structures and their
foundations in the calculations are always reflected with a high degree of approximation, which
introduces an error in determining the proper periods. Therefore, we recommend evaluating the
value of proper periods obtained as a result of calculation in accordance with full-scale
experiments of similar building structures.

Concentrated seismic loads correspond to the i-th natural mode:
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Sk =K Py

(k=12,...,n)

Recall that S; is a concentrated seismic load generated by the weight O and applied to
the point k. The seismicity coefficient K. depends on the analytical seismicity of the structure
given in Table 1 [1].

Table 1 — Analytical seismicity of the structure [1]

Analytical seismicity, MSK points 7 8 9
K. 0,025 0,0 0,

5 1
A; A=K *2 0,05 0,1 0,

2

The coefficients #ik are calculated by expression (8). The dynamic coefficient fi is
determined by the natural oscillation period 7i of each specific seismic action. The response
spectrum curve of the dynamic coefficient, adopted in building codes, is visualized in Fig. 3. The
values of f are bound by the conditions f<3; >0.8, the intermediate part of the curve is
described by the following formula

B, = 21)

1
i T
l

A

0,8

} : { Y 5T, cex
0,5 1.0 1.5

Fig. 3. Graph of the coefficient of dynamics
According to building codes, the design seismic forces in any section are determined by
the following formula

0

_ 2 2
Np = \/Nmax +O,52Nl. , (22)

where N; is the force in the section from the seismic forces of the i-th normal component;
Nnax 18 maximum force.

The practice of applying the above theoretical calculations and the findings can be
implemented using the example of [11, 12].

Conclusions. The seismic forces were calculated for individual normal components. For
this purpose, the set of seismic loads Sik corresponding to each i-th component is considered as
an independent static load. For these forces, seismic loads in the determined sections of the
building structure are calculated in a classical way. Thus, each calculated section has its own
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amount of seismic forces Ni corresponding to different natural forms. Here 7 is the number <
normal components taken into account in the calculation, as a rule, r = 3.
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