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Determination of generalized vibration table forces

Korotych Yuriy'*

! Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0002-1961-5318
*Corresponding author E-mail: korotitch.iury@ukr.net

The article determines the generalized forces of the technological set of equipment for concrete products production (vibrating
table), in which the vibration exciter is fixed on the lever vertically in the center under the vibrating plate. This equipment is
used for the manufacture of small-sized concrete products. Methods of mathematical physics and physical and mathematical
modeling by methods of applied mechanics were used in the research. To determine the position and describe the free motions
of the material bodies that make up the mechanical system under consideration, an orthogonal vibrational reference system of
three coordinate systems was used. As a result, seven generalized forces acting on this mechanical system were determined.
The obtained dependencies for the generalized forces will be used to compose a mathematical model of the above-mentioned
equipment using the Lagrange equations of the second kind

Key words: vibrating table, lever, vibrator, unbalance, generalized force, mechanical system

BusHaveHHsi y3araJibHeHUX CHJI BiOpaniifHOT o CTOTY
Kopornu 10. 10.'*,

! Hauionaneuuit yaisepcuter «Ilonrapcbka nositexuika imeni FOpist Konmpariokay
*Anpeca mrs muctyBaHHS E-mail: korotitch.iury@ukr.net

B cTaTTi npoBOANTHCS BU3HAYEHHS y3aralbHEHHX CHJI TEXHOJIOTTYHOTO KOMILIEKTY OOJaaHaHH Ul BUPOOHHITBA OETOHHHX
BUpOOIB (BiOpocTONy), y SKOrO BiOp030y/KyBau 3aKpilUIFOETHCS HA BaXKeli BEPTHKAIBHO IO LEHTPY I BiOPOILIMTOIO.
[lane o0agHaHHS BUKOPUCTOBYETHCS JUIsl BATOTOBJICHHS MajorabapuTHUX OeTOHHMX BHpOOiB. [Ipy BUKOHAHHI TOCHIIIKEHb
OyJ BUKOPHUCTaHHI METOJM MaTeMaTHIHOI (i3UKH Ta Pi3HKO-MaTeMaTHIHE MOJICIIOBAHHS METOIaMH TIPUKIIATHOT MEXaHIKH.
J1y1s BU3HAUCHHS MTOJIOKEHHS 1 OIICY BUTBHHUX PYXiB MaTepialbHIX TiJ, 3 IKUX CKIaIa€ThCs PO3TIIAyBaHA MEXaHIYHA CHCTEMA,
OyIa 3acToCOBaHa OPTOTOHANbHA BiOpalliiiHa crcTeMa BiIUTIKy 3 TPhOX CHCTEM KOOPAWHAT. AHANI3YIOUH KiIHEMAaTHYHY CXeMy
BiOpaIiifHOTO CTONY, BU3HAYEHO, [0 MOJ0KEHHS B IPOCTOPI YCIX MaTepiajJbHUX TiJ MEXaHIYHOI CHCTEMH, SIKa MOJEIIOE 3a-
3HAUCHUIT BiOPOCTI, MOXKHA OTHO3HAYHO 33JaTH TAaKMMH HE3aJIeKHUMH IapaMeTpaMu: AeKapTOBUMH KOOpAWHATaMH, BiOpa-
LIHIMHU KyTaMH Ta KyTOM MOBOPOTY JiebaiaHcy. TakuM YMHOM, pO3IiisIyBaHa MeXaHi4yHa CHCTEMa Ma€ CiM CTYIICHIB Billb-
HOCTI 3 ciMOMa y3araJbHeHUMH KoopanHataMu. OCKiJIbKHM KOXHIil y3araJbHEeHI KOOPIUHATI BiAMOBIAE y3arajibHeHA CUIIa,
TO 1X YKCIIO IOPIBHIOE YUCITY y3arajJbHEHUX KOOPJMHAT CUCTEMH, Yepe3 LI0 PO3IIIsAyBaHa MEXaHiuHa CHCTeMa Mae CiM y3ara-
JIbHEHHX cHJI. Bepyuw 10 yBary, 1o Ha JaHy MEXaHi4HY CHCTEMY AIF0Th 30BHILIHI CHJIM y BUIJISI CHIIM TSKIHHS, CUITH TIPY K-
HOCTI YOTHUPHOX BIOPOOIOp Ta MEXaHIYHOTO KPYTHOTO MOMEHTY IPHUBOJHOTO IBUTYHA, OyJIM BU3HAYEHI CIM y3araJbHEHHX
CHJIJII0YMX Ha JaHy MeXaHiuHy cucTeMy. OTpHMaHi 3aJIeXHOCTI I y3aralbHEHUX CHJI Oy IyTh BUKOPHCTAHI JUIS CKJIAJaHHS
B MMOJAJIBIIIOMY MaTeMaTHYHOI MOJIEII BUII[E3raIaHOr0 00JIaIHAHHS 3a JIOTIOMOTOF0 piBHAHB JlarpaHka Ipyroro poay

Kuio4oBi ciioBa: BiOpoCTiiI, Baxijib, Bioparop, Aedananc, y3araibHeHa CHiIa, MEXaHiqHa CHCTeMa
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Introduction.

Vibration is the most common method of compaction
of concrete composites [1,2]. More than 90% of all con-
crete and reinforced concrete building products are made
using this method of concrete mix compaction [3]. This
is due to the fact that in the process of vibration action on
concrete mixtures, favorable conditions are created for
thixotropic dilution and the most compact placement of
aggregate particles [4,5].

Modern development of construction requires the in-
troduction of the latest technologies and the installation
of engineering equipment for various purposes accord-
ing to the criteria of minimizing energy and high effi-
ciency of the technological process. There is a huge va-
riety of vibration machines used in construction, which
differ in design and purpose. And, first of all, great atten-
tion should be paid to the development and implementa-
tion of energy-saving technologies and equipment.

A review of various designs of vibration equipment
shows that in the production of a wide range of concrete
products, equipment with the necessary operating pa-
rameters is used, with the help of which high-quality
vibration compaction of the concrete mixture is
achieved. In order to find out the individual parameters
influence of the technological set of equipment for con-
crete products production developed by us [6] on the
movement of its working body and energy consump-
tion, it is necessary to make a mathematical model of
this mechanical system.

Review of the research sources and publications.

In modern production, vibration machines with har-
monic (circular oscillations in the vertical plane, verti-
cally and horizontally directional oscillations, spatial os-
cillations) and with shock-vibration (on elastic pads,
dual-mass with horizontal or vertical directional oscilla-
tions) movements of the working body are used to form
concrete products. Such technologies for forming con-
crete products as vibration compression, vibration vac-
uum and pulse compaction method are increasingly be-
ing developed and implemented [7].

The widespread use of vibration technology, numer-
ous theoretical and experimental studies of the dynamics
of vibration machines have made it possible to identify
the features of their operation, to explain and apply in
practice the peculiar effects that occur during the action
of vibration on mechanical systems [8,9,10]. Therefore,
a lot of research and development is devoted to this issue
[11,12], which reveals such advantages of vibration
equipment as high compaction efficiency, simplicity of
design, high reliability and relatively low metal and en-
ergy consumption.

One of the priority areas for the development of con-
struction vibration equipment is to reduce energy costs
in production. Energy-saving technologies, along with
increasing productivity and improving product quality,
are at the forefront of modern construction. The direction
of energy saving is developing due to the optimization of
technological parameters of equipment and the use of
modern technologies.

Definition of unsolved aspects of the problem.

In our case, it is necessary to create a vibrating table,
which, by placing a vibrating exciter on a vertical lever
under the vibrating plate, would save energy costs in the
manufacture of concrete products by reducing the power
of the vibrator while maintaining the required vibration
compaction parameters.

Problem statement.

The purpose of this work is to determine the general-
ized forces of a mechanical system that simulates a vi-
brating table with a vibrating exciter placed on a verti-
cal lever under a vibrating plate. The data of the depend-
ence of generalized forces are necessary for the analysis of
technological factors, in particular the length of the lever,
which have an impact on the energy intensity of this me-
chanical system, as well as for the subsequent compilation
of a mathematical model of the technological set of equip-
ment for the production of concrete products (vibrating ta-
ble) using the Lagrange equations of the second kind.

This work is an integral part and continuation of the
results obtained in the work [13].

Basic material and results.

The general view of the technological set of equip-
ment for the production of concrete products (vibrating
table) is shown in Fig. 1.

Fig. 1. General view of the technological set of
equipment for the manufacture of concrete prod-
ucts

Mathematical model of a vibrating table for the man-
ufacture of small-sized concrete products in the form
of Lagrange equations of the second kind [14]

1(31)_5_;:@ (i=12..0..5 (1)

dat \ag;

contains generalized forces Qq, Q,, ...,Q; , ..., @,
where Q; — the generalized force corresponding to the
generalized coordinate g;. In the system (1) of differ-
ential equations, the coordinates are generalized q, =
q1(1), gz = q2(8), ..., q; = qi(O), ..., g5 = q5(E) —
these are independent parameters that uniquely define
the position of a mechanical system in space, the num-

ber of which determines the number of s degrees of
this system freedom, ag, = % =q,(t), 4, = ddi: =
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G2(0), s G = = Gs(0), ... G5 = 52 = (0) -
corresponding generalized velocities.

From the analysis of the kinematic scheme of the vi-
brating table [13], it is obvious that the position in
space of all material bodies of the mechanical system
that simulates the specified vibrating table can be
uniquely given by the following independent parame-
ters:

o Cartesian coordinates x; = x¢(t), yo =
e () ize = z:(t), which determine the position
of the center C inertia of plate 1 in a fixed coordi-
nate system Oxyz;

e vibrating angles @ = a(t), F =L@) iy =
Y (t), which define the position of plate 1 with re-
spect to the moving coordinate system Cx'y’z’;

e angle ¢ = ¢(t) unbalance rotation 5 around
the axis ¢ rotation of an unbalanced shaft 4 that
passes through a point C; and coincides (coin-
cides) with the central longitudinal axis of the
housing 3 of the vibration exciter.

Thus, the mechanical system in question has s = 7
degrees of freedom, the generalized coordinates are
G =% Q2 =Y, 43 =2, Qa = A, 4s =B, s =P 1
q; = ¢, and generalized speeds — ¢; = % = X¢,

. dyc . . dzc . . da
Q2 =4 Vo Q3= T 20 4=
L=pio="=ypig¢="2=9¢

For the sake of clarity and for further considerations,
let us imagine and depict in Figures 2 + 4 a mechani-
cal system in its three projections at an arbitrary mo-
ment in time [ so that all the generalized coordinates
are positive, and assuming that at that moment each
generalized coordinate is increasing (of course, in this
case, all time derivatives of the generalized coordi-

nates will also be only positive).

=d9 (IS=

K L - Re P ] W
<l K C : (ﬁﬂf;; Ry
: T - A e
o T e )
11 IIZc N \< 117
~ T AN \
2\
Al

|\
'77 '——/l-_\\\‘@ ‘ /\:Cj,
W e
B ®

Fig. 2. Mechanical system in projection on the
frontal plane

Fig. 3. Mechanical system in projection on the
profile plane

Fig. 4. Mechanical system in projection on the
horizontal plane

Since each generalized coordinate corresponds to a
generalized force, their number is equal to the number
of generalized coordinates of the system, which is
why the mechanical system in question has seven gen-
eralized forces. The significance of these forces di-
rectly depends on external forces ﬁl, ﬁz, e 13;-, ey ﬁn,
acting on certain points of the system.

To determine the generalized force, for example, Q;
corresponding generalized coordinate g; give an infin-
itesimal increment §¢q;, leaving the other generalized
coordinates unchanged. As a result, the infinitesimal
increases §q; all points of the mechanical system will
receive infinitesimal displacements §sy, §s,, ..., §sj,
..., 05, which are possible point movements. Next,
the sum of the elementary work of all external forces
on these possible displacements is calculated, which is
equal to

n
D" Ipy- oy cos(F 63)] = o
and believe that
8A; = Q; - bq;.
Value Q;, what is determined from this equation,

— %4
Ql_é‘qi

@
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and is a generalized force that corresponds to a gen-

eralized coordinate g;, defined through possible work
SAI:'

As is known [15], the elementary work of an arbi-
trary force 13] on a certain possible displacement in the
coordinate form of the notation, determines the de-
pendence

SA(P) =Py - Sx + Py, - Sy + P, - 6z,  (3)
where P, Pj, i P, — projections of this arbitrary
force f’l on the appropriate axes; x, 8y i §z — projec-
tions of possible displacement of the point of force ap-

plication f’l on the same axes.

Any resistance to the movements of the material
bodies of the mechanical system in question shall be
neglected. In this case, it is affected by the following
external forces:

a) gravity
Gi=m g, Gz=m3‘gz Ge=mg g i Gs=
m-g

corresponding material bodies, which are attached in
points C, C3, C4 1 C5 (see Fig. 5);

0) clastic forces of the four elastic elements on
which the plate rests 1 (see Fig. 7);

B) mechanical torque (or rotational) M,; Of an en-
gine (see Fig. 8, a).

Fig. 5. On the of gravitational forces elementary
works definition

As is known [16], according to Hooke's law, the lin-
ear elastic force F,,, that occurs in linear defor-

mp.»
mation 4 €, proportional to said deformation
Fp=c-A4¢,

where ¢ — proportionality coefficient, for an elastic
element — stiffness coefficient.

Due to the fact that during the direct formation of
concrete products, slab 1 is in free motion, the vertical
elastic elements on which it rests undergo not only lin-
ear deformations along the vertical axis Oz. To take
into account the stiffness of each elastic element in the
direction of the horizontal axes Ox and Oy let's intro-
duce virtual elastic elements with stiffnesses ¢, and cy
respectively (see Fig. 4). In this case, three orthogonal
elastic forces will act on plate 1 from each elastic ele-
ment

Fipx :Cx’A€x7 E1p.y :Cy’Afy i

an.z =c-44, (4)

p

where 4 £, A £,, and 4 £ — deformations of the cor-
responding elastic elements.

Since for the working body of the vibrating table, its
angular displacements determine the vibration an-
gles a, f and 1, which acquire only small values,
then we neglect the torsional rigidity of each elastic el-
ement.

Consider in Figure 6 a mechanical system in its posi-
tion of static equilibrium (PSE), where £;, — length
of each elastic element in the undeformed state.

undeformed
elastic element

Fig. 6. Mechanical system in static equilibrium
position

From the equilibrium condition }Z = 0 getting the
corresponding equilibrium equation
—my-g-—mzg-g-—m-g-—mg-g+c-fo tc:
fCT.+C'fCT.+C'fCT. =0,
from where
~M - g+ce fun =0, )
where M =m; + mg+mg+m, c,=c+c+c+
¢ = 4 - c— equivalent stiffness of elastic elements or
stiffness of equivalent elastic support [13], f..— static
vertical deformation of equivalent elastic support (of
course, in the static equilibrium position of a mechani-
cal system, each of the elastic elements on which plate
1 rests has the same vertical static deformation, and all
the introduced virtual elastic elements are unde-
formed).
To find the generalized force Q3 = Q,.:

1) will give to a generalized coordinate
qs = Z. infinitesimal linear increment §q; = 6z
(see Fig. 1 and 2), and leaving other generalized
coordinates unchanged;

2) will establish what possible dis-
placements were made by the points of applica-
tion of all external forces acting on the mechani-
cal system, as a result of the increase provided
8q3 = 8zc;

3) will calculate the possible work 5§43
of all external forces at the indicated possible dis-
placements of points.

Will look for a possible work § A5 according to the
formula

843 = §A5(G) + A3(Fyp), (6)
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where 6A3(5) i 6A3(ﬁnp_) — Accordingly, the pos-
sible work of gravity forces and elastic forces of elas-
tic elements.

As the increasing §q; = 6z, directed vertically, then
the possible works of the elastic forces of horizontally
arranged virtual elastic elements at such a possible
displacement are equal to zero and therefore

5‘43 (F_);'lp) = é‘A3 (ﬁnp. z)s
where 6 A3 (ﬁ}lp, Z) — possible works of elastic forces
of real elastic elements.
For sure,
545(G) = 8A5(Gy) + 845(G5) + §45(Ge) +
845(Gs),
where §45(G,), 545(Gs), 545(Ge) 1 645(Gs) — ele-
mentary works of the corresponding gravitational
forces, which are determined by the formula (3).
Directly from Figure 4 we can see that the corre-
sponding projections of forces
Gix =0, G, =0, G, =—G, =-my-g,

G3x =0, G3y =0,
GSZ = —G3 =-m3-g9, Géx = 03 Géy = 0’ G6Z =
_G6 = _m6 . g,

Gsxy =0, G5, =0, Gs,=—Gs=—-m-g
and projections of possible point displacements C,
C;, Cg and Cg on the same axes
8xc = 8x¢, = 8x¢, = 6x¢, = 8yc =6y, =
53’66 = 5}’65 =0,
8z¢, = 62¢, = 6z¢, = bz¢.
Then
6A3(5) =-my-g-0zc—my-g-6zc—mg- g
6z —m-g -0z, =
=—(m +mg+mg+m) -g- -8z, =
=—-M-g- 6z @)
Now let's find in formula (6) the component
6A3(17'np,) = 6A3(ﬁ;'lp.z) as the sum of the elementary
works of the real elastic elements elastic forces I, 11,
HIi1V:

5A3(ﬁ;1p-) = 6A3(ﬁnp.zl) + 5A3(ﬁnp.zll) +

6A3(ﬁnp.zlll) + 6A3 (ﬁnp.zIV)a

where 6A3(ﬁnp.zl)v 6A3(ﬁnp.zll)’ 843 (ﬁnp.zlll) and
64, (ﬁnp_z,v) determined by the formula (3), and the
elastic forces themselves by the formula (4).

Calculating for each of the elastic elements the ele-
mentary work of its elastic force at a specific displace-
ment of the point of its application, we will take into
account the fact that the specified work is positive
when the elastic force contributes to the reduction of
the deformation of the elastic support, and negative if
the elastic force increases the deformation of the elas-
tic support.

When finding deformations of elastic elements at the
considered moment of time t Let us take into account
the fact that the movement of their anchoring points to
plate 1 from its rotations to vibration angles «, § and
1 in reality, they are carried out along the arcs of the
corresponding circles, but because of the smallness of

these displacements, we neglect their curvature, as-
suming that the points move in straight lines along the
corresponding coordinate axes at a distance equal to
the lengths of the indicated arcs. Then, from the cumu-
lative analysis of Figures 6 and 7, we establish that
At =fo —2z2c+a-a—b-B, Aty =fo—2zc+
a-a+b-f,
A8y =fo —2c—a-a+b-B, Aty =fo -
zZc—a-a—b-pf,
Because of what
an.zl =C'A€I zc'(ch._ZC-l_a'a_b'ﬁ):

Fpzu=cAty=c (fo—2c+a-a+b-p),

—zc—a-a+b-pB),

—zc—a-a—b-p).
(3)

Fopzur=c-4 i =c¢ (for.
Fpzwvw=c-4 ty =c- (for.

e b

“ w
| U
T

| ——
@)
el 11

Fig. 7. On the Elastic Forces Elementary Works
Determination

\O

AL AN}

\4

Since in Figure 7 all the elastic forces ﬁnp.z I» ﬁnp.z I

Fupz 11 1 Fyp.z v vertically upwards, then, of course,
they are all projected on the axis Oz life-size with a
positive sign, and are not projected on other axes. It is
also evident that projections on the axis 0z possible
displacements of the points of attachment of elastic el-
ements to plate 1 are positive and are equal to the
given infinitesimal increment §z., and the projections
on the other axes are zero.

Then, according to the formula (3)

6A3(an.zl) = an.zl : 6ZC =cC- (ﬁ:T — Zc +a-a-

b-B)- bz,
6A3(an.zll) = an.zII : 6ZC =cC- (fC'r —Zc +a-
a+b-B)-6z,
5A3(an.z111) = Fupzm - 0zc =c- (for. —2c—a-
a+b-B)-6z,

6A3(ﬁnp.zIV) = an.zIV'SZC
=c¢ (fo.—2c—a-a—Db-p)
oy
and
6A3(13np_) =c(fo.—2c+a-a—b-B) -8z
+c(for. —2zc+a-a+b-B) 6z
+
tc-(for. —zc—a-a+b-f) 6z +c
“(fer.—2zc—a-a—b- )-8z
or (after conversions)
6A3(ﬁnp.)=C'(f;:T._ZC+a'a_b’ﬂ+fCT._ZC
+a-a+b-f+
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+fo—2c—a-a+b-B+fo —2zc—a-a—b-p)
-0z =
=c (4 for.—420) 6zc =4 c (for. — 2Zc) -
6zc.
Since the same 4 - ¢ = ¢, then
5A3(F;1p.) = Ce'JCCT.'SZC_Ce'ZC'dzC- (9)

By substituting the values (7) and (9) into formula
(6), we have
A3 =—M-g-6zp—mg-g-8zc+cCo for - 02
—CoZc 02y =
=(-M-g—mg-g+ce for. —Ce2c) " 62,
whence we get the equality (5)
6A; = —C.-z¢ - 0z,
then, according to formula (2), the generalized force
corresponding to the generalized coordinate q; = z,
64; 643 —c.-z; 0z
37 68q;  6zp 52
and, after the reduction of 6z, finally
Q3 = —Ce - 2.

Computing the other generalized forces of our
mechanical system in the same way, we get
Q1= —Cex"XctCex -0 a1
Q; = _Cey'yC_Cey's'ﬁ-

0= ~(m +m) gt sinasm, gt sina-
—m-ge-sina-cosg—c, a’-a
0; =—(m3 +m)~g-f~sinﬂ+

+mg-g-L,-sinfB—c,-b>- B

Q6=_Cex'b2'¢_cey'a2'w~
Q;, =M,z —m-g-e-sing.

Conclusions

To obtain a mathematical model of the developed vibrat-
ing table design, we propose to use the Lagrange equation
of the second kind. This method is the most common
method used in solving problems concerning the motion
of mechanical systems.

The vibrating table in question was modeled by a me-
chanical system consisting of several material bodies - a
plate, a vibration exciter body, an imbalance and a con-
tainer with a concrete mixture. To determine the position
and describe the free motions of the above-mentioned ma-
terial bodies of the mechanical system under considera-
tion, an orthogonal vibrational reference system of three
coordinate systems was used.

Having depicted and considered the mechanical sys-
tem of the developed design of the vibrating table,
seven generalized forces acting on it were determined.

The defined generalized forces of this mechanical sys-
tem will be further used to compile a mathematical
model of the vibration table in the Lagrange equations
of the second kind, with the help of which it will be
possible to analyze the influence of its constituent pa-
rameters - geometric and kinematic - on the process of
compaction of the concrete mixture to reduce energy
consumption during vibration compaction of products.
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The research explores the possibility of using mobile 3D printing technologies in construction and manufacturing. It is noted
that many equipment manufacturers are already utilizing 3D printing for constructing various objects, but one of the limitations
has been the lack of mobility. However, new concepts and prototypes of mobile 3D printers are emerging, which allow for
construction and manufacturing in different locations without the need for additional transportation equipment. The proposed
design of a mobile 3D construction printer-complex, housed on a cargo semi-trailer, is suggested as a mobile and autonomous
system for construction purposes
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B po6oTi gocmimKy€eTbess MOKIUBICTh BAKOPUCTaHHS MOOUTBHUX TeXHOJOTi# 3D-1pyKy B OyIiBHULTBI i BUpOOHHUIITBI. 3a3Ha-
YaeThCs, O Oarato BUPOOHUKIB 00JIaJHAHHS BXXEe BUKOPUCTOBYIOTh 3D-pyK 1u1st Oy MiBHHUITBA Pi3HUX 00'€KTIB, aje OJHUM 3
obOMexeHb Oyia BiICYyTHICTh MOOIIBHOCTI. [IpoTe, 3'IBIAIOTHCS HOBI KOHIIEMIIIi Ta MPOTOTHITN MOOUIBHUX 3D-npHHTEpIB, SKI
JIO3BOJISIFOTH BUKOHYBATH OYIIBHHUIITBO Ta BUPOOHUIITBO B Pi3HUX MICISIX 03 HEOOXITHOCTI BUKOPHCTAHHS J0OAaTKOBOTO 00-
JIaJIHAHHS 1S TIepeMillleHHs. 30CepePKeHO yBary Ha JBOX OCHOBHHX HampsIMKax po3BHUTKY. Ilepmmii - pyxoMi po6odi KoM-
TUIEKCH 3 BOYIOBaHUM 3 D-nIpHHTEPOM, 1[0 MOXKYTh TIEPEMIIIATHCS 110 OYIiBETIPHOMY MaiiITaHYNKy Ta aBTOMaTHYHO HAJAIITO-
BYBATH CBOE TOJIOKECHHS UL APYKY. JIpyrui - mopratuBHi 3D-IPUHTEPH, SIKi MOXKHA JIETKO IIEPEHOCHTH Ta BAKOPUCTOBYBATH
B PI3HUX MICIIX. 3a3HAYA€THCS, IO I[i TEXHOJIOTI] PO3MINPIOIOTE MOXKIMBOCTI OyAiBEIBHOI IHIYCTPil, 3HIDKYIOTD 3aJICKHICTD
BiJ ()IKCOBAHMX CTaHIIN Ta JO3BOJIOTH BUKOHYBATH POOOTH Ha BiTaJeHNX a00 BaXKKOJOCTYITHUX MICISIX. 3alpOIOHOBaHA
KOHCTpyKIist 3D OyniBeabHOrO MPUHTEpa-KOMIUIEKCY, PO3MIIIEHOr0 Ha 0a3i BAaHTa)KHOTO HATIBIPHUYEITy, IPOMOHYETHCS SIK
pyxoMa Ta aBTOHOMHA CUCTeMa JUIsl OyAiBHHUITBA. Y 1[Il KOHCTPYKIIii BUKOPHCTOBYETHCS 3/IBOEHHUIT EKCTPY/IEP 3 MOXKIUBICTIO
BIIKITIOUEHHST OJTHOTO COILIA MOJadi, 10 A03BOJIsE €hEeKTHBHO YIPABILSITH MPOLIECOM PO3APYKYBaHHs. 3a paXyHOK TOTO, IO
KOMILIEKC 00NIaJHaHNi MeXaHi3MaMH, sIKi 3a0e3MeuyoTh HOro aBTOHOMHY POOOTY Ta MOXJIMBICTB IIEPECYBaHHS IO JOPOTaM
PI3HUX KaTeropiii, 1oro MoxHa BUKOPUCTOBYBATH Ha MICIIi OyiBHUIITBA, OJ[pa3y MicIs epeMillleHHs Ha Oy TiBeNbHAIN Maiina-
HYHK

KurouoBi cioBa: aquruBHe BUpoOHHITBO; 3D npyk; poOOTH30BaHI MPUHTEPH, JPYK OETOHHUM PO3UYMHOM, GeTOHHA Cy-
Mir, BiOpo30ymKyBad

12 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2023.60.3179
https://orcid.org/0000-0002-4073-1233
https://orcid.org/0000-0002-2387-8575

Introduction

Many equipment manufacturers for construction pur-
poses have started utilizing 3D printing technologies.
One of the drawbacks of most of these printer designs
is the lack of mobility. The printer constructs the build-
ing or object within its working area, and subsequently,
after completing the printing of the construction or
product, lifting and transportation machinery is re-
quired to move the equipment to a new work location.
However, modern research and development efforts are
actively working on solving this problem. New con-
cepts and prototypes of mobile 3D printers are emerg-
ing, which allow for construction and manufacturing in
different locations without the need for additional
transportation equipment.

One of the directions of development is the creation
of mobile working complexes with an integrated 3D
printer. These complexes can be equipped with
wheeled or tracked chassis, allowing them to freely
move around construction sites or other areas. Such
equipment working complexes can autonomously find
optimal routes for construction and automatically ad-
just their positions for printing objects [1].

Another solution is the development of portable 3D
printers that can be easily carried and used in various
locations. These printers can have compact dimensions
and be collapsible, allowing them to be transported to
hard-to-reach places or over long distances. Such print-
ers should be equipped with an automated navigation
system that assists the user in spatial orientation and ad-
justing printing parameters.

In addition, attention is being given to the develop-
ment of construction robots that can build and disman-
tle structures. These robots have the ability to perform
complex construction tasks, including 3D printing, and
provide maximum mobility as they can be transported
and configured in different sections of a construction
site. These construction robots are capable of autono-
mous movement across the terrain using mechanisms
such as wheels or tracks. They are equipped with pow-
erful sensors that enable them to analyze the surround-
ing environment and perform precise movements with-
out colliding with obstacles [2, 3].

Such mobile 3D printers and construction robots sig-
nificantly expand the possibilities of using 3D printing
technology in construction. They reduce dependence
on fixed stations and enable work to be carried out in
remote or hard-to-reach locations. Additionally, they
contribute to the more efficient use of resources and re-
duce the time spent on equipment relocation.

The application of mobile 3D printing technologies in
construction holds significant potential for the fast and
efficient execution of various types of projects. They
can be utilized for prototyping, small-scale construc-
tion, architectural elements, and other structures. These
technologies enable quick responsiveness to changing
requirements and client needs, while also reducing
costs and improving the overall quality of construction.

Indeed, in the future, we can expect even greater in-
novations in the field of mobile 3D printing technolo-
gies, which will open up new possibilities for the con-

struction industry and accelerate construction and man-
ufacturing processes. The continuous advancements in
this field are likely to lead to improved efficiency, ex-
panded capabilities, and enhanced integration with
other construction technologies. This can revolutionize
the way buildings are designed, constructed, and cus-
tomized, ultimately shaping the future of the industry.

Definition of unsolved aspects of the problem

Despite the progress in the development of mobile 3D
printing technologies for construction, there are still
several unresolved issues associated with this problem
[4, 5].

The size and weight of the equipment are important
considerations. Mobile 3D printers and construction
robots require a compact and lightweight design to en-
sure mobility. However, this can limit their capabilities
and power. Addressing this issue requires a balanced
approach to the size and functionality of the equipment.

Power supply is another important aspect. Mobile de-
vices require a stable and efficient source of energy.
Ensuring a reliable power supply that allows for ex-
tended operation without the need for frequent recharg-
ing or battery replacement is essential.

Stability and precision are crucial factors when it
comes to the movement of mobile equipment on uneven
surfaces. Addressing this issue involves developing
mechanisms to compensate for vibrations, implement-
ing sensors for accurate positioning, and designing con-
trol algorithms to maintain printer stability during op-
eration.

Problem statement

The objective of this work is to review the designs of
volumetric construction 3D printers and analyze the
technologies that are most suitable for their use in mo-
bile conditions.

To achieve this objective, the following tasks need to
be accomplished:

Conduct a review of the most common designs of
construction 3D printers that provide mobility and the
ability to operate on moving platforms.

Analyze the advantages and disadvantages of differ-
ent construction 3D printer designs in the context of
their mobile application.

Evaluate their maneuverability, stability, and printing
accuracy, as well as their energy efficiency and relia-
bility.

Assess the capabilities of different construction 3D
printer designs for quick reconfiguration when chang-
ing the production program.

Investigate the technical solutions and functional ca-
pabilities that enable rapid parameter changes and tran-
sitioning from one project to another.

Propose a concept for combining a 3D printer with
automotive chassis and suggest possible areas of appli-
cation.

This research approach will help identify the most
suitable designs of mobile construction 3D printers and
recognize potential directions for further development
of 3D printing technologies in the construction indus-

try.
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Basic material and results

A construction 3D printer consists of the same struc-
tural elements as its counterparts in other industries. It
has important components such as a gantry, used for the
printer's movement in both vertical and horizontal di-
rections; an extruder, which deposits material layer by
layer, and electric drives that control the platform's mo-
tion in the desired direction. The size of a construction
3D printer is typically determined by the dimensions of
the object being built and can vary significantly [6]..

However, specialized construction 3D printers can be
used in the construction industry, which may have ad-
ditional components or modifications to ensure high
precision, speed, and efficiency during construction
projects. This indicates that construction 3D printers
have a general structural concept but can be customized
and modified to suit the needs of the construction in-
dustry and be placed on mobile platforms.

Pty 2L

B ~—_

Researchers from the Massachusetts Institute of
Technology (MIT) have developed a design for a 3D
construction printer that combines the printer structure
with a tracked crawler, making the machine more mo-
bile and reducing the need for specialized equipment
during construction (Figure 1) [5]..

A distinctive feature of this printer is that instead of
traditional concrete walls, it proposes printing a foam
insulation framework that will later be filled with a con-
crete mixture.

In the photo, you can see the already printed frame-
work of the building structure (Figure 2). There is also
a known printer design from Cazza Construction, the
X1 3D Printing model (Figure 3). The mobile X1 3D
Printing system is capable of independently moving to
the construction site [7].

Figure 2 - Polyurethane insulation frame of a building

14 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023



Figure 3 - Mobile X1 3D Printing Complex

A drawback of printers on a tracked chassis is their The main component that ensures reliable operation
limited mobility between construction sites and the  of the printer is the extruder. Considering the possible
need to involve specialized equipment for transporta-  options for using different extruder designs, namely,
tion (Figure 4) [7]. single (Figure 6) [8].and dual (Figure 7) [9].

Mobile 3D printer designs mounted on a wheeled
trailer base, incorporating a robotic arm for performing
various operations, have started to emerge (Figure 5)

[4].

Figure 4 — Transportation of the mobile
3D Printing system

Figure S — A trailer with a versatile

robotic arm manipulator Figure 7 - Dual extruder
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The use of a dual extruder nearly doubles the produc-
tivity of the machine, but it has a drawback - it compli-
cates the work with different (curved) motion trajecto-
ries while simultaneously feeding the mixture.

We propose a design for a 3D construction printer
complex, which is mounted on a cargo semi-trailer
(Figure 8) equipped with a dual extruder that allows for
disconnecting one feeding nozzle.

The mobile complex can be used as a self-contained
unit equipped with a mixer (7) and a concrete pump (6)
that supplies the ready mix to the extruder (5). The ex-
truder is placed on the metal framework of the portal
(4), which is supported by telescopic outriggers (3).
The capacity of the semi-trailer allows for the place-
ment of the mixture for preparing the solution and other
components.

The operation of the complex begins with the deploy-
ment of the portal with the extruder upon arrival at the
construction site, which is supported by telescopic out-
riggers. Then, the preparation of the working mixture
takes place, where the components are mixed using the
built-in mixer. The delivery of the prepared mixture oc-
curs through pressure pipelines to the extruder with the
assistance of a concrete pump.

The electrical part of the complex can be powered ei-
ther by connecting to an external power supply or by
utilizing the built-in diesel generator.

The schematic structure of the printer consists of two
structural blocks (Figure 9). The first block comprises
the preparation and pump-ing unit for the construction
mixture (Figure 10), which is con-veyed through deliv-
ery hoses to the second block. To enhance the design of
the first unit, a vibration exciter has been installed on
the bunker (Figure 11).

i/5/6/7/ 8/

Figure 8 - 3D construction printer complex mounted on a cargo semi-trailer
1 — Truck tractor, 2 — Semi-trailer, 3 — Telescopic outriggers, 4 — Portal,
5 — Extruder, 6 — Concrete pump, 7 — Mixer 8 — Printed element

| T
: | | | : | Stage 2 sctvator |
W \l/ \l/ Vibration | s VA accelerator)
| \ {@ exciter | | |

| |
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| e’ iA!angﬁasei |

A large-scale conveying pump A ilire
| IR SR N | |
| mixer |
| A screw |
extrider
S
Prinfed concrefe

Figure 9 — The scheme of feeding the concrete mixture into the printing area
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This will optimize the process of mixing and homog-
enizing the mixture, ensuring its uniformity and pre-
venting the presence of hardened particles on the walls.
The second block consists of a housing that houses two
shafts with mixture-agitating blades and screws. Print-
ing of building structures can occur simultane-ously us-
ing two streams or one stream by utilizing separate
drive motors.

This structural proposal allows for nearly doubling
the printing speed. To expedite the curing process of the
mixture deposited into the second block, a curing accel-
erator is introduced.

The obtained structural elements can be further uti-
lized, if needed, as permanent formwork and filled with
insulation material or concrete mix.

"'J

Figure 10 — Mixer for preparing construction mix

Figure 11 — Vibrator is installed on the hopper

Conclusions

The proposed concept of using a printer installed on
a semi-trailer offers significant prospects in construc-
tion. It can be utilized for various purposes such as res-
idential and industrial building construction, protective
structures, retaining walls, and fences. The complex's
autonomous operation and its ability to move on roads
of different categories enable its immediate use at the
construction site after transportation. Furthermore, the
printing block's design can be enhanced by incorporat-
ing mechanisms for the placement of reinforcing ele-
ments.

Overall, mobile 3D printing technologies open up
new possibilities for the construction industry, where
speed, maneuverability, and quality are critical factors
for success. Thanks to these innovations, we can expect
faster, more efficient, and durable construction pro-
cesses, promoting the development of modern con-
struction practices and enhancing the quality of our
lives.
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Compaction of products is an important stage of construction work and engineering projects. It has a significant impact on the
stability and reliability of the construction. However, the compacting quality of the products depends on various parameters
that are controlled and adjusted on vibration machine. Analysis of these parameters will allow us to determine the optimal
values to achieve the maximum quality of compacting products using a vibration machine. The article studies the influence of
different parameters of the vibration machine on the quality of the material compaction. The purpose of this article is to
determine the choice of the optimal design of vibration machine, depending on the specific conditions of production and the
size of reinforced concrete products. The authors emphasise on such key factors as vibration amplitude, frequency, workload
and duration of exposure. Therefore, taking into account the fact that these parameters can help to understand better the
vibration compaction process and develop optimal conditions for achieving high quality material compaction. This study
presents the most rational design scheme of a small-sized vibration machine and its optimal dynamic parameters. The results
of this study will be interesting for engineers, construction contractors and specialists who are engaged in the design or working
on compaction of products

Keywords: vibration, vibration oscillation amplitude, vibration exciter, vibration machine, debalance, forced oscillations

AHaJi3 napaMeTpiB BiOpauniiiHOl yCTAHOBKH,
110 BIVIMBAKOTH HA SIKICTH YIILIbHEHHS
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YineHEeHHS BUPOOiB € BAKIMBUM €TArioM OyIiBEN-HUX POOIT Ta iHKEHEPHUX MPOEKTIB 1 Ma€ 3HAUYHMH BIUIUB Ha CTIHKICTB i
HaJliiHICTh KOHCTPYKIii. OIHAK, SKICTh YIIITbHEHHS BUPOOIB 3aJI€KHUTH BiJl PI3HUX MAapaMETPiB, sIKi KOHTPOIIOIOTHCS Ta Hala-
IITOBYIOThCS Ha BiOpamifHUX YCTaHOBKaX. AHaJi3 UX MapaMeTpPiB JO3BOJUTh BU3HAYUTH ONTUMAIbHI 3HAYCHHS IS IOCST-
HEHHSI MaKCHMaJbHOT SIKOCTi YIIITbHEHHsI BUPOOIB 3a JOTIOMOTO0 BiOpamiiiHOi yCTaHOBKH. MeTO0 Ili€i CTaTTi € mpeacTas-
JICHHS pe3yJIbTaTiB JOCIIDKEHHS JUIsl BU3HAYCHHs BUOOPY ONTHMalIbHOT KOHCTPYKTHBHOI CXeMH BiOpariiiHOro obyiaqHaHHs B
3aJIeKHOCTI BiJl KOHKPETHUX YMOB BUPOOHHIITBA Ta PO3MIpIiB 3a1i300eTOHHUX BUP0OiB. OCOOIMBICTE BibpamiiiHOro MeToxy
HOJISATa€E B TOMY, IO TIBKY 32 PaxyHOK 3HIDKEHHS IHTEHCHBHOCTI KOJMBaHb POO0OYOro opraHy BiOpaliiiHOT MallMHU MOXKHA
3/1iHCHIOBATH TMPHHITUIIOBO OKPEMi TEXHOJIOTIHHI MPOIECH, MPUYOMY Ili TEXHOJOTIYHI MPOIECH HEe BUIUISIOTHCS YiTKO 32 pe-
JKUMaMH KOJIBaHb, a TOCTYTIOBO IEPEXOIATh Y Pi3HI MPOIecH. B cTaTTi MoCiiKy€eThCS BIUIMB Pi3HUX TapaMeTpiB BiOpariitHol
YCTaHOBKH Ha SIKICTh YIIUTBHEHHS MaTepiary. ABTOpPH 3BEpPTAIOTh YBary Ha TaKi KIFOUOBi (aKTOPH, SK aMILTITYa KOJNBaHb,
YacTOTa, HABAHTAXKEHHS 1 TPUBANICTh BIUIUBY. TOMY BpaxyBaHHS [IMX [TapaMeTPiB MOXKe TOMOMOTTH KpaIlle 3p03yMiTH MPOLIEC
BiOpaIifHOTO YIIiTbHEHHS 1 pO3pOOUTH ONTUMANBHI YMOBH JUTS JOCSTHEHHS BUCOKOI SIKOCTI YIIITbHEHHS MaTepiany. Y noc-
JIDKEHH] POBE/ICHO aHaJli3 OCHOBHUX MaTepialliB, 1110 BUKOPHUCTOBYIOTBCS Mijl Yac BUTOTOBJICHHS BiOpamiiiHOT MaIluHu, Ta
TxHBOT e(eKTUBHOT poIi B 3a0e3neueHHi e)eKTHBHOrO yIlinbHEeHHs. B po0oTi npencrapieHo HalOiIbII panioHaTbHY KOHCTPY-
KTUBHY CXeMy MajlorabapuTHOI BiOpauiiiHoi ycTaHOBKH Ta ii ONTHMaNbHI JMHAMIYHI TapaMeTpy. ABTOPH HABOJATh PHUKIIAIH
MO3UTHBHOTO BIUIMBY 3MiHH LIUX apaMeTpiB Ha TYCTHHY Martepiany, ioro cTabibHiCTh Ta 3aTHICTh OMMPATUCH PYHHYBAHHIO.
Pesynbrati 1b0T0 JOCTIHKEHHS Oy IyTh IiKaBi iHXKeHepaM, OyIiBebHUM MiAPSIHIKAM i (axXiBIsIM, sKi 3aiMarOThCs MPOEK-
TYBaHHSM 1 IPOBEJICHHAM POOIT 3 YIIIJIbHEHHS BUPOOIB.

KuiouoBi ciioBa: BiOpartist, aMmIutiTya BiOpokoinBaHb, Bibpo30ymKyBady, BiOpaiiliHa MamiHa, nebanaHc, BibpaliiiHa ycTaHo-
BKA, BUMYIIICHI KOJMBaHHSI
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Introduction

Compaction of products is an important stage of con-
struction work and engineering projects and has a sig-
nificant impact on the stability and reliability of the
structure. One of the most effective compaction meth-
ods is the use of vibration machines. Vibrating machine
creates vibration waves to reduce porosity and increase
material density [1].

However, the quality of product compaction depends
on various parameters that are monitored and adjusted
on the vibration machines. Engineers and specialists in-
volved in this field feel the need to have a deep under-
standing of how these parameters affect the compaction
process and the quality of the final result [2].

This article is devoted to the analysis of the parame-
ters of the vibrating machine, which affect the quality
of compaction of the products. Our goal is to look at
various factors such as vibration amplitude, vibration
frequency, workload and machine design and deter-
mine their correlation with compaction quality.

The analysis of these parameters will allow us to de-
termine optimal values and recommendations for
achieving maximum quality of material compaction us-
ing vibration machines. These results can be used by
engineers, construction contractors and industry profes-
sionals to improve compaction processes and achieve
optimal results in construction and engineering projects

[3].

Review of Research Resources and Publications

A review and analysis of literary sources shows that
at the national and international levels, two concepts of
structural modeling of concrete mixtures have been de-
veloped: corpuscular, which represents concrete mix-
ture as a three-component medium consisting of solid
particles divided into liquid and vapor phases; the cor-
puscular and phenomenological phase describe the con-
crete mixture as a uniform material of constant density,
changing its retention properties during compression.
Both concepts with all their variations still cause a lot
of discussion [4,5].

The peculiarity of the vibration method is that it is
possible to carry out fundamentally separate technolog-
ical processes only by reducing the vibration intensity
of the platform of the vibration machine, and these
technological processes are not clearly separated by vi-
bration modes, but gradually transition from one into
one another [6,7].

To achieve a certain technical result of vibration, the
active inertia forces must act in a certain way in corre-
lation to the friction forces, viscosity and viscous re-
sistance forces, and if the inertia forces differ slightly
from the optimal value, the same result can be achieved
by changing the duration of the vibration process [8-
10].

The vibration effect necessarily requires a very useful
effect of vibrational activation of the mixed compo-
nents, which is absent in non-vibration methods.

Definition of unsolved aspects of the problem
Strengthening products is an important process in
construction and engineering projects, and vibration

machines are one of the key tools to achieve an optimal
level of compaction. However, the quality of the com-
paction can vary greatly depending on the different pa-
rameters of the vibration machine, such as vibration
amplitude, vibration frequency, workload and machine
design.

Analysis of these parameters will allow us to deter-
mine the optimal values for achieving the maximum
quality of products compaction using vibration technol-
ogy. The results of the study can be useful for engi-
neers, construction contractors and specialists involved
in the design or working on compacting the material
[11,12].

This article studies the issue of analyzing the param-
eters of the vibration machine, which affect the quality
of the compaction. One of the key aspects that requires
attention is the amplitude of the vibrations, since the
magnitude of the vibrations can affect the depth of com-
paction of the material. Studying the optimum ampli-
tude values can improve the performance of the vibra-
tion compaction and ensure uniform sealing over the
entire surface.

Thus, taking into account these parameters will help
to better understand the vibration compaction process
and develop optimal conditions for achieving high
quality material compaction.

Problem statement

The purpose of this article is to determine the choice
of the best design scheme of the vibrating machine de-
pending on the specific production conditions and di-
mensions of the molded reinforced concrete products.

Basic material and results

The study covers the analysis of the main materials
used in the manufacture of the vibrating machine and
their effective role in providing effective compaction
[13].

The obtained dependencies determine the nature of the
oscillating movements of the movable frame of the vi-
brating machine and, when the form is rigidly fixed, also
attached to its pallet.

Non-rigid fastening of the form and its massive elastic

sides make the graphics (Fig. 1), where X — offset from

the center of gravity of the zero point in the first em-
bodiment, y, — offset from the center of gravity of the

zero point according to the second option.
Consider the nature of the multicomponent oscillations
of the system depending on the amount of displacement
of the vibration exciter below the working surface of
the movable frame. An absolutely solid body on elastic
point supports of constant rigidity is taken as a dynamic
model of a vibration installation with a shape rigidly
fixed on it (Fig. 2), where 2b; — height of mold rigidly
fixed on movable frame of vibration machine,
2b, — height of movable frame,
p-1,p.2, p.3 — vibrational movements that are
considered.

It is also accepted that the trigger force is the horizon-
tal and angular speed of the shaft is constant. The flat
problem is solved in the inertial coordinate system, the
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beginning of which correlates with the center of gravity
of the vibration machine in the static equilibrium posi-
tion, in accordance with the cross section of the vibra-
tion platform.
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Figure 1 — Nature of vibration amplitude distribu-
tion of the movable frame at B/L=0.5

The generalized coordinates are taken:
Xo(¢) — coordinates of the system center of gravity;

¥, (f) — rotation angle of the system in the plane
near the center of gravity.
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Figure 2 — Scheme of options for applying forced
vibrations, relative to the center of mass of the os-
cillatory system

Neglecting the dissipation of energy in supports and
concrete, the differential equations of oscillations of the
system are obtained in the form:

My iy =-2C, -xy=2C, -y -d+ 0

+ F, -sinat

Iy ==2(C,-d>+C,-a”)-y—
-2C, -xy-d—1; - Fysinot

where Mp =M, +Mpp — mass of the entire system;

. @

qu — mass of form;

M ,, — weight of movable frame;

C,,C, - rigidity of point supports in
directions of corresponding axes;

| — different distances of the point of

application of the disturbing force to the center of
gravity of the system;
a,d — design parameters.

A partial solution of this system, describing forced
vibrations in the resonance constant mode, is:

Xo(t)=a, -sinot, (3)
wo(t)=a, -sinwt, 4)
where amplitudes of vibration movements are
determined by formulas:
D
=== 5
4y == ®)
D
v
=—, 6
@ = (6)
D=0 Mp-1,-0*(2C,-M,-d* +
(7
+2C,-Mp-a* +2C, -1))+4C,-C, -a’
2 2
D, =Fy2C,-d" +2C,-a" - ®

— I, 0 +2C, -1 -d]
D, =F[(Mp-o*-2C)I;-2C,-d] (9)
From the ratios of the values of the main parameters
(M, C..C,,I,,®) of the vibration machine of this

type, it follows that in the obtained expressions for the
amplitudes of vibration movements, their components

are determining their value: /- M, 0, F,-1, 0,
F,M, -0 1.

An approximate estimate of amplitude values al-
lows us to conclude that with the removal of the vibra-
tion exciter from the center of gravity, the amplitude of
the rotary vibration movements increases noticeably,
but the amplitude of the horizontal vibration move-
ments slightly decreases.

The increase in coordinates, that characterize the vi-
brational movements of system points, are determined
by equations:

Ay =xo(O) =1y -y (@), (10)
Ay =& w(), (11)

where 5 + and 7] — constant coordinates, which

determine the position of the k-th point in the system,
is rigidly connected with the vibrating mechanism. For
characteristic points 1, 2 and 3 on the open surface of
the form (Fig. 2) are defined as:
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m=n,=n,=-h, (12)
& =-¢=aq, (13)
52 =0. (14)

where /i, — distance to the center of gravity of the

system from the open surface of the form and
accordingly:

Ay = Aoy = My =X +h -y (1), (15)

Ay =~dyy=a-y (1), (16)

Ay, =0. (17)

The magnification of coordinate X is zero, that is,

horizontal vibration movements are absent at a point
that we call "zero" and the coordinate of which we

0 . . . . .
denote 7] . Find the position of this point by putting
Ax = 0, from where:

0 _ xo(t) _
w (1)
—Iy-0*+2C_-1.-d+2C_-d>+2C_-a
__0 X i X X

,» (18)
2

(Mp-®-2C )1, -2C_-d
As previously called, the magnitude and sign of
expressions for @, and a, are determined by the first

components, and therefore it is obvious from equation

0 o .
18, that 1] < 0 and with increasing l,v decreases, that

is, with the vibration exciter moving down from the
center of gravity, the "zero" point approaches the center
of gravity and horizontal vibration movements on the
upper surface of the form decrease.

The resulting dependencies can be reduced to a
form convenient for calculations. We introduce the
following dimensionless coefficients:

kl_M s (19)
P
b
k, =L 20
2b2 (20)

We present b, +b, = B and express the main

characteristics of the vibration machine through these
coefficients.

The position of the center of gravity of the machine
in relation to the open surface of the form is determined
by the distance:

h.=B- ! +k—2, (1)
1+k 14k,

Moment of inertia of the system correlate with the
center of gravity.

Iy =Mp-i°,
2 2 2
o_al bkl 3k o3
303 | 1+k  (+k)

Limited to approximate values

(22)

of vibration

movement amplitudes @, and a,:

PR — (24)
Mp- -
F, -l [.
Lyl g (25)
Iy o i

Find the increase in coordinates:

A, =a, .(1 + l#j sinar, (26)

L.
Ay, =—a, - & -—-sinwt. (27)
i

The position of the "zero" point is determined by
equality:

(28)

Amplitudes of vibration movements of points on the
open surface of the mold:

Ay =y =3y =

) 29
=a, 1_1_1.3.(L_ ky )|’ (29)
it l+k 1+k,
a3, =a-a, —. (30)
i

The obtained dependencies (Fig. 3) for the vibration
system with the following data:

M,

Mp=210%ke; =2;
MP

2C,=96-10° H/m; 2C, =72-10° H/u;

w=150pao/c; F,=2-10°H ;

a=15m; 26 =0,9 m.

The results found by the above formulas have good
correspondence to natural measurements on several vi-
bration machines with a width of a movable

frame 2a ~3Mm.

Finally, it should be noted that when the vibration
exciter is buried under the working surface of the mov-
able frame, it increases the vertical component of vibra-
tion displacements near the longitudinal sides of the
rigid non-removable frame, increasing the intensity of
vibration compaction of the concrete mixture. How-
ever, calculations and analytical studies show that the
penetration of the vibration exciter by more than 0.6 m
under the working surface of a movable formwork with
a width of less than 3 m is impractical, since the metal
consumption of the vibration machine increases, and
the excess vertical component leads to formwork colli-
sions and increased production noise [14].
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Selection of the best structural scheme of the vibra-
tion machine depending on the specific production con-
ditions and dimensions of the formed reinforced con-
crete products (Fig. 3).
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Figure 3 - Dependence of vibration
displacement amplitudes at characteristic points 1-
3 and position of "zero" point on location of
vibration exciter

Conclusions

In this paper, the most rational design schemes of
small-sized vibration machines and their optimal dy-
namic parameters were outlined:

1. When the vibration exciter is located on the vi-
bration machine in the central window of the movable
frame and below its working surface, the vibration pat-

tern of the movable frame will be uniform and symmet-
rical distribution of the displacement amplitudes of the
peripheral points of the shape. The vertical component
of displacements of the movable frame is noticeable. In
this design, the vibration exciter does not protrude
above the working surface of the movable frame, which
is convenient for conveyor lines. In this case, the cen-
tral window weakens the cross section of the movable
frame, and makes it difficult to access the vibration ex-
citer. It can be recommended for the formation of hol-
low floor slabs from inactive mixtures.

2. When the vibration exciter is located on the vi-
bration machine at the end of the movable elongated
frame and at 100...300 mm above its working surface
there is an uneven distribution of displacement ampli-
tudes along the length of the form. Transverse and ver-
tical components are unequal at the ends and smaller in
the middle part. Therefor, there is good access to the
vibration exciter. Simple and reliable vibration ma-
chine design, convenient for open polygons. Recom-
mended for vibration sites and vibration forms that are
used for forming long structures from moving mixtures.

3. If the vibration exciter is located on the side and
in the middle of the long side of the movable frame, a
more even distribution of displacement amplitudes oc-
curs above or below its working surface compared to
other cases. Also, the movable frame retains a continu-
ous section in the central part, which contributes to its
strength. Good access to the vibration exciter. Asym-
metric arrangement of the vibration drive relative to the
axis of the vibration platform. Recommended for use
on open polygons and for vibration forms.

4. When the vibration exciter is located at the end
or at the corner of the equilateral movable frame and
raised above its working surface on the calculated value
of 400...1200 mm, it is the most distinct multicompo-
nent nature of vibrations of the movable frame and
shape with significant vertical components of vibration
displacements. There is also good access to the vibra-
tion exciter. Conveniently placed in deep pits and open
landfills. Simple and reliable vibration machine design.
It is recommended for the formation of high volume el-
ements, reinforced concrete pipes, etc.
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This research paper examines the various modes and parameters of operation of equipment used for preparing mortars in the
construction industry. The study emphasizes the significance of ensuring the proper functioning of mixers and mixers on con-
struction sites, as it directly affects the time and energy consumption involved in mortar preparation. The paper discusses
different types of mixers, including gravity mixers and concrete mixing buckets, and provides an analysis of their advantages
and disadvantages. Additionally, the research presents calculations and formulas for determining the power consumption and
energy efficiency of mixers. The findings of the study highlight the necessity for a scientific approach in selecting components
based on their energy efficiency in construction site conditions. By considering energy efficiency, construction professionals
can optimize the performance of mixers and reduce energy consumption, leading to cost savings and environmental benefits.
This research contributes to the existing knowledge in the field and provides valuable insights for decision-making in the
selection and operation of mortar preparation equipment in the construction industry.
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JlociiazKeHHsl pe:KUMIB Ta mapaMeTpiB po0oTH 00/1aIHAHHS
JJISA IPUTOTYBaHHA OyAiBeJIbHUX PO3YUHIB
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VY crarTi po3nIIHYTO pi3Hi PeXKUMH Ta MapameTpr poOOTH 00J1aJHAHHS, 10 BUKOPUCTOBYETHCS JUIS IPUTOTYBaHHs Oy/IiBeNb-
HUX PO3YMHIB y OyniBenpHii ramysi. EQexruBae npuroryBanHs OyiBeNbHUX PO3UMHIB Ma€ BUpIlIajdbHE 3HAYCHHS JJISI CBOE-
YaCcHOTO 3aBEPUICHHS OyAiBENFHUX MPOEKTIB i 3arajbHOT MPOIYKTUBHOCTI Taiy3i. JloCTiIKeHHs MiIKPECIoe BayKIIUBICTh 3a-
Oe3reveHHs HaJIeKHOTO (YHKIIOHYBaHHS 3MIITyBadiB Ha OyIiBeNbHAX MaliJaHYMKaX, OCKUTIBKH 1Ie 0e3MocepeIHbO BIUTHBAE
Ha BHTPATH Yacy Ta €HepTii Ha MPUroTyBaHHs po3uuHy. CTAaTTA MICTUTh aHAIIi3 PI3HUX THIIIB 3MIlIyBadiB, SIKi BAKOPHCTOBY-
I0ThCs1 B Oy/IiBeNbHIH ramy3i, BKIIOYalo4YX rpaBiTaliliHi 3MilIyBayi Ta KOBIII JUIsl 3MilryBaHHs OetoHy. Koxxen Tun 3minryBaya
OLIIHIOETHCS] Ha OCHOBI HOT0 IepeBar i HelOJiKiB, BpPaXOBYIOYH Taki (pakTOpH, SIK MPOCTOTa BUKOPHCTAHHS, IOTY)XHICTh 3Mi-
IIIyBaHHS Ta BUMOTH JI0 00CITyrOByBaHHs. Pe3ysbTaT 1IbOr0 aHali3y MOXKYTb JOIIOMOTTH (haxiBIsIM-OyiBeIbHUKAM y BHOOPI
HaWOIIBII MiAXOAAIOrO 3MilllyBaya /Uil KOHKPETHUX BUMOT MpoekTy. KpiM Toro, B JOCIiKEHHI HAaBEACHO PO3PaxyHKH Ta
(hopMyiH U BU3HAUCHHS €HEPTOCIIOKUBAHHS Ta €HEProeEeKTUBHOCTI 3MilTyBadiB. JIOCHiIKEHHS TAKOXK ITiIKPECITIOE BaXK-
JIMBICTh BpaXyBaHHS €HEProe()eKTUBHOCTI MPH MPOCKTYBAaHHI Ta EKCIUTyaTallil 3MINIyBayiB, OCKUIBKH II€ MOXE MTPU3BECTH [0
3HaYHOT €KOHOMII €Heprii Ta eKOJIOTIYHMX IepeBar. B pe3ynbraTi H0ciikeHb € HEOOX1MHICTh HAyKOBOTO MiAXOIY 10 BUOOPY
KOMITOHEHTIB Ha OCHOBI iX eHeproe(eKTHBHOCTI B yMOBaX OyAiBEIbHOTO MaiiTaHINKA.

KurouoBi ciioBa: GetoHHa cyMil, 6eToHO3MilTyBaY, Oy JiBeNbHUI PO3YNH, IPUTOTYBaHHS, €HEProe(pEeKTHBHICTh, TPOLYKTH-
BHICTh
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Introduction.

Nowadays, the production of various concrete prod-
ucts in Ukraine requires special attention. Usually, the
production of concrete mixtures and mortars takes
place at modern enterprises, equipped with highly effi-
cient mechanized means, or directly on the construction
site.

In the global construction engineering industry equip-
ment for concrete preparation of various characteristics
and purposes is used depending on the characteristics
of its further use. However, the importance of the
proper functioning of mixers and mixing devices on
construction sites is paid with little attention. There-
fore, the use of time for the preparation of the finished
product and the energy consumption are much higher,
compared to the production of similar products in the
factory. Due to the limited working space on construc-
tion sites, additional equipment is usually required to
meet the needs of construction activities.

Review of the research sources and publications.

One of the key aspects of successful mortar prepara-
tion is the proper selection of modes and equipment op-
eration parameters. In the modern construction indus-
try, much attention is paid to the efficiency and quality
of construction work. Ukrainian [1-4], [10-14] and for-
eign [16-19] scientists were engaged in the analysis of
various structures for the preparation of concrete mix-
tures and mortars. They were engaged not only in the
development of new materials, but also in the search for
rational solutions for the process of mixing mortars.

Definition of unsolved aspects of the problem

One of the main problems when mixing mortars on
the construction site, which constantly needs to be ad-
dressed or improved, is the problem of energy effi-
ciency.

There is a need to investigate the effective use of au-
tomation and control systems, which can help in opti-
mizing energy efficiency during the concrete mix prep-
aration process.

Insufficient theoretical grounding of the energy pa-
rameters of work processes related to the preparation of
concrete mixtures from the point of view of efficient
use of consumed power and reduction to a rational level
of energy intensity at all stages does not allow the cre-
ation of effective technological sets of equipment for
various construction conditions. This restrains the de-
velopment of high-performance technologies for con-
struction work on the construction site.

Problem statement

The purpose of this work is to investigate the modes
and operating parameters of equipment for preparing
construction mixes and to optimize the construction
process with a focus on energy efficiency.

To achieve this goal, it is necessary to analyze the
main methods of preparing mortars and methods for de-
termining the energy efficiency of the equipment used
for mixing, determine the advantages and disad-

vantages of such equipment and methods for calculat-
ing energy efficiency, determine the further vector of
research.

Basic material and results

Using different mixers to prepare concrete mortar di-
rectly on the construction site has become a common
practice in the construction industry. This opens up op-
portunities for optimizing the construction process and
ensures the high quality of concrete structures. Differ-
ent types of faucets are used depending on the specific
requirements and needs of the construction project.

Mixers on the construction site allows to precisely
control the composition of the concrete mixture and
consistency, which makes it possible to create rational
conditions for a specific construction task. This practice
simplifies the process of making concrete, allowing you
to quickly adjust and adapt the mixture to changing
construction conditions [6].

On-site mixers also help reduce the cost of transport-
ing the finished concrete mix from the plant, which im-
proves production efficiency. They avoid overproduc-
tion and store concrete in the required quantities, which
helps to save resources.

In general, the use of concrete mortar mixers directly
on the construction site is an important component of
modern construction [9]. It simplifies the construction
process, increases quality control and allows efficient
use of resources, ensuring high productivity and relia-
bility of construction projects. Gravity and forced mix-
ers, which differ in the principle of operation, mobility
and mixing method, have become widely used.

One of the most common types of equipment for the
preparation of concrete mortars on a construction site is
a gravity mixer (Fig. 1). In gravity mixers, materials are
mixed in a rotating drum with blades fixed on the inner
surface. As the drum rotates, the material is captured
and lifted by the blades, and then, due to the action of
gravitational forces, it moves down.

Figure 1 — Gravity Concrete Mixer

Gravity mixers are noted for their simple design, low
energy consumption, and the ability to mix materials
with large particulate matter. However, they also have
their disadvantages, such as the relative duration of the
mixing process and the difficulty of achieving complete
homogeneity of the mixture when mixing materials that
are rigid and have a fine-grained structure.
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Concrete mixing buckets are also widely used
(Fig. 2). These are special devices designed for mixing
concrete, cement mixtures and other building materials
directly on the construction site, using the power and
mobility of the chassis on which they are installed (trac-
tor, own self-propelled).

Figure 2 — Concrete mixing bucket

The front loader operator loads the necessary mixing
components into the bucket. After that, the bucket rises
above ground level and the rotation of the working
body inside the bucket begins. This mixing takes place
under conditions of high speed and intensity to ensure
homogeneous mixing of materials. Due to the mobility
of the chassis on which it is installed, it is possible to
move the concrete mixture around the construction site
at the time of mixing.

The advantages of this equipment are mixing effi-
ciency, quality control and mobility. And the disad-
vantages are the difficulty of cleaning to avoid contam-
ination of subsequent mixtures and the dependence on
an excavator, which is sometimes not suitable for all
construction projects.

When comparing these mixers, you need to take into
account that they have different designs, mixing times
and energy efficiency, and the technical performance of
the mixers is determined according to their volume and
mixing time:
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where, IT — mixer performance, m*/h;
t. — cycle time duty, s;

V, — volume of the finished mixture, m?;
kmwh — coefficient that takes into account the volume
of the mixer's working body (kuws = 0,92...0,98);

kr— coefficient filling the faucet body with mortar;
t,- — mix preparation duration, s;
tou — mix pumping duration, s;
ts: — downtime and maintenance time, s.

Most of the works [10-11] devoted to mixing consid-
ered the processes of movement and mixing of building
mixtures, the identification of the efficiency of mixing,
and the catalyzing of chemical processes. Only a small
part of the work relates to the study of the movement
and suspensions and other viscoplastic bodies mixing.

In the works of foreign scientists [5], the rational di-
ameter ratio, blade width and mixer body size, as well

as the dependence of power and efficiency of mixing
on the speed were established. To calculate the power,
W, the following formula was proposed:

P=9,81-C-(D+4H)-sin(L13¢-12): p"* - p**" - n*" . D**

where C — resistance coefficient;

D — mixing ladle diameter, m;

H — mixing ladle height, m.

P, H — density and viscosity of the medium to be
stirred;

n — blade rotation speed;

& _indicator of the degree depending on the mixing
conditions.

In research, the equation of energy consumed for mix-
ing is presented in the form of a functional dependence
on the criteria of Reynolds and Froude.

Most scientists have come to the conclusion that
when determining the power consumption during the
mixing of viscous liquids, the most significant influ-
ence is exerted by the Reynolds criterion.

The intensity of the mortar mixer action is character-
ized by the time required to achieve a specific techno-
logical result at a constant speed of rotation of the
working body or vice versa. According to the work
[14], the intensity of mixing can be determined using
the angular velocity of the working body @, rad/s; lin-
ear velocity of the working body on the outer diameter,
V', m/s; power P, W, which is spent on mixing, which
is reduced to a unit of volume or a unit of mass of the
mixture; Reynolds' criterion

2
R - w-d -p
n
where d — diameter of the mixer working body, m;
p — density kg/m’;

n — structured viscosity coefficient, Pa's.

As mentioned earlier, mixing efficiency is character-
ized by the amount of energy expended to achieve the
desired technological effect. Of the two mortar mixers,
the one that achieves a certain technological effect at
lower energy consumption will be more efficient. To
select the optimal size and operating modes of mortar
mixing plants, it is also necessary to apply the mixing
efficiency.

In studies, the following formula is provided to cal-
culate power
4,33~D4’57 278 'p0,78 .‘uo,22

10° , Kw

It is clear that in the study of fluid flow in each case
it is necessary to take into account the most significant
principal factor. In some cases, it is not possible to take
into account the Reynolds and Froude criteria at the
same time. If the mixer blades are completely immersed
in the solution, then the main importance is Re. The
forces of gravity will be negligible, so in some cases the
Froude criterion can be ignored.

According to the conducted analysis, the method of
calculating screw-type mixers was used, the starting

P=
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point of which is Newton's law. The proposed depend-
encies for calculating the power of mixers can be pre-
sented in the general case

3
p="7 w-b-n’ -(r4 —r4), Kw
60’

where 7., 7in — outer and inner radiuses of the blade,
respectively;

y —indicator of the degree depending on the mixing
conditions;

b — blade width.

y — initial current phase.

In the study of the main regularities of fluid move-
ment in mixers, the importance of certain components
that significantly affect the design power was revealed,
namely, the shape of the free surface, the distribution of
flow rates, the circulation pattern and the dependence
of the above phenomena on the design and kinematic
parameters of the mixers. The values of the drag coef-
ficients are set depending on the ratio of the blade size
and their number. Therefore, the specific power con-
sumption per unit volume of the mixture is in the ratio

p - A xwi

DWl

where A — constant ratio;

D — mixer blade diameter, m.

Analyzing this expression, it can be concluded that
the specific power consumption decreases with an in-
crease in the blade diameter, and therefore the hopper
size.

In the study of energy indicators [12], namely, the
specific energy consumption of mixers of cyclic forced
action, it is proposed to calculate the value by the for-
mula

qé:i,W/l
v

where P. — power on the mixer drive shaft, W;
V- mixer hopper volume, 1.

It has been established that the value of the q. has

some deviations from the mean. Of particular interest
are the unexplored deviations of the magnitude ¢, from
the average towards a decrease in specific energy con-
sumption. Dependence analysis of mixers power and
other parameters of the volume can be used for the pre-
dictive calculation of mixers, therefore, it is proposed
to use the dependence of the drive power on the volume
of the mixer to assess the technical level of existing
mixer designs. It has been determined that the technical
characteristics of the existing equipment do not take
into account a number of design and technological in-
dicators.

According to the studies analysis of the relationship
between specific energy consumption 4/ of installed

electric motors and mixer capacity V by different types
of domestic production. According to the results of the
research [12] a dependency graph /- f(v) was ob-

tained, shown in Fig. 3. It was concluded, that by devi-
ation of the ¢4/ value, gravity cyclic mixers have less
than cyclic forced mixers.

Specific energy consumption qé of cyclic forced
mixers have a significant range of values. This con-
firms the assumption that there is no unified method for

calculating the energy performance of cyclic forced
mixers.
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Figure 3 — Dependence of specific energy consump-
tion on forced volume /
and gravity 2 cyclic mixers ¢/ = 7 ()
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Figure 4 — Dependence of specific energy consump-
tion on the relative power consumption of forced /

and gravitational 2 cyclic mixers ¢/ = f(q.)

Figure 4 shows a graph of dependency ¢ — 7(q.)> that

is, the specific energy consumption from the relative
power consumption, which is determined by the fol-
lowing formula

P
=—<, W/
q. 17

where /7 — mixer productivity, 1/h.
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A decrease in specific energy consumption is associ-
ated with a decrease in relative power consumption.
This allows to assert that it is not enough to know the
power of the drive to assess the efficiency of mixers,
since energy consumption depends on the power of the
electric motor, its efficiency, power reserve factor and
mixing time [13].

Most studies show that for concrete mixtures, the en-
ergy consumption for mixing depends on the speed of
rotation in the first and second powers, for liquids the
power indicator is three or four.

There is a need to develop a methodology that in-
cludes design features, working bodies, modes of their
operation, total energy consumption in the conditions

of work on the construction site.

Conclusions

As a result of the research, an analysis was conducted
on the main methods of preparing mortars and the en-
ergy efficiency aspects of different mixing methods.
Promising approaches to enhance the manufacturing
process of mortars in the construction industry were
identified. Considering the advantages and disad-
vantages of various mixing methods and their energy
efficiency, it can be argued that developing a scientific
approach to component selection based on the highest
energy efficiency in construction site conditions is both
possible and necessary.
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The article focuses on enhancing the efficiency of screw units in small-sized plastering installations for pumping mortars within
the construction industry. It delves into the analysis of existing plastering unit structures, evaluating their respective advantages
and disadvantages. Additionally, the article provides an overview of various mortar pumps and their associated parameters. A
key objective of the study is to conduct a comparative analysis of current small-sized plastering unit designs and to elevate the
effectiveness of mortar pumping. Mathematical models are presented to determine coefficients that consider the non-uniformity
of conditions for the concrete mixture's end, as well as the necessary pressure for optimal filling of the working cylinder with
the concrete mixture. Furthermore, the article explores the utilization of innovative technologies and materials to enhance the
efficiency and functionality of the screw unit.
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VY crarTi po3rIAAaeThCA KpUTHYHA HEOOXITHICTh MiIBUIIEHHS €()eKTUBHOCTI TBUHTOBHX arperaTiB y MajJoradapuTHHX IITyKa-
TYpPHHUX YCTQHOBKAaX JUIsl IepeKadyBaHHs PO3UMHIB y OyiBesbHiH ramysi. [IpoBoANTHCS KOMIUIEKCHUH aHai3 iCHyIOYHX KOH-
CTPYKIi} IITyKaTypHHUX arperaris, OI[iHKa 1X BiAMOBIIHUX Hepesar i HenodikiB. KpiM Toro, y CTaTTi MPONOHYETHCS peTENIbHUI
OIJISI/T Pi3HUX THUIIIB PO3UMHOHACOCIB 1 MOB’SI3aHMX 3 HUMH NapaMeTpiB, 1o 3abe3nedye 1iicHe po3yMiHHs MOTOYHHX TEXHO-
JIOTiH NepekayyBaHHs po3urHiB. OCHOBHUM 3aBJIaHHSIM JOCTI/PKEHHS € TPOBEACHHS MOPIBHSIIBHOTO aHAITi3y ICHYIOYHX KOHC-
TPYKIiil MaoradapuTHHUX MTYKAaTyPHUX arperaris, OCHOBHOIO METOIO SIKOTO € IMiABHIICHHS ¢()eKTHBHOCTI MPOIIECIB IepeKa-
qyBaHHS po3uuHy. Lle Bkirouae B cebe AeTambHAN aHaMi3 onepanifHuX MeXaHi3MiB i MOKa3HUKIB MPOAYKTHBHOCTI IIUX MiJ-
PO3ILTIB 3 METOIO BH3HAYEHHS 00JIacTei 11l BIOCKOHAJICHHS Ta ONTHMi3amii. Y CTaTTi TakoK BBEICHO MaTeMaTHIHI MOJENI,
SIK1 BIAITPalOTh BUPIMIANBHY POJIb Y BU3HAYCHHI KOE(]Ii€HTIB, IO BPaXOBYIOTh HEPIBHOMIPHICTH YMOB KiHIIEBOTO CTaHy Oe-
ToHHO{ cymimi. L{i Mozerni momoMaraioTs po3paxyBaTi HEOOXiHUH THCK ISl ONITUMAaJIBHOTO HAIIOBHEHHS poOOYOTo MUITiHAPA
OETOHHOIO CYMIIIIIIO, THM CaMUM CIIPUSIOUM 3arajbHiil eeKTHBHOCTI Ta pPe3yJbTaTUBHOCTI MpoLeCy MepeKadyBaHHs. Y
CTaTTi JOCII/KEHO 3aCTOCYBaHHS IHHOBAL[IHIX TEXHOJIOTIH 1 MaTepiaiB s MiJBHUIIEHHS e()eKTUBHOCTI Ta (PyHKIIOHATIBHO-
CTi LIIHEKOBOTO arperary. BrpoBapkyloun NepeaoBi JOCSITHEHHS Ta MaTepiaiy, MeTa Mojiarae B TOMy, 1100 MiZBUIIUTH TPO-
JOYKTUBHICTb 1 KCILTyaTaLiliHi MOMKIIMBOCTI IITYKAaTypPHUX YCTAHOBOK MaJIOr0 pO3Mipy, 10 B KiHIIEBOMY IiICYMKY NpU3BEZE
IO TIOKpaIIeHHs MPOIIECiB MepeKkadyBaHHsI PO3YHHY B OyaiBenbHIN ramysi. [1iIcyMoByroUH, CTaTTS € IIHHAM PECypCcoM IS
npodecioHaiB, JOCTITHUKIB 1 3al[iKaBICHUX CTOPIH y raiy3i, sSKi MparHyTh MiABUIIUTH e()EeKTHBHICTh IITYKATypHUX YCTaHO-
BOK MaJIOTO pO3Mipy Ta ONTHMI3yBaTH MPOILECH MEepEeKauyBaHHSI PO3UUHY B OyIiBHUITBI. BiH MiCTHTh IOBHHH OTJISA]] TIOTOY-
HOTO CTaHy IITYKaTYpHHUX YCTAaHOBOK i TEXHOJIOTii HaKauyBaHHs PO3YHHY, a TAKOXK MPOIIOHYE PO3YMiHHS MOXKIIMBHX obJacTeit
JIJIs1 BAOCKOHAJIEHHS Ta IHHOBALIIN.

KunrouoBi c1oBa: rBUHTOBHI B30, INTYKaTypHUIT arperar, OyAiBeIbHUNI PO3UNH, IPOAYKTUBHICTD, IIepeKadyBaHHS, PO3UH-
HOHAcoC
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Introduction.

Improving the efficiency of the screw unit of small-
sized plastering installations for pumping mortars is an
urgent problem in the field of construction technology
and engineering. Ensuring high-quality and productive
operation of these plants is essential for the construc-
tion industry, which is constantly developing and im-
proving. Today's construction sector faces a number of
challenges, including increased competition, the need
to reduce costs and increase productivity. One of the
ways to solve these problems is to improve the equip-
ment and technologies used at construction sites. Screw
assemblies in small plastering plants are a key compo-
nent for supplying mortars, and their efficiency can
have a significant impact on workflow productivity.
However, in order to achieve maximum productivity
and quality of work, it is necessary to take into account
various aspects, such as the design of the screw assem-
bly, the properties of mortars, the parameters of the
working environment and other factors. It is also im-
portant to select rational materials and technologies for
the manufacture of screw assembly components. In this
study, we will investigate various aspects of improving
the efficiency of the screw unit of small-sized plaster-
ing plants for pumping mortars. The article discusses
the types of plastering and finishing works, types of
plastering installations and mortar pumps, analyzes the
existing designs of plastering units, analyzes their ad-
vantages and disadvantages.

Review of the research sources and publications.

Furnishing works in construction make up about 35%
of the total labor intensity of works, and they use a wide
range of technologies and materials.

Ukrainian scientists were also engaged in the devel-
opment and improvement of various types of mortar
pumps for pumping mortars. Nazarenko I.I. [1],
Onyshchenko O.G. [1.3], Yemelyanova 1.A. [10-13]
Korobko B.O. [7] are the most famous among them.

Publications provide a comprehensive overview of
the current state of plastering units and mortar pumping
technologies, while also offering insights into potential
areas for improvement and innovation. The sources
cover a wide range of topics related to the efficiency of
screw units in small-sized plastering installations for
pumping mortars within the construction industry.

Definition of unsolved aspects of the problem

There is a need for standardized guidelines or indus-
try standards for the design and performance of small-
sized plastering plants. The lack of universally accepted
standards can lead to differences in efficiency and ef-
fectiveness across departments.

There is a lack of comprehensive understanding of the
integration of advanced materials, such as high-perfor-
mance polymers or composite materials, into the design
of screw assemblies to improve durability and perfor-
mance.

There is a need for further research to optimize pump-
ing parameters to achieve the most efficient injection
processes.

Addressing these unresolved aspects will contribute
to the comprehensive improvement of screw assem-
blies in small plastering plants, resulting in more effi-
cient and sustainable mortar pumping processes in the
construction industry.

Problem statement

Comparative analysis of existing designs of small-
sized plastering units, with further increase in the effi-
ciency of pumping mortar.

Basic material and results

Today, two types of solution pumps are used: screw
pumps and hose pumps.

Hose solution pumps (Fig. 1, a) allow for a continu-
ous supply of the pumped mixture [4]. The working
body of such a pump is a piece of elastic hose along
which two or more rollers roll, deforming the hose,
completely blocking the passage area under the roller,
continuously pushing the solution into the mortar pipe-
line. The mixture is sucked in due to the elastic proper-
ties of the elastic hose. For better recovery of the hose
dimensions in cross-section, a vacuum suction circuit is
used and the entire mechanism is placed in a sealed
chamber. This greatly complicates the design of the
pump and its maintenance.

Hose mortar pumps are mainly used for pumping
mortars that occupy an intermediate position between
plaster mortars and concrete mixtures with a fraction
size of up to 7 mm.

The scope of application of hose solution pumps is
limited by economic feasibility due to the very short
service life (less than 20 hours) of the main working
body — the hose. When operating under a vacuum-free
suction scheme, the hose quickly loses its elasticity,
which leads to the loss of performance of the solution
pump.

Screw pumps (Fig. 1, b) are used for pumping plaster
mortars. The main features of the pump are uniformity
of flow, compactness, simplicity of design and opera-
tion and light weight. The pump assembly of a single
screw pump includes a cast iron or steel single-head
screw with a specific pitch and a rubber cage with an
elastic working surface. The propeller receives rotation
from the electric motor through a gearbox. The cross-
section of a screw is a circle, the center of which is
shifted relative to the axis of the screw by an amount of
eccentricity. The working surface of the cage is a dou-
ble-threaded screw with a pitch twice that of a steel
thread. Due to this design, when the working surfaces
of the screw and the cage come into contact, a closed
line is formed, the totality of which limits the closed
chambers. During the rotation of the screw, the cham-
bers are filled with the mixture to be transported and
move continuously along the axis of the screw from the
hopper to the discharge nozzle. Unlike reciprocating
pumps, screw pumps do not have valves. The tightness
of the chamber is ensured by tension in the connection
of the screw with the elastic cage.
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Figure 1 — Diagram of hose (a) and
screw (b) solution pumps

Recently, screw solution pumps have become more
widely used, but depending on the manufacturer, they
may not be economically feasible or have a low capac-
ity. Therefore, it is advisable to improve the existing
design.

On construction sites, various plastering units with
screw mortar pumps are used, one of which is SO-152
[1]. It provides filtering, feeding and application of
plaster mortars to the surface to be treated. The SO-152
unit, complete with a compressor unit, can carry out
surface coating by spraying. It consists of two compact
main units: a mortar pump and a receiving hopper with
a vibrating sieve. Both nodes are connected to each
other by a rubber-fabric sleeve with a quick coupling.

Figure 2 — Diagram of the
plastering unit SO-152

The finished solution, delivered to the place of work,
is unloaded onto a vibrating sieve. The vibrator pro-
vides 50 Hz oscillations to a movable frame with a
sieve set at an angle of 5° to the horizontal, for conven-
ient removal of large inclusions, that did not pass
through the sieve cell. The solution filtered through a
vibrating sieve enters the receiving hopper, and from
there through the suction hose to the working chamber
of the mortar pump. It is then fed through a pressure
solution pump to the nozzle and applied to the treated
surface.

The advantages of this design of the plastering unit
are compactness for ease of transportation from one
workplace to another and the presence of a vibrating
screen, which allows you to prepare a mortar with ag-
gregates of certain fractions.

The disadvantage is the division of the structure into
two units mounted on independent frames, which leads
to an increase in the bulkiness and cost of such equip-
ment. The performance and pressure figures generated
by the mortar pump are also insufficient for a wide
range of uses of this equipment.

Plastering unit SO-150 is designed for surface appli-
cation of putty mixtures, primers or water-adhesive
paints on treated surfaces. The plaster is applied with a
fishing rod using compressed air, and the primer and
paint are applied with a pressure pump.

The unit is built on the basis of a screw pump with a
loading hopper, a feed hose with a fishing rod and an
electrical cabinet. The unit is driven by a two-speed
electric motor through a V-belt transmission and a gear-
box. At the bottom of the hopper there is a conveyor
that mixes the inlet mixture and directs it to the suction
part of the pump.

The disadvantage of putty units is their low produc-
tivity and unsuitability for supplying slow-moving and
dry mixtures.

Figure 3 — Diagram of the SO-150
plastering unit

Plastering unit SO-154A is designed for the prepara-
tion of finishing mortars both from ready-made dry
mortars and from its constituent components, which are
loaded directly into the unit; transportation of ready-
made solutions through pipelines; mechanized applica-
tion to the work surface [2]. The unit can prepare and
transport water-based priming and painting solutions,
oils and adhesive putties. It is equipped with a mortar
pump, a vibrating sieve, and a device for applying a col-
oring compound.

Figure 4 — Diagram of the plastering
unit SO-154A

Next to the hopper is an electric motor, from where
the movement is transmitted to the blade shaft by means
of a V-belt transmission and a worm gearbox. Under
the agitator there is a vibrating sieve with a replaceable
flat sieve, which is driven by another electric motor of
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low power. The screw pump, located under the vibrat-
ing sieve, consists of a receiving hopper with a screw
and a clamp with a screw and clamp at the bottom. The
pump drive includes an electric motor, a gearbox and a
V-belt drive. There is a pressure gauge on the pump
housing.

Screw mortar pumps SO-78 and EUROMIX 400 are
used for pumping fine-grained concrete mixtures with
aggregate size up to 10 mm. But their disadvantage, as
well as the SO-154A plastering unit, is that when work-
ing with abrasive mixtures, the fixed elastic clamps and
screws of the mortar pump wear out quickly.

Figure 5 — Screw solution pumps:
a) SO-78, b) EUROMIX 400

Universal plastering machine USHM-150 prepares
plaster, gypsum, lime-cement and cement-sand mortars
from dry components, filters them through vibrating
sieves, transports them through mortar pipelines and
applies them to the treated surfaces under the influence
of compressed air.

Figure 6 — Universal plastering
machine USHM-150

The advantages of such an installation include versa-
tility. The disadvantages include the small volume of
the working chamber of the mixer, increased power
consumption and overall dimensions, weight.

Plastering machine T-101 based on a screw pump is
a mobile small-sized high-performance machine of
continuous and cyclic action, working with ready-made
dry mixes [2]. It is designed for the preparation and ap-
plication of plaster mortars on prepared treated sur-
faces.

Figure 7 — Plastering machine T-101

The disadvantage of the plastering machine is the im-
possibility of preparing the plaster mortar directly in the
hopper from individual components, which signifi-
cantly reduces the scope of its application. Stepped
speed adjustment is time-consuming and takes time to
change the position of the drive belt on the pulleys.

The PFT G4 plastering machine is used for kneading,
feeding and applying mortars to vertical and horizontal
surfaces [3].

Figure 8 — Diagram of the PFT G4 plastering ma-
chine

PFT G4 prepares and injects mortars from dry com-
ponents, which significantly reduces its versatility on
the construction site. The receiving hopper has a capac-
ity of 150 litres and must be constantly replenished with
the components of its chamber.

The PFT ZP 3 XL MIX unit (Fig. 9) is used for the
preparation and delivery of mortars to construction
sites. Plaster or masonry mortar prepared in the built-in
mixer is supplied directly to the facility. The capacity
of the pump is adjusted depending on the concentration
of the solution. The unit can be switched on and off us-
ing the remote control.

With small volumes of work or a significant distance
from the mortar plant to the construction site, it is rec-
ommended to use plastering and mixing plants with
mortar pumps and plastering units [4]. In this case, the
preparation of mortar is carried out directly at the con-
struction site, which significantly reduces the consump-
tion of working materials.
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Figure 9 — Plastering station
PFT ZP 3 XL MIX

The disadvantage of plastering stations is that gravity
mixers are inefficient for plaster lime-sand mixtures,
have low productivity, limited transportation range and
high cost.

The PFT SWING L screw mortar pump has a short
service life of the screw feeder, is unsuitable for sup-
plying slow-moving concrete mixtures and has a high
cost.

Figure 10 — Screw Solution Pump
PFT SWING L

The pressure generated by the screw can be deter-
mined at the distance to which the mixture is supplied
under the pressure of the working piston of the pump
with the suction valve open. When calculating the pa-
rameters, air resistance was not taken into account, be-
cause the frontal air resistance at speeds of 5 m/s is in-
significant, and the change in velocity for a jet with a
diameter of 45 mm and the density of the mixture from
2300 to 2500 kg/m? will be less than 1 [4]. At the same
time, the unit of the mortar concrete pump, including a
loading hopper with a screw and with a suction valve
body, is considered at a height of 1 m (Fig. 11).

The velocity of the concrete mixture flow jet (m/s)
discharged through the open suction valve can be de-
termined by the Torricelli formula [10]:

v=k,  -\J2gH_ (1.1)

c.m.

where H — height of the column of concrete mixture
that creates overpressure, m;

kc_m_— a coefficient that takes into account the

non-identity of the conditions for the end of the con-
crete mixture;
g —acceleration of gravity.

v
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Figure 11 — Diagram of a loading hopper with a
screw shaft and a stirrer

As a result of mathematical processing of experi-
mental data, taking into account the factor of mobility
of the concrete mixture P;, a second-order mathemati-
cal model was obtained, which allows to determine the

coefficient k which takes into account the non-

c.m.?
identity of the conditions for the end of the concrete
mixture [8].

k., =[8,185-0,590P, +0,113P7]-107
(1.2)

Using Torricelli's formula and the conditions of the
experiment in the presence of forced loading of the ma-
chine, it is also possible to determine the required pres-
sure that ensures the maximum filling of the working
cylinder with concrete mixture, using the dependence:

P = Lgp L-gp (1.3)
"k, 2H-2 k, -4H

where: k, —a coefficient that takes into account the

non-identity of the conditions for the end of the con-
crete mixture;

L —the distance to which the jet of concrete mix-
ture is supplied, m;

p — mixture density, kg/m3.

The presence of forced loading when using slow-
moving concrete mixtures makes it possible to ensure a
denser filling of the working cylinder with the mixture,
therefore, to achieve a higher volumetric coefficient of
efficiency, as well as to ensure the operation of the
pump, compared to the existing ones, with increased
productivity. The change in the productivity of a mortar
concrete pump with forced loading depending on the
mobility of the concrete mixture is evidenced by the
data shown in the figure 12.
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The issue of increasing the efficiency of the screw
unit of small-sized plastering installations for pumping
mortars is quite relevant and important for the construc-
tion industry, because it can have a positive effect on
the quality and timing of construction, as well as reduce
the cost of labor and materials [9].

One of the important factors is also to conduct re-
search on the geometry of the propeller, which deter-
mines the direction and speed of movement of the
pumped material. It depends on the diameter of the
screw, the pitch and the angle of inclination of the
tooth, which, with the right calculations, can ensure
maximum fluid flow with minimal energy losses due to
friction.

0,78
N1, em

Figure 12 — Dependence of the performance of a
forced-loading mortar pump on the mobility of the
concrete mixture

The use of automatic control systems will ensure op-
timal parameters for pumping mortars, depending on
their characteristics and operating conditions of the
screw unit. Wireless data transmission and screw con-
trol systems can also be used, which will provide more
accurate and efficient control of the pumping process.

The use of these technologies makes it possible to
provide more accurate and efficient control of the pro-
cess of pumping mortars, reduce the cost of energy sup-
ply of the screw unit, increase its service life and reduce
the cost of maintenance. In addition, the use of innova-
tive technologies makes it possible to increase the
safety of the screw unit and reduce the risk of accidents.

Conclusions

An analysis of existing structures for pumping mor-
tars and other mortars using screw assemblies and their
technical characteristics was carried out and the main
problems and shortcomings were identified.

To improve the operation of the unit, first of all, it is
proposed to use screw assemblies made of polymeric
materials, which will ensure greater strength and wear
resistance of the elements of the unit, as well as reduce
its weight and energy supply costs.

Maintaining the correct operation of the unit will re-
duce the loss of solution and ensure better pumping of
components. This can be ensured by adjusting the
speed of rotation of the unit, pressure and temperature
of the solution.
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The paper considers and theoretically justifies the improved model of the soil base for the combined raft pile foundation (CRPF)
to consider the nonlinear behavior of the elements “after” and “before” the connection between the raft and the piles (structural
nonlinearity) to calculate the stress-strain state using the finite element method in present-day calculation packages. Using the
improved model makes it possible to qualitatively simulate the behavior of the CRPF with the structural nonlinearity in the
behavior of its elements. The simulation and numerical calculation of the base-CRPF system was performed using a specific
example and it was found that the application of the proposed model with consideration to the structural nonlinearity of the
behavior of the foundation elements reduces the moment forces in the raft to 15% in comparison with the application of the
full load at once and the behavior of the raft with the permanent connection between the raft and the piles

Keywords: soil base, model, combined raft pile foundation, methodology, stress-strain state

YnockoHajieHa Mo/ieJib TPYHTOBOI OCHOBH
IS PO3PAXYHKY KOMOIHOBAHOIO IVIMTHO-NIAJILOBOI0 (DYyHIaAMEHTY
3 KOHCTPYKTHUBHOI HeJIiHIHHICTIO po00TH eJIeMEeHTIB

Camoponos O.B.", Ta6aunikos C.B.%, lutiok O.€.% Bongap O.I1.*
12,34 X apkiBCchKHii HAIIOHAIBHUH YHIBEPCUTET Michkoro rocnogapctsa iM. O.M. bekeTosa

* Anpeca mirs muctyBaHHS E-mail: osamorodov@ukr.net

VY crarTi MPONOHYETHCS Ta TEOPETUYHO OOIPYHTOBYETHCS YAOCKOHAIEHA MOJIENIb TPYHTOBOT OCHOBH KOMOIHOBAHOTO IIUTHO-
najgboBoro GyHAaMEHTY JUls BpaXyBaHHs HEJiHIIHOT poOOTH HOro eNeMEeHTIB «I0» Ta «ICis» 3’€AHAHHS IUIMTH Ta IMalb
(KOHCTPYKTHBHA HENIHIHHICTB) U1 pO3paxyHKy METOJOM CKIHUCHHHX €JIEMEHTIB HalpykeHO-/1e()opMOBaHOTO CTaHy y cydac-
HHUX PO3pPaXxyHKOBHX KOMIUIEKcaX. BHKOpHCTaHHS yIOCKOHAJIEHOT MOJIENi J]a€ 3MOTY SIKICHO MOJIIOBATH TPOLIEC TTOBEIIHKI
KIII® 3 KOHCTPYKTHUBHOIO HENiHIHHICTIO poOOTH HOTO eneMeHTiB. Pe3ynpTaToM € OTpUMaHHS HaJiifHUX pe3yJbTaTiB MIOA0
HaIpy>KeHo-1e(OpMOBAHOTO CTaHy CHCTEMH «OCHOBA — (yHJAMEHT — CTIopyAa». Ha KoHKpeTHOMY MpHKIIa i BUKOHAHO MOJIe-
JIFOBAHHS Ta YHUCETHHUHN pO3paxyHOK cucteMu «ocHoBa — KIITI®Dy i3 BUKOpHCTaHHAM JiHIHHO-TIPYKHOT MOJIEN TPYHTY Ta He-
niniitHO{ Moneni Mopa-Kyrona. AHami3 OTpUMaHHUX JaHMX MOKa3ye, IO PI3HUIA y pe3yibTaTax ckiagae He Oimpime 2%. 3a
KPUTEpiil OLIHKK BIUTMUBY 3allpONIOHOBAHOI KOMOIHOBaHOT MOJIeNi TPYHTOBOI OCHOBHU IPH PO3paxyHKax pi3HUX (GyHIaMEHTIB
NPUITHATO CyMy 3THHAJIbBHUX MOMEHTIB Y3/I0BX IUNIMTH X|M:|. BcranoBNeHO 110 BpaxyBaHHs 2-X eTanHoro ¢opmysanns HJIC
KIIT® i3 3acTocyBaHHSM 3alpOIIOHOBAHOI MOJIENi 3MEHIIIye MOMEHTHI 3yCHJUIS y TUTHTI Ha 2-My (ocTaHHBOMY) eTami 10 15%
y TIOpiBHSIHHI 3 TPUKIIIAHHM 0/Ipa3y MMOBHOTO HABAHTAXKEHHS 1 pOOOTOIO IUTHTH Y SIKOCTi POCTBEPKY 3 MOCTIHHNM 3’ €THAHHAM
IUTITH Ta Maibk (OAMH eTar). 3a pe3ynbTaTaMH PO3paxyHKIB BCTAHOBJIEHO, IO NPH CIPUIHATTI IWINTHOIO YacTuHOIO 100%
HaBaHTa)KCHHS Ta IHIINX PIBHUX YMOBAaX MOMEHTHI 3yCHIIIA y TUINTI 3aBXKH MEHIII HDK Y BUIAJKy 3’ €IaHHS Majb 3 INIHTOIO,
IO BiOYBA€ThsI Yepe3 BiCYTHICTh 3HAYHOI KOHIIEHTPAIII{ 3yCHIIb Y KYTOBUX Ta epH(epiiHUX Maisix y pasi poOOTH IUIUTH K
POCTBEpKy

Kiio4oBi cjioBa: rpyHTOBa OCHOBa, MOJIejIb, KOMOIHOBaHMII IITUTHO-NIANILOBHN (DyHIAMEHT, METOIMKA, HAMPYKEHO-Aehop-
MOBaHUH CTaH
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Introduction

In modern geotechnics, with the advances of infor-
mation technology and the availability of powerful
software packages for the calculation of the entire base-
foundation-building (BFB) system, one of the main re-
search areas is the development, improvement and re-
search of soil base models to ensure adequate interac-
tion between the components of the system during the
construction and operation of structures (buildings).

It is generally known that to obtain reliable and valid
results of the stress-strain state calculation for the foun-
dation designs in the BFB system, a model of the soil
base with appropriate parameters should be chosen that
is close to the behavior of the actual soil medium by
two criteria: distribution capability and deformability
of the foundations of buildings.

Review of the research sources and publications

Back in the last century, the model of the soil base in
the form of a continuous linear elastic layer was widely
used in engineering calculations of bases and founda-
tions, as it was provided by the national building code
[1, 2] and required only setting the thickness H of the
layer (compressible thickness) and the stress-strain
properties of the soil (the total strain modulus £ and

Poisson’s ratio v). Furthermore, this analytical model
had no constraints in plan. Today, with the expansive
growth of information technology, when simulating
and performing numerical calculations of the BFB sys-
tem in the powerful calculation packages such as SO-
FiSTiK, ABAQUS, Plaxis, SCAD, Lira and others, the
three-dimensional formulation generally uses a soil
base model in the form of a continuous layer of finite
distribution capability (Fig. 1) [12-22] (the concept is
introduced for the first time), which, in addition to the
vertical strain constraints at a certain depth A, also has
the horizontal strain constraints at a certain distance
from the load in plan (LyxL,).

These boundary conditions for the model are based
on the fact that under the action of external loads on the
soil base a spatial stress-strain region is formed, beyond
which the soil strains can be neglected, since the addi-
tional load at the boundaries of the soil mass does not
exceed the structural strength of soil [3]. In addition,
any patterns of soil straining under loads, including
time patterns, can be specified for the model itself. For
two-dimensional formulations (plane strain) the model
is well-known as the model of a continuous layer of fi-
nite width.
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Figure 1 - Soil base model in the form of a continuous layer
of finite distribution capability (for three-dimensional problems)

Definition of unsolved aspects of the problem

The major drawback of the existing approaches to
simulating the interaction between the building and the
soil base using classical models is that it is impossible
to incorporate the structural nonlinearity of the behav-
ior of the BFB system, particularly for a new type of
high-performance large-size combined raft pile founda-
tions for multistory and high-rise buildings [4, 22],
where no contact between the piles and the raft is ob-
served at the first stage of loading. A utility model of a
combined raft pile foundation (CRPF) [1] (Fig.2) has
been patented, which consists of the raft / and the piles
2 with the diameter d, with the gap 3 with the height 4

being provided between the raft and the piles. For the
technological convenience of ensuring that no contact
is made between the raft and the pile heads within the
concrete bed 4, the gap under the raft can be filled up
with a low-modulus material. The soil base is desig-
nated as 5.

Problem statement

The purpose of this work is to improve and theoreti-
cally justify the soil base model and the methodology
for identifying its parameters to calculate a CRPF in the
BFB system.
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Figure 2 — General arrangement of a combined raft pile foundation (CRPF)

Basic material and results

To represent a soil base as a linear strain medium un-
der conditions of a single load application, which does
not result in significant growth of the regions of the ul-
timate stress state (“unstable” regions), it is required to
ensure the normative condition [1, 2]:

P<R, (1),

where p is the average pressure under the bottom of the
foundation, kPa;

R is the design resistance of the soil of the foundation
base, kPa.

Since this paper considers large-size combined raft
pile foundations, the average pressure under the bottom
of the raft of the foundation does not generally exceed
the design resistance of the soil of the base, that is to
say it is appropriate to adopt the linear strain law for the
soil base under load, which was proposed by N. Gerse-
vanov [6] and V. Florin [7].

Following the previous solutions to test problems on
various interactions between the raft and the piles in
present-day  calculation  packages (SOFiSTiK,
PLAXIS), we propose an improved model of the soil
base for the CRPF and a methodology for simulating
the base-CRPF subsystem to incorporate the structural
nonlinearity of the behavior of the CRPF, that is, the
behavior of the foundation elements “before” and “af-
ter” the connection of the piles to the raft.

An improved model of the soil base in the form of a
combination of a continuous linear strain layer of finite
distribution capability and a Winkler-Fuss layer is
shown in Fig. 3.

The methodology for simulating the base-CRPF sub-
system includes the stages as follows:

1. We simulate the soil base of the CRPF with the
physical and mechanical properties of soil layers and
model dimensions such as compressible thickness prz
and overall dimensions LyxL, in plan, and correspond-
ing vertical and horizontal strain constraints on the
boundaries of the model.

2. We simulate the interaction between the soil base
and a single pile separately (or using a built model).
Based on the calculations and results of soil tests with
piles at the construction site, we iteratively determine
the connection stiffness G, under the lower end of a
single pile. In this case, the connection stiffness G, of a
single pile can be either linear or nonlinear (for
example, bilinear). To determine the stiffness of piles
in the pile field, we should consider their interaction;
therefore, the stiffness G, under the lower ends of the
piles will be equal to:

Gpr= Gp - ¢[kN/m],

where G, is the stiffness of the connection under the
lower end (bottom) of a single pile, kKN/m;

{'is the coefficient of transition from the settlement of
a single pile to the settlement of the pile field, units. We
take the normative value of £ = 0.2 or when justified,
the value of £ = 0.25+0.33 can be taken [8].

3. We simulate a CRPF with no contact between the
raft and the piles with the gap A between them.

4. We simulate special inserts with the thickness 4
between the raft of the foundation and the piles, the
stiffness of which should be not less than that of the
foundation elements (by convention, “concrete” in-
serts). The “concrete” inserts should provide a
connection between the raft of the foundation and the
piles at the stage of calculation “after” the connection
to the raft.

Next, we simulate the superstructure with the appro-
priate effective, wind and other loads on it to obtain a
model of the entire base-CRPF-building system
(Fig. 3).

To calculate the structural nonlinearity of the com-
bined raft pile foundation, the main calculation steps
are as follows:

— We determine the stress-strain state of the raft of
the foundation “before” the connection to the piles. It
is determined for the part of the vertical load p,;, which
is taken by the raft of the foundation “before” the
connection to the piles;
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— We determine the stress-strain state of the raft of
the foundation “after” the connection to the piles to
find the most unfavorable combination of loads on it. It
is determined for the additional (effective) vertical load
Ppaa after developing the stress-strain state at the
previous stage.

To investigate the effect of the proposed model of the
soil base on the stress-strain state of the CRPF, it is pro-
posed to consider a simple example of calculation with
the initial data of an actual construction project in a
two-dimensional formulation:

— The overall normative vertical average load under
the raft of the combined raft pile foundation is
DPior=PpitPaa=167 kPa;

— The gap between the raft and the piles is 4=0.05
m=5.0 cm;

— The soil base takes the average vertical load under
the raft of p,~=119 kPa (approximately of the weight of

the total building volume) “before” the connection to
the piles (Stage 1);

— The soil base takes the additional average vertical
load under the raft of p,+—=48 kPa (effective load) “after”
the connection to the piles (Stage 2);

— The linear stiffness under the ends of the piles is G,
=32000 kN/m, which is determined from numerical
iterative calculations of the interaction between the soil
mass and the single pile under the action of a vertical
force F = 1200 kN on the single pile with the stiffness
under the lower end of Gp = 160000 kN/m (determined
iteratively) and its settlement =5 mm, which
corresponds to the results of field tests of soils with
bored piles [10].

The conditional calculation patterns of the base-
CRPF system are shown in Figs 4 and 5.
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Figure 3 - General arrangement of an improved model of the soil base for the CRPF:
a) Three-dimensional view of the base-CRPF subsystem; b) View of the base-CRPF-building system with
the specific locations of the connections of finite stiffness Gpr under the bottom of the piles.
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Figure 5 — Conditional calculation pattern of the base-CRPF system “after” the connection to the piles (Stage 2).

To investigate the performance of the proposed model
of the soil base, a finite element model of the base-
CRPF subsystem, which consists of a soil base and a
combined raft pile foundation, was created using the
PLAXIS 3D package according to the calculation pat-
terns of Figs 4 and 5 (Fig. 6) [11].
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Figure 6 — General view of the base-CRPF system in a two-dimensional formulation.

The soil base and piles were simulated using a linear-
elastic material model which is based on Hooke’s law
for isotropic elasticity and represented by solid finite
elements with consistent stress-strain properties such
Young’s modulus (elastic modulus) £ in kN/m? and
Poisson’s ratio v in units.

The raft is simulated by plate finite elements using an
elastic material model with the parameters as follows:
specific weight y in kN/m?, elastic modulus E in kN/m?,
and Poisson's ratio v in units.

Fixed-end anchor elastic elements with the
elastic modulus E (kN/m?), cross-section A4
(m?), and thickness 2 (m), that is, with the lin-
ear stiffness of Gpf=E-A4/4=32000 kN/m, are
used as the connection of finite stiffness un-
der the lower ends of the piles.

A two-row arrangement of the piles with the
spacing 3d at a distance of 6.0 m between the
rows was adopted.

The load is assumed to be evenly distributed
over 1 (one) running meter of the raft.

Fig. 7 below shows the results of the prelim-
inary simulation of the interaction between the
soil base and the single pile to determine iter-
atively the connection stiffness G, under the
bottom end of the single pile. Iterative calcu-
lations were performed for both the linear-
elastic model and the nonlinear Mohr-Cou-
lomb model for soil. The difference was not
more than 2%.

520

Total displacements u , (scaled up 50,0 times)

Maximum value = 0,000 m (Element 9289 at Node 903)
Minimum value = -5,317*10 “m (Element 3901 at Node 30)

Figure 7 — General view and straining of the base-single pile system.

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023 43



Fig. 8 shows the bending moment curves along the raft
of different foundations:

- CRPF (2 stages) L-E model: calculation pattern for
the base-CRPF system “after” the connection to the
piles (Stage 2), where the soil base is simulated using a
linear-elastic material model;

- CRPF (2 stages) M-K model: calculation pattern for
the base-CRPF system “after” the connection to the
piles (Stage 2), where the soil base is simulated using
the nonlinear Mohr-Coulomb material model;

- RPF L-E model: calculation pattern for the base-RPF
system with the full load p.; being applied and the

400,0
300,0
200,0

100,0

behavior of the raft as a raft with the permanent con-
nection between the raft and the piles, where the soil
base is simulated using a linear-elastic material model,;
- RPF M-K model: calculation pattern for the base-RPF
system with the full load p., being applied and the be-
havior of the raft as a raft with the permanent connec-
tion between the raft and the piles, where the soil base
is simulated using the nonlinear Mohr-Coulomb mate-
rial model.

The criterion for evaluating the effect of the pro-
posed combined model of the soil base in the calcula-
tion of various foundations is the sum of the bending
moments along the raft: £|M,|, kN-m (Fig. 9).

0,0

-100,0

M,, KN-m

-200,0
-300,0

-400,0

-500,0

—— CRPF (2 stages) L-E model
----- CRPF (2 stages) M-K model

— RPF L-E model
----- RPF M-K model

Figure 8 — Bending moment curves M. along the raft, kN-m
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100381,22

CRPF (2 stages) RPF M-K model
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Figure 9 — Sum of the bending moments along the raft: X|M.|, kN-m

It should be noted that the calculation of a 2-stage
development of the stress-strain state of the CRPF re-
duces the moment forces in the raft at the 2nd (last)

stage to 15% in comparison with the application of the
full load pii=ppitpaa=167 kPa and the behavior of the
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raft as a raft with the permanent connection between the
raft and the piles.

The analysis of the stress-strain state of the com-
bined raft pile foundation at different stages of the in-
teraction with the proposed soil base model helps to
confirm the physical significance of this structural non-
linearity of the behavior of the foundation elements. It
should be noted that in this case there is no point in
comparing the stress state of the raft when using other
soil base models since this is the only available model
now that can qualitatively simulate the behavior of the
CRPF with the structural nonlinearity in behavior.

Conclusions
The conducted investigations suggest the conclusions
as follows.

1. A soil base model in the form of the combination
of a continuous linear strain layer of finite distribution
capability and a Winkler-Fuss layer was improved and
theoretically justified. A methodology for simulating
the base-CRPF subsystem was developed to determine
the stress-strain state of the CRPF in present-day calcu-
lation packages. In this respect, the improved model is
capable to qualitatively simulate the behavior of the
CRPF with the structural nonlinearity in the behavior

of its elements, raft and piles, as shown in a specific
example.

2. Numerical studies of the model’s impact on the
distribution of bending moments in the raft of various
foundations were conducted, which showed a decrease
in moment forces in the raft of up to 15% when consid-
ering the structural nonlinearity of the foundation ele-
ments in comparison with the application of the full
load p:: at once and the behavior of the raft as a raft
with the permanent connection between the raft and the
piles.

3. The results of the calculations of separately per-
formed test tasks show that when the raft takes 100%
of the load and other conditions are equal, the moment
forces in the raft are always less than in the case of the
pile-raft connection, which makes the physical signifi-
cance owing to the absence of a significant concentra-
tion of forces in the corner and peripheral piles in case
the raft behaves as a raft.

4. The improved combined model may also be used
to calculate classical piled raft foundations to reduce
the concentration of forces in the corner and peripheral
piles, which requires further research into the proposed
soil base model.
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The characteristics and parameters for modeling the soil base under the strip stamp with variable parameters of the vertical soil
base reinforcement are given. Variants of soil-cement element placement with varying reinforcement ratio are presented.
Differences in graphical results are shown on the example of longitudinal and transversal cross. Graphs of dependences of pressures
on the soil base according to numerical modeling using HSM model and volumetric soil elements on the reinforcement ratio for
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BruiuB po3MilieHHs B IVIAHI BEPTHKAJIbHHUX
IPYHTOLIEMECHTHHUX €JIEMEHTIiB apMYBaHHA OCHOBH
HA IX CHiJIbHY Po00TY 3i CTPiYKOBUM LITAMIIOM

Bunnuxos 10.J1.!, Pasayii P.B.>

12 HanionansHui yHiBepcHuTeT «IlonTaBchka momitexnika imeni IOpis KongpaTioka»
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HaBenieHo XapaKTepUCTHKU Ta TapaMeTpPH JUIs MOJISIIIOBaHHS HanpyxeHo-aepopmosanoro crany (HJIC) ocHoBu, apMoBaHoOl
BEPTHUKAIBLHUMHE IpyHTOIIEMeHTHUMH eneMenTamu ([1E), mix cTpiukoBUM MITAMIIOM NPH BapiaTHBHHUX MapaMeTpax BEPTHUKa-
JIBHOTO apMyBaHHs OCHOBH. J[i1s1 MoJieTroBaHHs MeTo/ioM ckiHueHHHX enemeHTiB (MCE) y npocropogiii nocranosui (2D) Bu-
KOPHMCTaHO BXKe J00pe anpoOoBaHy MOJENb IPyHTY i3oTponHoro yiinsHenHs (Hardening soil model) i croci6 3amanns [TIE
00’€eMHIMH €JEMEHTAaMH 3 BiIMOBITHUMH XapaKTEPUCTUKAMH 32 MOJIEIUTIO JIIHIHO-eMacTHYHO1 MoBeAiHKA. CTBOPEHO CITKY
CKIHYEHMX €JIEMEHTIB, JUIS IKOi MPUHHATHH JOICTUMHM piBeHb IIinbHOCTI. IIpencrapneno Bapiantu posmimenns I1IE B
TUTaHI IPY BapilOBaHHI BicOTKy apMyBaHHS Bix 0% 10 39,7%. [lokazaHo BiAMIHHOCTI y TpadiyHHX pe3ynbTaTax Ha MPHKIal
MOB3IOBXKHIX Ta MOMEPEUHHUX MEPEePi3iB MPH BiACOTKY apmyBanHs 7,1%; 10,8%; 16,4%. [TokazaHo rpadiku 3a1eKHOCTI THCKIB
Ha OCHOBY IPH YHCEIFHOMY MOJETIOBAHHI i3 BAKOPHCTAHHSM MOJIENI 130TPOITHOTO YIIIBHEHHS IPYHTY Ta 00’ €MHHUX €eMeH-
TiB Bijl BIICOTKY apMyBaHHs [PH pi3HUX BapianTax posmiutienns [1[E B miani npyu pi3HUX 3HAYEHHSAX OCITAHHS LEHTPY IUTa-
miy. BuokpemieHo eekTHBHI 30HU pOOOTH CTPIYKOBHX (yHIAMEHTIB (IITAMIIIB) MPH PO3TISHYTUX IPYHTOBHUX yMOBaX IJIs
KOXHOTO i3 BapianTiB posmimenns [1IE sk y niniiinii, Tak i B HemiHIMHINA (MPYKHO-TUIACTUYHIN) CTamisX poGOTH OCHOBH.
Busznaueno, 1o 10 7% apmyBaHHs e(peKTUBHO apMyBaHHsI, IpH AKOMY Bincranb Bin uentpy [LIE mo rpani mrammy ckianae
1,5 ix miamerpw, B niana3oHi 7...40% — BapiaHT apMyBaHHS i3 CIIBITa/[IHHSAM 30BHIIIHIX TpaHel eleMeHTy apMyBaHHS Ta (y-
HAaMeHTY (IITaMITy), a IPH OLTBIIOMY BiJICOTKY apMyBaHHS — MOKJIMBHI BHXI1JI 30HH apMyBaHHS 32 MEXi pO3MileHHs QyH-
nIaMmeHTy (mramity). BuHeceHHs eleMeHTiB apMyBaHHS B IDIaHI 3a Oi4HY TpaHb IITaMITy (TPETiil IX BapiaHT pO3MIIICHHS) HE
J1a€ CyTTEBOTO e(eKTy, OCKIIbKU OiNIbIly YaCTHHY HABAaHTaXKCHHs CIIpUiiMae came LeHTpanbHuii psg ILE

KirouoBi ci1oBa: BEPTHUKAJIbHE apMyBaHHS OCHOBH, BepTHKaJILHHﬁ rpyHTOIIeMCHTHI/Iﬁ CJIICMCHT, Bi[{COTOK apMyBaHHS OCHOBH,
TPYHTOLICMCHTHA OCHOBA, JIOTKOBC ,HOCJ'Ii,I{)KeHHSI, METO CKIHYEHHMX eIIeMeHTiB, OCiZ[aHHSI, crabka OCHOBA, CTpi‘{KOBI/Iﬁ
mTaMIl, YUCCIbHC MOJCITFOBAaHHA
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Introduction

The need to improve the natural soil base under con-
ditions of weak soils is quite obvious because with low
characteristics the probability of the development of su-
pernormal deformations of the soil base of buildings in-
creases, which may cause the need to calculate the set-
tlements of the soil base with methods of nonlinear soil
mechanics, including, with usage of software com-
plexes [1, 3, 4]. One of the methods of ground improve-
ment is the reinforcement of the soil massif with verti-
cal soil-cement elements (SCE) which are used for a
whole range of needs, in particular, the reinforcement
of foundations under strip foundations.

Review of the research sources and publications
The following materials are a continuation of a series
of studies [7, 8, 9] on determining the effectiveness of
using SCE for reinforcing the bases of strip founda-
tions. In previous works the results of tray [7] and field
studies [8] were presented and the optimal method of
determining SCE and soil base for calculation by the
finite element method (FEM) [9] was determined for
the soil conditions specified in the study.

Definition of unsolved aspects of the problem
The effectiveness of reinforcing the soil bases of strip
foundations with a low modulus of soil deformation us-
ing SCE has already been repeatedly proven [9]. How-
ever, the issues of effectiveness of SCE reinforcement
and the dependences of foundation settlements on foun-
dation pressure [2], including depending on the rein-
forcement ratio, as well as the influence of the arrange-
ment scheme of SCE under the strip foundation on their
work as a system have not yet been sufficiently studied.

Problem statement

A reliable method of solving such problem is to com-
pare the settlements of a natural experiment with its nu-
merical simulation. Therefore, based on the results of
past works [7, 9], the goal is the FEM simulation of the
soil-cement base under variable reinforcement parame-
ters while preserving the dimensions of the tray, stamp,
diameter and depth of the SCE for evaluating the effect
of placing elements in the plan under the stamp, ana-
lyzing the results and determining the best option for
their placement.

Basic material and results
The hardening soil model was used to FEM modelling
in a spatial setting. To perform numerical simulations
of stamp studies in the tray, the same characteristics of
the tray, soil base, soil-cement, and reinforcement ratio
as in the tray study [7, 8] were chosen (Table 1). The
dimensions of the calculation area in the plan were
580x530 mm, the depth — 560 mm. The depth of the
reinforcement from the base surface was 100 mm, the
diameter of the elements was 6 mm. A rectangular steel
stamp with a plan size of 420%35 mm is modeled by a
plate element. The selected hardening soil model be-
havior and the determination of SCE by volume ele-
ments was chosen as the most correct according to the
results of previous studies [5, 6, 8]. At the same time,

the reinforcement ratio varied from 0 to 39.7% (that is,
from the unreinforced base to the filling of the massif
area by SCE under stamp in a staggered order with a
step of two SCE diameters between the centers of the
elements in each of the directions). SCEs were modeled
by volumetric elements. Excavation of soil for the in-
stallation of a buffer crushed stone cushion, SCE instal-
lation, filling of wells with soil-cement, installation of
a cushion, stamp and gradual loading were gradually
taken into account. SCE were modeled as a volumetric
soil bodies with appropriate characteristics with a /in-
ear elastic behavior model.

The following assumptions and parameters are used
in the calculations. The iterative procedure provided
for: a relative error equal to 0.05; the maximum number
of iterations does not exceed 60; the maximum number
of steps in each phase is 250. The density level fine was
set for created mesh.

Table 1 —Characteristics set for the soil model with mod-
eling the stress-strain state system '"'soil-cement soil base
- rigid strip stamp"

p) Eoed, EUU (p9 C)
Element | /15 | MPa | MPa | * | kPa |
Soil 1y ¢5 | 07 | 35 | 0| 158035
paste
Crushed | 50 | 40 | - |40 1.0 | 025
stone
Soil-ce- 2.00 300 i ) ) )
ment

Three variants of modelling based on the arrangement
scheme of SCE under strip stamp are presented.

The first variant was performed similarly to the tray
experiments, when a gap of one diameter of the SCE
remained between the side faces of the SCE and the
stamp. The maximum reinforcement ratio was 16.4%,
which corresponds to two diameters between the cen-
ters of the elements in the plan (Fig. 1).

The second option is to place the outer edge of the
SCE on the outer edge of the stamp. At the same time,
the reinforcement ratio ranged from 0 to 39.7% (Fig. 2).

The third variant is to place the inner face of the SCE
behind the outer face of the stamp (that is, when the
SCE protrude beyond the dimensions of the stamp in
plan on each side). The reinforcement ratio ranged from
7.1 to 39.7%, since at a lower percentage of reinforce-
ment, each row of SCE placement along the stamp had
less than three elements, that is, the condition was ac-
cepted that at least one SCE in the row was under the
stamp (Fig. 3).

According to the results of FEM modeling in fig. 4—
6, a—b shows the longitudinal and transversal cross-sec-
tions of the settlements of the base at the value of the
settlements of the center of the stamp of 4 mm at the
reinforcement ratio of 7.1%, respectively in fig. 4-6, c—
d at 10.8%, in fig. 4-6, d—e at 16.4%.
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Figure 1 — The first variant of the arrangement scheme of SCE under strip stamp:
a—2,1%;b-4,4%;¢-7,1%;d-10,8%; e —16,4%
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Figure 2 — The second variant of the arrangement scheme of SCE under strip stamp:
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Figure 3 — The third variant of the arrangement scheme of SCE under strip stamp
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Figure 4 — Vertical longitudinal and transversal cross-sections of soil base settlements according

to the results of FEM simulation (with a 4 mm settlement in the center of the stamp)

a,b-7,1%;c¢c,d-10,8%; e, f—16,4%

for the first variant of the arrangement scheme of SCE at
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for the second variant of the arrangement scheme of SCE at: a, b —7,1%; ¢, d—10,8%; e, f — 16,4%
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These cross-sections demonstrate that under these
conditions with reinforcement up to 16.4% the soil base
can be considered as reinforced by individual SCEs,
while at 16.4% and more it can be considered as a con-
tinuous reinforced array. Carrying out the reinforce-
ment elements in the plan beyond the side face of the
stamp (the third variant of their placement) is not effec-
tive, since most of the load is perceived by the central
row of the SCE.

In order to compare the effectiveness of the place-
ment of elements in the plan under the stamp, graphs
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are given that demonstrate what pressure was trans-
mitted to the soil base for all options for placement of
SCE depending on the reinforcement ratio with the
same settlements of the stamp (Fig. 7).

The graphs are given for different values of soil base
settlements: 4 mm; 6 mm; 8 mm; 10 mm. The listed
values of settlements were chosen in such a way that
for all percentages of reinforcement of the experimental
foundation, settlements were analyzed for both linear
and non-linear stages of soil work.
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Figure 7 — The graph of dependences of pressures on the soil base according to FEM modeling using
hardening soil model and volumetric soil elements on the reinforcement ratio for different variants
of the arrangement scheme of SCE in the plan at values of settlement of the center of the stamp:
a—4mm;b—-6mm;c—8mm;d-10 mm

Therefore, analyzing the obtained cross-sections and
curves on the graphs of the dependences of the pres-
sures on the base from the reinforcement ratio of SCE

with the parameters of the soil base, strip stamp and
constant depth of base reinforcement specified in the
study, the following generalizations are possible.
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1. When placing 2 elements in each row of reinforce-
ment (up to the reinforcement ratio of 7.1%), the first
arrangement scheme is the most effective, when all el-
ements are placed under the stamp, and the distance
from the center of the SCE to the edge of the stamp is
1.5 their diameters.

2. When placing more than two elements in each row
of reinforcement (7.1% reinforcement ratio and more),
the second arrangement scheme is the most effective,
when all elements are located under the stamp, and the
distance from the center of the SCE to the edge of the
stamp is 0.5 of their diameters.

3. With high reinforcement ratio of the soil base
(39.7%), when the elements are located closer than 1.5
of their diameters from each other, the placement of el-
ements becomes effective, in which the base is also re-
inforced behind the side faces of the stamp (in the con-
ducted studies, the distance from the center of the SCE
to the outer face of the stamp is 0.5 diameters).

4. We also note that the generalizations formulated
above generally correspond to different pressures on

the soil base, both in linear and non-linear (elastic-plas-
tic) stages of the base's work.

Conclusions

Thus, we can summarize the following from the re-
sults obtained in this work.

1. The effective zones of work of strip stamps are
identified under the considered soil conditions both in
linear and non-linear (elastic-plastic) stages of opera-
tion of the base

2. It was determined that up to 7% of reinforcement
is effective when the distance from the center of the
SCE to the edge of the stamp is 1.5 their diameters, in
the range of 7...40% - the reinforcement option with the
coincidence of the outer faces of the reinforcing ele-
ment and the foundation (stamp) and with a greater re-
inforcement ratio — possible placement of the reinforce-
ment zone outside the foundation placement (stamp).

3. The obtained statements based on the graphs of the
dependences of the pressures under the strip stamps on
the soil base from the reinforcement ratio have a satis-
factory convergence with the graphic cross-sections of
the soil base settlements.
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field of corrosion-mechanical resistance of metal structures. The article describes the results of experimental research aimed at
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CraTTs npuCBsiUCHA aHATI3Y (aKTOPiB Ui 3a0e3MeueHHs HaliifHOCTI CTajJeBUX KOHCTPYKIIH Ta TpyOOIPOBOIiB, SIKi BUKOPH-
CTOBYIOTECS Y Ha(hTOra30BUX KoMIUIekcax. [IpoaHani3oBaHO MPOTHPIUYsI Ta HEBU3HAYCHOCT] Y CYYaCHUX HAyKOBO-TEXHITHUX
I TEXHOJOTIYHHUX PO3pOoOKax MIONO0 3a0e3MedeHHs HaIiifHOT KOpo3iifHO-MeXaHiqYHOT CTIMKOCTI i TPUBAJIOCTI CTAJIEBUX KOHC-
TPYKLiit HA)TOTa30BUX KOMILIEKCIB Ta IHIINX 000JIOHKOBUX METAJIOKOHCTPYKIiH BiITOBIJaIbHOTO IPU3HAYCHHS. 3BEPTA€THCS
yBara Ha HeO0OXi/IHICTh TOCHIIXKEHHS Ta BJIOCKOHAJICHHS HAyKOBO-TEXHIYHHUX Ta TEXHOJIOTTYHUX PO3POOOK y ray3i Kopo3iitHo-
MEeXaHIuHOT CTIHKOCTI MeTaJeBUX KOHCTPYKILiil. B cTaTTi onucani pe3ynpTaTi eKCHepUMEHTAIbHUX JOCIIHKEHb, 110 COPSIMO-
BaHI Ha aHaJi3 NPUYMH Ta MEXaHi3MIiB BTPATH MII[HOCTI MeTally y mpoleci ekcruryatarii. OTpuManu moJaibuiuii po3BUTOK
PO3pOOKH Ta 3aCTOCYBaHHS €pEKTHBHUX METOIB MOHITOPHHIY Ta JAiarHOCTHKH, 30KpeMa BUKOPUCTaHHs e(heKTy KOPOHHOTO
pO3psiAy Ui BUSBICHHS NE(EKTIB AieICKTPHYHAX TOKPUTTIB. BHUsABIEHI HEOMIKA METOIIB OIIHKH IPaIe3/1aTHOCTI KOHCTPY-
KI[i{ Ta iX 3aJIHIIKOBOIO Pecypcy BKa3ylOTh Ha Te, IO Y Cy4aCHHH epio/] 0COOIMBO BaXJIMBUMH € PO3PaxXyHKOBI METOAH, SIKi
0a3yI0ThCs Ha KPUTEPIsAX TPIIIHHOCTIHKOCTI, IO 9y TIMBI 10 3MiH CTPYKTYPH METAITy ITijl 9ac TPUBAIOI eKCILTyaTallii, 0COOIMBO
B yMOBax KOPO3ifiHO-aKTHBHUX TEXHOJIOTTYHHX CEPEJOBHIL ITPH 3MIiHHUX ANHAMIYHUX HaBaHTa)XCHHSX. IIPONOHY€ETHCS METO
IPOTHO3YBAHHS 3AJIMIIIKOBOTO POOOYOTr0 pecypcy KOHCTPYKIIiif, 110 JO3BOJISIE€ CHCTEMAaTHYHO BIUTMBATH Ha YMOBH 1X €KCILIya-
Tauii [y ontuMizauii po6otu. [IpoBeneHuii aHasi3 MOXe CTaTH BaXIMBHM BHECKOM Y pO3pOOKY TEXHIYHHX Ta KOHCTPYKTOP-
CHKHUX 3aXOJIiB IS MiABUIICHHS €()EKTUBHOCTI Ta HAAIHHOCTI HAQTOra30BUX KOMILICKCIB.

KniwuoBgi ciioBa: pyliHyBaHHS, KOPO3isi, CTaJIeBl KOHCTPYKIIil, MEXaHIdHA CTIHKICTbh, AeTpaiallist
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Introduction

Modern scientific and technical and technological de-
velopments in relation to providing of reliable corro-
sivemechanical firmness and duration of steel construc-
tions of oil and gas complexes and other thecal metallic
constructions of the responsible setting, that is subject
to Government service of mountain supervision and in-
dustrial safety of Ukraine, contradiction and vagueness
educed. Absent reasonable recommendations are for
practical application with the aim of providing of cor-
rosive-mechanical firmness of constructions that func-
tion in technologically aggressive environments at var-
iable temperature-barometric terms and loading.

There was a necessity of system study of reasons,
terms and mechanisms of corrosivemechanical dam-
ages of equipment with the protracted term of exploita-
tion that will allow substantially to promote operating
reliability of industrial equipment. Experimental re-
searches find out reasons and grounded the mecha-
nisms of loss of durability of metal with the increase of
term of that causes his degradation, especially during
the protracted exploitation in corrosive environments.
Methods of foresight of remaining working (accident
free) resource of metallic constructions that allow pur-
posefully to regulate them the operating state was ana-
lyzed. It gives possibility in good time to apply tech-
nical and designengineering measures for the increase
of terms of exploitation of such constructions. The got
results of experimental tests of metallic standards of the
different setting create a base for the comparative anal-
ysis of steels on the different parameters of firmness to
the cracks. The article is devoted to the analysis of mod-
ern anti-corrosion materials that are used to protect the
structures of oil and gas-bearing complexes. Various
compositions and properties of these materials are con-
sidered, as well as their effectiveness in preventing cor-
rosion damage to metal elements. The main advantages
and areas of application of modern anti-corrosion ma-
terials in the oil and gas industry, in particular in the
production, transportation and storage of petroleum
products, are outlined. The possibilities of their im-
provement and the prospects of their use in the future
for the most effective protection of the infrastructure of
oil and gas complexes from corrosion were also stud-
ied. The results of the analysis will allow to deepen the
understanding of modern opportunities and trends in
the field of anti-corrosion materials to ensure the long-
term and reliable functioning of the oil and gas infra-
structure.

Review of the research sources and publications

Many domestic and foreign researchers have studied
the problems of crack resistance and brittleness of met-
als used in aggressive environments with hydrogen sul-
fide impurities in oil and gas fields. The analysis of sci-
entific sources shows that existing methods of calculat-
ing the durability of pipelines and tanks used both in
Ukraine and abroad usually provide for independent
consideration of corrosion fatigue and creep processes,
although in reality these phenomena often occur simul-
taneously in various combinations. This issue has been
studied, in particular, by such scholars as: S.

Maksymov, S. Polyakov, S. Nesterenko, V. Panchenko,
and O. Stepova.

Definition of unsolved aspects of the problem

The methodology for analyzing and assessing the re-
liable corrosion and mechanical resistance of pipelines
and steel structures of oil and gas complexes is actively
developing, so the development of new and improve-
ment of existing approaches, models and methods for
ensuring reliable corrosion and mechanical resistance
of pipelines and steel structures and their computer im-
plementation remain an urgent task for our country.

Problem statement

Description of analytical methods for ensuring relia-
ble corrosion and mechanical resistance of pipelines
and steel structures of oil and gas complexes.

Basic material and results

Today, the main task is to maintain and increase hy-
drocarbon production. This goal can be achieved in two
ways: by developing new fields and increasing hydro-
carbon production from existing wells. It is important
to note that maintaining and increasing hydrocarbon
production is associated with technological operations
in the well, which often include the use of killing fluids.
The main purpose of these fluids is to avoid fluid leak-
age and preserve the primary filtration and capacitive
characteristics of the productive reservoir. There are
different types of damping fluids depending on their
composition, but the most common are fluids based on
polymeric structuring agents and inorganic salts [1].

The use of polymeric chemicals makes it possible to
obtain structured process fluids with high rheological
characteristics. However, most polymers have low ther-
mal stability and low resistance to microbial degrada-
tion. This leads to a loss of structural and rheological
properties of such process fluids under the influence of
thermobaric conditions in the wellbore. In addition, the
destruction of polymeric components can cause con-
tamination of productive formations and a decrease in
well production rate. Alternative options for such fluids
are process fluids based on inorganic salts. These fluids
are either naturally occurring (formation water with
known mineralization) or artificially produced (inor-
ganic salt brines of appropriate composition and con-
centration). Such fluids have advantages, including the
ability to widely adjust their density, minimal impact
on rock volume, and preservation of the original prop-
erties of productive formations. They are also charac-
terized by low freezing point and high thermal stability.
The disadvantages include high fluid consumption for
killing due to the lack of an impermeable screen (filter
casing) on the well walls and absorption of the solution
by the pores of productive formations [2].

In addition, the use of produced water as a killing
fluid can cause microbiological corrosion due to the
presence of sulfur-reducing, thione and other types of
bacteria in produced water, depending on its composi-
tion [3]. For this reason, it is common to use killing flu-
ids of artificial origin, which are thoroughly cleaned of
excess mechanical impurities that may be a clogging
agent in the productive formation before use.
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The problems of crack resistance and brittleness of
metals operating in aggressive environments with hy-
drogen sulfide impurities in oil and gas fields have been
studied by many domestic and foreign researchers [5].

The analysis of scientific sources shows that existing
methods for calculating the strength of pipelines and
tanks used both in Ukraine and abroad usually involve
independent consideration of corrosion, fatigue and
creep processes, although in reality these phenomena
often occur simultaneously in various combinations. In
addition, the analysis of existing methods of non-de-
structive testing of metal damage and degradation
shows their limited effectiveness in assessing the ser-
vice life of industrial equipment. Thus, the identified
shortcomings of methods for assessing the performance
of structures and their residual life indicate that in the
modern period, calculation methods based on crack re-
sistance criteria that are sensitive to changes in the
metal structure during long-term operation are espe-
cially relevant, especially in conditions of corrosive
technological processes and environments with varia-
ble dynamic loads. In addition, in today's challenging
conditions for the oil and gas industry, when the re-
newal of physically and morally obsolete fixed assets is
limited by financial circumstances, it is important to
maintain and extend the service life of industrial equip-
ment, including metal structures and pipelines, by in-
creasing the overhaul interval.

Thus, the development and use of modern crack re-
sistance criteria in regulatory and technical documents
that take into account hydrogen sulfide degradation of
the metal will allow for a more accurate prediction of
the residual life of steel during long-term operation.
Most of the corrosion inhibitor is located in the water
plug of the gas-liquid flow. Thus, a condensed liquid
with organic acids and water containing a minimal
amount of inhibitor can accumulate in the upper part of
the pipeline. This can cause a corrosion process [4].
Corrosion inhibitors dissolved in liquid water can accu-
mulate for a month before passing through the pipeline.
Whereas condensate, moving at the speed of the gas
phase, can form only during its passage through the
pipeline at any point where the temperature and pres-
sure conditions favor condensation.

In situations where the gas phase is not moving fast
enough to ensure that the upper part of the pipe is wet-
ted with water droplets containing the corrosion inhib-
itor from below, corrosion of the upper part of the cy-
lindrical pipe occurs. Therefore, it is necessary to en-
sure either a constant injection of the inhibitor into such
pipelines or to use cleaning pistons to distribute the cor-
rosion inhibitor from the bottom of the pipe to the top.
For this purpose, polymer balls, gel pistons and pistons
with special corrosion inhibitor sprays are used. To pre-
dict such conditions, analytical models for predicting
this type of corrosion are used [10]. Controlling erosion
and corrosion requires determining and evaluating the
relative impact of flow-accelerated corrosion or erosion
on corrosion. Only then can measures be taken to pre-
vent these phenomena.

According to I. Chudyk, if the main cause is acceler-
ated corrosion caused by damage to the protective coat-
ing, there are two options: take measures to prevent
damage to the coating or accept the damage to the coat-
ing and apply methods to control the corrosion process
[11].

If the main cause of failure is the erosion of the metal
layer (usually the lower part of the inner surface of the
structure), it is necessary to find the optimal solution
for the pipeline structure and system and the right
choice of material [6]. Determining the type of erosion-
corrosion process is often not a difficult task. Erosion-
corrosion, which occurs from the single-phase flow of
water or solid particles in suspension, is characterized
by the presence of various features such as smoothed
grooves, piercing grooves, shallow pits and depressions
with a characteristic horseshoe-shaped profile, often
with an orientation along the flow [15].

One of the characteristic features of an aggressive en-
vironment is the appearance of isolated spots on the
metal surface, which can then develop into a normal
rough surface [8]. In the presence of cavitation and an
aggressive environment in the form of impacts of liquid
droplets, damage begins in the form of deep pits with
sharp edges that can combine into a honeycomb struc-
ture. The corrosion atlas [7] and reference books on
corrosion identification and control contain images of
various manifestations of corrosion-erosion with de-
scriptions of control methods and examples of their ap-
plication. Compared to oil wells, gas and gas conden-
sate wells show a higher level of corrosion activity from
the very beginning of operation.

This is because all natural gas fields produce a certain
amount of water and also contain additional natural gas
components that, condensing in the gas stream as the
temperature and pressure drop, dissolve in water and
make it corrosive. Most underground hydrocarbon de-
posits do not actually contain dissolved oxygen in their
fluids. This is a favorable factor, since it is known that
even a small amount of oxygen, even at the level of bil-
lions of volume fractions in the gas-liquid mixture of
the flow, significantly enhances corrosion processes. At
the same time, carbon dioxide (CO2) and hydrogen sul-
fide (H2S) can be present in different concentrations in
the flows of raw materials from both oil and gas fields
[9]. In-situ corrosion in the absence of oxygen depends
on the concentration of CO2 and H2S in the downhole
flows. The terms "sweet corrosion", which describes
corrosion caused by CO2, and "sour corrosion", which
indicates problems with H2S, are used to distinguish
which of these two gases prevails in a particular area
[7].

Other factors that affect the rate of corrosion pro-
cesses in pipelines include temperature, pressure, fluid
flow pattern on the metal surface, and impurities in the
aqueous phase of the fluid [14].

In general, corrosion "attacks" have different charac-
teristics that can cause uneven zones of metal loss along
the inner surface of the pipe. The erosion-corrosion pro-
cess is the result of a combination of an aggressive
chemical environment and high fluid velocity along the
inner surface of the pipe. This can occur due to the rapid
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movement of the flow near a stationary object or due to
the rapid movement of the object in a stationary flow.
It is generally accepted that there is a relationship be-
tween erosion-corrosion rates and flow turbulence.
While flow structure can lead to serious corrosion prob-
lems due to its high velocity, erosion-corrosion per se
is not observed in straight pipelines where there are no
mechanical impurities.

However, when the flow pattern changes, such as in
a hydraulically rough pipe or nozzle, liquid droplets or
gas bubbles collide and generate shock waves that de-
stroy the protective surface film. Particulate matter can
cause accelerated attacks by removing the protective
mineral or corrosion inhibitor film. However, flow re-
gime maps do not reflect the effects of mechanical im-
purities such as sand, corrosion products or scale,
which are known as erosion-corrosion accelerators.

In the mechanics of fracture of metal structures, the
critical stress intensity parameter is widely used to as-
sess the toughness of the metal, which characterizes the
metal's resistance to crack opening and propagation. Its
threshold (critical) value during tests in corrosive envi-
ronments is denoted by Kssc, MPa-ml/2. Fatigue
cracks in the samples were grown using a TsDMpu-10
hydraulic pulsator (Germany) at a loading frequency of
10-15 Hz and a cycle asymmetry factor of r=0.1-0.2.
Tests to determine the Ki parameter were carried out at
the UME-10 installation according to the standard
method described in [14], both in air and in a corrosive
solution with H2S (NASE method). The material for
the study was pipe steel, the characteristics of which are
given in Tables 1 and Table 2.

Table 1 — Steel brands and their purpose

Steel brands Purpose Heat treatment
10
20 . o
Machine-building metal structures,
20K . . . . o
09g2s oil and gas, metallurgical, chemical, agricultural, Normalization
utility and other industries
17gls
VST3SP
Table 2 — Chemical composition of steels
Steel Chemical composition of steels,%
brands
C Si Mn S Cr Ni Cu
10 0.12 0.30 0.55 0.035 0.035 0.15 0.10 0.10
20 0.20 0.30 0.55 0.035 0.035 0.15 0.10 0.10
20K 0.22 0.35 0.65 0.03 0.12 0.12 0.10
09g2s 1.12 0.37 1.80 0.025 0.025 0.08 0.05 -
17gls 0.19 0.60 1.21 0.03 0.03 - 0.30 0.30
VST3SP 0.12 0.27 0.40 0.04 0.04 - - -

It was found that the samples of all steels withstood
the full test cycle, in particular, none of the five samples
of each series failed within 480 hours. At the same time,
the analysis of the corrosion fatigue curves led to the
following conclusions:

1) steel grades 10, 20, 20K and VX3sp have poor
resistance to long-term alternating loading, in
particular, after 10-15 years of operation, the ultimate
long-term strength reaches stresses (150-220 MPa), the
lower yield strength for these steels is 230-260 MPa,
and the threshold (critical) stresses in the supports are
125-160 MPa. At the same time, 09G2S and 17G1S
steels meet the requirements of the NACE standard
(Standard MP-01-75-96), in particular, the opore
values are 250-262 MPa.

The results of calculating the ratio opor/ct(c0.2) for
all grades of steel that were subjected to experimental
research are shown in Table 3. The analysis of the data
in Table 3 shows that the ratio crrop/o1(c0.2) is exactly
0.86 (steel 09T2C) and 0.89 (steel 17T'1C), i.e. these
two grades of steel meet the requirements of the
technical conditions of NACE, and therefore can be
recommended for use in the manufacture pipes that are
intended for operation in chemically aggressive
environments that contain hydrogen sulfide;

2) based on the obtained experimental results, a
diagram of the susceptibility to hydrogen sulfide
cracking of unexploited steel grades: 10 was
constructed; 20; 20K; 09G2S; 17G1C; VSt3sp. Shaded
area - steels with high corrosion resistance against
SCRN.
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Table 3 — Threshold stresses and ratio opor/ot(c0.2) steels

Steel brands Class characteristic opor MPa opor / ot(c0.2)
10 ferritic 150 0,68
20 ferritic 145 0,51
20K ferritic 160 0,66
09g2s pearly 250 0,86
17g1s pearly 262 0,89
VST3SP ferritic 125 0,56

t was found that the samples of all steels withstood
the full test cycle, in particular, none of the five samples
of each series failed within 480 hours. At the same time,
the analysis of the corrosion fatigue curves led to the
following conclusions: 1) steel grades 10, 20, 20K and
VX3sp have poor resistance to long-term alternating
loading, in particular, after 10-15 years of operation, the
ultimate long-term strength reaches stresses (150-220
MPa), the lower yield strength for these steels is 230-
260 MPa, and the threshold (critical) stresses in the
supports are 125-160 MPa. At the same time, 09G2S
and 17G1S steels meet the requirements of the NACE
standard (Standard MP-01-75-96), in particular, the
Gpore Values are 250-262 MPa.

The results of calculating the ratio opor/ct(c0.2) for
all steel grades that were the subject of experimental
studies are shown in Table 3. Analysis of the data in
Tab. 3 shows that the ratio opor/ct(c0.2) is exactly 0.86
(09G2S steel) and 0.89 (17G1S steel), i.e., these two
steel grades meet the requirements of the Classifier of
Economic Activities, and therefore can be
recommended for use in the manufacture of pipes
intended for use in chemically aggressive environments
containing hydrogen sulfide; 2) based on the
experimental results, a diagram of the susceptibility to
hydrogen sulfide cracking of unexplored steel grades
was constructed: 10; 20; 20K; 09G2S; 17G1S; VSt3sp.

The shaded area shows steels with high corrosion
resistance against SCRH.

Conclusions. The study and analysis of the problem
of ensuring reliable corrosion and mechanical
resistance of steel structures of oil and gas facilities is
extremely important in the context of preserving and
extending the service life of industrial equipment and
pipelines. This study identified the main factors
affecting corrosion and mechanical resistance,
including the chemical composition and service life of
the material, device features, and parameters of process
media.

An important step in solving this problem is to
improve the methods of monitoring the condition of
structures and introduce advanced technologies into oil
and gas production practice. One of the most promising
areas is the development and application of effective
monitoring and diagnostic methods, in particular, the
use of the corona discharge effect to detect defects in
dielectric coatings.

Given the growing activity of corrosion processes in
the hydrocarbon industry, it is important to strengthen
corrosion prevention and protection measures to ensure
the reliability and durability of equipment and facilities
of oil and gas complexes.
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In order to reduce steel consumption in the installation of support nodes of cantilevered pipe reinforced concrete advertising
structures, the optimal ratio of the base plate size and the diameter of the support node anchor bolts of an existing advertising
structure was calculated. The analysis of the calculations revealed the total cost dependence of the support node and anchor
bolts on the overall node dimensions and the anchor bolts diameter. With an increase in the size of the support node, the cost
of the support node metal increases much faster than the cost of the anchor bolts decreases. For more efficient use of materials,
it is necessary to reduce the size of the node and increase the diameter of the anchor bolts accordingly. As a result of the
research and calculations, the most efficient support node was determined. The savings in the total cost of such a node is 8.9%
compared to the existing support node of the studied advertising structure.

Key words: wind load, support node, bolted connection, cantilever construction.

AHaJ1i3 po3paxyHKy 00JITOBHUX 3’€IHAHb OMIOPHUX BY3JIiB KOHCOJIbHUX
CTaJ1e32J1i300€TOHHHUX CTIOK

3akomipumuii JI.B. '*, Cemko O.B.?

12 Hamionansami yHiBepcuTeT «IlonTaBchka nomitexuika iMeni IOpis KonapaTioka»
*Anpeca ans muctyBaHHs E-mail: dvz-@ukr.net

3 METOI0 ONTHMI3allii BUTpAT CTali P BIAMITYBaHHI OMOPHUX BY3JIiB KOHCOJIFHUX TPYOOOETOHHUX PEKIAMHUX KOHCTPYKIIiH
OyJ10 po3paxoBaHO ONTHMAIbHUI BapiaHT CIIBBIJHOIIEHHS PO3Mipy ONOPHOT IIACTHHHM Ta AiaMeTpy aHKepHHUX OOJITiB onop-
HOro By3Jna. JIist po3paxyHKy JiaMeTpy Ta mepepisy aHKepHHUX OOJITiB OyJI0 MOpaxoBaHO HABAHTAXKCHHS HA BY30J1 OOMHPaHHS
peKIIaMHOT KOHCTPYKIIi JUIst 11’SITH Pi3HUX 3Ha4YeHb BITPOBOTO TUCKY. [IpoaHasi3oBaHO BIUIMB 3MIHH PO3Mipy ONOPHOI IuIac-
THHU KOHCOJIbHOI KOHCTPYKIIi Ta BiAMOBIHO BiICTaHb MK aHKEPHUMH OOJITAMHU HA PO3PAaXyHKOBI HAaNPYXKEHHS B aHKEPHHUX
OoJrax AJs I SITH BITPOBUX paiioHiB Ykpainu. B pesynbsTati aHamizy po3paxyHKiB OyIi0 BUSBICHO 3aJISKHICTh 3aralbHOI Bap-
TOCTi OTIOPHOTO BY3JIa Ta aHKEPHUX OOJTIB BiJ rabapUTHUX PO3MIpIB By3Ja Ta JiaMeTpa aHKepHHX OonTiB. [Ipu 30ibIIeHH]
PO3MIpiB OMIOPHOTO BY3Ja BapTiCTh METAy OMOPHOTO BYy3Ja 3pOCTAE 3HAYHO MIBHUIIE HIXK 3MEHIIYETHCS BAPTICTh aHKEPHHUX
OouriB. J{7st 0BT €)EeKTUBHOTO BUKOPUCTAHHS OyIIBEIbHUX MaTepiaiiB HEOOXITHO 3MEHIITUTH ra0apuTHI PO3MipH OTIOPHOTO
By3Ja i BiMOBIHO 30UNBIINTH JiaMeTp aHKepHUX OoNTiB. {1 KOXKHOTO BITPOBOTO paifoHy iCHye ONTHMajbHE CIiBBIIHO-
IIeHHs po3Mipy 6a3u, TOBUIMHM 0a3u Ta JiaMeTpy aHKepHHX OONTiB. B pe3ynbraTi mpoBeieHNX DOCIIKEHb Ta PO3paxyHKiB
ICHYIOYO01 peKIaMHOI KOHCTPYKIIIT 3 peKJIaMHHUM IIUTOM po3mipom 6,0M Ha 3,0M 110 po3mitieHo Ha BucoTi 4,0M (y M. [Tonrasa)
HalOLIbII e)eKTHBHUM BHSBUBCS By30J OOMHMpaHHs 3 TabapUTHUM po3MipoM 6a3u koo 500x500MM B koMOIHAIT 3 aHKe-
pHIMHE Oontamu miameTpoM 36MM. ExoHoMis 3aranpHOI BapTOCTI Takoro By3ia CTaHOBUTH 8,9% B MOpIBHSHHI 3 BapTiCTIO
ICHYIOYOTO BYy3J1a OOTHpPaHHS IOCITIHKYBaHOI peKiaMHOT KOHCTpYKIii. [lomanpire 3MeHIIeHHsT rabapuTHAX PO3MIpiB By3Ja
oOmupaHHs Bele 10 30UTBIICHHS 3aralbHOi BapTOCTI By3Jia OONMMpPaHHS 3a paXyHOK 30UIBIICHHS TiaMeTpiB Ta BIAMOBIIHO i
BapTOCTi aHKEPHUX OOINTIB.

Ki1i04oBi cjioBa: BiTpOBE HAaBaHTAXKEHHsI, OTIOPHHUIT By30J1, GOJITOBE 3’ €IHAHHS, KOHCOJIbHA KOHCTPYKILisl.
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Introduction

The support nodes of cantilever structures serve to
properly transfer forces and moments from the metal
structure of the post to the structure foundation. Most
often, bases with traverses are used, where the traverses
serve as additional elements that contribute to the uni-
form loading of the base plate.

The peculiarity of cantilever nodes is the high torque
moment acting on the nodes and the relatively low ver-
tical load, unlike the support nodes of industrial build-
ings, where the nodes perceive high vertical loads from
the weight of the supporting structures and the payload
of the building.

In cantilevered structures, the connection between the
column and the foundation must be rigid, i.e., ensuring
that the column base is connected to the foundation
without turning the column in relation to the founda-
tion.

Cantilever support nodes are widely used in
advertising structures throughout Ukraine and are most
often installed on free-standing reinforced concrete
foundations.

More than seventeen thousand cantilever advertising
structures have been installed in Ukraine. Given the
large number of existing advertising structures and the
constant installation of new ones, this task is urgent, as
cases when the support units do not withstand the de-
sign loads are not at all rare.

b)
Figure 1 — Advertising structures that did not
withstand the load (a, b).

And since advertising structures, for greater
commercial effect, are mostly placed in places with
large crowds of people or a large flow of cars, the
reliability of such structures is very important.

Examples of advertising structures that failed to with-
stand the load (see fig. 1).

In most of the cases analyzed, it is the cantilever
structure's support node that fails to withstand the load.
Review of the research sources and publications

Ensuring the reliability and failure-free operation of
buildings and structures depends to a large extent on the
standardization of wind loads. To correctly calculate
the forces acting on a structural support node, it is
necessary to calculate the wind load on a cantilevered
structure.

The issue of calculating wind pressure on structures
is covered in the work of Pichugin S.F. [1]. The wind
zoning of the territory of Ukraine takes into account the
significant territorial variability of the wind load. The
territorial zoning of the territory of Ukraine according
to the characteristic values of the wind load includes
five territorial districts with calculated characteristic
values from 0.4 to 0.6 kPa. The lowest wind loads are
observed in the central and northwestern regions of
Ukraine, as well as in Zakarpattia. The highest wind
loads are realized in the Carpathians, Prykarpattia and
coastal areas.

The methodology of administrative-territorial zoning
of climatic loads on building structures based on the
establishment of a single design value for a certain
administrative region is described in the work of
Pashinsky V.A. [2].

The methodology for determining loads and impacts
on building structures based on the data of a local
network of weather stations is covered in the work of
Pashinsky V.A. [3], where the methodology for
determining loads and impacts on building structures at
a given local weather station is improved by
introducing reserves that take into account the random
scatter of data from the nearest weather stations.

Foreign researchers have also covered the issues of
calculating the wind load on cantilever advertising
structures. In particular, the article “Wind Loads on
Solid Signs” [4] calculates the wind load taking into
account the overall dimensions of the advertising
structure, the height of placement above the ground
with the use of correction factors. The calculation of
wind loads on buildings and structures is described in
[5-6].

A parametric analysis of wind effects on tall buildings
according to European, American, and Australian
standards was conducted in work “A parametric
analysis of wind effects on tall buildings according to
European, American, and Australian standards” [7].
The calculation of wind loads takes into account
various factors, including wind speed, effective wind
speed, orographic factors, dynamic factors, load gust
factors, and shape factors. All of these factors vary
slightly in different design codes. The impact results
are compared using computer programs to find out the
similarities and differences in the different design
approaches.

Examples of calculating bolted joints for strength
depending on the forces in the bolts and the tensile
strength of the bolts are given in the textbook Steel
Structures in Construction [8].
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An increase in the safety margin of threaded
connections operating under variable loads is
highlighted in the work by Nevdakha Y.A.,
Pyrogov V.V., Nevdakha N.A., Oleinichenko L.S.,
Vasylkovsky M.O. [9]. When calculating the ultimate
working load acting on a bolt, which varies according
to a pulsating cycle for a tightened threaded connection,
the conditions of no fracture and no opening of the joint
are determined, and the relationship between the safety
margin of the bolt and the value of the initial tightening
is revealed, which is of great practical importance. The
correct choice of the initial tightening value, ceteris
paribus, provides the highest safety margin, which is a
condition for reliable operation of the bolted joint.

Foreign researchers have also highlighted the
problem of calculating bolted connections of the
cantilever structure's support node. The calculation of
the bolted connection of the end cantilever beam is
presented in the article Bolted Connection of an End-
Plate Cantilever Beam: The Distribution of Operating
Force [10], which presents an alternative method for
calculating the distribution of operating forces on bolts
and the calculation results were also confirmed by
measurements of actual forces in the bolts. The problem
of calculating bolted connections of the column support
node is also considered in the article “Tensile Behavior
of Asymmetric Bolted Square Hollow Section Column
Splices” [11].

Modeling of bolted connections is also discussed in
other articles [11-12].

Definition of unsolved aspects of the problem

The reliability of an advertising structure largely
depends on the reliability of the support node.
Calculating all the loads acting on the support node and
determining the optimal ratio between the calculated
overall dimensions of the support node and the
diameter of the anchor bolts is the key to efficient use
of building materials and ensuring the standard service
life of the cantilever advertising structure.

Problem statement

The purpose of the study is to optimize the size and
types of cantilever support nodes and calculate their
performance depending on the type of the nodes usage
and the load on the nodes for the most rational use of
building materials and labor while maintaining the
bearing capacity of the support node throughout the
entire standard service life of the structure.

Basic material and results

A large number of advertising structures in the region
were studied and it was found that most of the existing
supporting units of advertising structures have similar
dimensions and fundamental solutions. According to
the calculations, the total number of existing cantilever
advertising structures (billboards) located in Poltava is
more than 350.

The general view of the advertising structure accepted
for further research is shown in Figure 2.

3000

3000 L
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Figure 2 - General view of the cantilever advertising structure.
1 — supporting structure, 2 — supporting node of the advertising structure, 3 — stand, 4 — advertising board.
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According to the analysis of the sizes and types of
existing structural bases, it was found that more than
half of the cantilever structures have the same size and
design scheme of the sup port nodes, as shown in Fig. 3.

S

b)
Figure 3 - The most common support nodes
(a, b).

For further study and demonstration of the calculation
methods, the most common support node in the form of
a column base measuring 750x750 mm with a base
plate thickness of 20 mm was chosen. The studied
advertising structure stand is made of a steel pipe with
a diameter of 219x8 mm. For rigidity, the assembly has
four stiffeners with a thickness of 8 mm each.

The design scheme of the studied node is shown in
Figure 5.

The anchor bolt was chosen as one of the most
common among the studied support nodes, with a
metric thread M27, with a total length of 1000 mm, of
which 200 mm is used to secure the base, 400 mm is
buried in the concrete foundation and 400 mm is bent
at an angle of 90 degrees to securely fix the anchor bolt
in the foundation. The most common height of the
foundation slab in the studied advertising structures is
500 mm, and the overall dimensions of the foundation
itself are 1800x2200 mm.

To calculate the diameter and cross-section of the
anchor bolts, the load on the support node of the
advertising structure was calculated for five different
wind pressure values.

The wind load is a variable load for which two design
values are established: the limit and operational design
values. The limit design value of the wind load is

calculated according to formula 9.1 of DBN B.1.2-
2:2006 “Loads and Impacts” [14]:
vaz’Yfm'VVO'C

where, Y — reliability factor of the designed wind
load limit value, determined according to 9.14 [14]. Y
=0,82;

Wy — characteristic value of wind pressure,
determined according to 9.6 [14]. W =400 Pa;

C —coefficient is determined according to formula 9.3
[14].

C=Caer Cn- Car - Cret - Cair - Ca

where, Cyer — acrodynamic coefficient;

Ch — height coefficient of the structure, determined
according to Table 9.02 [14], adopted for the II type of
terrain;

Car — geographic altitude coefficient, determined
according to 9.10 [14];

Crel — relief coefficient, determined according to 9.11
[14];

Ciir — directional coefficient, determined according to
9.12 [14];

Cyq — dynamic coefficient, determined determined
according to 9.13 [14];

The coefficient C for the stand element and for the
billboard will be fundamentally different, so we divide
the structure into two parts. Part I is the stand, and part
II is the billboard. Determine the wind load for each
part separately. Division of the structure for calculation
into parts I and II (see Fig. 4).

6,0m »
1
4
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Figure 4 - Division of the structure into parts I and
I1. Points of determination of the building height
coefficient Ch.

Wind load for part of the structure I (stand).
Determine the value of the coefficient Cr.
Cr1=Caer * Cn1 * Cart * Cret * Cair - Can

were, Ch1 = 1,2; Cat=1; Cres = 1; Cgir = 1.

Cq4 — the dynamic coefficient is taken according to the
graph shown in Fig. 9.8 [14]. Since the graph data are
not available for such a structure (diameter 0.22 m,
height 4.5 m), the value of 1.2 is taken; the dynamic
coefficient is taken according to the graph shown in
Fig. 9.8 [14]. Since the graph data are not available for
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such a structure (diameter 0.22 m, height 4.5 m), the
value of 1.2 is taken;

Caer — the aerodynamic coefficient for a round pipe in
the plan is in the form of Cx — drag coefficient and is
determined according to Annex I, Figure 14 [14].

Ci=k Ci»

where, k is determined according to Table 1 of
Scheme 13 of Annex I [14];

Ciw is determined according to the graph in Annex I,
Figure 14 [14].

Determine k:

To determine k, we need to find the value of A and A.

A is determined according to Table 2 of Figure 13 and
is equal A, = 2 A, where A = L/b.

L=4mb=022m
Ae=2-(4+022)=364

By interpolating the values from Table 1 of Figure 13,
we determine that k = 0.86.

Determine Ci:

To determine the value of Ci. from the graph, it is
necessary to find the value of Reynolds number Re
using the formula in the table of Scheme 12a of Annex [
[14].

Re=088-d- W, k(2)-y,, -10°

where, d = 0.22 m (diametr);
ke =Cni = 1,2; ym = 0.82; Wo =400 Pa.

Re =0,88-0,22-/400-1,2-0,82 -10° =3,84-10°

According to the graph of Figure 14 [14], we find the
value of Ci., which is 0.45.

We ignore the value of A, since in this calculation the
range of determination from the graph does not depend
on the specified indicator.

Thus, the drag coefficient Cx is equal

Cx=0.86 - 0,45=10.387
Now we calculate the coefficient Cr:
Ci=0387-12-1-1-1-1,2=0.557
Calculate the wind pressure on the stand
W;=0.82-400-0.557=183 Pa

9219
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Wind load for part of the structure II (billboard)

Taking into account the height of the billboard above
the ground, the billboard structure is divided into three
points (#2, #3, #4, see Fig. 4) to more accurately
determine the wind load.

Ci= Caeri - Cni - Care * Crel - Cair - Ca

Where, Cat = 17 Crel = 1, Cair = 1;

1 — the number of the point for which the calculation
is performed

Cq — is determined according to Figure 9.8 [14] and is
equal to 1;

Cn2 =.2; Cn3 =1.2; Cps =1.35;

Caer — has the form C. and is defined in Annex I,
Scheme 1. This coefficient takes into account drag pres-
sure (C') and wind pressure (C) and will have the
same value for all points, namely C*=0.8, Ce=
-0.6.

We calculate the coefficient C; for each of the points,
taking into account drag and wind pressure:

Ch=08-12-1-1-1-1=0.96

Cy=-06-12-1-1-1-1=-0.72
3=08-12-1-1-1-1=0.96
C3=-06-12-1-1-1-1=-0.72

%=08-135-1-1-1-1=1.08
C4=-06-135-1-1-1-1=-0.81
Since the actual movement of the structure due to
drag and wind pressure is in the same direction and to
reduce the number of calculations, we add these two
coefficients for each of the points. The calculations
show that the values of the coefficients C for sections 2
and 3 are identical, so we further assume the values at
these points to be equal.
Cy3=Ch3+|C23=0.96+0.72=1.68
Cs=C"4+|C4=1.08+0.81=1.89
Calculate the wind pressure on the billboard:
W23=0.82-400 - 1.68 =551 Pa
W4=0.82 -400 - 1.89 =620 Pa.
Thus, the maximum calculated value of wind pressure
on the billboard Wy, is 585.5 Pa.
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Figure S - Design scheme of the studied support node:
1 — supporting structure, 2 — anchor bolt, 3 — supporting node of the advertising structure, 4 — stand.
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The dimensions of the base plate in the plan depend
on the design requirements for placing the column
cross-section, traverses and stiffeners on the plate. The
slab works as a plate on an elastic base that absorbs the
pressure from the column and the traverses.

The thickness of the slab was determined based on
its bending behavior in the areas between the traverses.
The thickness of the base slab was calculated using
formula 11.1 of DBN B.2.6-198:2014 [15]:

Sn: 6.Mmax.7n
R, -7,

The maximum and minimum stresses in the base plate
of the support node are determined by the formula:
o =N/A+M/W
The length of the compressed zone of the slab is
calculated by the formula:
c= (Gmax/ (Gmax+ |Gmin| )) -L

The distance from the equidistant compressed zone to
the center of the bolts of the tensile zone is:
y=L-c/3-¢ [8]
The force in the tensile anchor bolts is determined by
the formula:
Z=M-N-a)ly
The following condition must be observed:
z/(n-S)<Ru0,8
The tensile resistance of anchor bolts (Rya) is taken
from Table D6, Annex D, DBN B.2.6-198:2014 [15].
At the next stage, we calculated the loads acting on
the support node of the advertising structure and,
accordingly, on the bolted connections, depending on
the location of the advertising structure in different
wind regions of Ukraine. The calculated values of the
loads of the existing advertising structure located in
different wind regions of Ukraine are shown in Table
1.

Table 1. Calculated load values of an existing advertising structure located in different windy
regions of Ukraine.

Wind pressure Maximum design value Moment at
W11.1dy characteristic of wind pressure on a the bearing F.o rees in ten-
regton value Wy, Pa billboard W, Pa node, sile bolts, kN
0 m kN*cm

1 400 585,5 6171,0 106,14

2 450 658,7 6941,0 120,24

3 500 731,8 7712,0 134,35

4 550 805,0 8484,0 148,49

5 600 878,2 9255,0 162,61

Rigid column bases should have at least four anchor
bolts, which prevents the column from turning on the
support after the bolts are tightened.

At the next stage of the research, the size of the
column base was reduced and increased, and the loads
acting on the support node of the advertising structure
were calculated to determine the optimal ratio. In total,
eight variants of the size of the support nodes were
calculated for five windy regions of Ukraine.

The effect of changing the size of the base plate of the
structure and, accordingly, the distance between the
anchor bolts on the calculated stresses in the anchor
bolts for five windy regions of Ukraine was analyzed.

The results of calculations of the base size changing
effect and, accordingly, the change in the force in the
anchor bolts for the third wind region of Ukraine
(Poltava) are shown in Table 2.

As a result of the calculations, the following
dependencies were noted: with an increase in the
overall size of the base and, accordingly, an increase in
the distance between the anchor bolts, the stress in the
anchor bolts decreases, which means that their diameter

decreases, but the total weight of the support assembly
increases and, consequently, its cost.

Given that the cost of anchor bolts per unit weight is
one and a half times higher than the cost of metal
structures per unit weight of the support node, there is
an optimal ratio of base size, base thickness, and anchor
bolt diameter for each wind region.

The analysis of the calculations revealed the
dependence of the total cost of the support node and
anchor bolts on the overall dimensions of the assembly
and the diameter of the anchor bolts.

The verification calculation of the bearing capacity of
the existing support node under study (type 5), column
base size 750x750 mm, and anchor bolt diameter 27
mm) showed that the anchor bolts with a diameter of 27
mm used in this assembly cannot withstand the design
load for the third wind area. The force in the anchor
bolts is 1.6% greater than the design resistance of the
anchor bolts. It was proposed to increase the size of the
column base to 800x800 mm (type 6) - in this case, the
force in the anchor bolts is less than the maximum
resistance.
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Table 2. Estimated values of loads and cost of different sizes of the advertising structures supporting

nodes.
) ) ] L %} L ] W ]
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g 2 g & 2 & | & & g8 Y £ = 2 2 2 & | & &
o o = o = o & o = o = o = o o =
£E% |£2 |2 |£% |2z |£% |£% |E%Z |E%
a a [=) a a a a a [=)
. 1000x
Overall size of the
mm (400x400| 500x500 | 600x600 | 700x700 | 750x750 | 800x800 | 900x900
support node base 1000

Distance between

mm |250x250| 350x350 | 450x450 | 550x550 | 600x600 | 650x650 | 750x750 | 850x850
anchor bolts

Force in two

kN 285,25 | 215,84 173,66 145,31 134,35 124,94 109,61 97,64
stretched bolts

Resistance to

stretched bolts, 2 kgﬁc 12,73 13,23 10,64 12,95 14,64 13,61 11,94 13,83
pcs
Weight of the sup-
port node with an- kg 120,34 | 104,04 110,40 118,32 121,87 126,87 133,37 147,63
chor bolts

Cost of the support
node with anchor UAH | 15923 13411 14115 14413 14514 15069 15791 17151
bolts

Percentage of an-
chor bolt cost in the % 46,55 40,56 38,54 26,18 20,71 19,95 19,03 13,88
support node cost

Percentage of an-

hor bolt weight i
CROr DORWEISALIN 1o | 3623 | 3076 | 2899 | 1876 | 1451 1394 | 1326 9,48
the total weight of
the support node
Anchor bolts desi
MEROr DOTS Aesign 1 m 4 36 36 30 27 27 27 24
diameter
Cost of anchor bolts | UAH | 7412 | 5440 5440 3774 3006 3006 3006 2380
Cost of the support
node without anchor | UAH 8511 7971 8675 10639 11508 12063 12785 14771
bolts
Design thicknessof | | 403 28,9 20,5 16,3 15,8 14,4 12,1 10,3
the column base
Accepted thickness | | 460 30,0 25,0 20,0 20,0 16,0 14,0 12,0

of the column base

After analyzing the results of research and (type 5), which costs 14514 UAH, is not optimal in
calculations of different sizes of the column base, we  terms of material efficiency (see Fig. 6).
can conclude that the existing support assembly
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As the size of the support node increases, the cost of
the support node metal increases much faster than the
cost of the anchor bolts decreases.

For more efficient use of materials, it is necessary to
reduce the node size and increase the diameter of the
anchor bolts accordingly.

As a result of the analysis and calculations, the most
effective was the support node type 2, the overall size
of the column base is 500x500 mm in combination with

anchor bolts with a diameter of 36 mm. The cost of
such a unit is UAH 13411.

The savings in the total cost of such a node is 8.2%
compared to the existing support node (type 5).

A further reduction in the overall dimensions of the
bearing node leads to an increase in the total cost of the
bearing node due to an increase in the cost of anchor
bolts.

—&— Cost of the support assembly with anchor bolts

20000 The cost of anchor bolts
The cost of the support node
18000 17151
E 15923 i 15791
16000 5 I 15069 14771
S H 14115 | 14413 | 14514
wv 1 o <
14000 8 1 0 v 12785
b 12063
i 11508
12000 I 10639
]
10000 i 8675
8511 1 7971
8000 :
]
1 5440
6000 /412 : 244D
: 3774
3006 3006 3006
4000 : 5350
g1
2000 g
S|
0 1 TYPE OF OVERALL SIZE OF THE SUPPORT NODE BASE
1 2 3 4 5 6 7 8

Figure 6. Dependence of the the support node cost on the support node base size and anchor bolt
diameters for the third wind region of Ukraine.

Conclusions

For each wind region, there is an optimal ratio of
base size, base thickness, and anchor bolt diameter. As
a result of the calculations, and analysis of the graphs
presented in Figure 6, the most efficient support node
for Poltava was proposed. The savings in the total cost
of such a node is 8.9% compared to the cost of the
existing support node of the studied advertising
structure.

In particular, in our opinion, filling the advertising
structure's stand with concrete has relatively low

financial costs, but it can significantly improve the
bearing capacity of the support node, and therefore the
bearing capacity of the cantilever structure as a whole,
which will positively affect the reliability of the node
and may increase its failure-free time.

If the destroyed tubular advertising structures that
were destroyed due to the failure of the support node
had been filled with concrete, half of the node failures
could have been avoided.
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The rationality of foundation and plinth construction largely depends on soil moisture, which is influenced by groundwater
levels, precipitation, site grading, the quality of near-wall paving, and the use of hard landscaping. To determine effective
structural solutions that prevent plinth dampness, a retrospective analysis of plinth designs across different historical periods
was conducted. The study covers the mid-19th century to the present — a timeframe marked by major socio-economic changes
and technological progress. The analysis revealed that before 1953, domestic construction lacked mandatory waterproofing
standards due to the absence of mass-produced materials. Since 1956, with the shift to industrial construction, standardized
waterproofing methods using mass-produced materials were introduced. Today, particularly in the context of reconstruction
and restoration, local waterproofing challenges require tailored, site-specific solutions. The study underscores the importance
of adapting historical experience to modern construction needs, ensuring effective moisture protection of wall foundations and
plinths.
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PerpocniekTUBHMI aHAJIi3 KOHCTPYKUIN riapoi30/iAuii CTIH A5l BU3HAYCHHS
OCHOBHUX HANPAMIB BiAIOBIIHUX pecTaBpaliiiHUX POOiT

Cemxko O.B.!, ®inonenxo O.1.2%, FOpin O.1.3, Marac H.M.*, Pyaenxo B.B.5, Libuenko T.M.*

1.2.3.5 6 Hanionanpauit yaisepcuter «IlonTaBepka nosmitexnika iMeni FOpis Konapartioka»

4 Cnosanbkuii TexHiuHuMii yHiBepcuteT B BpaTtucnasi
* Anpeca juis muctyBanss E-mail: olena.filonenko.pfi@gmail.com

PanioHanbHICTh KOHCTPYKTHBHOTO DillleHHs ()yH/IaMEHTIB i IIOKOJIB Oy IiBeNb 3alIeXUTh BiJ KUIBKOCTI BOJIOTH y IpyHTI. Ha
Hel BIUIMBAIOTh: PiBEHb IPYHTOBUX BOJ, aTMOC(EpHi Onajay, sKiCTh BEPTUKAJIBHOTO IUIAHYBaHHS MPUOYIMHKOBOT TepuTopil,
SIKICTh BUKOHAHHS OyZiBeIbHUX POOIT IpH (GOpMyBaHHI BUMOILICHb y NMPUCTIHHIM 4acTUHI OyJMHKIB Ta HAasBHICTH TBEPIUX
MOKPHUTTIB y OIaroycTpoi npuOyIMHKOBOT TepuTopii. J{11s BU3HaUeHHs palliOHATBHUX KOHCTPYKIIHHUX PillleHb, 0 TePEIKo-
JOKAIOTh 3BOJIOKEHHIO [IOKOJBHUX YaCTHH OYAWHKIB OYyJI0 MMPOBEICHO PETPOCIICKTHBHUM aHAai3 BapiaHTIB KOHCTPYKIIiH OKO-
niB OyIUHKIB y Pi3HI 4acoBi mepioau. PosnsHyTo mepion 3 cepenuHn X1X CTONITTS M0 HAIIUX YaciB, ajpke y HeH mepion
BifOynocs y OyIiBHUITBI psiJ] 3MiH, OB’ 3aHUX 3 COIIAIbHO-CKOHOMIYHUMH NIEPETBOPEHHSAMH Y CYCITUTBCTBI Ta 3HAYHHIA Ha-
YKOBO-TEXHIUHHMH Hporpec. BHaciok peTpocHekTHBHOTO aHali3y KOHCTPYKLIH rixpoizosuii npudyHIaMeHTHUX 4YacTHH
CTiH BCTaHOBJICHO, 10 10 1953 poky y BiT4M3HsHII npakTHLi OyaiBHULTBA OyIia BiICyTHs 000B’13K0Ba BUMOT'a BIIAIITYBaHHS
TaKoi ripoi3osLii Yepe3 BiICYTHICTh MacoOBOro BUPOOHHMIITBA BiJMOBIqHUX MaTepiaiiB. 3 1956 poky 3 nepexoaom OyaiBHH-
ITBa Ha IHAyCTpialbHy OCHOBY, OYJIM HAIIpallbOBaHi K THUITOBI BapiaHTH Tipoi30IisLii CTiH 3 BAKOPUCTAHHSM MaTepialliB, 1110
MacoBO BHPOOJsINCs. B cydacHUX yMOBax MpakTHKK Oy IiBHUIITBA, OCOOJIMBO Y TAaKMX HAMPSAMKAX K PEKOHCTPYKIIiS 1 pecTa-
Bpallisi, He0OXiTHO BUKOPHCTOBYBATH 1HIHMBITyIbHUH MIAX1 Ul BUPINICHHS JIOKATBHUX MPOOIeM Tiapoi30siii CTiH Oyan-
HKIB.

Kawuogi cioBa: rigpoizousiiss; GyHIaMEHT; [OKOJIb; iCTOpHYHI Oy miBIIi
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Introduction

When surveying buildings, special attention should
be paid to the part of the walls that are in the zone of
the greatest influence of moisture and temperature - the
plinths of buildings. After all, it is located in the zone
of active moisture during rains, since part of the liquid
precipitation from the roof of the buildings, even with
organized drainage, overflows beyond the roof and falls
on the pavement near the wall and splashes moistens
the plinth from the outside. The plinth also receives
some of the water that runs off the wall surface during
slanting rains. Another factor of moisture can be
improper planning of the territory where the house is
located. If the ground surface slopes towards the house,
excessive moisture accumulates near the wall, both on
the soil surface and below the surface, which also
contributes to the moistening of the plinth. The above
options for moisturizing can be called surface contact.

Another option for moistening 1is capillary
moistening. The plinth is located directly on the
foundation, which is immersed in the ground to its full
height. The humidity of the foundation depends on the
amount of moisture in the soil, as well as the properties
of the materials of these parts of the house, namely,
porosity, which create conditions for the movement of
moisture towards the basement. The rationality of the
design of foundations and basements depends on the
amount of moisture in the soil. And it is influenced by
the groundwater level, rainfall, the quality of the
vertical layout of the adjacent territory, the quality of
construction work in the formation of blind areas in the
wall part of the buildings and the presence of hard
coatings in the improvement of the adjacent territory.

In buildings that are more than 100 years old, the
foundations and basement are made of brick, so they
are constantly wet. Over time, this has led to frost
damage to the relevant structures.

To determine rational structural solutions that prevent
moisture in the basement of buildings, it is worthwhile
to conduct a retrospective analysis of the options for
building basement structures in different time periods.
The period from the middle of the nineteenth century to
the present day is appropriate, since during this period
a number of changes occurred in construction related to
socio-economic transformations in society and
significant scientific and technological progress.

Review of the research sources and publications

The problem of waterproofing building structures has
been known for a long time [1] and is constantly being
studied. Moisture and water in building structures are
the subject of numerous studies [2-3]. The issue of
waterproofing is important for the preservation of
historic buildings [4-6]. The results obtained in such
studies are used to develop practical recommendations
for waterproofing building structures [7-8].

Definition of unsolved aspects of the problem

The restoration of historic buildings does not pay
attention to the causes of moisture in the brickwork of
the foundations and plinths, which results in frost
damage to the bricks from the outside and mold
formation inside the walls. Therefore, repair measures
include only the replacement of the interior and exterior
finishes of the wetting wall sections. This leads to their
repeated destruction over a larger area.

Problem statement

The purpose of the publication is to investigate the
specifics of the operation of historic buildings through
a retrospective analysis of the design options for
building basements in different time periods and to
identify the main measures to restore waterproofing in
their foundation zone.

Basic material and results

Since the mid-nineteenth century, three types of
objects have been used in urban development on the
territory of Ukraine, which at that time was part of the
Russian Empire: mass housing, "elite" housing, and
public buildings. Poltava was not spared from this
practice of construction. The first two groups of objects
listed above were different in terms of their functional
features and materials used in their construction. Mass
housing was small in size and had compact space-
planning solutions. Such houses were built using a
wooden rack and beam system with the frame filled
with clay-sand mortar or clay concrete. Sometimes
adobe was used. This is evidenced by the large number
of old one-story houses in Poltava with this
construction solution (Fig. 1).

Near such housing, as a rule, there are " lordly"
houses, near which even outbuildings such as carriage
sheds, barns, and cellars have been preserved. The
second type of housing is structurally different from
mass housing. The foundations, plinths, and the outer
layer of the exterior walls are made of brick. The inner
layer of the outer walls is made of wooden beams,
approximately 200x200 mm in size. Attic floors in both
types of houses are wooden (Fig. 2).

The third type of buildings, public buildings, built
from the mid-nineteenth to the early twentieth century,
have brick walls with lime mortar. Brick was then used
in the construction of foundations, basements, and the
bulk of not only the exterior and interior walls, but often
in the construction of floors in the form of vaults and
staircases based on arched structures. A striking
example of such solutions is the Cadet Corps building
in Poltava (Fig. 3).

The bricks made during the period under
consideration differed from those used in modern
construction practice. Thus, its dimensions were as
follows: thickness was 67 mm; width - 134 mm (two
thicknesses without a seam); length - 268 mm (two
widths without a seam) [9].
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Figur 3 - Public building with brick walls and foundation
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The brick-making technology also differed from the
modern one. For example, clay was frozen and soaked
for 3-4 days. This was followed by kneading the clay,
and then forming bricks in wooden molds by hand-
packing [9]. According to N. Fadeev [9], this
technology of brick making using prolonged soaking of
clay and its kneading before molding contributed to a
decrease in the water permeability of bricks. A
tangential proof of this is the practice of preserving
damage to such garden and park objects as retaining
walls, stairs by pouring crushed clay into cracks to
prevent water and debris from entering the damage
sites, as well as well-known recommendations for
creating waterproofing layers near the foundations of
crushed clay. In order to obtain indisputable evidence
of the possibilities of using ancient bricks to protect
walls from capillary moisture, it is necessary to study
in the future the change in brick properties depending
on the peculiarities of its manufacturing technology.

When inspecting the structures of the ground parts of
the walls of all the above types of buildings built before
the 30s of the twentieth century, it was found that there
is no horizontal waterproofing between the foundations
and the basement parts of buildings using special
waterproofing materials. Obviously, there is a
functional need for waterproofing, but there are no
appropriate construction solutions using special
waterproofing materials. Or this problem was partially
solved by using bricks with high resistance to water
penetration.

In professional literature sources of different years of
publication, the theory of wusing horizontal
waterproofing in the ground part of the walls of
buildings is given a different amount of attention. For
example, in the 1930 edition of the manual for technical
schools authored by N. Fadeev [9], in the section on
masonry work, the performance of work in the

Figure 4 — Residential building wi

Since the 30s of the twentieth century, significant
changes in all areas of construction activity have begun.
A system for standardizing the parameters of building
materials was created. Thus, the governing bodies of

construction of brick walls is considered in detail. But
there is no information about the waterproofing device.
The figures showing a section of the outer wall do not
show the location of the waterproofing. One could
conclude that the issue of moisture protection of
building walls is not addressed. However, the section
on building adobe walls focuses on the installation of
waterproofing: "If there is a possibility of soil
dampness, which is especially harmful to adobe, then a
layer of roofing felt, birch bark, or other similar
material is laid on the foundation under the walls
themselves." To protect the adobe wall from rain and
snow water, it is not recommended to use a protruding
plinth. It is recommended to build a wall of adobe so
that its plane coincides with the plane of the foundation
or plinth. From this we can conclude that in the practice
of construction until the 30s of the twentieth century,
the influence of moisture on the wall structure, namely
its basement, was taken into account, but to protect
against it, wall and foundation materials with minimal
hygroscopicity at that time were used.

As for the mass housing, it was protected from
moisture in the ground part of the walls by using
"pryzby", which was a thickening of the lower part of
the wall to a height of 500-600 mm (Fig. 4). The
"pryzba" traditionally protruded 400-500 mm from the
wall plane and served as a pavement that diverted rain
and snow water from the adobe walls and as insulation
for the ground part of the wall. This element of the
house is an element of folk national architecture, so the
peculiarities of their design solutions are not discussed
in detail in the professional literature, since the methods
of folk construction are not a component of the
formation of the ideology of construction
industrialization, which had already begun at the time
under consideration.

v

2‘1‘ pryz “i"

the national economy decided to standardize the
dimensions of bricks: length - 250 mm, width - 120
mm, height - 65 mm [9]. New building materials
appeared with their detailed descriptions in the
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professional literature, especially after 1945. Taking
into account the peculiarities of the historical period, a
large amount of reference literature is published, for
example, reference books [10], [11]. Regulatory
documents are being adopted, such as the "Technical
Specifications for the Performance and Acceptance of
Construction Works" [12] and the like.

In the reference literature of 1950 [10], it is
recommended to use various types of roofing material
for waterproofing. The reference book of 1955 [11] also
lists roofing felt as a waterproofing material with
different markings and recommended purposes. A
common feature of both of these publications is that
neither of them contains recommendations for the use
of rolled waterproofing in walls. Only as a roofing
material for roofs.

Strict requirements for the installation of protection
against soil moisture of foundations and ground parts
of walls appeared simultaneously with the introduction
of technical conditions for the performance and
acceptance of construction work, which were adopted
in 1953 [12]. The section "Works on the Installation of
Waterproofing" in the part "Waterproofing of Walls"
contained a list of mandatory works to protect walls and
pillars from capillary moisture.

Cement-sand mortar (with a ratio of at least 1:2) in
the upper part of the foundation or in the lower part of
the wall; coatings based on black binders; cast asphalt,
rolled materials in one layer or in several layers,
interconnected with bitumen (black) binders "with
significant soil moisture” were recommended as
waterproofing materials.

The technical conditions strictly limited the location
of horizontal waterproofing in exterior walls - not lower
than 10 cm from the level of the pavement or sidewalk.
For interior walls - not lower than the upper level of
preparation for floors [12].

Since 1956, construction in Ukraine has been in a
state of maximum industrialization, meaning that all
types of architectural and construction activities were
clearly regulated. Information and regulatory
professional publications were centralized.
Construction according to standard projects developed
by central research and design and experimental
institutes gained significant momentum. In parallel
with the development of unified and standardized
space-planning solutions, unified options for protecting
the foundations and basements of buildings were
developed, based on two main structural solutions - the
use of coating waterproofing with hot bitumen in 2
times, as well as the use of rolled waterproofing of two
layers of roofing material in various variations. Such
waterproofing options were presented in almost all
textbooks and manuals for the professional training of
architects and builders.

This put an end to the use of ambiguous options for
waterproofing the ground parts of the walls of
buildings, the volume of construction of which, due to
industrialization based on the unification and
typification of design, construction, production of
building materials and structures, reached huge
volumes in the 60s-80s of the last century. An example

is the emergence of such neighborhoods as Almaznyi,
Polovky, Levada, Sady-1, Sady-2, and Ognivka in
Poltava during this period. During this period, Poltava's
development was actually divided into two parts:

1) the old city, created by the buildings of the
nineteenth and first half of the twentieth century.

2) the new city, created by the buildings of the 60s
and 90s of the twentieth century.

The current state of the old city's buildings is often
more than 100 years old, and therefore requires survey
work and recommendations to overcome the functional
and structural deficiencies identified during the survey.
The specialists of Department of Construction and
Civil Engineering of National University "Yuri
Kondratyuk Poltava Polytechnic" carry out such works.
One of such works was the study of the possibility of a
new material for waterproofing a wall in a nineteenth-
century building. In such cases, the use of traditional
solutions is not appropriate. There is a need to use
individual approaches based on the latest achievements
in the production of building materials, structures, and
technologies.

Individual approaches to solving professional
problems in construction have become especially
relevant in terms of the operation of existing housing
stock, public and industrial buildings, because
buildings built in the early twentieth century have been
under the influence of external and internal factors,
with the active influence of anthropogenic factors, i.e.,
those related to human activity, throughout their
operation.

One of the most common problems in old buildings is
excessive moisture in the ground part of the walls. To
solve this problem, a group of specialists from the
above-mentioned  department investigated the
effectiveness of using the injectable liquid
"AQUAMAT-F" [13] to protect against moisture in the
foundation part of the wall in a nineteenth-century
building. To do this, the wall was perforated in the
foundation part of the wall, and a waterproofing liquid
was injected into the wall under minimal pressure
through the resulting holes, which reduced the wall's
moisture content by half. The absence of waterproofing
in the wall used in the experiment is quite logical, since,
as has already been proven by retrospective analysis, in
the nineteenth and early twentieth centuries there were
no reliable waterproofing materials, but at the
beginning of the twenty-first century there is already a
whole palette of waterproofing materials that have
already become traditional, and new ones are emerging.

The method of hydrophobic injection is not effective
for thick walls (over 1000 mm), for walls with a
heterogeneous structure (voids) and for dense bricks.
Under such conditions, the historical method of drying
the foundations of the central building of National
University "Yuri Kondratyuk Poltava Polytechnic" was
restored, namely the method of installing external
ventilation screens (tunnels). To install a ventilation
screen that drains the underground part of the wall, a
ditch has to be dug along the building, the bottom of
which is 15 cm below the basement floor level. At the
bottom of the ditch, a concrete foundation for the
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retaining wall is arranged. At a distance of 20 cm from
the outer wall of the building, a retaining wall 30 cm
thick is arranged. A channel 15 cm wide and 20 cm
deep is punched in the masonry wall of the building.
The channel starts 10 cm above the floor level. The
channel needs to be insulated. Longitudinal section in
Fig. 5, cross sections of the ventilation duct are shown
in Fig. 6.

It is recommended to plaster the plinth to a height of
80 cm with a system of sanitizing plasters, for example,
Ceresit WTA.

Works on the installation of the "sanitizing plaster
system" shall be performed according to the following
technology:

1) Prepare the substrate (remove old plaster, perform
a depth of approximately 20 mm of masonry joints

(which crumble and crumble) and antifungal treatment,
primer the surface to strengthen the substrate and bind
dust residues;

2) Apply a semi-finishing coat to the surface of the
walls to increase the strength of the plaster bond with
the substrate. The semi-spray should cover
approximately 50% of the surface area of the substrate
in the form of a grid, about 5 mm thick.

3) Apply a layer of plaster, leveling and grouting.
After the plaster has hardened and dried (not earlier
than 28 days), the finishing coating (facade silicate
paint) can be applied.

4) Clean the area 2 m wide from the wall from bio-
contamination, arrange a concrete blind area 1.2 m
wide with a slope of 0.05%.

2 |8 3 i
Figure 5 — Figure 6 - Longitudinal section of the ventilation duct
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Figure 6 — Cross sections of the ventilation duct
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Conclusions

As a result of a retrospective analysis of
waterproofing structures at the foundation parts of
walls, it was found that until 1953, there was no
mandatory requirement for such waterproofing in
domestic construction practice due to the lack of mass
production of appropriate materials. Since 1956, with
the transition of construction to an industrial basis,
waterproofing of walls using mass-produced materials
has been developed as a standard option. In modern
conditions of construction production, covering such
areas as restoration, it is necessary to use an individual

approach to solve local problems of waterproofing the
walls of buildings.
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A number of topical applied problems on studying the physical and mechanical characteristics of sedimentary rocks using the
already sufficiently tested high-speed penetration method are considered, such as: the influence of tip sizes on the value of the
static probing index of sands; the influence of the surface quality of conical tips on the results of penetration and probing;
improvement of the tip for penetrating rocks with anisotropic properties. New practical possibilities of using the equations of
the relationship between the physical properties of rocks and their mechanical parameters, in particular, the specific resistance
to penetration or the penetration index, to generalize the results of experiments are shown.
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PosrnsHyTO psin akTyanbHUX NPUKIAIHAX 33024 3 JOCTIIHKEHHS (i3UKO-MEXaHIYHUX XapaKTEPUCTHK OCAIOBUX T1PCHKHX II0-
pix i3 3aCTOCYBaHHAM B)Ke JOCTAHBO aripoOOBAHOTO MIBHAKICHOTO METOY MEHETpallii, 30KpeMa: BIUTUB pO3MipiB HAKOHEYHH-
KiB Ha BEJIMYMHY NOKAa3HUKA CTATUYHOTO 30H/IyBaHHS MICKiB; BIUIAB SKOCTI MIOBEPXHi KOHIYHUX HAKOHEYHUKIB Ha PE3yJIbTaTH
MeHeTpallii Ta 30HyBaHH:; yJOCKOHAICHHS] HAKOHEYHHKA JUIs IeHeTpalii MopiJ] 3 aHI30TPOITHUMH BIaCTHBOCTAMHU. [TokazaHo
HOBI NIPaKTHYHI MOXKJIMBOCTI BUKOPUCTAHHS PiBHSIHB B3a€MO3B’ 3Ky MDK (Di3MYHUMH BIACTHBOCTSIMHU TiPCHKHX MOPIZ i iX Me-
XaHIYHIUMH apaMeTpaMH, 30KpeMa MUTOMHM OITOPOM IEeHeTpallii Yi OKa3HUKOM MEeHeTpawil, [Uisl y3araJbHEeHHs pe3yJIbTaTiB
EKCIIePUMEHTIB. 30KpeMa. TOBEICHO. 10 3aCTOCOBYIOUH METO/I MIEHETPAIlil Ta MaKO4X 3HAYCHHS IIIJIbHOCTI-BOJIOTOCTI, B Oy /b~
SIKOMY €JIEMEHTiI MacHBY OCA/IOBHX TIPCHKHX ITOPiJ MOKIIMBO BH3HAUYUTH HEOOXiMHY XapakTepUcTHKy. LLImsxom xopemsmiii-
HOT'O aHaJIi3y OJHO3HAYHO BCTAHOBJICHO ITOBHY HE3aJIEKHICTh BEIMYMHH MMOKa3HUKA 30HIYBaHHS BiJl PO3MIpiB TTIaIKUX KOHi-
YHUX HaKOHEYHHUKIB JJISI MICKY KBapIEBOTO, KPYITHOTO, MAJIOTO CTYIIEHIO BOJOHACHYEHHS B MIMPOKOMY ialta3oHi 3MiHU HOTO
IIUTBHOCTI. EKCIIepHMEHTAIbHO BCTAHOBJICHO, 10 OIIp IPYHTY 3aHypEHHS ifeabHO MIOPCTKYBAaTHX HAKOHEYHHKIB OJJHOTO Ji-
ameTpa MPaKTHYHO He 3aJeKHUTh Bijl KyTa PO3KPUTTS KOHyca. HaBeneHo HaOYHI MPUKIAAH, IO MOKA3yIOTh BUCOKY e€peKTHB-
HICTb 1 JOCTOBIPHICTh BUKOPHCTAHHS PIBHSIHHS B3a€MO3B'I3Ky MK (i3HYHAMHM | MEXaHIYHUMH TTapaMeTpaMH TiPChbKHUX MOPiT
IpH BUPIILICHH] Pi3HUX eMIIPHYHUX 3aBJaHb JOCHiIKeHb. Po3pobieno Ta 3anareHToBaHo «HakoHeYHHUK Jyis meHeTpanii rpy-
HTIiB 3 aHI30TPOIHUMH BIACTHBOCTSIMU» Ta «Croci® BiU3HaueHHs KoedillieHTa aHi30Tpomii IPYHTY METOIOM MeHeTpawii», sKi
JTAFOTH MOJKJIMBICTH MiJIBUIINTH JOCTOBIPHICTH OILIHIOBAHHS HANpPYXeHO-Ie(OPMOBAHOTO CTaHy MACHBIB MAacCHBIB TipCHKUX
MIPY BUKOPHCTAHHI B iX MoJieNi (pi3MYHHX CIHIBBIIHONIICHb OPTOTPOITHOTO YH TPAHCBEPCAIFHO-130TPOITHOTO CEPEAOBHIIA.

KuirouoBi cjioBa: ocajioa ripckka mopojia, MeHeTpailist, HAKOHEYHHUK JUIs IEHETpallii, MOKa3HHUK MEHEeTpallii, TUTOMHUH OITip
THeHeTpallii, IiIbHICTh CKeNIETy TipChKOi MOPO/IH, B3a€MO3B'I30K, aHi30TPOIIis.
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Introduction

The penetration method, together with probing,
composite testing, and rotary sectioning, is traditionally
referred to as the so-called high-speed methods for
studying the physical and mechanical properties of
sedimentary rocks (soils).

It is based on the slow immersion of a conical tip into
the rock to a depth A, which should not exceed the
height of the cone 4. When conducting penetration
tests in the laboratory, the load is usually transferred in
stages, while recording the depth of the tip immersion.
The duration of exposure of each individual load stage
is taken to be the same (usually 1-2 minutes) [1].

The generalized parameters of these penetration
studies were obtained by V.F. Razorenov on the basis
of solutions to the axisymmetric problem of the theory
of limiting equilibrium [2]. In particular, for cohesive
sedimentary rocks (clay, loam, sandy loam), this
indicator is the ratio of the penetration force P to the
square of the cone immersion depth, which is called the
specific penetration resistance R, MPa.

Practice has shown that the main advantage of
penetration studies of homogeneous sedimentary rocks
is the so-called invariance condition of the results
obtained, i.e., complete independence from the applied
force and the corresponding depth of the cone
immersion, and, taking into account the constants of the
tips used, independence from the angle of their
opening. Consequently, in this case, the results of the
study do not depend on the means of recording the
penetration resistance and the design of the
penetrometers themselves [3].

Review of the research sources and publications

The method of penetration testing of rocks, in partic-
ular, is recommended for:

— quantitative assessment of changes in the state and
mechanical properties of various sedimentary rocks
under any type of external impact on them (compaction,
moistening, drying, freezing, thawing, etc.). The effect
of the impact is determined by the ratio of the values of
the specific resistivity of penetration R/Ry (or
penetration indices U/Uy) obtained before and after the
impact [4];

— control of the results of mechanical tests of rocks
performed by traditional methods [5];

— identifying the relationship between physical
condition indicators and strength characteristics of
sedimentary rocks [6, 7].

In the current practice of penetration testing of
sedimentary rocks, several quite popular areas can be
identified. First of all, the equipment for penetration
and static rock probing and the methods of processing
and interpreting the results of these studies continue to
be improved [8, 9].

Another modern trend in the penetration studies of
sedimentary rocks, to the development of which the
specialists of National University "Yuri Kondratyuk
Poltava Polytechnic" (NU "Poltava Polytechnic") made
a significant contribution, is the comprehensive
substantiation of the equations of the relationship
between the physical and mechanical properties of soils

for certain types of rocks that have constant, so-called,
indicative characteristics (e.g. plasticity number,
mineralogical composition, structural features, etc.
etc.) based on the results of generalization of numerical
experimental data [10-12].

Thus, the general relationship equation of the form (1)
has already been well tested for solving applied
problems of determining the physical and mechanical
characteristics of both cohesive and non-cohesive
sedimentary rocks.

The general relationship equation in this case is as
follows

R 1 p, 1-M,
Ry € Ps %0

where R — specific penetration resistance, MPa;

Ro=1 MPa;

Wr — moisture content of water-saturated rock at Ry =1
MPa;

1
€y -
My - 1{/ 2)

e
1/eo and 1/e — are the angular coefficients of the linear
equations, respectively, for the case of complete water
saturation of the rock and under the condition of
constant moisture;
pw — water density (1 g/cm?);
pa — density of dry soil (or soil skeleton).

Thus, having equations of the form (1) for specific
types of sedimentary rocks, defined as a certain
engineering and geological element, it is possible to
determine the corresponding values of: specific
resistance to penetration, R; modulus of deformation,
E; angle of internal friction, ¢; specific adhesion, c,
based on their known values of the porosity coefficient
(e) and moisture content (7).

And wusing similar expressions obtained from
equation (1) [10, 11], it is possible to determine the
mechanical properties of the rock based on the known
values of the specific resistance to penetration, R, and
the moisture content, W: E; ¢; c.

It should also be noted that the methodology for
assessing the physical and mechanical properties of
sedimentary rocks using the relationship equation (1)
has been repeatedly tested in the study of compaction
zones in various piles and foundations [10].

A number of publications [13-15] are devoted to the
interpretation of the results of penetration tests of
sedimentary rocks on the sea shelf.

Recently, the use of penetration studies to evaluate
the anisotropic properties of sedimentary rocks has also
gained some popularity [16, 17]. Thus, the definition of
the coefficient of anisotropy of the mechanical
characteristics of the rock as the ratio of the values of
the specific resistance to penetration at a certain angle
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to the plane of isotropy to the same parameter, but at a
zero angle, has been tested.

Definition of unsolved aspects of the problem

However, the application of the equation of the form
(1) is possible to solve a number of other relevant
phenomenological problems of studying the physical
and mechanical properties of sedimentary rocks.

Problem statement

Therefore, the purpose of the work was to expand the
scope of applied problems for studying the physical and
mechanical parameters of sedimentary rocks using a
sufficiently tested high-speed penetration method.
Some of them will be considered below.

Basic material and results

Influence of tip sizes on the value of the sands probing
index.

When developing a general methodology for static
probing of sands, this issue is of some interest.

The experimental studies were carried out in the
laboratory at the laboratory probing unit LZU-1
designed by  National University  “Poltava
Polytechnic”.

The sand studied was quartz, coarse, homogeneous,
air-dry with a SO content of 98.7%.

In the tray, the sand was given six values of its
skeleton density ps = 1.50, 1.52, 1.55, 1.60, 1.64,
1.67 t/m>.

The density of sand was achieved for the loose state
by pouring through a funnel, and for the dense state by
surface and deep vibration with loading.

The probing was carried out with smooth conical tips
with an angle between the base and the vertical of o =
15°.

The tips of five different sizes were used with cone
base diameters a. =2.9, 3.5, 3.9, 4.5, and 5.0 cm.

In all cases, the ratio of the cone diameter to the rod
diameter dc/dsh>1.8 was maintained. The tip immer-
sion rate in the rock did not exceed 0.25 m/min.

For each experiment, the probing index V was deter-
mined [11].

Each value of this indicator corresponded to a certain
value of rock density, 1/pa.

To summarize the test results, they were presented in
the coordinates "inverse of the dry soil density, 1/p4 -
logarithm of the probing index, /gl

This graph is shown in Fig. 1.
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w B o Nwoo
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&)
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0.625 0.650 0,675 0.7

Inverse value of dry soil density, V4, m*/t

Figure 1 — Results of sand probing with tips of different sizes

Interpreting it in accordance with equation (1), we
obtain the linear equation (3)

1 _osg6-007161e L, O
o 0.1

with the correlation coefficient » = 0,99.

Thus, as a result of the correlation analysis, the
complete independence of the value of the probing
index, V, from the size of smooth conical tips for quartz
sand, coarse sand, and sand with a low degree of water
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saturation in a wide range of changes in its density was
unequivocally established.

Influence of tapered tip surface quality on penetration
and probing results.

Studies by many experts point to the influence of the
surface quality of the conical tip on the results of pene-
tration and probing.

It is customary to use a polished metal cone for these
tasks [11].

However, the surface of the cone is disturbed during
operation, especially in the field. Meyerhoff introduced
the concept of a rough cone when the friction along its
lateral surface is equal to the tangent of the angle of in-
ternal friction of the test sedimentary rock. He proposed
a concrete wedge and a copper cone treated with sand
for testing.

A new design of a so-called perfectly rough cone was
proposed at National University "Poltava Polytechnic".

The scheme of this stepped conical tip is shown in
Fig. 2.

It includes a cone and a shank and is characterized by
the fact that, in order to create friction conditions on the
ground, the cone is made with cylindrical steps.

The tip consists of a cone - 1 and a shank - 2.

The cone is made with cylindrical steps having a ratio
of 0/h. = tga, and the ratio of the step height to the cone
height is taken to be 0.05 - 0.1.

When the tip is buried in the soil under the cylindrical
steps, areas of compacted soil are formed, which move
with the tip and form a soil jacket in the form of a cone
with a base at an angle to the vertical, a.

The proposed tip clearly meets the conditions of a
rough cone and creates conditions for friction between
soil and soil.

Penetration and probing tests were conducted in
sandy and clay soils to identify the expected
phenomenon.

The methodology of these studies was based on a set
of experimental data on penetration and probing of soils
of various types and conditions, and then generalization
of the results obtained in accordance with the
conditions adopted for equation (1).

Fig. 3, a shows the experimental data on the penetra-
tion of coarse, homogeneous, quartz, air-dry sand by a
smooth and stepped conical tip with the same geometric
parameters:

a = const;

hc = const;

dc = const.

The test was performed using a laboratory penetrom-
eter LP-1.

The porosity coefficient of the sand varied from 0.90
to 0.72 and, accordingly, the angle of internal friction
from 32° to 36°.

Line 1 establishes the relationship between the in-
verse of the dry soil density, //pa4, and the logarithm of
the penetration index, U, obtained with a smooth metal
cone.

Figure 2 — Stepped conical tip for penetration and prob-
ing:
a - section; b - plan; 1 - conical part; 2 - shank,
hc - height of steps; 6 - ledge; o - angle between the verti-
cal and the cone face

Line 2 establishes a similar relationship, but with a
stepped tip.

There is a large difference between the values of the
penetration rates - they are 3 times higher for stepped
tips.

Fig. 3, b shows similar data for a loam of a disturbed
structure.

The angle of internal friction of the soil varied be-
tween 14 and 16°.

All things being equal, the specific penetration re-
sistance obtained with a rough tip is 1.3 times greater
than for a smooth one.
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Figure 3 — Results of penetration tests of soils with smooth and stepped conical tips:
a - sands; tips: 1 — smooth, 2 - stepped;
b — loam; tips: 1 — smooth; 2 — stepped

The results confirm the notion that a soil shell is
formed around the stepped tip, which moves along with
the tip. This causes friction between the soil and the tip.

This value determines the value of the penetration in-
dex for sands and the specific penetration resistance for
loams. If we assume the coefficient of friction of the
metal on the soil f'=0.10 - 0.12, then the results can be
confirmed by calculation.

Thus, the greater the angle of internal friction of the
soil, the greater the error when using a conventional
smooth metal tip in penetration tests. It is noticeable
when testing sands and may be negligible when pene-
trating water-saturated clay soils.

Fig. 4 shows the results of probing coarse, homoge-
neous, air-dry, quartz sands in laboratory conditions us-
ing the LZU-1 installation with tips with different an-
gles, a, between the base and the vertical of the cone.

Conical tips with the same cone base diameter d. =
const were used.

Fig. 4, a shows the data for smooth tips, and
Fig. 4, b — for stepped tips.

For each value of the angle a, the probing was per-
formed at seven values of the dry soil density, p4, of
both smooth and rough tips.

As a characteristic of sand probing, the value V4 was
taken, which is calculated by the following formula

P-P
V=

f ) 4
HxA

where 4 — cone base area.

The obtained data confirm the well-known statements
[11] about the formation of an elastic core under flat
and conical dies.

According to these ideas, the shape of the elastic core
is close to conical, and its angle a ~ 22.5°.

If the smooth tip has a 2a < 22.5°, the core is not
formed, and friction occurs on the metal.

If 20> 22.5°, then elements of this core appear, and
the larger a, the more elements of the elastic core are
formed.

A flat die has a complete elastic core.

The graphs in Fig. 4, a show that with the formation
of elastic core elements, the intensity of the increase in
the probing index decreases, i.e., the effect of friction
on the soil is manifested.

Fig. 4, b shows the graphs obtained using stepped
tips.

According to these data, the soil resistance to pene-
tration of perfectly rough tips of the same diameter is
practically independent of the cone opening angle.

There is a slight tendency to increase the probing re-
sistance with an increase in the angle a, which confirms
Meyerhoff's conclusions.

These examples show the high efficiency and relia-
bility of using the relationship equation (1) in solving
various phenomenological research problems.
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Figure 4 — The probing results of sands with smooth and stepped conical tips:
a - smooth with angle a: 1-10°; 2-15°; 3-22.5°; 4-30°; 5-45°;
b - stepped with angle a: 1-10°; 2-15°; 3-22,5°; 4-30°; 5-45°
Improving the tip for penetrating soils with  slightly from the direction of the central axis: for exam-

anisotropic properties.

At National University "Poltava Polytechnic", a "Pen-
etration tip for soils with anisotropic properties" was
created (Patents for: invention No. 17737 and industrial
design No. 1473) (Fig. 5).

Figure 5 — Tip for penetrating soils with anisotropic
properties

Due to the small angle between the working faces and
the concavity of the side faces (which eliminates the in-
teraction of the rock with the side surfaces), the tip in-
troduces minor measurement errors in anisotropic sed-
imentary rocks.

The interaction of the soil occurs only along the sur-
faces of the working faces, i.e. at an angle that differs

ple, if the angle between the working faces is 8, the an-
gle by which the working surface of the faces is devi-
ated from the central axis is 4°.

The side faces do not interact with the rock (they are
still lubricated with grease).

To improve the accuracy of n, we developed a
"Method for determining the soil anisotropy coefficient
by the penetration method" (Patent for Invention No.
49904).

It involves stripping at least two adjacent areas to the
shape of planes located at different angles a to the hori-
zon and penetrating each of them in a direction perpen-
dicular to its tip according to Patent No. 17737.

Penetration in each direction is carried out with at least
four tips with different angles between the working
faces, for example, g =20, 15, 10, and 5, with the deter-
mination of R for each direction of penetration and each
angle f, calculation of the values of the coefficient 7z,
for the corresponding angles f, approximation of the data
of the dependence nr, = f{f}), in particular, by a power
function, and extrapolation to the value of ng, corre-
sponding to = 0°.

Thus, in cases where the values of soil anisotropy co-
efficients differ significantly from n, = 1.0, the accuracy
of estimating the stress-strain state of rock masses can be
increased by using physical relations of orthotropic or
transverse-isotropic media in their model.

Conclusions

Thus, by expanding the subject matter of applied
problems for studying the physical and mechanical
parameters of sedimentary rocks using the tested high-
speed penetration method, the following was
established.
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1. The equations of the relationship between the
physical and mechanical properties of soils are
established for individual varieties that have constant
indicative  characteristics ~ (plasticity =~ number,
mineralogical composition, structural features, etc.)
based on the results of generalizing numerical
experimental data. Using the penetration method and
having the density-moisture values, it is possible to
determine the required characteristic in any element of
the soil massif.

2. The possibility of using the equations of the
relationship between the physical and mechanical

characteristics of soils to generalize the results of
experiments in solving research problems is proved.

3. The "Penetration tip for soils with anisotropic
properties”" and the "Method for determining the soil
anisotropy coefficient by the penetration method" were
developed and patented, which make it possible to
increase the reliability of the assessment of the stress-
strain state of rock masses when using physical
relations of orthotropic or transversal-isotropic media
in their model.
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