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Abstract. Implementation of a direct dynamic calculation of spatial reinforced concrete frame
structures taking into account the nonlinear work and plastic properties of materials is rather a difficult
task. When carrying out such a calculation by the finite element method, difficulties arise at the
computational stage and in analysis of the results due to the fact that the dimension of the system of
equations of this method is very large, since it is necessary to split the elements of reinforced concrete
frames into a large number of small finite elements due to the difference in deformation properties of
concrete in compressed and stretched zones, as well as in the stages of loading and unloading.

In connection with the stated before remarks, there is a need for the use of alternative methods,
especially in the study of multi-cycle dynamic processes, for example, with seismic effects.

On the base of the method for constructing differential equations of spatial non-linear
elastoplastic bending of reinforced concrete beams and the algorithm for applying the boundary
element method in solving non-linear problems proposed by the author, an algorithm for solving
quasistatic problems for reinforced concrete frames is developed.

On each of the rods, a local coordinate system is selected. In this system, for each of the rods,
a system of differential equations of spatial bending is written in increments of the coordinates of
the cross section center and the torsion angle, taking into account the physical and geometric
nonlinearities and plasticity of concrete. On the base of the algorithm proposed by the author, by
means of fundamental solutions to the Cauchy problem for this system, matrices can be constructed
for each rod, by means of which vectors of increments of displacements, bending moments and
transverse forces in each of the cross sections of the rod can be found.

The systems of matrix equations defining these relations can be written for the entire frame in
the form of a single equation.

On the base of solving this equation, the increments of the stresses in the frame rods and
changes of their curved axes are determined at each calculation step.

Keywords: boundary element method, reinforced concrete beams and frames, spatial
bending, physical nonlinearity and plasticity of concrete.

Introduction. In recent decades, direct calculation (i.e., without the use of simplified models) of
structures on dynamic, in particular, seismic, influences (for seismic — specified in the form of acceler-
ograms of earthquakes) has become widespread.

However, it turned out that the direct dynamic calculation of spatial structures, taking into ac-
count the nonlinear work and plastic properties of materials is rather a difficult task. When carrying out
such a calculation by the finite element method, difficulties arise at the computational stage and in the
analysis of the results.

Analysis of recent research. This is because the dimension of the equation system of this
method is very large. Because it is necessary to split the elements of reinforced concrete frames into
a large number of small finite elements. In these elements, the deformation properties of concrete in
the compressed and stretched zones differ significantly. They also differ in loading and unloading
stages [1-5, 6].
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There was a need for the construction of alternative methods with respect to the finite element
method, especially when studying multi-cycle dynamic processes, for example, under seismic influ-
ences.

One of such alternative methods is the boundary element method.

Objectives and problems. To use this method in the study of nonlinear elastoplastic prob-
lems of spatial bending of reinforced concrete beams using the step-by-step method, it is necessary
to solve the following problems:

1. Construction of a system of spatial bending differential equations of reinforced concrete
beams forming the considered reinforced concrete frame, taking into account the physical nonline-
arity and plasticity of concrete.

2. Construction of matrix A(s) of fundamental solutions to the Cauchy problem for a homo-
geneous system of differential equations corresponding to the constructed system of differential
equations for each of the frame beams.

3. Construction of a particular solution dw (s) of the constructed inhomogeneous system of
differential equations.

4. Construction of an algebraic equations resolving system for determining support reactions
and coefficients of formulas for determining internal forces and deformations in the frame rods.

Materials and research methods. We consider the spatial bending of the I1-shaped frame
(Fig. 1), consisting of three reinforced concrete rods 1, 2 and 3 (the rod numbers are shown in pa-
rentheses) of constant rectangular cross section, rods 1 and 3 are rigidly clamped at points A and B.

A local coordinate system is selected on each of the rods x",x{",x{ (i number of the rod).
The drawing also shows the global coordinate system x,,X,,X,. For nodes 1 and 2 (node numbers
in square brackets), the forces Pj[l] (j=12,3)and Pj[Z] (j=12), parallel to the axes of the global co-

ordinate system, are applied. The drawing also shows the components of the support reactions Ra
and Rg and the support moments of A7, and Mp.
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Fig. 1. Frame scheme

The system of differential equations for the spatial bending of a reinforced concrete beam in in-
crements of the coordinate center of the cross section and the torsion angle, taking into account the
physical and geometric nonlinearities and plasticity of concrete, has the following form [6]:

Xi1(8)dx5 — Xj 2(s)dxg + X; 3(s)d0" +Y;j 1(s)dx5 —Y; 2 (s)dx3 +

3 _ 1
+Yi,3(S)d9' + Zi,l(s)dx'z — Zilz(s)dx’g + Zi,3(S)d9 + Zui,k (s)dF, =0 (i=12,3), @
k=1
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and the boundary conditions are as follows:
Vi10%3 (0) —V; ,dx3(0) +V3d6(0) +V; 4dX3 (0) —V; 5dx3(0) +V; ¢d6'(0) +  (2)

3
+ ZWi,dek +dM 0,i = 0(' :1,2,3)
k=1

Dash means derivative with respect to the arc coordinate s, dF and dM,, ; are components of

the increment of the total vector dF and the total moment dM_ of external forces applied to the left

end of the beam; the coefficients in expressions (2) and (3) are determined at the previous step of
the step-by-step method. We write (2) as follows:

Bdn(0) + Cdny'(0) = ~WdF —dM,, 3)
Vi1 V12 Vi3 Via V15 Vi dxc 2(s)
B=|Va1 V22 V23| C=|Vz4 —Vo5 Ve |, dn=|dxc 3(s) |-
V31 —V32 V33 V34 —V35 V36 do(s)
From (3) we obtain:
dn'(0) = Ddn(0) + EdM,, + GdF , 4)

where D=-C "B, E=-C", G=-C"'W.. Let us introduce a vector dw(s) with elements:
dw, (s) = dx, (), dw, (s) = dx,(s), dw; (s) = dx; (s), dw, (s) = dx;(s),

5
dw (s) = do(s), dw, (s) = dx;(s), dw, (s) = dx3(S), dw, (S) = dO’(S), dw, (S) = dx,(S) ©)
Then (4) can be written as follows:

dw(0) = DdWw(0) + EdM, +GdF , (6)

where dw(0) is a vector dw(0) , at that dwj (0)=0(j=6,7,89), D is a ninth-order square matrix in
which Djj =1(i =1.2....5), Djj = Dj_s5,j_» (i=67.8; ] =34,5), Dgg =11, E and G are matrices
of 9x3 order in which E; j =Ej_sj . Gi,j =Gj_s j (i =67.8;j = 6,7,8). The remaining elements
of the matrices D, E and G are equal to zero.
For therod 1 dF =dR,, dM_, =dM, and equality (6) looks like this:
dw(0) = DdW(0) + EdM , + GdR, . @)
Based on the algorithm proposed in [7], for each rod the matrix A(s)and the vector dw,, (s)
can be constructed, and with their help a vector can be found:
dw(s) = A(s)dw(0) + dw,,(s), 8)
ALj=21,i(8) Ao, =24, (8) Ag j =21, (), A, j = 22, (S), s, j = 22,(5), e, j = 22, (), Ay, j =
=123j(). A,j=12,j(s)(1=12,..8). (z;(s) (k=123)~— are fundamental solutions to the Cauchy
problem for the system of differential equations (1)), 499 = 1, the remaining elements of the ninth
row and the ninth column of the matrix A are zero, and dwl(,l) (s) is determined by the formula:
dwD (s) = S(s)dF (9)
S(s)is a matrix with elements Zy,j,m(s) (J=12,..8m=12,3) [7], the remaining elements of the
matrix S(s) are equal to zero. Note that due to the small deflections of the reinforced concrete
beams, we can put s = xij) (j is a frame rod number).
For the rod 1:
dw(d (s) = S (s)dRa. (10)
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Given that dx, (0) = dx, (0) = dx, (0) = dx, (0) = dx;(0) = d6(0) = O(r.e. dW®(0)=0), we find from (8):

dw® (0) = v, D(0)dM o + WP (0)dR4, (11)
where w,(0) = E®, w2 (0) —G®. It follows from (9) - (11) that:
dwV (s) = W D(5)dM p + W (s)dR, (12)

where W (s)= AY(S)E®, WP (s)= A¥(s)G® + S¥(s). For s = Iy, in accordance with (5), we ob-
tain the values dx, (1,), dx, (1,), dx2(l,), dx, ), dx; (1,), dx(L,), do(l, ), do’(l,) .
To find dM, (s) and dQ;(s) (i =1,2,3) we use formulas (21) [8]:
dM; (s) = (M)1(5)dX(5) — (M;)25)dx3 () + (M} )3(5)dO(s) +

- - - 3 =
+(Mj)4(s)dx5(s) — (M;)s(s)dx3(s) + (M;)g(s)de'(s) + Zl(Mi)m(S)dFm (i=123),
- - - m= (13)
dQ;(s) = (Qj)z(s)dxa(s) — (Qj)2(s)dx3(s) + (Qj)3(s)do(s) +

~ ~ ~ 3 =
+(Qj)4(s)dx3(s) — (Qi)s(s)dx3(s) + (Qj)e(s)dO'(s) + X 1(Qi Im(8)dFy (1=12_3),
m=.

(here designations (M;), = (M), @)y = (@), (M) = (M)®,(Q); = (@) are introduced).
Formulas (13) can be written as follows:

dM(s) = Mi(s)dw(s) + M (s)dF, dQ(s) = O(s)dw(s) + Q(s)dF. (14)
Here:

) 00 (@h(s) —(@)z(s) (@1)3(8) (Mj)4(s) —(Mi)s(s) (M‘ga(s)
M(S) = 0.0 (W,),(5) ~(M,),(5) (M)s(8) (M,),(8) ~(M,)s(s) (W) |
100 (N,),(5) ~(M,),(5) (M,);(5) (M), (5) —(M,)q(s) (M,),(s)
[(M,),(5) (M), (5) (M,); ()

(5)=| (M,),(5) (M,),(5) (M,)(s) |

(M), (5) (M), (5) (M)y(s)

(15)

<n

Matrices Q(s) and Q(s) have a similar form.
For rod 1, taking into account (12), we obtain:

dM D (s) = MD ()W D (s)dM 5 +[M D (s)uf D) (s) + M@ ()]dR 4,
dQ® (s) = QO () D(s)aM » + [V (s)vh)(s) + QD (5)]dR,
what can be written the next way:
dM O (s) = MP(s)dM , + M (s)dR,,
dQ"™ (s) = QY (s)dM , + QY (s)dR,,,
where M (s) = M@ (s),D(s), MP (s) = MO (s)d D (s) + M (5),QH (5) = QD (s)w s),

(16)

Qg) (s)= (5(1) (s)V\(/F%)(s) + (5(1)(3). Consider the part of the frame located to the left of the left end
of the rod 2 (Fig. 2). Here dF® and dM (()2) are increments of the total vector and the total moment

of forces shown in the drawing. Define the projection dF® and dM &) on axes x® (i=1,2,3):
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dF®? = -dR, , —dP¥,dF*? =dR,, + dP™,dF! =dR, , + dP",

dM &2 =—dM,, —dR,,l,,dM%? =dM ,,,dM} =dM , ; —dR, ..
These equalities can be written as follows:

dF @ = kKMgr, + KEgPM | am {2 = K tdm 5 + LMdR,, (17)
0-10 0 0-1
KH=11 0o o ,l"=1]0 0 Of.
001 0-1 0

For reinforced concrete structures, the Krylov angles are very small, so we can assume that in
the local coordinate system, the angle 0 is the angle of rotation around the axis x1, y — around the x,

¢ — around the x3. Directions of the axes x{? and x, as well as axes
x{? and x{" coincide, but directions of the axes x/? and x{" are di-
rectly opposite. From here it follows that:

d¢®(0) = do?(l,), dy?(0) = d6™ (1,),d6™ (0) = —dy(l,). (18)
From these relations and from the fact that dx;, = d¢,dx¢ , = —dy
[7], we get:

dw{? (0) = dx§ (0) = dx (I,) = dwg” (1,),

dwf? (0) = dxg (0) = dx{’ (I,) = dw;” (1,),

dwi? (0) = (dx5?)'(0) = do' (0) = dp™ (I,) = (dx”)'(1,) = dwi” (1,),

dw;? (0) = (dx§?)'(0) = —dy® (0) = —d6® (1) = —dw’ (1,), 9
dwg? (0) = d6 (0) = —dy™ (I,) = (dx§”)'(l,) = dwg” (1,),
dwg? (0) = dx{ (0) = —dx§” (I,) = —dw, ().
Quantities dw? (0), dw? (0),dw{? (0) remain undefined for now.
Fig. 2. System of external Let us Writie the relations (19) in matrix form:
forces applied dw'® (0) =THdw® (1), (20)
to the rod 1 where T is a ninth-order square matrix in which

R B R R
other elements are equal to zero. Let us use relation (6) for rod 2:
dw® (0) = D(0)dW® (0) + E(0)dM? +G(0)dF ?.
From (19), (20) and (16) we obtain:
dw®(0) =w?2) (0)dM , +W? (0)dR, +w? (0)dP™. (21)

Here W) (0) = DOTEW () + EQKY, W) (0)= DOTEWD () + E() LY + GOk,
wa (0)=G(o)kH.

From (8) and (9) we find:

dw®(s) = A®? (s)dw®(0) + S@ (s)dF .
Taking into account (24) and (21) we bring this equality to the following form:

dw®(s) =w2) (s)dM, + w2 (s)dR, +w? (s)dP™, (22)
where i) (s) = AP s)vB) (0), W) (s) =A@ ()W) (0)+ 5P (s)KIH W 2)(s) = AD (s)vh 2 (0) +
+5@ )k
It follows for the rod 2 from formulas (14):
dM @ (s) = M@ (5)dM 5 + MP (5)dRp + M (s)dPH, (23)
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M@ (s) = M@ )W) (s), MP(s) = MO W) (s) + MO (K, M@ (s) =
= M@ W) (s) + M@ ()M,
Similarly, we obtain:
dQ® (s) = QP (s)dM, + QP (s)dR, +Q (s)dP™. (24)
Here Q2 (5)= Q@ ()} (5)+Q@ (KH, MP (5) =GP ()W) (5)+QP ()M, MP)(5) =
=3P (5)+QP (9K,
For the rod 3, we perform calculations in the same way as for the rod 1. As a result, we obtain:
dw®(s) = W (s)dM g + W (s)dR;,
dM @ (s) = M@ (s)dM + M P (s)dR,, (25)
dQ®(s) = QY (s)dM, + QY (s)dRs,
where  w,3)(s) = A (5)E@(0), W(s) = AP (5GP (0) + 5P (s), MO (s) = NP (s)w,3)(s),

ME(5) = MO (s)di)(s) + M (5),QF (5) = QP () P(5), QY (5) = QP (s) i )s) + QP s).
Let’s write the equilibrium equations of the frame in the global coordinate system:
RA + RB + dP[l] + dP[Z] =0, RA,3|2 +M Al +M B,1 + |2dp:£l] =0,
M A2 +M B2 — dpél]h - |3dP:£2] = O, - RA,]_IZ +M A3 +M B3~ |2dP1[l] - |1dP2[1] - |3dP2[2] =0.
These equations can be written as follows:
H®dR, + H*?dM, + H*YdR, + H*YdM, =dJ ©,

(26)
H®YdR, + H®?dM, + H?*YdR, + H*YdM, =dJ®,
0 0 Iy]
where HOD = 1 HA2) —o HE3) = | HAA Zo HED =] 0 0 0 [HE2 =, HEI 2o,

~15 00 |
~1pdrlH ]
HCH = 1,d3® = _gpltl _gpl2] 432 | 1 Pt 4+ 150pl?]

1odR + 1ydPI + 15dPl?]
(I and O are unit and zero third-order matrices). Given the direction of the axes XEZ) and
X\ (j=1,2,3), we can write the following equalities:

dwi? (1) = dx$? (1) = x> (13) = dw (1),

dwd? (1) = dx§? (1) = AP (13) = dws (1)

dwd? (1) = (2 (1) = doP (1) = do® (13) = () (13) = dw§? (1),
dw? (1) = (dx§2) (1) = ~dy@ (1) = ~d0® (13) = ~awi (13),

dwi? (1) = 0@ (1) = ~dy® (13) = (XY (1) = dw P (1),

dwi? (1) = D (1) = —dx$ (13) = —dwi3 (13).
These equalities can be represented as follows:
Naw(® (1,) = Taw® (1) , (27)

where T?and N are matrices of order 6 x 9 for which Tl[g] = T2[22] = T3[2] = T5[2] =1 T4[25] = Tg[zl] =
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=-1, Njj =1 (i=1+5,9), and the rest of the elements are zero.
Let’s use relations (19) for s = I, and (23) for s = I3:
dw® (1) =wy (1,)dM, +wg (I,)dR, +w? (I,)dP™,
dw® (1) =w(1,)dM, + w2 (l,)dR,.
Then (24) can be written as follows:
HBDGRA + HEDdM 5 + HGIdRrg + HEYdMmg =da®), (28)
where HGYD = N (1), HE2D = N®) (1), HGD = T2 Dag), HED = T2 D),

d® =N (15)aP,
The system of matrix equations (2) and (25) can be written as a single matrix equation:

HdR =dJ , (29)
Ho|H@D @2 423 yed) | | MA| g | g@)]
Rp

Solving equation (29), we find the vector dR = H ™"dJ , i.e. determine the increments of support
reactions dR,,dM ,,dR;,dM;, which allows using formulas (13), (25) and (28) to determine the in-
crements of the point displacements of the frame rods curved axes at this calculation step H.

Remark. It should be noted that the dimension of the matrix (in other words, the dimension
of the system of equations represented in the form of matrix equality (29)) is equal to the dimension
of the column matrix dR, i.e., the degree of static indeterminacy of the frame, which is many times
less than the number of unknowns using the finite method elements.

Example. IT-shaped reinforced concrete frame (Fig. 1) is under the action of two constant forces

Pl[ll and Pl[z] (gravity forces of two loads M; and M, located in the nodes of the frame) and three var-

iable forces P2[1], ngl] and P3[2], the values of which change over time as fol-

U T2/4 N, P — 100 + sin2n 1374
T2 3
masses m; = m, = 4000 kg. Rod lengths |y = I3 =12m, |, =10m, cross section dimensions h = 0,4 m,
b = 0,5 m, concrete class C16/20. Reinforcement is twelve rods with a diameter 10 mm, located sym-

metrically relative to the local axes xéj) and xéj)(j is a rod number), material is A400C steel. It is nec-

essary to determine the motion of loads.
Since the periods of force changes are large enough, the motion of the frame can be considered

quasistatic. As a result of using the algorithm above, the motion of loads was determined. Figures 3
and 4 show graphs of changes in the coordinates x, and x; of masses 1 and 2 over time (1 for the coor-
dinate x,, 2 for x3).

) (T, =6 s, T3 = 4 s). Load

lows: Pz[l] =10(1+sin2n

X, X3 (M)

0.031 /A\ {ﬂ\ 1 {(\\ /ﬂ\ f{’\\/z /\ f{\\ //\\ /\ {f\\
[ ) A

o.oz-“l\/l\!\}\t} f\’\\'\l‘

/ ]\ I \ [’ Ny \\ 1R \ Al / \
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Fig. 3. Graphs of x, and x3 load coordinates changes K;
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Research results. Based on the method for constructing differential equations of spatial non-
linear elastoplastic bending of reinforced concrete beams and the algorithm for applying the bound-
ary element method for solving nonlinear problems proposed by the authors, a method for solving
quasistatic problems for reinforced concrete frames is developed.

Conclusions. The developed method is the basis for constructing a dynamic calculation of re-
inforced concrete frame structures necessary for the design of structures taking into account seismic
effects. At the same time, the resolving system of equations has a dimension many times smaller
than the dimensions of a similar system when using the finite element method because of the need
to split the columns and beams of the structure into a very large number of finite elements due to
the fact that the deformation properties of concrete are different in tension and compression zones,
as well as in loading and unloading areas. This greatly simplifies and refines the calculation and

analysis of its results.
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AHoTanisg. BukoHaHHS NpsSMOro AMHAMIYHOTO PO3PaxyHKY MPOCTOPOBUX PaMHMX 3aii3o0e-
TOHHUX KOHCTPYKIIiH 3 ypaxyBaHHSAM HEJIHIHHOI pOOOTH 1 TUTACTHYHUX BJIACTUBOCTEH MaTepiajiB €
JOCUTH CKJIAJHUM 3aBAaHHAM. [Ipu npoBeneHH] moJI0HOT0 po3paxyHKy METOIOM KIHIIEBUX eleMe-
HTIB BUHHMKAIOTh TPYAHOII Ha OOYHCIIOBAIILHOMY €Talll 1 MPU aHali31 pe3yabTaTiB y 3B'SI3KY 3 TUM,
0 PO3MIPHICTH CUCTEMH PIBHSHB [LOTO METOY TyXe BEJMKa, TaK SIK MOTPiOHO pO3OUTTS eneMeH-
TiB 3aJ11300€TOHHUX PaM Ha BEJIHMKY KUIbKICTh IpiOHMX KiHIIEBHX €JIEMEHTIB 4epe3 BiIMIHHOCTI Jie-
dbopMaliiHUX BJIACTUBOCTEW OCTOHY B CTHUCHIHM 1 pO3TATHYTIN 30HAX, a TAKOXK B CTaJisX HaBaHTa-
KCHHS 1 pO3BaHTAKEHHS.

V 3B'3Ky 3 BHIIECKa3aHUM BUHMKA€E HEOOXIJHICTh B 3aCTOCYBAaHHI aJbTEPHATUBHHX METOJB,
0COOJIMBO TMPH JIOCHIKCHHI 0araTOIMKIIOBUX JUHAMIYHUX IPOIIECIB, HANPUKIIAA, TIPU CEHCMIYHUX
BIUIBAX.

Ha ocHoBi mertomuku mnoOynoBu audepeHIialbHUX PIBHSHb MPOCTOPOBOTO HEMiHIIHO-
MPY>KHOTO BUTHHY 3a1i300€TOHHUX OAJIOK 1 alrOPUTMY 3aCTOCYBaHHS METOIY TPAaHHMYHHUX €JIeMEH-
TiB TIpY BUPINICHHI HENMHIMHMUX 3a/1a4, 3aIPOIIOHOBAHUX aBTOPOM, PO3POOISETHCS alTOPUTM BHPI-
IIEHHS KBa31CTaTMYHUX 3a/1a4 JUIs 3a11300€TOHHUX paM.

Ha ko)xHOMY 31 CTPHIKHIB BUOMPAETHCS JIOKAJIbHA CHCTEMa KOOpAWHAT. Y Wil cucTeMi IS
KOXHOTO 31 CTPUXHIB 3alHCYEThCSI cUcTeMa JU(EpEeHIIaTbHUX PIBHSAHb NIPOCTOPOBOTO BUTMHY B
IPUPOCTaX KOOPJIUHAT HEHTPY MOMEPEYHOTro Mepepizy 1 KyTa KpyueHHs 3 ypaxyBaHHSAM (i3U4HOI Ta
T€OMETPUYHOT HEHIWHOCTEH 1 TuIacTUUHOCTI OeToHy. Ha mifcTaBi anroputmy, 3ampornoHOBaHOTO
aBTOPOM, 32 JOINOMOT'OK0 BUKOPUCTaHHS (pyHIaMEeHTalIbHOTO pimeHHs 3aaa4i Komri i 3a3HaueHoi
CHCTEMH Ul KOXKHOTO CTEpP:KHA MOXYTh OyTH MOOYAOBaHI MaTpHIli, 3a IOTIOMOIO0 SIKHX MOXYTh
OyTH 3HailIeHI BEKTOPU NPUPOCTIB MEPEMIILIEHb, 3TMHAIbHUX MOMEHTIB 1 MOMEPEYHUX CHUJI B KOXK-
HOMY 3 ITONIEPEUHUX Mepepi3iB CTPHIKHS.

CucremMu MaTpUYHUX PIBHSHD, 110 BU3HAYAIOTH 111 CITIBBITHOIICHHS] MOKHA 3aIlTUCaTH JJI BCi-
€1 paMu y BUTJIA/Il €AMHOTO MAaTPUYHOTO PIBHSHHS.

Ha ocHOBI BupillleHHs IIMX PIBHSAHb BHU3HAYAETHCS MPHUPICT HAMPYXKEHb B CTEPXKHIX paMH 1
3MIHU iX 3ITHYTUX OCEH Ha KO)KHOMY KPOIIl pO3PaxyHKY.

KuarouoBi cjioBa: Meron TpaHUYHHMX €IEMEHTIB, 3alli300€TOHHI Oaiku 1 pamu, Mpo-
MIPOCTOPOBUI1 BUTHH, (P13UYHA HENIHIHHICTD 1 INIACTUYHICTH OETOHY.

Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2020, no. 79, page 43-52

51


mailto:vmfomin39@gmail.com
mailto:fomina@ogasa.org.ua

52

BUILDING STRUCTURES

HNCCIEJOBAHUE TPOCTPAHCTBEHHOI'O KBABUCTATHYECKOI'O U3I'MBA
’KEJIE30BETOHHOM PAMBI C YYETOM ®U3NUYECKOM HEJIMHEMHOCTHU
N INMTACTUYHOCTHU BETOHA METOAOM I'PAHUYHBIX 2JIEMEHTOB

'®omun B.M., 1.1.H., mpodeccop,

vmfomin39@gmail.com, ORCID: 0000-0003-4814-6415

'®omuna NLIL., cT. npenoxaBaTesp,

fomina@ogasa.org.ua, ORCID: 0000-0001-7366-1537

Y00ecciasn 20Cy0apCcmeeHHas akademusi Cmpoumenbcmed U apxXumeKmypbl
yi. unpuxcona, 4, r. Onecca, 65029, Ykpauna

AHHOTanus. BpinonHeHue nmpsMOro JMHAMHUYECKOIO pacyeTa MPOCTPAHCTBEHHBIX PAMHBIX
KEIIe300€TOHHBIX KOHCTPYKIIUNA ¢ YIETOM HEJIMHEHWHON pa0dOThI U MIACTUYECKUX CBOMCTB SIBISICTCS
JIOCTATOYHO CIIOKHOM 3anaueit. [Ipu npoBeaeHnn nogo6HOro pacuera METOI0M KOHEUHBIX 3JIeMEH-
TOB BO3HUKAIOT TPYAHOCTH HA BBIYMCIIMTEIILHOM 3TAall€ U [PU aHAJIU3E PE3YJIbTATOB B CBS3H C TEM,
9TO Pa3MEpPHOCTh CUCTEMBI YPAaBHEHUH 3TOT'0 METOJIa OYEHBb BEJIMKA, TaK KaK HEOOXOIUMO pa3dme-
HUE 3JIEMEHTOB )KEJIE300€TOHHBIX paM Ha OO0JIbIIOE KOJIMYECTBO MEJIKMX KOHEUHBIX 3JIEMEHTOB U3-
3a pa3nauyuuii rae-hopMaloOHHBIX CBOWCTB OETOHA B CXKATOM M pacTsIHYTOH 30HAX, a TAKXKe B CTaIU-
X TOTPY3KH U pa3rpy3KH.

B cBsi3u ¢ BBIIIECKa3aHHBIM BO3HUKAET HEOOXOIMMOCTh B IPUMEHEHHN AJIbTEPHATUBHBIX METO-
JI0B, OCOOEHHO MPH UCCIIEIOBAHUN MHOTOLMKIOBBIX TUHAMUYECKUX MPOIIECCOB, HAIPUMEp, IpU ceil-
CMHUYECKHUX BO3/ICHCTBUSX.

Ha ocnoBe meronuku noctpoenus auddepeHnnaibHbIX YpaBHEHHH TPOCTPAHCTBEHHOTO He-
JUHENHO-YNPyroro u3ruba xene300eTOHHBIX 0ANOK U aIropuTMa MPUMEHEHHSI METO/]a TPAHUYHBIX
AJIEMEHTOB MPHU PEUICHUH HEIMHEHWHBIX 3ajad, MPEeAJIOKEHHBIX aBTOPOM, pa3padaThIBaeTCs alro-
PUTM pelIeHHs KBa3UCTaTHUECKUX 3ajay JJisl KeJIe300€TOHHBIX paM.

Ha xaxxgom 3 crepxHei BRIOMpaeTcst JOKajdbHasi CUCTeMa KOoOpAuHAT. B aTol cucreme s
Ka)KJOT0 M3 CTEp>KHEH 3amuchIBaeTcs cucreMa nudQepeHuanbHbIX YpaBHEHHH MPOCTPAHCTBEHHO-
ro u3ruda B MPHUPALICHHBIX KOOPJIMHAT LIEHTPa MONEPEYHOr0 CEUYEHUs U YIJla KPYUYeHUsl C Y4eTOM
(¢u3nyecKoil U reoMeTpuuecKold HEIMHEWHOCTeW M IIacTU4YHOCTH OeToHa. Ha ocHoBaHuum anro-
pHUTMa, MPEITI0KEHHOTO aBTOPOM, MOCPEACTBOM HCIIOJIb30BaHMs (DyHIaMEHTAIbHOTO peIleHHs 3a-
naun Kommm juis ykazaHHOM CHCTEMBI JJIs1 K&KJOTO CTEP)KHS MOTYT OBITh IMOCTPOEHBI MAaTPHIIbI, C
MIOMOUIBI0 KOTOPBIX MOTYT OBbITh HaWJ€Hbl BEKTOpPHI MPHUPAIICHUH NepeMelIeHHi, N3ru0aroimx
MOMEHTOB U TONEPEUHBIX CHJI B KXKJIOM U3 MONEPEYHBIX CEUEHUN CTEPIKHSL.

CucreMpl MaTpUUYHBIX YpaBHEHUH, ONPEAEIIAIOMINX 3TH COOTHOLIEHUS, MOKHO 3aIllucaTh UL
BCEl paMbl B BUJI€ €JMHOTO MaTPUYHOTO YPABHEHHS.

Ha ocHoBe penieHust 3TuX ypaBHEHUI ONpeeNseTcs NpUpalleHns HaupsHKeHUN B CTEPIKHSX
paMbl 1 U3MEHEHHSI MX U30THYTHIX OCEW Ha Ka)KJIOM IlIare pacyera.

KuroueBble ci10Ba: METOJ TPaHUYHBIX AJIEMEHTOB, JKEJI€300€TOHHBIC OAJKW W Pambl, MPO-
CTpaHCTBEHHBII U3rK0, (pr3nUeckass HeTMHEHHOCTh U MIIACTUYHOCTh OETOHA.

Crarts Hagidnura no penakimii 25.02.2020
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