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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use to
researches and practitioners in academic, governmental and industrial communities.
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OBLIAA MHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MeskAyHAPOAHBII J)KYPHAA IO PACYETY TPAXKAAHCKHX M CTPOUTEABHBIX KOHCTPYKIIHI)

Mesxaynapoanblii HayuHbIi kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHbIii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHbIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM H31aHUEM I10 HAIIPABJICHUIO
«VHXEeHepHBIC U TEXHUUECKUE HAyKn», n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B xypHayie Ha BEICOKOM Hay4YHO-TEXHHUYECKOM
YPOBHE paccMaTpUBAIOTCS MPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTTMPOBAHUS B CTPOUTEILCTBE,
aKTyaJIbHbIE BOTIPOCHI pa3pabOTKH, UCCIIEJOBAHMS, Pa3BUTHS, BEpUDHUKALINY, aripoOaIiy 1 MPUIIOKE-
HUI YHUCICHHBIX, YNCIEHHO-aHATMTUYECKUX METOA0B, MPOrPAMMHO-aITOPUTMUYECKOTO 00eCreUeHHs
Y BBITIOJIHEHNSI aBTOMATU3MPOBAHHOTO IPOEKTUPOBAHHSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacUYeTHO-TEOPETHUECKOTO M SKCIIEPUMEHTATIHLHOTO 000CHOBAHUS HANPSHKEHHO-/1e(hOPMHUPOBAHHOTO (H
WHOTO0) COCTOSIHUS, POYHOCTH, YCTOMYMBOCTH, HAIEKHOCTH 1 0€30M1aCHOCTH OTBETCTBEHHBIX 00BbEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPIeTUKH, MAILIMHOCTPOCHHUS, TPAHCIIOpTa, OHO-
TEXHOJIOTMI U JPYyTUX BBICOKOTEXHOJIIOTUYHBIX OTPaCIIeH.

B penakumoHHbIi COBET )KypHalia BXOIAT U3BECTHBIE POCCUICKUE U 3apYOEKHBIE S TENTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMUKH, YJICHBI-KOPPECTIOHICHThI, THOCTPAHHBIE YWICHBI, TOYETHbIE YJICHBI
1 cOBETHUKH Poccuiickoll akaieMuu apXUTEKTYpbl M CTPOUTEIbHBIX HayK). OCHOBHOM KpUTEpHil OT-
Oopa crateil 1 myONrKaluy B )KypHaJie — UX BHICOKUI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIpEIeIIIETCS B XO/I€ BBICOKOKBATU(DUIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3HI,
MOCTYMAIOLIUX B PEIAKIMIO MAaTEPUAIIOB.

Kypuan exooum 6 llepeuenv BAK PD sedywux peyeH3upyemvix HayyHbIX U30aHUl, 8 KOMOPbIX
O0JIHCHBI ObIMb ONYONUKOBAHBI OCHOBHbIE HAYUHbLE PE3YIbMAaNmbl OUCCEPMAYULL HA COUCKAHUE YYeHOU
cmenenu KaHouoama Hayk, Ha COUCKAHUe Y4eHou cmeneHu 0OKmopa HAayK 10 HAyYHBIM CIeIHallb-
HOCTSIM U COOTBETCTBYIOIIMM UM OTPACIIsM HayKU:

* 1.1.8 — Mexanuka neopMupyeMoro TBEpAOro Tena (TEXHUYeCKue HayKn),

* 1.2.2 — Maremarnueckoe MOJIETUPOBAHUE YHCIEHHbBIE METO/IbI U KOMILJIEKCHI TPOrpaMM

(TeXHUUYECKHUE HAYKH),

* 2.1.1 — CTpouTenbHble KOHCTPYKLNH, 31aHNS U COOPYKEHUS (TEXHUUECKUE HAYKH),

* 2.1.2 — OcHoBaHus U GyHIAMEHTHI, IOI3EMHbIE COOPYKEHHUS (TEXHUUECKUE HAYKH),

* 2.1.5 — CTpoutenbHble MaTepralbl U U3ACIUs (TEXHHYCCKHUE HAYKH ),

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHIUUECKHE HAYKH ),

* 2.1.9 — CtpoutenbHas MeXaHUKA (TEXHUYECKUE HAYKH)

B Poccuiickoit denepanuu xypHan uHAEKCUpyeTcss POCCMICKUM MHIEKCOM HAyYHOTO IUTH-
posanus (PUHLY).

JKypran éxooum 6 6azy oannwvix Russian Science Citation Index (RSCI), nonnocmoto unmezpu-
posanuyto ¢ niamgopmoti Web of Science. JKypHan uMeer MeXTyHApOIHBINA CTAaTyC U BBICHIJIACTCS B
BeAyIIe OMOIMOTEKH U HayYHbIe OPTaHU3aI[MH MUDA.

Hznaresan xypHana — Mzoamenbcmeo Accoyuayuu cmpoumenshblx 8bICUIUX Y4eOHbIX 3a6e-
oenuti /ACB/ (Poccus, . MockBa) u 10 2017 rona Mz0amenvcruti oom Begell House Inc. (CILIA, T.
Hrto-Mopk). OpuImansHEIME TapTHEPAME H3aHUS ABIAETC Poccuiickas akademus apxumexkmypbl
u cmpoumenvuwix Hayk (PAACH), ocymecTBisitonas HayYHO€ KypupOBaHHe U3nanus, u Hayuno-uc-
cnedosamenvckuil yeump Cma/{uO (3A0 HULL CtallunO).

Hesn :KypHaJa — JeMOHCTPUPOBATH B MyOIUKAIMIX POCCHICKOMY M MEXITyHAPOAHOMY IPO-
(heccroHaIbHOMY COOOIIECTBY HOBEHIIIHE TOCTIKEHHS HAYKH B 00JIaCTH BEIYHACITUTEIBHBIX METOIOB
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAJIHBIX TEXHUUYECKUX 3ajay, MPEK/Ie BCEro B 00JaCTH CTPOU-
TEJIbCTBA.

3agaum KypHaJa:

* IPE0CTaBICHUE POCCUMCKUM U 3apyOeHbIM YUEHBIM U CIIELIMaINCTaM BO3MOKHOCTH Ty OJu-
KOBaTh Pe3yNbTaThl CBOMX MCCIIEOBAHU;

* IPUBJICUEHUE BHUMAHHUS K HauOOJee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPHIBHBIM U WHTE-
PECHBIM HaIPaBJICHUSAM Pa3BUTHS U MPUIIOKEHUI YUCICHHBIX U YHCICHHO-aHAIMTUYECKUX METO/IOB
pemieHus pyHIaMEHTaIbHBIX U MPUKJIAJIHBIX TEXHHYECKUX 3a7a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT UM
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HYDRODYNAMIC STABILITY OF SWIRLING FLOWS WITH
AXIAL RECIRCULATION ZONES

Vadim K. Akhmetoy
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstact. The problem of the motion of a viscous incompressible swirling flow in an axisymmetric channel has
been numerically investigated. Various flow regimes have been obtained, including those with the formation of
the axial recirculation zones. In the framework of linear theory, the stability of the obtained calculated flows with
respect to non-axisymmetric perturbations is investigated on the assumption of local parallelism. The growth
rates and phase velocities of unstable disturbances are calculated. In the presence of a reverse flow zone, the

disturbances growth rates are increased significantly.

Keywords: theory of hydrodynamic stability, swirling flows, growth rates factors, phase velocities

TUAPOJUHAMUYECKAS YCTOMYUBOCTD 3AKPYUEHHbBIX
HOTOKOB C IPUOCEBBIMHU 30HAMMU PELIUPKYJIALIUN

B.K. Axmemoe
HarmonaneHeiii uccnenoBatenbckuii MOCKOBCKHIA TOCYapCTBEHHBIN CTPOUTEIBHBIN YHUBEPCHUTET, T. MockBa, POCCU S

AHHoTanus. YHCIEHHO HCClefOBaHA 3ajadya O JBMKEHHU 3aKPYYEHHOrO IOTOKA BA3KOH HEC:)KUMaeMoil
JKHJIKOCTH B OCECHMMETPUYHOM KaHase. [1oydeHsl pa3indHble pexknMbl TeUYSHUH, B TOM YHCIie ¢ 00pa3oBaHHEM
MIPUOCEBBIX PELUPKYJALMUOHHBIX 30H. B pamkax JsunHelHOM TeopuM Ha OCHOBE THUIOTE3bl JIOKAIbHOM
MapajuleIbHOCTH  TIOTOKA HCCIIEA0BaHa 3ajada 00 yCTOWYMBOCTH ITOJMYYEHHBIX PACUCTHBIX TEUCHHH I10
OTHOIICHHIO K HEOCECMMMETPHUYHBIM BO3MYyIIECHHsM. PaccumTanbl Koa()UIMEHTH ycuiaeHUS Hu (a3oBbIe
CKOPOCTH HEYCTOHYMBBIX BO3MyIIeHWH. [Ipn Hammumm B MOTOKE 30HBI BO3BPATHOIO TEUEHMS KOA(PQUIEHTHI

YCHIJIEHUS BO3MYILECHHH CYIIECTBEHHO BO3PACTalOT.

KiioueBbie c/I0Ba: THAPOANHAMUYCCKAS TEOPUS yCTONYMBOCTH, 3aKPYUCHHBIC TCUCHUS,
k02 duIMeHTHI ycuiieHus, pa3oBble CKOPOCTH

1. INTRODUCTION

Swirling flows have a wide area of applications
in various technical field. They are used to
intensify heat and mass transfer processes,
purify gases and liquids from impurities,
stabilize combustion processes, extinguish
energy in hydraulic structures, and etc. The
swirl has a significant effect on all the main
characteristics of the flow, including its
stability. In this case, a critical point (stagnation
point) with zero velocity is formed on the flow
axis or near it. Behind of this point, a reverse
flow zone is formed. The emerging instability
leads to the formation of secondary vortex
motions, and can also be the cause of the
collapse of the vortex.

The phenomenon of collapse (destruction) of a
vortex (vortex breakdown) was first discovered
in aerodynamic studies during the flow around
the wings of a large sweep. Disturbances of the
vortex decay type are characterized by a sudden
deviation of the vortex axis from its original
direction or a sharp increase in the vortex core.

The existing results on the study of vortex decay
are systematized in review [1]. Most of the
experiments were carried out in weakly expanding
axisymmetric tubes. Currently, eight types of
vortex decay have been recorded. Their detailed
classification is presented in [2]. Two types of
vortex breakdown are most common: bubble
breakdown and spiral breakdown. Bubble breakup
is characterized by a critical point on the flow
axis, followed by an almost axisymmetric shell of
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the recirculation zone. In problems related to
combustion, such recirculation regions serve as a
kind of flame holder [3]. In other technical devices
such as presented [4, 5], the formation of counter
flow zones is undesirable, since it can lead to
excessive deceleration of the main flow. After
axisymmetric decay, as a rule, spiral decay
follows. Although, they can be observed
independently. Spiral decay is characterized by a
sharp break in the vortex axis, after which a
corkscrew-like swirling of the flow occurs.

Thus, when the vortex is destroyed, a significant
rearrangement of the initial flow occurs. In
particular, it was experimentally established [6]
that after the collapse of a vortex, the flow, as a
rule, becomes turbulent.

The phenomenon of vortex decay is closely
related to the development of flow instability. The
problem of the stability of a free vortex whose
velocity profiles can be obtained from the self-
similar Batchelor solution for a viscous swirling
wake was studied in [7-12]. In the paper [9],
selective calculations were performed for the first
three instability modes of a free vortex. And a new
viscous instability mode was discovered for the
first time. Detailed studies of that are presented in
[10]. In the paper [11], the instability of the flow
under study was presented for large values of the
swirling parameter of the flow. There, the
existence of up to eight unstable modes
simultaneously was established. The branching of
eigensolutions is discovered and the filling of the
region of admissible values in the space of free
parameters by instability modes is studied.

The paper [12] provides a study on the stability
of a swirling flow in an unbounded medium, the
velocity profiles of which were obtained by
numerically solving the complete system of
Navier—Stokes equations. This study was based
on the hypothesis of local parallelism of the
flow. It is shown that in the presence of a
recirculation zone in the flow, the strongest
instability was observed. The oscillation
frequencies corresponding to the most unstable
wavenumber are consistent with the results on
the stability of vortices coming off the trailing
edge of an aircraft wing and with research data
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on the spectral characteristics of swirling flows
in an expanding channel [13].

This paper aims to study the problem of the
stability of an internal swirling flow in an
axisymmetric channel, using a similar approach.

2. STATEMENT OF THE PROBLEM ON
THE MOTION OF A SWIRLING FLOW

The paper considers the problem of the
development of a swirling flow in an
axisymmetric channel of radius. Axisymmetric
laminar flows of a viscous incompressible fluid
are described by the Navier—Stokes system of
equations. In a cylindrical coordinate system
r, ¢,z with respect to the stream function v,

the vorticity Q and the azimuthal velocity ¥,
can be represented as follows

2
la_‘zl’Jrﬁ Lov|__q (1)
r Oz or\r or
oQ 0 0
—+— Q) +—(V3Q)) =
o0 aZ(z ) ar(r )
(2)
1 [o20 a2 6(Qj 2 18(Vy)’
=— + +—|— ||+ G ———
Re| 922 o722 or\r r 0z
Wy 0 10 ViV
—+—VVp)+——(rViVp)+ =
ot 62( Vo) r@r(r 7o)
3
110%e 10( V) Vo )
=— +——|r— |-—
Re| 922 rorl or 72
1 1
=iy LN T O
r Oz r or oz oOr

The system of equations (1)—(4) is written in a
conservative dimensionless form. The axial 7,

and radial 7, velocities are related to the
characteristic value Ug. The azimuthal velocity
Ve 1s related to the characteristic value Wy . The
coordinates are related to the radius rg, and the

time is related to the value m/Uq. The system
of equations (1)—(4) contains two dimensionless
parameters:
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Reynolds number Re=Ugyrg /v, in which v is
the kinematic viscosity, and spin parameter is
G=Wy/Uy.

The solution of the problem under consideration
1s determined in the area D: 0<z<z;,
0<r<I1. At the inputz=0, the following
distributions for the axial and azimuthal velocity
components (the radial velocity in the initial
section is assumed to be zero) were set:

V.0(r) = Do + Dy exp(—By 1),
Veo(r) = é(l—exp(—Bz rz)), 0<r<m,
r (5)
V. (r)=ao +a1r+a2r2 ,
V(po(r)=b0+b1r+b2r2, n<r<l.
These profiles are consistent with experiments
[6]. For 0 <r<n, the distribution of velocities
(5) corresponds to a free vortex. The constant
B> characterizes the value r at which the
azimuth velocity is maximum. By selecting Dy,
Dy, a corollary or jet type flow can be gotten. In
the equations (5), the coefficients of the
polynomials a;, b; are found from the no-slip
conditions at 1 and the continuity of the
velocities V;o(r), Veo(r), and their derivatives
at the point 7y .
The set of boundary conditions, including
setting velocity profiles Vo(r), Vyo(r) at the
input z=0, no-slip conditions on the channel
walls, symmetry conditions on the axis »=0,
and soft boundary conditions in the outlet
section z=z;, for this problem can be
represented as:

\Vz\l/o(r),V(P=V(p0(r),(2—“j:0,0£r£1,z:0
z

\V:\VOZCOHSt,V(pZO,Z—W:O,OSZSZk,rzl
r

y=0,Vy=0,Q=0,0<5z<z;,7r=0 (6)
oV,
8_\|/:8_Q:_¢20’ 0<r<l, z=z
0z Oz 0z
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For the numerical solution of the boundary
value problem (1)—(4) with boundary conditions
(6), the finite difference method was used,
which was tested and successfully applied in
[14-17] to calculate swirling flows of various
types. In these calculations, the following values
were accepted:

Dy=1, D=0, Bi=0, B, =14,

A=0419, n=0.75, z; =10 (7)
3. RESULTS
The calculations of the flow fields

corresponding to the boundary value problem
(1) — (4), (6), (7) were carried out at Re =100,
150, 300, 500 in the swirl range 0 < G <3. The
most characteristic patterns of streamlines are
shown in Fig.1. Further, the main properties of
the calculated flows are considered in detail.

At a sufficiently large swirl value (depending on
the value of the number Re), a reverse flow
zone appears in the axial part of the channel,
limited by stagnation points (zj,z2) located on
the symmetry axis. This recirculation region has
a toroidal structure with closed current lines. An
example of such a flow at Re=100, G=2.1 is
shown in Fig.1, b. As the swirl increases, the
diameter d of the return flow region increases,
the recirculation region shifts upstream, and the
rear stagnation point z, slightly shifts towards
the front one z;.

If Reynolds number is higher of 150, G= 2.2,
the return flow region is formed somewhat
closer to the input section and its length in the
direction z decreases (Fig. 1, c¢). With an
increase in swirl G=2.4, the rear stagnation
point approaches the anterior one, and the
streamlines behind the recirculation zone
acquire a zigzag shape. With a further increase
in swirl G=2.6 (figure 1, d) downstream of the
first region of the return flow, a second
recirculation zone is formed. It also has a
toroidal structure, but with a lower recirculation
rate and a smaller diameter. The length of the
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Figure 1. Streamlines for Re=100, G=1.7 (a), G=2.1 (6); Re=150, G=2.2 (8), G=2.6
(2); Re=300, G=2.4 (0)

second reverse flow zone is much longer than
the first.

A further increase in the Reynolds number
Re=300 leads to a qualitative change in the flow
pattern. With a sufficiently high swirl 2.4 (Fig.1,
e), the first recirculation zone on the channel
axis is not formed (the flow directly in the axial
part for » <0.05 moves forward). In contrary, a
separation region with a reverse flow is formed
at a distance of r=0.1-0.3 from the symmetry
axis.

Volume 19, Issue 1, 2023

4. FLOW STABILITY

Further, the small perturbations of a swirling
flow with given velocity profiles are considered

V. =U(r), Vo =W(r), V,=0 (8)
as solutions of the linearized Navier—Stokes
equations of the traveling wave type (normal
modes)
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V2V Ve, '} = ©)
={F,iS,H,P}expli(oz + ne — act)],

in which p is the pressure; alpha is the wave
number; n is the perturbation mode
(n=0;£1;£2;...); ¢ is the speed of wave
propagation; i is an imaginary unit. For complex
amplitude functions F(r), S(r), H(r), P(r) a
system of equations are obtained:

r*yF +or’P+r2SU' =

S a
Y+ 2rHW — r*P' =
’ 10
- L6~ 1) 20|
iRe

ryH + I’ZS(W' + Zj +rnP =
r

_ N (2,2, .2 B }
—iRe[r(rH) (oc r+n +1)H 2nS |,

wrF +(rS) +nH =0,

where y=a(U —¢)+nW /r. Prime means a

derivative with respect to ». For system (10) at
r = 0, the boundary conditions are derived from
the requirements for the regular behavior of the
solution near the axis and have the form

8(0)=H(0)=0,
F(0), P(0) — restricted forn=0;
S(0)+ H(0)=0,
F(0)=P(0)=0—-npu n==1;
§(0)=H(0)=F(0)=P(0)=0~ for |n| >1;
SH=H1)=F(1)=0.

(1)

Let’s consider perturbations (9) periodic in z,
whose amplitude varies with time. Then a is a

real number (a=2n/A, where A 1is the
perturbation wavelength), and ¢ =c, +ic;is the

complex one; ¢, is the velocity of propagation

Vadim K. Akhmetov

of the perturbation in the direction z (phase
velocity), ¢, is the rate of rise of the

is the
amplification factor of the perturbations, and
o, =oc,.is the oscillation frequency. For

= QlLC:

time, ; :

perturbation in ;

¢; <0, the perturbation amplitudes (9) decay
(the flow is stable), and for ¢, >0, they increase

with time (the flow is unstable).

The method for calculation of eigenvalues is
described in [9-10], and testing of the method is
presented in [11].

For the calculated swirling flows, the maximum
value of the radial velocity component is
smaller over order than the corresponding
values for the axial and azimuthal components.
In the distributions V,(r,z), Ve(r,z), the

relation with z is significantly manifested only
in the very initial section near the inlet section.
Therefore, the problem of the stability of the
obtained flows with respect to non-
axisymmetric perturbations (9) at r=-1 is
considered under the assumption that the flow is
locally parallel. For this purpose, in the system
of equations (10) take profiles V.(r,zp),

Vo(r,zo) as U(r), W(r), from calculations in

the system of equations (10). Here zp is a
parameter.

First, the case was studied, for which the initial
swirling of the flow is insufficient to form a
reverse flow zone. Only a slight swelling of the
streamlines is observed in the axial part of the
flow. An example of such a flow at Re=100,
G=1.7 is shown in figure 1, a. Figure 2, a show
the dependences of the gains ®; and the
corresponding phase velocities ®, on the wave
number o obtained in different cross sections
of the flow z=const for this case. In the initial
section z=0 (curve 1), a very slight flow
instability is observed with a maximum value of

®; =max®; =0.0027 in a narrow range of the
wave number 3.18<a<3.55. In the next
section, at z=0.31 (curve 2), the instability
increases and at z=2.5 (curve 4) it becomes the
largest. Further downstream, the instability
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decreases, and at z=10 (curve 6) at the channel
outlet, the flow becomes stable (®; <0).

Figure 3, a show the change in amplification
factors ; and wave numbers o along the flow
axis for perturbations (9) with a fixed oscillation

Volume 19, Issue 1, 2023

frequency o, . All diagrams ®;(z) show a local
maximum at z = 2.5.

Thus, swirling of the flow leads to instability of
the flow before the formation of the
recirculation zone. The axial velocity profiles in
this case are characterized by a large velocity
defect on the (Vi =0.1) axis, have an inflection
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point at z=0.25, and differ significantly from
the parabolic distribution.

At Re=100, G=2.1, there is a paraxial zone of
reverse stream in the flow at 0.207 <z <0.448
(figure 1, b). The -calculated amplification
factors and oscillation frequencies for a given
flow are shown in Fig.2, b. In the initial section
7z=0 (curve 1), the flow is unstable with a
maximum amplification factor of ®; =0.141 at
o« =3.74. In the region of the reverse flow at
7z=0.31 (curve 2), the strongest instability is
noted. At 0.6<z<2.5, the maximum values of
the amplification factors change insignificantly.
Further downstream, the instability decreases
and at the outlet at z=10 (curve 6), the flow
becomes stable (®; <0).

Takum 00pazom, 3aKpyTKa MOTOKA MPUBOJAUT K
HEYCTOWYHUBOCTH

Characteristic relations for the change in the
amplification factors along the flow axis for
flows with a recirculation zone are shown in
Fig.3, b. The distribution ;(z) has two local

maxima. One of them at z~2.5 is observed in
all calculated unstable flows and is associated
with the swirl effect. The other, located
upstream at z = (.3, is due to the presence of a
reverse flow zone in the flow. The values of the
amplification factors at the points of local
maxima are close to each other. In contrast to
the flow without the formation of a recirculation
zone, the velocity V., profiles in the axial
region have two inflection points at » =0.1; 0.3.
As can be seen from figures 3, a, b, the values
of the wavelengths corresponding to the most
growing disturbances in the first and second
zones differ insignificantly.

At Re=150 or more intense initial swirl G=2.6
in the flow, a second axial region of the return
flow is formed (figure 1, d). It has a large length
along z, and the recirculation rate is less. In this
case, the distribution ;(z) 1is completely

similar to the previous case and has two local
maxima, each of which is observed in the region
of the reverse flow zones. Moreover, instability
in the first recirculation zone leads to the

Vadim K. Akhmetov

formation of a more pronounced maximum for
the second zone.

The results obtained are consistent with the
calculations of the spatiotemporal instability of
swirling flows in an unbounded medium [18,
19], which show that the strongest flow
instability is observed in the region of bubble-
like decay and in its wake with the formation of
a spiral form of decay.

S. CONCLUSION

The provided studies on the swirling flows show
that there are two mechanisms of instability.
The first one is related with the effect of flow
swirl, the second one with the formation of
reverse flow zones. The traveling wave of
perturbations successively passes through two
zones, in which its amplitude grows most
rapidly. This effect can contribute to the
destruction of the vortex.
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ASSESSMENT OF WEIGHT OF SEDIMENT FORMATION
DEPOSIT IN MUNICIPAL COLLECTOR SYSTEM (MCS)

Lyudmila V. Volgina, Stanislav A. Sergeev

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The main purpose of this work is to provide calculations of annual weight of sediment formation
deposit in Municipal Collector System (MCS). The article considers two-phases flow in the collector. The storm
water collector is small culvert for storm water (rainwater) or for removing the river (creek, stream, flow)
underground. The article defines the solid particles in flow as sand, clay, stones, silt, etc. It was found that in case
of signiflicant flow rate, then all solid particles move in the pipe. If not, they settle to the bottom and sediment is
formed. In this paper, total weight of sediment formation in Moscow collector system is calculated at average
annual values. On this ground a consideration can be made that sediment deposit reduces efficiency of the
system partially or completely.

Keywords: storm system, storm water pipes, sewage pipes, solid particles, sewerage system, sediment formation

OILIEHKA MACCBHI OTJIO)KEHUH, POPMHUPYIOILIINXCSH B
I'OPOJICKOM KOJIJIEKTOPHOHU CUCTEME

JI.B. Boneuna, C.A. Cepzees

Hauunonanbuelil ncecnenoBarenbckuil MOCKOBCKUN TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
. Mocksa, POCCH

Annotanusi. OCHOBHAs IIeJIb HACTOSIIECH pabOThl pacdyeT Macchl OTIOKEHUH, (GOPMHUPYIOMINXCS B FOPOJICKON
KOJUIEKTOPHOW cucTeMe exerogHo. IIoTok B KoOJIEKTOpe paccMmaTpuBaeTcst Kak AByx(asubiil. Komnexrop
MpeAcTaBisieT co00W Maoe BOAOMPOITYCKHOE COOpYXKeHHe (TpyOa) /st PoITycKa JIUBHEBOH (JI0KIEBOI) BOBI
WM 711 OTBOJA PeKH (IIPUTOKA PEKH WM Pydbs) O] 3eMJII0. B cTaThe paccMaTpuBarOTCsl TBEP/BIC YACTHIIBI
TaKHe Kak rajbka, IeCOK, IIMHA, U U T.J]. JBUTAIONIMECs C TOTOKOM, B CIIydae 3HAYNTEIBHOIO PAacxoa BOABI, U
OCeIaroT Ha THO KOJIIEKTOpa (oOpa3yeTcs OCaJoK), eCM PHEPTrHuu IOTOKa HeaocTaToyHo. B manHO# pabote
o0mras mMacca OTJIOXKEHHH, (OPMHUPYIOUINXCS BO BCEH MOCKOBCKOW KOJUIEKTOPHOH CHCTEME, paccCuuTaHa II0
CpEe/IHeroJIOBBIM 3HaueHHsM. Ha OCHOBe IOJy4eHHBIX IaHHBIX C(HOPMYJIMPOBaH BBIBOJ, 4YTO 0Opa3oBaHUE
0CaJIKa CHU)KAET MOJIHOCTHIO I YaCTUYHO 3()(HEKTHBHOCTH PabOTHI TOPOICKON KOJUIEKTOPHON CUCTEMBI.

KiroueBbie cjioBa: cucTeMa KOJUICKTOPOB, JJMBHEBEIC TPYObI, KAHAIM3AIUOHHBIC TPYOBI, TBEPIbIC YaCTHUIIHI,
KaHaJIHU3a1us, 00pa30BaHUE OTIIOKCHUIA

INTRODUCTION

With the increase of urbanization in cities,
problems due to storm water become more and
more important: floods, overflows, pollution of
receiving waters, high exploitation costs due to
sediment deposits [1,4,5]. Since the mid-20th
Century, the fundamental research of “solid
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transfer in sewers” has been carried out for
improvement urban environment [7, 13].

On the territory of Moscow, the total length of
the river network is more than 600 km. About
295 km of them (more than 160 rivers) flow
underground (Fig. 1) in tube under industrial
and civil constructions and have become part of
municipal storm system.
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The storm water system is separated from sewer
systems in Moscow. The volume of transport
and sedimentation inside tubes relates to the

Lyudmila V. Volgina, Stanislav A. Sergeev

concentration and types of solid particles shed
into the water or ground.
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Figure 1. Moscow underground rivers map

As storm water covers streets and other
waterproof surfaces, it transports pollutants
such as oil, chemicals, pathogens, and
sediments. This pollution is carried by storm
water and discharged directly into local
waterways, which has a negative impact on
water quality. The pollution levels of Moscow
consist of four zones: transport, residential,
park and industrial. The studies have shown
[3,9,11,14] that the main pollutant of surface
runoff is suspension and dissolved petroleum
products, the source of which is transport and
collapsing asphalt road surfaces. The main
pollutants arising from the operation of roads
are oils, lubricants, propellants, tars, silicones,
exhaust gases produced by the fuel
combustion, abrasive products of broken car
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discs and tires, asphalt, ashes, dusts, organic
bituminous  ingredients, and  remnants
provided after the maintenance of roads in
winter [15,17]. The infrastructure (roads,
sidewalks, @ commercial and residential
structures) added during urbanization process
is designed to collect storm water in Moskva
river water channels. The quality of water is
influenced by river suspended particles and
pollutants collected on impervious surfaces
and that are carried by urban storm water
runoff. The flow is caused by the slope. Flows
in collectors can be unsteady, irregular with
variable roughness coefficient and two-phases
with wide list of solid particles [8, 18].

The literature review [2, 4, 6,10,12,16] presents
the modern concerning sediment sewer transport
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modeling. After a description of solid particles
found in tubes and in storm water, the different
steps considered in models are described: a
transfer through model and a model of
deposition (sediment formation) and erosion in
sewer pipes.

The design Moscow Collector System (MCS)
consisted of two tasks: the main one was
protection of floods and the secondary was self-
cleaning support.

On the regulation basis, the condition in the tube
can be self-cleaning. However, Mosvodostok
(Moscow engineering system) removes the main
part of sediment deposition manually or
mechanically. The main purpose of this work is
to provide calculations of annual weight of
sediment formation deposit in MCS.

METHODS

At the turn of the 19"-20" century, the city’s
(municipal) sewerage system appeared in
Moscow. Also problems with the storm water
collection and water irrigation were solved.
Most of now operating collector systems were
built in period of 60-80 years of the 20™
century. Collectors are used for:

o Storm water collection (to protect the
territory from flooding)

o City’s development (increasing
territory and district connection)

o Ecological goal (reduced
pollution from the water flows)
Collector system is extensive, complex net
(network) of tubes (tree like), where tubes of
smaller diameter are connected to tubes of large
diameter. There are two types of collectors in
MCS, with or without connection to the sewage
treatment plants. In the current work we take
into account the collectors with connection
straight to the river.

The Data Base (DB) consists of characteristics
of 2421 collectors (outlet tubes) of MCS. DB
allows us to evaluate the efficiency of work of

the

entering
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the whole municipal storm system. The
working array was built in eight columns and
2421 lines:

s 4lor Her Hes e b Here Her |

where S — water catchment area for runoff
tube, D’

1

range 100 to 5000 mm, C/- cross-section

(1

— local runoff outlet tube diameter,

parameter — ‘“rectangular” or “round”; R’ —

ratio — part of water catchment area for local
runoff tube (percent):

[R']= [‘2] -100% )

S — Moscow water catchment area (m?) = 83.5
acre; D — diameter runoff tube (m), Q" part of

rate in local runoff tube (m?/s), O — water rate in
MCS:

lor]- Q[i;] G)

V" - average flow velocity (m?s) and H —
depth flow in tube, P* - condition execution

“yes” or “no” parameter. In current work, we
used the following condition based on state
regulation: “If the flow in collectors has average
velocity less than recommended self-cleaning
velocity, Vs, solid particles will settle in the
bottom and the sediment is formed”.

The output rectangular cross-section occurs in
2% of cases (45 pieces) and round in 98% of
cases (2376 pieces). The total average annual
flow rate can be obtained from the water
balance of the Moskva river. The water
balance of river catchments is the ratio of the
arrival and flow of water over a period of time
(Table 1).
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Table 1. The total annual water balance of Moskva river

3
RATE min e per | sy
year

Storm water 600.00 19.29
Moskva river at the entrance to the city (data collected at the 1 144.76 36.80
Karamyshevskaya dam)
Tributaries (Yauza, Setun, Gorodnya, Skhodnya, Nishenka, Desna) | 353.32 11.36
Irrigation water 10.00 0.32
Leaks through the tube -256.23 -8.24
Removal of water from the city, Moskva river (data collected at the -

s -2 680.56
Perervinsky dam) 86.18
Unaccounted tributaries 828.71 26.64
Balance 0.00 0.00

A part of the flow rate (Q) — average annual
flow rate in collectors — is flow rate entering the
collector system and is taken as the main

calculated flow rate (average annual) passing
through the entire collector system (Table 2).

Table 2. Estimated average water rate in MCS

RATE mln m? per year | m%/s
Storm water (30% of total 600.00) 181.56 5.84
Tributaries in tube (Setun, Gorodnya, Skhodnya, Nishenka) 157.7 5.07
Irrigation water (100% of total 10.00) 10.00 0.32
TOTAL 349.26 11.23

For the average annual flow rate passing
through the MCS, 11.23 m%/s is accepted in this
work.

Taking into account the pipeline diameter, the
bottom slope and the wall roughness (Chezi
formula) for all possible depths of the pipeline,
it is possible to plot the dependence of the flow
rate (and, consequently, the velocity) on the
relative depth H'. Therefore, if the flow rate in

each local collector is known, then the average
velocity in each one is known.

The process of application of the overall
methodology is illustrated in a Fig. 2.

The self-cleaning velocity is in range of 0.7 —
1.6 m/s., and detection condition Vs > V" for

average annual flow rate (flow rate in MCS is
11.23 m?/s in Table 3). In the UK BS 80056
(British Standard) recommends a full pipe
velocity of 1 m/s in order to ensure that a
velocity of 0.75 m/s is exceeded at least once
each day on average [5].
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Construction Data Sediment Data
Data should be collected regarding the existing Data should be collected regarding the nature
collector system (diameter, cross-section shape, of the sediments found in the system

catchment area)

Hydraulic Data

Data should be collected regarding the in-tube
hydraulics

Data collation

All relevant data should be collated, and then used to
test the criteria

v

Criteria of self-
cleaning velocity

Output

Weight of deposit may now be calculated

Figure 2. Schematic application of the calculation procedure

Table 3. Velocity analysis

Diameter range Quantity of | Maximum flow Average Quantity of tubes
mm tubes rate, m’/s velocity, V", with self-cleaning
m/s velocity conditions
below 300 513 0.016 to 1 3
from 300 to 400 678 0.03 to 1.5 7
from 400 to 500 165 0.008 to 0.008 2
from 500 to 600 153 0.1 to2 9
from 600 to 800 132 0.13 to 2.33 7
from 800 to 1000 263 0.23 to 2.72 15
from 1000 to 1200 91 0.13 to 2 12
from 1200 to 2500 122 0.4 to 2.95 10
from 2500 to 5000 304 0.6 to 1.6 10
TOTAL 2421 75
For the average annual flow rate (in the MCS), o 97% of solid (silts) particles (diameter
the data was estimated as 11.23 m%/s and for up to 5 mm), will settle to the bottom.
particles brought into the collector system from e 87.6% of the suspended solids will settle

the outside: to the bottom.
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RESULTS

In 2346 out of 2421 collectors, there is a
condition not sufficient for transporting solid

Lyudmila V. Volgina, Stanislav A. Sergeev

particles. Therefore, suspended solid particles
deposit in button (in other words, the collector
works as a sewage treatment facilities). The
condition of calculation can be seen in Table 4.

Table 4. Conditions of calculation

Condition Setting
Geometry Cross section shape (circle or rectangular) (0.3 —5.0) m x (0.3 —-5.0) m
Roughness coefficient | Concrete: 0.011
Slope 0.005
Density: 2650 kg/m?
Particle diameter: < 50 mm
Soil Concentration:
suspended particles 20.78 mg/I
petroleum products 0.58 mg/l
Density: 1000 kg/m?
Water Dynan?ic Viscos%[y: 0.001004 Pa-s

The calculation was made to estimate the weight
of solid particles depositing in MCS (Table 5).

Particle diameter is maximum inlet diameter,
regulated by the standard. Concentration date is
based on average actual data for 2019 on the

volumes of suspended particles entering the
sewage plants (Berezovaya Alley, Ivanovskoe,
MKAD  No.7, Yurlovskaya). Cleaning
efficiency is average for Moscow sewage plants
used as deposit process parameter.

Table 5. Weight sediment deposit

No | Parameter Unit Formula Quantity
3

1 Volume of the storm water flow mln}.]ér;r per 254.52

2 Concentration of suspended solid particles mg/l 20.78

3 Weight of solid particles moving in the flow thsd. tons 3=1%2 5.29

4 Cleaning efficiency percent 65.83

5 Colleic'tors with low self-cleaning velocity percent 7.6
conditions

6 Weight of suspended solid particles deposit in thsd. tons 6= 3%4%5 3.05
the bottom

7 Concentration of petroleum products mg/l 0.58

2 Weight petroleum products particles moving in thsd. tons g = %7 015
the flow

9 Cleaning efficiency percent 62.16

10 Colle.c.tors with low self-cleaning velocity percent 37 6
conditions

1 Welght of petroleum products particles deposit thsd. tons 11 = 8%9%10 0.08
in the bottom
Volume of the 4 big branches (tributaries) of | mln. m3 per

12 : 157.7
the Moskva river year
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13 Average solid particles (silt) concentration in mg/l 369 4
rivers

14 | Weight of solid particles in rivers thsd. tons 58.25

15 | Cleaning efficiency percent 65.83

16 Colle'c'tors with low self-cleaning velocity percent 97
conditions

17 Weight of particles from rivers settled in the thsd. tons 17=14*15%16 3790
bottom

18 | TOTAL weight of sediment deposit thsd. tons 18=6+11+17 40.33

CONCLUSIONS

The estimation of the average annual weight of
solid particles deposited at the bottom of the
tubes in collector system of Moscow is 40.33
thousand tons (based on the average annual
level of water consumption, turbidity and dry
sediment).
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LOCAL STABILITY AND NATURAL MOTIONS OF THE
MULTI-FACE DOME ROD STRUCTURE

Alexander A. Zhuravlev, Dmitriy A. Zhuravlev
Don State Technical University, Rostov-on-don, RUSSIA

Abstract: The research object is a cyclically symmetric construction of a two-tier dome in the form of a convex
polyhedron. Load and deflection critical parameters were determined for this construction pyramidal element. The
behavior features of the conservative system in the dome's central assembly vertical displacement critical region
value analysis has been carried out. The elastic rod model fluctuating and construction deviations from its
equilibrium state reaction have been researched. System's behavior at natural motions and nonlinear restoring force
is refined on the base of the findings carried out.

Keywords: polyhedral dome, rod structure, snap-through, restoring force, motion equation, elliptic integral,
modular angel, phase plane

JOKAJIBHASL YCTOMYUBOCTH U CBOBOJHBIE
KOJIEBAHUSA CTEPKHEBOH KOHCTPYKIIMA
MHOI'OI'PAHHOI'O KYIIOJIA

A.A. /Kypaenes, /I.A. Kypaenes

JloHCKO# TOCYJapCTBEHHBIN TEXHUUECKUI YHUBEPCHTET, T. PoctoB-Ha-/{ony, POCCUA

AHHoTanus: B xauecTBe 0O0BEKTa MCCIEIOBAHUS PACCMATPHBACTCS IUKINYECKH CHUMMETPUYHAsT KOHCTPYKIIHS
JIBYXBSIPYCHOTO Kymoja B (OpMe BBINYKJIOr0O MHOTOTPAHHUKA, ISl MHAPAMUIAIBHOTO JJIEMCHTa KOTOPOI
OMpEJCIICHbl MapaMeTPhl KPUTUYCCKON HArpy3Kd M nporuOa. BeImojiHEH aHAlW3 0COOCHHOCTEW MOBEICHUS
KOHCEPBATHUBHOW CHUCTEMBl B OKPECTHOCTH KPUTHYECKOTO 3HAUEHUS BEPTHKAIBHOIO IepeMelleHUs
LEHTPAILHOTO y3Jia Kymona. VccienoBaH mporece KOJICOaHW# yHpyrol CTEp)KHEBOW MOJCIH WM HU3yucHa
peakuus KOHCTPYKIMHM Ha OTKJIOHEHHUSI OT €€ paBHOBECHOro COCTOsiHMs. Ha OCHOBaHMU MOITYYEHHBIX
pe3yJIbTaTOB  YTOYHSICTCS  I[OBCACHUEC CHUCTEMBl MHpPU  CBOOOIHBIX  KOJICOAHUSX W HEIMHCHHON
BOCCTaHABJIMBAIOIICH CHIIC.

KaroueBble cj10Ba: MHOTOTPaHHBIN KYIIOJ, CTEP)KHEBAsI KOHCTPYKIIMS, POIISIKHBaHHE,
BOCCTAHABJIMBAIOIIAs CHJIA, ypPABHEHHUE JABIDKCHUS, SIUIMITHYECKUI HHTErpall, MOLYJISPHBII yroul,
(hazoBas MIOCKOCTH

The equilibrium stability rigorous definition
considered as a mechanical system motion
particular case was firstly given in the A.M.
Lyapunov's work[1]. Rod structures in the form
of convex polyhedron are trended to the snap-
through according to the sustainability research
majority were carried out on the static criterion
base [2,3,4].The system fluctuation problem of
this type in their possible equilibrium states
region in the case when value nodal load goes
up to the critical level, requires both theoretical

and experimental researches, since the solution
of this actual problem is still far from its
complete solution. The considered problem has
become more acute recently since high
sensitivity of the shell type long span rod
structure to the snap-through of the both
individual and multiply connected assemblies
was identified as a result of major disasters.

Circumscribed according to the 320-hedron
scheme sphere of spatial rod construction in the
form of a two-tier part of a polyhedral dome
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whole surface section is chosen as a research
object (Fig. 1). A vertical force P is placed at
the vertex of the pentagonal pyramidal element.
Force P is placed at the joint 1, in which five
symmetrical inclined rods 1-2 are connected
(Fig. 2).

The inclination rod angel ¢ in comparison with

. .o a .
its initial value ~° changes. Two-tier dome
pentagonal circle is assumed inextensible

lysina, =lsina=a

according to the

Figure 1. Spatial rod construction in the form
of two-tier polyhedral dome

Volume 19, Issue 1, 2023

zZ

Figure 2. Pentagonal pyramid rod elements
design model

B

Rod structure behavior under the load and

P the forces placed at the joint 1 and 2 have to
be analyzed in general case to determine
possibility to add the upper tier pentagonal
circle non-deformability restriction. The nodal
load uneven distribution influence on the local
stability of the considered rod system effect
must be considered. This distribution is set
according to the load transferring area
calculated for this joint type on the horizontal
domed surface projection for the central joint 1
and five peripheral joints 2. For example, in this
case, the ratio of the joint forces is

Py 1B =134 Thig situation is clearly depicted
on the system  equilibrium diagram (Fig.
3),})1* =h /(SEF); Mo =1, —1, = (Wl _Wz)/llz
is accepted.

Let us denote that central joint snap-through

load level increased by 15% under the force ¥
(curve 1) in comparison with the case when the
circle is inextensible (curve 2).
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Figure 3. Equilibrium states diagram for a two-tier part rod construction in the form of a 320-
hedron

If the coefficient ¥ =52/ is added then the
formula for the critical load changes to [5]:

1+k ] (1)

The expression (1) is written as follows in the
case of non-deformability pentagonal circle:
P = %EF cos’ y,,

lcr.

2)

Equating the right-hand sides of the expressions
(1) and (2) to each other, the result is:

k=2(cosy,, /cosy,) —1 3)

b

k=0,0723

whence 1t follows that and

£, =0,0147 . In other words, tensile forces take
place in the pentagonal circle rod elements only

in the case when 2 <0.0145

The curve 3 shows rod structure behavior in
case when both radial displacement of the nodes
2 in the in the horizontal circle plane and the
vertical displacement of the nodes 1,2 are
considered. In this case the critical load level is
decreased by 11% in comparison with its
pentagonal circle non-deformability value.

The curves' 2 and 3 almost complete

coincidence is clearly observed in the parameter
-3

values interval 712 0 <772 <3-107

In this case, the relationship between the force P
and the vertical displacement w is expressed:

1

—cosa,

P= 5EF(1—Etana0]
a

2
\/tanz a, +(1—Wtanaoj
a

- “4)
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After adding a new variable ¢=1-¢ ,where

w
{ =—tanaq,
a

, the functional relationship
P=P(¢) is:
- 1
tan” o, +&
’ : )
P=P/(SEF) is a nondimensional load
parameter.

Let us use the condition to determine critical
load

and write it in the following manner:

Z—p = (1:21112 a, +& )71/2 —

-3/2

—cosa, —&° (tan2 a, +§2) =0

(6)

2

2 2
tan” o, + =z .
0t¢ , we determine:

Assuming that

z,, =tan’ o, (sine,)

2

z,, =tana, (sing, )" .

(7)

The critical load parameter value £ is equal to

b _ - 2/3 3/2
Pcr—(l—sm ao) '

)
Firstly to determine the value corresponding to

the moment when the joint load reaches its
critical level we must note that:

£ =tan’ a, sin " q, (1 —sin*" ao) )
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On the other hand the equation must be

2
£ =(1-¢) must be.
Equating the right-hand sides of the last two
equations to each other, the result is quadratic
equation for the nondimensional displacement
parameter

¢?—2¢+1-tan’ @, sin*"’ oco(l—sinZ/3 ao): O.
(10)

The solution of the equation (10) is:

.o 1/2
S =1—tana0(s1n Pa, —1)

(1)

for the pyramidal element with 320-hedron

spatial configuration %= g2 .20, According to
this, the numerical values of the trigonometric
functions in the initial position of the rod system
are:

S0 %0 -0,991950; “9%%0=0,126591;
tandy _7 83586.
The wvertical displacement nondimensional

parameter required value can be found using the
values obtained from the expression (11),

c. =1-0,575=0,425=17/40

The rod system equilibrium states diagram,
constructed with the dependence (4), is shown
in Fig. 4.
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Figure 4. Dependency diagram for a pyramidal
element of a rod construction
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As we can see, when the maximum load level is
reached, the system jumps from the equilibrium
state | to the position II. The circles show the
equilibrium states diagram for the pyramidal
element of a two-tier dome. The stability
analysis of this element was carried out in [5]
by using the energy method.

Snap-through of the rod construction is not
allowed. Let us analyze the stability of its
equilibrium state when it is near critical value of
the pentagonal pyramidal 320-hedron element
top vertical displacement. In other words, let us
choose a point on the system equilibrium states

curve where the inequation §=2/5 < Su
is valid. The nondimensional displacement
parameter value corresponding to  this

a _ -3
displacement is equal to’ (2/ 5)_0’393 107,
As for the initial forces of axial compression in
the rods, they are determined by the equation

S, = 2 EFcosia
? (12)

The rod structure of two-tier dome in the form
of the 320-hedron fluctuating problem solution
is considered only taking account of the
fluctuations along the mass m vertical axis held
by five meridional direction rods in the regular
pentagonal pyramid central joint.
Fluctuating at the initial displacement

(xo )f=0 =% and without initial speed (x‘) )f=0 =0

at dome  pyramidal element central joint
deviation from the equilibrium by slight
displacement x in the upward vertical mass m
motion equation has the following form [6]:

i+p’flx)=0 (13)
Here / (x ) means
2
f(x)=2x+27 tana x*+9 tan2 2y
a a (14)

36

In its turn, 7 f (x ) is nothing other than the
restoring force related to the unit mass in the x
function displacement.

cota =(3/5)cotar, = 0,076571

tana =13,0598

In this case it

follows that, and

cosx 209076348. The calculation for the
p? . p’ =0,8216g/a

Mass the extreme

position (x - xO) to the position (x - O), when
the system goes back to its initial state is
determined by the following formula[7]:

T:_j]- dx :T dx
B ’2p2ff(x)dx ’ ’2p2ff(x)dx
¥ * . (15)

Integral radicand according to (14) is:

motion time from

X

Xo 2
If(x)dx: J.(2x+27 tanax2 +9tan2ax3jdx

a a

X X

(16)

As a result of integration and substitution in
(15), we have

Tzﬁj- dz
27941

1—22)+67/(1—Z3)+}/2(1—Z4). 17)

3 x,
y=——-Ttana
Yo 2 a

dz

Further differential VR must be transformed to
obtain polynomial under the radical that doesn't
contain the variable z uneven degree. Assuming

2 . . .
that #=V1=2" and making a substitution, we

dz=——2 du
obtain

Here is:

1—u?
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_\/5' du
2-_2_."\/ 2 2 2
PoN1-u? 1497 +2y° = y(3+y)u
(18)
In this case we have [8]:
( dt 1 (a J
:—F _3§0
.([\/az_tz\/cz_tz c c ' (19)

2o
Here ¢ is the first kind elliptic integral.
According to the collating (18) with the
standard integral (19) we conclude that

, 1+9y+2y°
=1, 3+7)
sing0=£=1 (0=£
a - 2

9

To find the numerical value of 7 quantity, let us

use the equation X, tana, /a = 1/40. As

tana, =3tana /5 I
, we determine:

X, 1 3 x, 1
—tanag=— y=——tana=—
a 24 . 2 a 16

2

The calculations results:

¢ 1 r0+27) g o408
y3+7)
I

—=0,3491
c .

. c=2,8643.

Let us find the integral F (9) in the case when
the amplitude is equal to =7 /2 and the

modulus is equal to k=03491 e modular

0=20,43, will be determined from the
sin@ =0,3491 _

angle

equation
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F(20°)=1,62003
and 21° angel corresponds to F(21°)=1,62523
according to the table [9] the

amplitude? =7 /2 Assuming that the F(0)
integral increment is proportional to the angle

The 20° angel corresponds to

and

0, the result is:

F(20,43°)— F(20°)

=0,43
F(21°)-F(20°)

Whence it follows that 1 (20’43 0)21’6275 )

7=0918/p
(18).

When deriving the solution numerically, we
note that the expression (14) contains the
summand x in the first degree and further the
motion differential equation (13) is to be written
in a slightly modified form:

is to be found with the expression

77+l_72(77+5i):0.

(20)
n= al tan o
—2 _~_ 2 =—
Here is: 7 = 2p ; a and ' means
that:
9
S, = _(3772 + 773)
2 :
Further let us imagine that the entire time

interval 7 is divided into a number of small

intervalsA!  during which the value 5 is
considered constant and equal to its value at the

beginning of each of such intervals. The iy
the

displacement and speed at £ =0 The equation
solution (20) is to be written in the following
form:

i are consider as parameters of

n= (77,~ + 5l.)cosg7t1 +77—_isin pt, =90,
p (21)
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As aresult of time differentiation (21), we got:

= —(77[ + 0, )sin pt, + 77—_icos pt,
p . (22)

ST T

(21) and (22) are to be squared and summed up.
The result is:

(77"'51‘)2 = (771‘ +5i)2 +(77__1j
P (23)

Thus, we make sure that the equation solution

(20) is performed on the (77’77/ p ) phase plane
of the other circle with the center on the 7 axis
and o coordinate.

Firstly, the value o is calculated and then the
M and approximate values are determined

from [10] at the initial conditions T=" and
1=0 for 1 =0,

Mo + 17,
1 =1, +7,At : =1 2

Substituting 7t to the equation (20) instead of
1, ™ can be found . The most accurate 7 and

'l approximations could be derived with this
value from the expressions:

. . 1, +7

m=n, +%At. m=n,+

9

Mo +1,
2

The values 72, 1, and 1, for the moment

t=2M1 is to be calculated by repeating in
order this procedure which was described
above.

This values for the moments
t, =nAt

t3=3At’ f, =4Ar

. are calculated analogical.
The numerical integration results are performed
on the phase plane (Fig. 5).

Alexander A. Zhuravlev, Dmitriy A. Zhuravlev

Time of the first fluctuation mass cycle m is

T= 0,939i

equal to P with the 2,3% error
according to the phase curve shown in the
graph. The restoring force grows faster than the
deflection in the case when the initial
displacement values are increased in this phase
curve section. The mass m will take the position
indicated by the letter G which corresponds to
the central joint vertical displacement critical
value at the fluctuation second cycle.

A, A 4y

o=

G
Figure 5. speed-displacement curve on the
phase plane for the system fluctuation full cycle

The sign in front of the second summand
expression in parentheses is reversed at the
phase curve construction for the second
fluctuation cycle in the motion equation (20).
Due to this operation at increasing its initial
displacement value the restoring force growth
slows down.

The phase trajectory will have a spiral form
instead of a closed curve at the damped
fluctuation process. The phase speed will not be
equal 0 anywhere in this case, despite it will be
continuously  decreased as the  point
approximating to the origin of coordinates.
Comparing the derived data, we come to the
conclusion that the two-tier dome part structure
snap-through phenomenon can be caused by the
rod system fluctuations excitation with a
nonlinear restoring force as a result of its central
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joint deviation from the equilibrium state in the
vertical displacement parameter critical value
surroundings.

The fact that fluctuations period is inversely

related to the amplitude o in the considered
case has to be denoted.

Thus, it could be argued that the danger of its
snap-through increases significantly in the case
when the rod structure fluctuates with initial
speed. Such result in the structure operation is
practically inevitable in the case when its
carrying capacity is completely exhausted due
to the critical load close level. From this it
follows that the mass disturbed motion total
energy will exceed the difference between the
initial potential energy and the potential energy
of the system at the considered moment.
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Abstract: Physical and mechanical test methods for coarse aggregate have been studied under the
commercial program of Egyptian and Russian standard test methods comparison. Theoretical and
practical research has been carried out using Egyptian raw materials from reputed occurrences. The
research shows that the main part of tests is either the same or comparable, which can make the quality
assessment easier for both sides provided that the converting rules are followed. Recalculating
methods for important geometrical and mechanical properties are proposed. Converting tables,
graphics and Russian standards are provided in order to assist Egyptian suppliers with participating in
tendering for Al Dabaa NPP project.
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COHOCTABJIEHUE ®PU3HYECKHX U MEXAHUYECKHX
METOIOB UCIIBITAHUU JJI51 KPYITHOI'O 3AITIOJTHUTEJIA
MO ETMNETCKUM U POCCUMCKUM CTAHJAPTAM

X.M. Hocpu ', . H. Kopomkux 3, JI.E. Kanycmun *°, /1. U. E¢puuiog *>

' HanmoHaTBHBIH UCCIeI0BATEIHCKIHA LEHTP KUIULIHOTO cTpouTenbeTa, I. Kaup, ETUIIET
2 HanmoHanbHbII UCCIen0BaTeIbcKiii MOCKOBCKHIA TOCY IaPCTBEHHBIN CTPOUTEIILHBIA YHUBEPCHUTET,
r. Mocksa, POCCH
3 AxtmonepHoe 06mecto «MuctutyT "Oproreproctpoii», r. Mocksa, POCCHSI

AHHOTammMs: B pamkax BbIMOTHEHHOW pabOTBI MO COMOCTABICHHUIO ETHUIETCKUX U POCCHUHCKHUX
CTaH/JApPTHBIX METOJOB WCHBITAaHWH OBUIM TIPOAHATU3UPOBAHBI METOJBl (U3NKO-MEXaHUYECKHX
MCIBITAaHUH KPYITHOTO 3aroHuTeNs. TeopeTHnyeckre u MpakTHUECKNUEe UCCIeI0BaHus OBUIH MTPOBEICHBI
Ha MaTepuaiax, OTOOpaHHBIX M3 Hauboyiee paclpoCTpaHEHHBIX MecTopoxiaeHui Erunra.
HccnenoBanue mMoka3plBalo, YTO OOJIBIIMHCTBO MCIIBITAHUN COTIOCTABUMBI MJIM OAMHAKOBBI, YTO MOXET
00JIeTYNTh MEpONpPHUATHS MO OIEHKe KadecTBa 1o crangapram Erunrta n P®, npum ycnosunm
coOmroiennst mpaBui mnepecyera. PazpaboTaHbl METOABI NEpecyeTa OCHOBHBIX T'€OMETPHUYECKHX W
MEXaHNYECKUX XapaKTEPUCTHUK. Pe3ynpTaThl NMPEACTaBICHB B BUIE COMOCTaBUTENBHBIX TaOIUIl U
rpaduxoB. Poccuiickue cTaHAapTBl MPEACTABICHBI A TOr0, YTOOBI IIOMOYb EIHIETCKHM
MOCTABIINKAaM y9acTBOBATh B TeHAepax 1o mpoekty ADC Anb-/labaa.

KiroueBble ¢jioBa: cOMocTapiieHHe HAIMOHALHBIX CTAHIAPTOB, MEXKTyHAPOIHBIE CTAaHAAPTHI,
ADC Dnp-Jlabaa, pu3myecKkue U MEXaHHYCCKIE METOIBI HCITBITAHHN 3aIIOJTHUTEIICH,
XapaKTCPUCTHKH 3aMIOTHUTEIIS TS TSHKEIIBIX OCTOHOB, CHIPHEBBIC MATCPHAITBI
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Comparison of Physical and Mechanical Test Methods for Coarse Aggregate According to the Egyptian and Russian

INTRODUCTION

This study was motivated by the results of
analysis and comparison of Russian and
Egyptian test methods for fresh concrete,
hardened concrete and its raw materials.
Technical standards have been analyzed in
2020-2021 as a part of pre-operational work
before the construction of the Al-Dabaa NPP.
According to project, fresh and hardened
concretes have to be specified in compliance
with Russian technical documents. At the same
time, it is necessary to use local materials,
which are produced and verified according to
the Egyptian standards. Preparatory literature
review showed only few works about
specifications comparison, unfortunately, they
are related to metal materials [1-3]. This is why
at the pre-construction stage it is important to
find a way to compare the specifications of raw
materials for concrete (cement, coarse and fine
aggregates, chemical and mineral additives) for
such a significant project. A reliable
recalculating method should be proposed if
some of the characteristics cannot be compared
without tests.

It was discovered that Egyptian specifications
for cement, fresh and hardened concrete are
harmonized with the international standards,
meaning that the test methods in both countries
are the same, which simplifies the quality
estimation. The main difficulty appeared with
the physical and mechanical characteristics of
coarse aggregate. In Egypt, aggregates are still
widely examined for compliance with ASTM
[4], as it was ordered in ECP 203-2018 [5],
despite the fact, that the updated in 2020 version
of ECP 203[6] is based on BS EN standard
specifications [7]. A transition from US to
European standards will take some time for
producer to adapt their production, even in 2021
it hard to find aggregates produced according to
BS EN 12620. However it is worth mentioning,
that distinction between foreign tests is not that
big, as it is for Russian specifications.
Investigation has shown that the main difference
concentrated in the methods of physical tests

Standard Methods

which are tied up with the geometrical
parameters of grains. This is the reason why in
this study we have tried to develop a
recalculating method for grain size distribution
curves gained in accordance with the Egyptian
test method. Another reason is that grains size
distribution of coarse aggregates affect
important characteristics, such as bulk and
packing density and mechanical properties
(Aggregate Crushing Value (ACV), Ten Percent
Fines Value (TFV), Aggregate Impact Value
(AIV), Los Angeles Abrasion Resistance).

As an aside, it is important to notice, that the
same work was also performed for special types
of  concrete, including heavy-weight,
lightweight and serpentinite concrete for
biological shielding. Consideration of these
results is beyond the scope of this study.

MATERIAL AND METHODS

Test Methods

Physical and mechanical characteristics of
coarse aggregates according to Russian
specifications for normal-weight concrete [8]
and Egyptian Code of Practice for concrete
structures are presented in Table 1. Unlike
international standards, the abovementioned
Russian standards are available on the internet
and it is possible to get familiar with them using
machine translation tools. The links are
provided in the References section.

According to recent updates the ECP 203-2020
is mainly focused on mechanical requirements
for aggregate such as impact value (SZ) and
resistance to fragmentation (LA). Recently
mentioned ACV and TFV are no longer
mandatory. Physical and chemical test methods,
such as: water absorption, mean and bulk
density and organic impurities have minor
distinctions in both countries, due to its nature,
and not presented in this study. More accurate
information about EN and GOST test methods
comparison described by Lyapidevskaya et al.
[20]

42 International Journal for Computational Civil and Structural Engineering



Khalid M. Yousri, Dmitrii N. Korotkikh, Dmitry E. Kapustin, Luka I. Efishov

Table 1. Main physical and mechanical characteristics for coarse aggregates required for both

countries

Test method acc.

Characteristic ECP 203-18

Test method acc.

ECP 203-20 Test method in Russia

Grain size distribution ASTM C136-19

Materials Finer than
75-um (No. 200)
Sieve

Materials Finer than
63-um Sieve

ASTM C 117-1711

ASTM C 131/131M-
2001

Los Angeles abrasion
resistance

Impact value BS 812-112:1990(13!

Flakiness index BS 812-105.1:198911¢]

Aggregates crushing
value (ACV)

Ten percent value
(TFV)

BS 812-110:1990(!8!

BS 812-111:1990(!!

GOST 8269.0-971% sec.

EN 933-1:2012 43

GOST 8269.0-97 sec.
4.5.3
EN 933-1:2012[12

BS EN 1097- GOST 8269.0-97 sec.
2:202014 4.10

BS EN 1097- GOST 8269.0-97 sec.

2:2010 4.11 (not obligatory)

GOST 8269.0-97 sec.
4.7

GOST 8269.0-97 sec.
4.8

EN 933-3:2012{!7

Not carried out

Not carried out Not carried out

According to recent updates the ECP 203-2020
is mainly focused on mechanical requirements
for aggregate such as impact value (SZ) and
resistance to fragmentation (LA). Recently
mentioned ACV and TFV are no longer
mandatory. Physical and chemical test methods,
such as: water absorption, mean and bulk
density and organic impurities have minor
distinctions in both countries, due to its nature,
and not presented in this study. More accurate
information about EN and GOST test methods
comparison described by Lyapidevskaya et al.
[20]

Grain Size Distribution

In both countries, grain size distribution curves
are obtained after screening on control sieves.
The main difference lies in the size and shape of
sieve openings.

In Russia, grain is sized in accordance with
GOST 8269.0-97, sec. 4.3, on sieves with
rounded openings of the following sizes: o 25,
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020,015, 0125,010,07.5, 05, 02.5, and
o 1.25. After screening, the mass of retained
grains is to be calculated on each sieve in
percentage.

In Egypt, grain is sized in accordance with
ASTM C136-19 on sieves with squared
openings of the following sizes: o 37.5, o 25, O
19, o 12.5, 0 9.5, o 4.75, o 2.36, and o 1.18.
After screening, the mass of passed grains is to
be calculated on each sieve in percentage. In EN
933-2 squared openings are also used: o 31.5, O
16,08 04,02, 01,00.5 00.25 o 0.125,
and 0 0.063.

Materials Finer than 75-um (No. 200) and 63-

um sieves

The wet sieving method is used both in Russia
and Egypt where a control sample is washed on
a sieve with a certain opening size. A
percentage of passed particles is to be calculated
as a difference between the mass of the sample
before testing and after washing.
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For this test, in Egypt there are following sieves:
for ASTM the upper one, with the opening size
of 1.18 mm (No. 16), and the bottom one
(control sieve), with the opening size of 75-um
(No. 200) or for BS EN - 1 mm (upper sieve)
and 63-um (control sieve). In Russia — 1.25 mm
(N125) and 50-um (NOOS5). In both cases, the
upper sieve serves to protect the thin mesh of
the control sieve against the pointy edges of
coarse aggregate.

Los Angeles Abrasion Resistance

In both countries, the abrasion resistance of
coarse aggregates is measured using a shelf
drum. A sample of aggregate is loaded into a
shelf drum with steel or cast iron spheres (@
46...48 mm and m = 390...445 g), then the
drum rotates at a constant speed of 30-33 rpm.
The number of rotations and abrasion spheres
is specified in accordance with the coarse
aggregate grading. A percentage of mass loss
is to be calculated as a difference between the
mass of the sample before testing and after
screening on a control sieve.

Both methods are close enough for coarse
grades 5 to 10 mm and 10 to 20 mm according
to GOST or 6.3 to 9.5 mm (grade C) and 12.5
to 19 mm (grade B) according to ASTM. In
either way, the mass of the sample is 5 kg and
the number of drum rotations is 500. The
difference between the methods is in the size
of control sieves’ openings — 1.25 mm (N125)
in Russia and 1.70 mm (No. 12) in Egypt.
Equipment and test procedure according to BS
EN is almost identical, except using 1.6 mm
sieve as control.

Standard Methods

Flakiness Index

Grains with the length three times greater than
their width are to be counted as flaky according
to the Russian standard. The quantity can be
measured either using shell sieves or manually
using a shape index caliper.

In Egypt, it was common to use the British
approach to define the quantity of flaky
grains. Its major difference lies in the
alternative collection of samples and the
definition of flakiness. Grains are to be
considered as flaky if their width is lesser than
0.6 of mean fraction size (D,,) which is
calculated as the average of two nearest sieves

(Eq. 1):

_d+D

m=Tg .
where D,, is mean grain size of fraction (mm),
d is bottom sieve opening size (mm), D is upper
sieve opening size (mm).

For each fraction size, sieves with shell
openings were designed. Control fractions and
sieve shell openings according to the Russian
and Egyptian test methods are presented in
Table 2.

Latest version of Egyptian Code requires using
BS EN 933-3 method, which is a bit simpler.
Flaky grains are those with dimensions lesser
than Di/2. For each grain size there are certain
di/Di groups: 31.5/40, 25/31.5, 20/25, 16/20.
12.5/16, 10/12.5, 8/10, 6.3/8, 5/6.3, 4/5.

Table 2. Aggregate Size-Fraction and Shell Openings

Parameter Russian method Egyptian method
Size-fraction, 510 10-20 6.3-10 10-14 14-20
mm
Opening 10x 2.5 20x 5 30x 4.9 40x 7.2 50 x 10.2
Lx W, mm
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Aggregate Crushing Value (ACV)

In both countries, the strength of coarse
aggregate is measured after compression test in
a special cylinder (Fig. 1).

a) Russian Cylinders @75 and @150 mm

b) BS 812:110 Cylinders @154 and @78 mm

Figure 1. Cylinders according to Russian and
Egyptian standards

In Russia, ACV is determined using 5 to 10 mm
and 10 to 20 mm size fractions. A test sample is
put into a cylinder with the inside diameter of
150 mm and the height of 146 mm (Fig. 1a),
then the sample is compressed under a 200 kN
load at a loading rate of 1...2 kN per second.
After the compression is over, ACV is
calculated as a difference between the initial
mass and the mass after screening on a sieve 2.5
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mm for 10 to 20 mm fractions and 1.25 for 5 to
10 mm fractions.

In Egypt, the British test method, which is more
concerned about preparation of control samples
than the Russian one, was adopted. According
to the British method, the main fraction size is
10 to 14 mm. A test sample is put in a cylinder
with the inside diameter of 154 mm and the
height of 125...140 mm (Fig. 1b), then the
sample is compressed under a 400 kN load at
the loading rate of 0.67 kN per second. After the
compression is over, ACV is calculated as a
difference between the initial mass and the mass
after screening on a 2.38 mm sieve.

According to Appendix A to BS 812-110:1990,
it is possible to use fraction sizes other than 10
to 14 mm. For example, to test 10 to 6.3 mm
fractions a small cylinder with the inside
diameter of 78 mm, the height of 70...85 mm
and compression under the load of 100 kN is
used. However, a notable difference remains
compared to the Russian method: the load is 50
kN and the height of the test cylinder is 150
mm.

Raw Materials
Control samples for this study were taken from
the following occurrences:

e Suez, Attaka (dolomite);

e Matrouh, New Alamein (limestone);

e Matrouh, Al Dabaa (limestone);

e Giza, El Fayoum (basalt).
The chosen occurrences are the main sources of
coarse aggregates for civil construction in
Egypt. Dolomite aggregates from Attaka,
Muhafazah Suez, are considered as the most
qualitative due to their stable composition and
low alkali reactivity. Then comes moderate
limestone  from  El-Alamein  occurrence,
Muhafazah Matruh, extended along Wadi-El-
Natroon Road. The most changeable physical
and mechanical properties are common for
limestone from Al-Dabaa region, Muhafazah
Suez.
Apart from other materials, there stand igneous
rocks rarely used in Egypt as a coarse aggregate
for concrete. However, these materials are

45



Comparison of Physical and Mechanical Test Methods for Coarse Aggregate According to the Egyptian and Russian

essential for the critical structures of nuclear
power plants, such as the reactor core
containment. Basalt produced in the occurrence
near El Fayoum oasis is the most available
material in Egypt for this purposes.

Size 67 (4.75 — 19.0 mm), also known on the
Egyptian market as Size 1, was chosen as the
main grading according to ASTM [4]. The
decision was made due to the Al-Dabaa NPP
project requirement not to use grains larger than
20 mm. Along with Size 1, Size 2 similar to
Size 56 (9.5 to 25.0 mm) is also produced.

THEORETICAL INVESTIGATION

Some characteristics described in Table 1 can be
compared based on the theoretical analysis of
test methods, e.g. fines content (< 75-um) and
Los Angeles abrasion test.

Materials Finer than 75-um (No. 200) and 63-
um sievesAs mentioned before, the main
difference between the two methods is the size
of control sieves’ openings. In Egypt, particles
less than 75-pum or 63-pm in size are measured,
which means that their content will be a bit
higher or identical to the value that could be
obtained according to the Russian method.
Considering the genesis of aggregates in Egypt,
it 1s more likely that fine particles are formed
mostly from crushing operations. In case of
coarse aggregate, grain size distribution curves
are flatter in the 50 to 75 um range, and the
difference is not as crucial as it can be for sands
and soils.

As a first estimation, it is recommended to use
the results according to the Egyptian standard
method from quality certificates without
converting them. First, with the Egyptian
method, the results could be only a bit higher
than with the Russian one, so the project
restrictions will not be violated. Second, this
approach does not break the ranging of suppliers
in accordance with their product quality. Third,
control tests according to the Russian and
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Standard Methods

Egyptian standards are to be carried out for the
most potential suppliers.

Control examination should be carried out in
accordance with the Egyptian method, but using
an additional 50-um sieve (No. 35) from the
ASTM EI1 [22] set. Since a residue on each
sieve is known, it is possible to define the
content of particles according to both methods
without parallel tests. Furthermore, this
approach will give additional information for
the rating of aggregates since water demand
highly increases after 50-um rather than 75-pm.

Los AngelesAabrasion Resistance

In both countries, aggregates abrasion resistance
is determined using a shelf drum (Los Angeles
machine). The drum construction, dimensions,
weight of grinding spheres and drum velocity
have minimal differences and are within
reasonable tolerance limits.

Recalculating is not necessary, however, it is
worth to mention that the Russian method
requires a sieve with 1.25 mm openings against
1.70 mm or 1.60 mm in Egypt. It is
recommended to use an additional sieve No. 16
(1.18 mm) from the standard sieve set [4] for
more accurate results.

PRACTICAL INVESTIGATION

The remaining characteristics have to be
compared according to practical examination
due to the basic distinctions of the test methods,
e.g. grain size distribution, flaked and elongated
grains content, aggregate crushing value (ACV).
However, some results can be converted.

Grain Size DistributionIn Russian and in Egypt,
the results of tests are presented graphically as a
grain size distribution curve. Between two
nearest sieves, the distribution curve is
considered continuous. Hence, it is possible to
measure the mass of grains for every sieve size
inside this interval by means of interpolation.
However, this statement is only adequate when
the sieve openings have the same shape,
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otherwise, if the openings are of the same size
the screening area will be different. This means
that in order to develop a recalculating method

an experimental correspondence between
squared and rounded sieve openings should be
found.

a) Rounded opening
with size D;

b) Diagonal of square opening with
size D, supposed to be equal to D,

¢) Squared opening with size

diameter of new rounded opening

D;

Figure 2. TR 103 Interpretation of Correspondence between Squared and Rounded Openings

In Russia, it is possible to use Technical

recommendations [23] to recalculate the
results from squared to rounded sieve
openings (sec. 4.3.4, Table 2). The

correspondence between sieves is established
geometrically (Fig. 2b) as an equality between
the square’s diagonal (D3;) and the
corresponding diameter of the rounded
opening. However, this method didn’t pass
experimental verification and cannot be used.

Since the geometric approach was not
confirmed during experiments, it was decided to
establish a new correspondence between sieves
based on the data of sieving materials’ samples
(see 2.2). Tests were carried out first on
Egyptian sieves, then — on Russian. It became
possible to establish a new correspondence
between the sieves knowing actual grains
distribution from the same test samples (Fig. 3).

Volume 19, Issue 1, 2023

Step 1 Step 2 Step 3
Obtain by Interpolate in Assign as
Egyptian ftest points Russian

1.18

Figure 3. Scheme of Recalculating Results
from Egyptian to Russian Sieves
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The order of recalculating is as follows:

1.

2.

0%

10%
20% +
30%
40%
50%
60%
70% +
80%
90%

100%

Measure the mass of «passed grains» on
Egyptian squared sieves.

Convert the obtained values of «passed
grains» into «retained grains» via Eq. 2:

A, =100% — W, (2)
where A, is the total percentage of
retained grains on n-sieve, W, is the total
percentage of passed grains on n-sieve.
Find the corresponding points on the
curve by means of interpolation using
the principle of grain size distribution
curve continuity (Fig. 3).

«=fi—=Prediction === Fact

Figure 4a. Suez, Attaka grain size distribution

0%

10%
20%
30% |
40%
50% |
60%
70%
80%
90%

100%

curves

1% 0%

6% 0%

34% 4 15%

35%

=== Prediction

e=fiy—Fact

Figure 4b. Matrouh, New Alamein grain size
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distribution curves

Standard Methods

4. Draw a new grain size distribution curve

corresponding to Russian rounded
sieves.
Fig. 4 (a,b,c,d) presents the actual and

recalculated results. As it seems from the
graphs, it was not possible to level the error
between the different shapes of sieve openings
completely. The largest discrepancy is about
10%; however, on the bright side, the curves
follow each other's trajectory. The biggest gap
can be observed in Fig. 4g showing the results
for basalt from El Fayoum with the highest
percentage of flaky grains, which most likely
increases the discrepancy. In all other cases, the
curves are quite close to each other.

0%
10% |
20%
30%
40%
50% |
60%
70%
80%
90%

100%

7% %

24% 10% 3%

97%

99% 99%

98%
=f—Prediction ==f= Fact

Figure 4c. Matrouh, Al-Dabaa grain size
distribution curves

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

82%
93%

95%

93%

1=} 1=}

==f— Prediction ==f=Fact

Figure 4d. Giza, El Fayoum grain size
distribution curves
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Based on the recalculating method results, the

Russian grain size distributions have been

following requirements to the interpretation of proposed (Table 3).

Table 3. Grading Requirements according to Russian’!! and Egyptian Standards

Percentage of passing

Grading 25.0 19.0 12.5 9.5 4.75 2.36 1.18
mm mm mm mm mm mm mm
94 8 0
5.0 t010.0 mm 100 - - - 0
100 23 5
_§ 94 37 8
§ 10.0 to 20.0 mm 100 - - - 0
7 100 65 22
94 54 32 3 0
5.0 t0 20.0 mm 100 - - - - - 0
100 78 58 14 4
19.0 to 4.75 mm 20 20 0 0
S (No.67orSizel) 0V - y ) o 0
g ' 100 55 10 5
Eﬁ 25.0t0 9.5 mm 20 40 10 0 0
(No. 56 or Size 2) | (-)O 8-5 4_0 ; g

Field aggregate examination was carried on
ASTM sieves; however described recalculating
method is also applicable for BS EN sieves. For
recalculating additional 22.4 and 11.2 sieves are
required from basic group plus sieve set.
Recalculating method was used in Voronezh
State University on prepared samples in
accordance with GOST 32703-2014, which is
harmonized with EN 933-1; results are presented
in Fig. 4e.

Flakiness and Elongation Indexes

Grains with the length 3-times greater than their
width are to be considered in Russia as flaky
with no strict differentiation from elongated
grains. In Egypt, flaky and elongated grains are
to be were determined according to the British
standards using mean grain size between two
nearest sieves. Grains longer than 0.6 - D,,.are
to be called flaky.
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However, no relation between the methods was
found after doing the tests due to the significant
difference between fractions and mean grain
sizes (Table 2). Table 4 shows the results of the
tests.

0%
10% F
20%
30% |
40%
50% |
60% |
70% |
80% | 81%
90% |
100% P—iiget—

67% M 68%

96%

(1S

=g Prediction Fact

Figure 4e. Experimental EN 933-1 grain size
distribution curves
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Standard Methods

Table 4. Flaky Grains Content Test Results

Region . . o Content of flaky grains
Grains content (Egyptian method), % (Russian method)!, %
Flakiness index!! Shape index

Suez, Attaka
(dolomite) ~9...12 ~9 8...10
Matrouh, New
Alamein (limestone) ~ 38 ~22 22..24
Matrouh, Al-Dabaa 20..25 12...16 18...22
(limestone)
Giza, El Fayoum
(basalt). 38 17 40...46
Aggregate Crushing Value ACY mark
In Egypt and Russia, ACV is determined by o
mass loss after compression test in a special ;409 ™~ ¥ =24000x
cylinder (Fig. 2). Despite the same physical w00 k=1
concept and similar testing equipment
dimensions, sample  preparation and 600
compression force are essentially different. 400
Results according to the Egyptian method are 200
not comparable with the Russian. However, it is .
acceptable to convert values using mass loss 20 25 30 35 40 45

percentage obtained by Los Angeles machine
test. This correspondence is presented in GOST
26633-2015 (see Table A.3). Fig. 5 shows its
visual interpretation.

The tests were carried out on the samples
described in this study. The results confirmed the
adequacy of the correspondence, see Table 5.

Mass loss, %

Figure 5. Correspondence between ACV and
Percentage of Mass Loss by LA Test

Table 5. LA Machine Test and Russian ACV Test Results

Reoi LA Russian ACV mark
egion
8 mass loss, % expected actual

. M1200
Suez, Attaka (dolomite) 19...21 M1200 (mass loss 9...10%)
Matrouh, New Alamein M1000 - 1200
(limestone) 23...26 MI1000 (mass loss 10...12%)
Matrouh, Al-Dabaa M600
(limestone) 35...40 M600 (mass loss 16%)
Giza, El Fayoum (basalt). ~16 M1400 M1400

(mass loss ~ 8%)
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CONCLUSIONS

The analysis of Egyptian standards as well as
their comparison with the Russian technical
documents was carried out. It has been found
that the standards for fresh and hardened
concrete and cement materials are harmonized
with international standards in both countries.
Main differences appear between coarse and
fine aggregates test methods. This study covered
only main physical and mechanical tests of
coarse aggregate. Experiments have shown that
the test methods and their results can be
compared provided that the rules of conversion
are followed. Most attention must be paid when
evaluating the geometric parameters of coarse
aggregate grains.

Based on the results of the work it is possible to

make the following statements:

— a correspondence between square and round
sieves is proposed. However, the prediction
accuracy is affected by the content of flaky
grains: a higher content increases the gap
between the curves. For this reason, the
method is recommended only for the initial
assessment via quality certificates or when
adjustments to crushing processes in
production are needed.

— flaky grains content values cannot be
converted from Egyptian to Russian method
results. The control groups and sizes of shell
sieves have essential differences which do
not allow avoiding parallel tests.

— an identical approach is used to determine
the abrasion resistance. Due to this, it is
possible to estimate the aggregate strength
(ACV) based on mass loss values obtained
by attrition in the Los Angeles machine.
Based on the results of the work, the
relevance of this dependence was confirmed.

This article can be used as a guidance for

Egyptian materials suppliers when it is required

to draw up terms of reference or a commercial

proposal. Tables for converting requirements
and graphical illustrations have been prepared to
serve for this purpose.
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INTERACTION OF SEA GRAVITY WAVES WITH PORT
PROTECTION STRUCTURES IN NUMERICAL MODELS

Izmail G. Kantarzhi, Aleksandr G. Gogin
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Abstract. The paper is dedicated to numerical modeling of interaction of sea wind waves with port protective
structures. A classification of existing numerical wave models is presented depending on their accuracy and
demands on computing power. The main studied effect of the interaction of waves with port protective structures
is diffraction of waves in protected water area. In this paper is studied a test case with conservative wave
diffraction — two converging breakwaters on a flat bottom with varying of entrance width and approaching
waves period. The test case was physically modeled in a wave basin, as well as numerically modeled using the
Boussinesq wave model implemented in the MIKE 21 software. As part of setting up the numerical model, the
most correct way to model protective structures on the numerical model is proposed and justified — with rejection
of wall enclosing sponge layers from entrance section side and with gradual decrease of sponge coefficients
towards entrance section. Satisfactory agreement was obtained with a spread of values 10-15% as a result of
results comparing of numerical and physical modeling. This made it possible to conclude that the proposed
method for protective structures modeling allows to correctly calculate diffraction of waves in protected water
area, and the wave model used can be considered verified by results of physical experiments.

Keywords: numerical modeling, wind waves, sea waves, gravity waves, diffraction, breakwaters, sea port,
MIKE 21

YUCJEHHAS PEAJIM3ALIMA B3AUMO/JEVCTBUSA
I'PABUTALIMOHHBIX BOJIH C OTPAAUTEJIBHBIMU
COOPYXEHUSAMHU MOPCKOI'O ITOPTA

HU.I'. Kanmapocu, A.I'. I'ocun

HanwmonansHsli ncenenoBatenbeknii MOCKOBCKHIT rocyiapcTBeHHBIH cTponTenbHbli yauBepeuter (HUY MI'CY),
r. Mocksa, POCCHA

AHHoTanusi. PaboTa mocBsmeHa MeToqy YMCICHHOTO MOAEIHPOBAHUS B3aMMOJCHCTBHS MOPCKHX BETPOBBIX
BOJIH C OTPaJUTEIILHBIMHA COOPYKEHUSIMH MOpCKOro mopra. IIpeacraBieHa KiacCH(pUKAIMS CyNIIECTBYIOMINX
YHCIEHHBIX BOJHOBBIX MOZEIEH B 3aBUCHMOCTH OT UX TOYHOCTH U TPEOOBAHHUSM K BBIUMCIUTEILHON MOITHOCTH
KOMITbIOTEpa. B craTbe OCHOBHBIM HCClieyeMbIM A(P(EeKTOM B3aMMOACHCTBUSI BOJH C THAPOTEXHUYECKUMHU
COOpY)XEHHSIMHU TOpTa sBisieTcs Nudpakius BOJH Ha 3aliuinaeMoil akBaTopuu. J[Jisi ee KOHCEpPBATHBHOTO
HCCIICIOBAaHUS B PabOTe UCIIONB3YeTCs TeCcTOBas 3ajada — ABa CXOIAIIMXCSI OTPAIUTENBHBIX COOPYKCHHUS Ha
IUIOCKOM JIHE C BapbUPOBAaHHEM IIUPUHON BXOJHOTO CTBOPA M MEPUOJOM MOAXOJAMIMUX BOJIH. TecToBas 3agaua
(u3MUeCKH CMOJENIUpPOBaHA B BOJIHOBOM OacceifHe, a TaK)ke€ YHWCICHHO C IIOMOIIBIO BOJHOBOW MOZEIH
Byccunecka, peammsosanHoit B IIK MIKE 21. B pamkax HacTpoWKM UHCIEHHONH MOAEIM MHpPEIJIOKEH U
00ocHOBaH HamOojee KOPPEKTHBIH CHOCOO BOCIIPOM3BEICHUS OIPAJUTENbHBIX COOPYKCHHI Ha YHCICHHOU
MOJIENT — C OTKa30M OT OrpPa)kKAAIOIICH MOTJIOMIAIONINE CIOM CTEHKH CO CTOPOHBI BXOJHOTO CTBOpA H
TIOCTETICHHBIM yYMEHBIICHNEM KO3((HIIMEHTOB IOTJIONIEHHS K BXOAHOMY CTBOpY. B pesynbprare cpaBHEHUS
pE3yJIbTaTOB YUCICHHOTO M (PU3MYECKOTO MOJEIUPOBAHMS IIOJyYCHO YJOBJIETBOPUTEIBHOE COBIIAZICHUE C
pa3opocom 3HaueHuit 10-15%. D10 mMo3BOIMIO cAenaTh BHIBOJ O TOM, YTO HPEIIOKEHHBIN CIOCO0 peann3aun
OrPaJINTEIbHBIX COOPYKEHUH MO3BOJISIET KOPPEKTHO PACCUUTATh MU(PAKIMIO BOJIH Ha 3alIMIIAEMON akBaTOPUH,
a MCII0JIb3yEeMYIO BOJHOBYIO MOJIENIb CUYMTATh BEPHU(PUIIMPOBAHHON pe3yIbTaTaMu (PU3NYECKUX IKCIIEPUMEHTOB.

KiroueBblie cji0Ba: 4iCICHHOE MOJIEIMPOBAHUE, BETPOBBIE BOIHBI, MOPCKUE BOJIHBL, TPABUTAIL[IOHHBIE BOJIHEI,
mudpaknus, orpagnuTeabHbBIE COOpYKeHus1, Mopckoit nopt, MIKE 21
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INTRODUCTION

A large-scale work on the reconstruction and
construction of maritime transport
infrastructure is going in Russia. According to
the development program of the Ministry of
Transport of Russia, the total capacity of
seaports should increase by 25% [1,2] in
2035. One of the important tasks that arises in
the implementation of a seaport project is
forecasting the development of wind waves in
a water area. The height marks of port's
hydraulic structures, the possibility and safety
of ship processing and servicing, as well as

the stability of individual elements of
hydraulic structures or, less often, the
supporting  structures, depend on the

parameters of wind waves. Overestimation of
the parameters of wind waves can lead to
unjustified construction costs.
Underestimation causes difficulties in the
operation of port for its intended purpose [3].
To protect against storm wind waves,
protective structures are installed along port
water area perimeter. In gaps between these
structures, navigation routes are laid for ships.
At the same time, protective structures often
become the most expensive objects of seaport
due to the need to install them at great depths.
Therefore, a top priority is to finding the
optimal balance between the length of
protective structures and the allowable
downtime in the work of port due to excessive
wind waves in the water area when
performing a feasibility study of the project
[4]. Wind waves arise at great depths under
action of wind. They propagate to hydraulic
structures, near which waves experience
transformation processes such as diffraction
behind the gap between protective structures,
reflection from structures, refraction with
decreasing depths in the water area. The final
wave regime in port water area is the
interference of coming, diffracted and
reflected waves, which 1is schematically
presented in Figure 1.
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Figure 1. Transformation of wind waves and
formation of a wave regime in the water area of
seaport

The main process of wave transformation
studied in this paper 1is diffraction. The
diffraction means the phenomenon of wave
rounding around obstacles, which occurs
behind a gap between protective structures and
is accompanied by a change in wave heights
both up and down. The first methods for
calculating diffraction in the water area of
seaport were based on the linear theory of
waves using the Young principles (energy
transfer along the wave front) and Huygens-
Fresnel principles (determining the shape of
wave fronts). In the Russian scientific
literature, the main attention was paid to the
method for wave amplitude diffusion. This
method was proposed by Malyuzhinets [5] for
sea waves on the basis of studies on the
diffraction of electromagnetic waves by
Leontovich and Fock [6-8]. Further, it was
developed by Zagryadskaya [9,10], Krylov et
al [11]. In the works of Penny and Price [12],
similar transformations were obtained based on
the Sommerfeld method for calculating the
diffraction of electromagnetic waves [13]. In
the middle of the 20th century, the main
attention was paid to the energy method for
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calculating diffraction, which was developed
by Karaushev [14], Galenin [15], Krylov et al.
[11], Zavyalov [16] and etc. This method
subsequently became the basis of the
normative calculation method. Besides, some
problems of wave field diffraction allowed to
solve the problem using methods based on the
mild-slope equations [17, 18].

Currently, to determine the protection of port
water area from wind waves, either simplified
calculation methods presented in regulatory
documents are wused. Traditional physical
modeling in specially equipped wave pools
[19,20], or numerical modeling [21-23] are
applied as well. Modern numerical wave models
allow predicting the parameters of wind regime
in port water area in various configurations and
for various wave formation conditions with
sufficient efficiency. The main disadvantages of
numerical models are the limited applicability
of some ones and the need to verify the model
for each individual object due to the large
number of calibration settings. Thus, although
numerical methods are attractive to researchers
due to their capabilities and relatively low labor
costs, they require accuracy in application and
at least partial verification of the results.

Today, there are a large number of numerical
wave models designed to simulate the
propagation of sea waves in certain conditions.
There are some approaches to the
systematization of wave models which are
presented mainly by foreign authors [24,25].
However, the classifications presented in these
papers contain gaps in the nomenclature of
existing numerical models. And they can hardly
be called final. This paper proposes a
classification of existing numerical wave
models. The classification is based on their
accuracy and resource intensity.

In this study, the main attention is paid to one of
the aspects of numerical modeling of the wind
waves development in port water area. It is the
reproduction of protective structures on a
numerical model. The motivation for the study
was the spread of the results of calculating wave
diffraction in protected water area of port,
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depending on the method of implementing the
head of a protective structure in a computational
finite element mesh. Such nuances of numerical
simulation strongly affect on the results of
diffraction calculation, on the basis of which
conclusions are drawn about the protection of
port water area and, accordingly, decisions are
made about the need for additional costs for the
development of the port's protective structures.
This makes such studies relevant.

MATERIALS AND METHODS

Classification of numerical waves models
Currently, various numerical wave models are
available to simulate the propagation of wind
waves both in extensive water areas of the
oceans and seas, and in small local water areas
of seaports. All of them have their advantages
and disadvantages, as well as some restrictions.
In the paper, several generalized classes of the
most common wave models have been
considered.

Spectral wave models based on the law of
conservation of wave action solve the wave
energy balance equations in the spectral
representation and describe the transfer of wave
energy in time and space. This class of models
is the least demanding on the computing power.
Therefore, that is often used to simulate the
development of wind waves in vast water areas.
Spectral models account all the features of wave
generation, their propagation and dissipation.
However, this do not consider the phases of
individual waves, which makes them
inapplicable for accurate calculation, for
example, diffraction or reflection of waves near
hydraulic structures. Recently, spectral wave
models began to include an approximate method
for calculating wave diffraction, based on the
mild-slope equation obtained at first in the paper
[26]. Nevertheless, the use of spectral models
has become established in modeling the
development of waves in extensive water areas
in order to determine the parameters of waves
on the way to port. After that, these results are
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used as boundary conditions for more accurate
models, in which the wave regime is modeled
already in port water area.

Wave models based on mild-slope equations are
often used directly to simulate the penetration of
waves into protected water areas. The use of
mild-slope equations, supplemented by the
principles of linear wave theory, allows
considering of this class of models as quite
economical in terms of computing power
requirements. The disadvantage of these models
is the regular approximation of the simulated
waves. As well as those do not allow simulation
of the nonlinear waves or the nonlinear
interactions between them.

Wave models based on Boussinesq equation are
distinguished, first of all, by a more accurate
approximation of the distribution of orbital
velocities over depth, as well as the possibility
of calculating nonlinear effects of wave
formation on the free surface of water (for
example, wave breaking). The equations, on
which this class of models is based, allow to use
the frequency and angular distribution of waves
by introducing a higher-order dispersion term
into the equations. In addition, the Boussinesq
equations are also obtained in terms of velocity
near the free surface, near the bottom, and at an
arbitrary depth [27]. Due to this, models based
on the Boussinesq equations are considered as
the most flexible for simulation of various
specific port areas. Thus, they have become
most widespread in recent years.
Non-hydrostatic wave models account non-
hydrostatic pressure when simulate sea waves.
That allows to accurately simulate the
distribution of current velocities and orbital
velocities in depth. The basic equations of the
model are written in three-dimensional form.
That is, the vertical coordinate becomes part of
the solution, and is not approximated by some
conditions, as in models based on the mild-slope
equations or the Boussinesq equations. A
significant disadvantage of this class of models
is the impossibility of simulating wave
breaking. In addition, non-hydrostatic models
already have significantly higher requirements
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for computer processing power, which also
limits their application.

Free-surface wave models based on the Navier-
Stokes equations are the most expensive in
terms of resource consumption. However, they
allow accurate modeling of nonlinear wave
processes, including wave breaking. Today,
this class of models remains practically
inapplicable in engineering practice even for
the smallest port water areas. These models
assume the use of Reynolds-averaged Navier-
Stokes equations using turbulent flow models
to implement the convergence of the Navier-
Stokes equations. Theoretically, the Navier-
Stokes equations can also be solved explicitly,
considering the turbulence of the flow, but this
is still several orders of magnitude more
computationally expensive due to the very
small spatial and temporal discretization that
must be used in this case.

In this paper, the classification of the above and
some other classes of wave models according to
the criteria "accuracy / required computing
resources" was proposed. Figure 2 presents this
classification.

The accuracy of the results obtained, which
acts as the y-axis, is a debatable parameter in
this case. It is based primarily on the number
of wave formation and development factors
accounted by the model. It should also be
noted that some types of models (especially
models based on the Boussinesq equations)
include a fairly diverse subset of models. The
differences between which can also be
significant. Thus, the location of models on
the chart corresponds to a certain average
representation of the types of models relative
to other types.

In this paper, a study on the penetration of sea
wind waves into the protected water area of port
has been performed. The numerical simulation
presented in the paper is performed using a
numerical wave model based on Boussinesq
type equations and implemented in the software
MIKE 21, in the module "Boussinesq Waves
(BW)". Basic information about that is given in
[28].
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Figure 2. Classification of numerical wave models (models that consider only potential flow are
highlighted in red)

Diffraction coefficient

To describe the diffraction pattern in port water
area, a wave diffraction coefficient, kd, which is
a dimensionless parameter that characterizes the

are considered in the work. As well as five
periods of waves coming in the water area are as
follows 4.25; 5.65; 7.10; 8.50; and 9.90 s. Thus,
within the framework of the study, 10

ratio of the heights of diffracted and formulations of the wave diffraction problem
approaching waves, is used: were considered. A schematic representation of
the test area is shown in Figure 3.
_ha
ka =2, (M !

where h; is the height of the diffracted waves;
h is the height of the waves coming to seaport.

Formulation of the test problem

Studies of the diffraction of gravity waves in
protected water area were carried out in a
specially designed conditional port area, where
wave diffraction is of decisive importance, and
other effects of wave transformation can be
neglected. The conditional port consists of two
converging protective structures located on a
flat bottom with a depth of 10 m. In total, two
widths of the entrance section of 130 and 195 m
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Figure 3. Schematic representation of the test
area for wave diffraction studies

Numerical model settings

The first step in setting up a numerical wave
model is traditionally the choice of the spatial
and time step of the model. The spatial
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resolution (or linear dimensions of finite
elements) and the time step are chosen in
accordance with the so-called Courant number,
which means a dimensionless quantity that
determines the order of numerical convergence
(or sensitivity) of the model. The "physical"
meaning of the Courant number is that it
determines the number of finite elements that
the wave passes in one-time step, and the
expression for it is written as follows:

At
Cr=c, (2)

where ¢ = \/g_d is the wave propagation speed;
At is the time step;

Ax is the size of the finite element.

Satisfactory convergence of the numerical
solution is achieved at Cr<l. Based on this
condition and taking into account the initial
waves, the mesh size was adopted of 2 m, and
the time step was 0.14 s. The total simulation
time in all models is assumed to be 30 min or
12860 steps. The maximum value of the
Courant number was 0.69.

Another feature of numerical simulation is the
assignment of boundary conditions on the
contour of the model, as well as on some
internal elements. For the numerical absorption
of energy and wave height in the MIKE 21 BW
model, the so-called "sponge" (or absorbing)
layers (Sponge layers) proposed in [29] are
implemented in the MIKE 21 BW model. They
can be installed, for example, along the
absorbing elements of the model (beaches) or
along the boundaries of the model in order to
prevent waves that go beyond the model from
returning to the computational domain.
Absorbing layers are selected cells of the
computational mesh of finite elements, in which
the conditions for the sponge coefficient are set,
varying from 1 (no absorption) to 10 (maximum
absorption). In this case, the numerical
implementation of absorption is such that as the
wave moves deeper into the absorbing layers,
the sponge coefficients should gradually
increase exponentially.

Izmail G. Kantarzhi, Aleksandr G. Gogin

The main setting of the numerical model, which
became the motivation for this study, was the
choice of a method for implementing protective
structures on the numerical model. The fact is
that the recommendations given by the
developers of the software used give dubious
results. We mean the head of the protective
structure, which was previously recommended
to be reproduced, as shown in Figure 4.
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=
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Figure 4. Scheme of the interaction of coming
waves with an auxiliary wall enclosing
absorbing layers

This option provides for the installation of a
certain number of absorbing layers before the
construction, which adsorb the energy of
coming waves to prevent the development of
secondary waves in the water area in front of the
construction and in the entrance gate. From the
side of the entrance gate, the absorbing layers
are covered by a vertical wall, similar to the
wall of the protective structure itself. Thus, a
kind of channel is formed on the model in the
entrance gate, bounded on two sides by walls.
This way of implementing protective structures
is proposed for use by the developers of the DHI
MIKE 21 BW software package. However, it
encounters several objections in terms of the
correspondence of such a model to real
conditions, which is discussed in more detail by
the results of a test run of a series of
experiments below.

As an alternative to the recommended option,
the paper considered three additional options for
the implementation of protective structures,
shown in Figure 5. Here, option a) is
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recommended. The second option (option b))
provides for the implementation of absorbing
layers in front of the structure similar to option
a), but without the construction of a wall
perpendicular to the wall of the protective
structure. The third option (option c)) was
proposed rather to confirm the fundamental
solution on the obligatory arrangement of
absorbing layers in front of the structure and is a
model of protective structures as close as
possible to real conditions. The last option
(option d)), as well as option b), provides for the
rejection of the wall enclosing the sponge layers
from the side of the entrance section, but with a
different idea for the implementation of the
absorbing layers themselves. It is proposed to
gradually reduce the sponge coefficient as it
approaches the head of the protective structure.
Thus, it allows to avoid the interaction of waves
passing through the alignment with layers of
"rough" absorption of wave energy, as in the
second variant.

b)

Waves

d)

Waves

<)

Waves

a)

Waves

& o
@ ©
° o
3 @
2 S
s 2
£ £
fimi =
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Entrance gate
Entrance gate

min sponge coefficient
may spange coefficient
min sponge coefficient
max sponge coefficient
Vertical wall of protective structure

max sponge

Vertical wall of p
Vertical wall of protective structure

Absorbing layers Absorbing layers Absorbing layers

Figure 5. Schemes for the implementation of
protective structures and absorbing layers in a
numerical experiment

RESULTS

To validate the numerical simulation results, the
wave regime was tested in the experimental
water areas for all four expected options.
Simulation results in the form of isofields of
dimensionless diffraction coefficients are
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presented in Figure 6. The comparison of the
results indicates a significant loss of diffraction
coefficients and their dependence on a good
specification of degree observations. The first
considered variant with the formation of a
certain entrance channel at the out-of-the-way
section gives dubious results. High diffraction
coefficients are found near the walls that protect
the sponge layers from the inlet section, and a
beating is detected in the inlet section itself. The
physical meaning of that remains unclear. Most
likely, this is the occurrence of behavior under
the wave when it hits the auxiliary wall. The
wave first diffracts on a single cell of the

auxiliary  tissue, and then  develops,
simultaneously being reflected from them and
propagating towards the entrance target.

Besides, a bending of the wave train is observed
on the model of the nearby auxiliary wall in the
direction of slowing down the motion of the
wave fronts of the walls. Figure 4 presents the
exemplary scheme of this mechanism.

Diffraction coefficient
Bl Above 1.4
13-14
12-13
1.1-12
1.0-11
09-10

BERRROC0O0 T0m

B Below 0.0

[ undefined Value

250 300 350

Figure 6. Isofields of diffraction coefficients
obtained for different schemes for the
implementation of protective structures in the
numerical model (top left - option a), top right -
b); bottom left - c); bottom right - d))

The above factors of interaction of waves with
structures in option a) are the cause of the
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appearance of a beat in the entrance section and
can be considered a reason for abandoning such a
scheme for the execution of protective structures.
Calculations according to option c) showed the
instability of the model, which did not allow to
complete the calculation correctly. At the same
time, the obtained results on the distribution of
diffraction coefficients in the enclosed water area
are close to the accepted assumptions. Despite the
high similarity of such a model with the real
scheme of experiments, it is difficult to implement
such a scheme with stable finding of solutions at
each time step in practice.

The results of simulation for options b) and d)
showed qualitatively similar results of the
distribution of diffraction coefficients in the
enclosed water area. The same positions of the
extrema of the diffraction coefficients that
propagate from the heads of the protective
structures to the axis of the entrance section, and
the field of large diffraction coefficients at some
distance from the entrance section strictly in
zone of light. In this case, the maximum
diffraction coefficients observed in option b) are
about 1.4; in option d) are about 1.2. That is, the
quantitative difference in the results is more
noticeable. The results obtained on the model in
option b) are obviously subject to the influence
of secondary waves reflected from layers with
"coarse" sponge coefficients, which are
considered as a structure with partial absorption
/ reflection of energy. Thus, at the contact
surface of waves with cells with large sponge
coefficients, which here, in contrast to option a),
are not covered by an auxiliary wall, an
interaction mechanism is observed similar to
that considered in option a) and shown in Figure
4. In option d), this mechanism also takes place.
However, its effect and, consequently, the
degree of development of the secondary wave,
is significantly less due to the contact of the
transmitted waves with the cells with the lowest
sponge coefficients. It should also be noted that
the results obtained according to variant d) are
similar to the results obtained according to
variant c), where there are no sponge layers in
front of the structures at all.
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Thus, the modeling of protective structures
presented in Figure 6 (d)), can be recommended
as the best in terms of a compromise between
the correctness of the results obtained and the
stability of the numerical solution.

To verify the results that were obtained by
numerical simulation with the accepted option of
reproducing protective structures on a numerical
model, the same test problem was performed in a
wave basin. Physical experiments were carried out
at the Research Center "Sea Coast" in Sochi on a
scale of 1:50 for 10 statements of the test problem.
Figure 7 shows a diagram of a physical
experiment, as well as a photograph taken during
the experiments.

The experimental data were obtained for all
formulations of the test problem at 16 control
points. The diffraction coefficients at the points
were obtained by the ratio of the recorded wave
height at the point to the wave height at control
point No. 1 (the closest point to the wave
generator).

Comparison of the simulation results and
experimental data is provided in figure 7. The
line closest to the protective structures is
conventionally called "linel", the farthest -
"line2". A visual comparison of the results is
shown in Figure 8.

Thus, a satisfactory qualitative agreement
between the results of numerical and physical
modeling is visually noted, with some
reservations. First, lower diffraction coefficients
are observed everywhere in the zone of light
compared to those that were obtained by
calculation. On average, the error in the zone of
light between experiments and calculations was
18% for all experiments. Secondly, the excess
of the "experimental" diffraction coefficients
over the "calculated" ones is noted in the zones
of the wave shadow. Here the average error was
about 10%. According to the comparison, the
coincidence of the diffraction coefficients at
points located on the boundary of the wave
shadow is also noted. On average, for all
considered cases, the diffraction coefficients
along the wave shadow boundary take values
from 0.5 to 0.7.
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Regression analysis was performed for
quantitative comparison of the obtained results.
The results presented above were subjected to
statistical processing separately for the narrow
gate (NG) and wide gate (WQ). As a result of
which the regression lines between the
“experimental” and “calculated” diffraction
coefficients were obtained, shown in Figure 9.

In the zone of deep wave shadow, the diffraction
coefficients obtained on the physical model
exceed those obtained by simulation. This, first of
all, is evidenced by the position of the lower point
of the lines of regression relationships, which for
all models is above the reference line y=x.
Apparently, there was a weak secondary wave in
the physical basin due to wave reflection from the
model boundaries. Analyzing the results obtained,
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the height of the waves formed by the secondary
wave was limited to a few millimeters, which
gave a significant error at points where the height
of the original waves was small (in the zone of
deep wave shadow). But it gave a negligible error
at points where the height of the original model
waves was of the order of centimeters. On the
contrary, there is an excess of the diffraction
coefficients obtained on the numerical model over
those obtained on the physical one at points close
to unity of the diffraction coefficients (mainly in
the light zone).

The table below presents the results of
calculating a set of basic statistical parameters
that are commonly used to evaluate the
predictive capabilities of wave models, based on
the results of comparing the calculated and
measured diffraction coefficients.

Table. The main statistical indicators
characterizing the degree of coincidence of the

results
Regression Equation
gate Coefficients R | R? |[MSD
a b
narrow| 0,606 0,126 10,93]0,86| 0,21
wide 0,727 0,089 10,95/0,89] 0,16

Thus, the numerical model gives an average
error of 10—15% in comparison with the results
of physical experiments. Taking into account
that the main contribution to the fluctuations of
statistical indicators is made by control points in
a deep wave shadow, where the influence of the
secondary waves is significant, that developed
on the physical model. The obtained
coincidence of the data allows to recognize the
numerical wave model with the chosen method
of implementing protective structures applicable
for such studies.

CONCLUSION

The analysis presented in the paper allows to
build an original classification of numerical
wave models depending on their accuracy and
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the requirements for computer processing
power. The proposed classification combines
both the most common spectral wave models
and modern models that implement the Navier-
Stokes equations with a free surface. The
resulting classification is presented graphically
in Figure 2.

The experiments presented in the paper allows
to choose and justify the most correct way to
model the seaport protective structures on a
numerical model to simulate the diffraction of
sea waves in port water area. The proposed
option provides for the rejection of the auxiliary
wall enclosing the sponge layers from the side
of the entrance section, with a gradual decrease
in the sponge coefficient towards the head of the
protective structure. For substantiation, physical
experiments were carried out. The diffraction of
waves was studied conservatively for different
parameters of the width of the entrance gate and
the period of the approaching waves.
Comparison of the simulation results and
experimental data led to the conclusion that the
method proposed in the paper for the modeling
of protective structures on the numerical model
is justified.

In addition, the obtained satisfactory agreement
of the results allows to consider the numerical
wave model used in the work, based on the
Boussinesq equations and implemented in the
MIKE 21 software package, verified by the data
of physical experiments. It should be
highlighted that both numerical wave models
and physical experiments are not ideal in terms
of the results obtained, and an error exists in
each method. For a physical experiment, the
error is primarily due to the accuracy of the
measuring equipment and the development of
secondary waves in the basin. When performing
numerical simulations, the error most strongly
depends on the spatial resolution of the finite
element mesh. Nevertheless, the diffraction
problem considered in the paper, the results for
which were obtained by such different methods
and coincide with satisfactory accuracy, allows
to state with confidence that the numerical
model used with the proposed settings is
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applicable for modeling waves in water areas
where the effects of wave diffraction are strong.
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THE PROBLEM OF CRACK OPENING WIDTH AND STIFFNESS
OF REINFORCED CONCRETE STRUCTURES, BUILDINGS AND
CONSTRUCTIONS
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Abstract. The article defines the main results for the development of reinforced concrete mechanics. In the
isotropic medium between the cracks is used "first object - flows-blocks", "second object - main cracks" and the
effect of reinforced concrete, the physical essence of which is the non-uniformity of concrete and continuous
reinforcement. Reactions arise in the concrete for deformation of the reinforcement from the bonding of the
compressed concrete in the tensile region. The average resistance of the tensile concrete and the "average total
force of the working reinforcement," the third object, are transmitted through the effect of reinforced concrete
and the "dowel" effect. The crack opening widths are the relative mutual displacements of reinforcement and
concrete, determined from the boundary conditions and the Thomas-Author hypothesis. A new classification of
cracks has been developed: regular cracks (anisotropic medium of reinforced concrete) and main cracks based on
the effect of reinforced concrete (origins - concentrations) and maximum opening in the closed equations of
mechanics of reinforced concrete from the Lagrange function. The author has proposed hypotheses, theorems of
linear and angular deformations, functionals for deplanation of cross section of reinforced concrete element from
elastic-plastic stage, jumps - cracks and stiffness matrix in a single compound strip which allow to reduce the
order of differential equations. The resistance design model method for reinforced concrete mechanics is used
for the rod, wall, and slab of the "envelope" of cracks. Hybrid from Lira (finite element method of reinforced
concrete from anisotropy) developed in the form of two finite element effect of reinforced concrete of "flat and
spatial cantilever" for external and internal displacements. The general principle from Loleith to the "opening -
closing" of cracks, the stiffness of the mechanics of reinforced concrete is obtained in the form of the method of
the computational model of resistance.

Keywords: reinforced concrete effect, crack classification, source-concentrations, single stripes,
resistance models, crack opening-closing

IHHPOBJIEMA HIMPUHBI PACKPBITHUSA TPEIIIUH U
KECTKOCTH ’KEJIE3OBETOHHBIX KOUHCTPYKI_[I/Iﬁ,
3JAHUU U COOPY XEHUU

Ba.U. Koauynos
Hay4Ho-uccrenoBaresibCkii MHCTHTYT cTpouTenbHoil pusukn PAACH, r. Mocksa, POCCHU S
IOro-3anannelii rocyaapcTBeHHbINH yHUBepeuTeT, . Kypck, POCCUA

AnHoTanmusi. B crathe ompeleiieHbl OCHOBHBIC PE3YJIbTAaThl JUIS PA3BUTHS MEXaHHKH Jkeie300eToHa. B
U30TPOITHOW CpENie MEXIY TPEHIMHAME HCIIOJNB3YETCSI «IIEPBBI 00BEKT — MOTOKU-OJIOKI», «BTOPOH OOBEKT -
MarucTpaibHbIC TpemMHBY © 3hdekr xkeme3o0eToHa, (GU3NYECKAs CYTh KOTOPOTO 3aKIOYaeTCs B
HECIUTIONIHOCTH OETOHA U CIUIONIHON apMmarype. B GeToHe BO3HUKAIOT peakiuu Ui AeopMaIiid apMaTypbl OT
CIICTIICHHS C)KAaTOro OeTOHa B pacTsaHyTor obmactu. CpeaHee CONMPOTHBICHHS PACTIHYTOro OSTOHA U «CpEIHE
CyMMapHOe ycuine pabodeil apMaTypbl», - TPETHH OOBEKT, - mepefarTcs uepe3 dPdekT xene300eToHa U
«HarenbHbI» 3PQeKT (rIaBHbll BEKTOp B Tpelune). [Ipu 3TOM MmupruHa pacKpPBITHS TPEUIMH - OTHOCHTEIIbHbIE
B3aWMHBIC CMEILCHUSI apMaTypbl M OETOHA, ONpe/essieMble W3 TPAaHUYHBIX YCIOBHHM M rumore3sl Tomaca —
aBTopa. Paspaborana HoOBas KiaacCU(UKAIMS TPCIIUH: PETryJISAPHBIC TPCUIMHBI (aHU30TPOIMHAS Cpeja
JKesle300eTOHA) ¥ MarucTpaibHbIC TPEIIUHBI HAa OCHOBE 3(dekra xene300eToHa (MCTOKHM - KOHICHTPALUU) H
MaKCHMAJIbHOM pPACKPBITUSI B 3aMKHYTBHIX YPaBHEHHSX MEXaHUKH jkeliezo0eroHa u3 ¢yHkuuu Jlarpamka.
ABTOPOM TIPEJIOKEHBI THUIOTE3bI, TCOPEMBI JIMHCHHBIX W YIJIOBBIX jaedopMaliuif, (YHKIHOHAIBI IS
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JIeTIaHalu| TIOTIEPEYHOr0 CEYEHMs KEJIe300€TOHHOTO 3JIEMEHTa M3 YHPYTOIUIACTUYECKOM CTaaNH, CKAYKH -
TPEIIMHBI W MaTphla MXECTKOCTH B EIUHUYHOW COCTABHOM ITOJIOCKE, MO3BOJISIONINE COKPATHTH IOPSIOK
muddepeHIManbHBIX YpaBHEHU. MeTOx pacyeTHONH MOJENN CONPOTHBIICHHS JUIS MEXAaHUKH JKene300eToHa

HCTIOJB3YETCA IJIA CTEPKHA, CTEHBI, IUIUTBI U3

«KOHBEPTa»

3 crupaneoOpasHoi, HKCOOOpa3sHOH U

rapMorIkoodpa3Hoi TpeuuHbl. ['uopun u3 JIupa (METo KOHEUYHBIX HIIEMEHTOB JKeJIe300eTOHa U3 aHU30TPOIINH )
pa3paboran B Qopme sddexTa xKemez00eToHA €3 BYX KOHEYHBIX OJIIEMEHTOB B BHAE «IUIOCKas M
MPOCTPAHCTBEHHAS! KOHCOJIb» JUIsl BHEIIHMX W BHYTpPEeHHHX nepemerieHuid. OOmmii npunuun ot Jlonelta 1o
«PaCKpBITHS — 3aKPBITUS» TPEILUH, KECTKOCTH MEXaHHKH JKeJIe300eTOHa ITOJIy4eH B BHJE METOAA PacuyeTHOM

MOJICJIU COIPOTUBJICHUA.

KaioueBsie cioBa: o et xene3o0eToHa, Kiaccu(puKanus TPEeLH, NCTOKA-KOHIIGHTPALUH,
eIMHUYHBIC TIOJIOCKH, MOJICTIH COMMPOTUBIICHUSI, PACKPBITHE-3aKPhITHE

The mechanics of reinforced concrete is the
basis for the safety of the system of buildings
and structures under new challenges of man-
made natural and terrorist nature. The solutions
to these problems are obtained at a new
scientific level due to modern technologies of
experimental research of structures and
convergence of physical phenomena in
reinforced concrete on the basis of fracture
mechanics.

THE MAIN RESULTS FOR THE
ACADEMY'S BUILDING SCIENCES ARE
FORM:

1. Development of the mechanics of reinforced
concrete, - result I.

1) Let's look at the main premises

e The reinforced concrete environment includes
force flows from concrete blocks for isotropic
environment between cracks "first object - flows
(blocks)" in the local region near the fracture bank
in fracture mechanics of reinforced concrete.

e The second object is the main cracks from the
fracture mechanics of reinforced concrete and
the effect of discontinuity of concrete developed
by the author. Its essence is the discontinuity of
concrete and solid reinforcement, where there
are shear reactions AT (deformations between
reinforcement and concrete), taking into account
the compression force for tensile concrete oy .,

the relative deformations of reinforcement
&g = &g, j — &, and other parameters to solve the

problem of resistance near the reinforcement

zone of a reinforced concrete element.
Experimental strain diagrams were obtained in
experiments of J.M. Nemirovsky, B.Sh.
Shamuradov, works of the author [1-4] and
others.

e In a reinforced concrete structure, the
resistance of the tensile concrete is obtained for
a transversal-isotropic material. The force for
the tensile concrete in the working
reinforcement can be transferred through the

general parameter g (or Y ) by Prof. V.L
Murashev [5]. For the average longitudinal
force N Nym=¢65¥s Eg-4) and

sm (

transverse force Qs ,, (O =5s~1//Q’s~ES-AS)

we can talk about the connection of a

special third object - the "total average
force N, sum of the working reinforcement"

using the

2 2
(Ns,m,sum =4 Ns,m +Qs,m )

reinforced concrete effect and the dowel forses
(Fig. 1). The author has developed a second
level building mechanics model for a rebar,
crack opening, bank shear and buckling.

e The following results were obtained on the
basis of fracture mechanics. The author
developed a special dual-console element
(DCE) and discovered the effect of its physical
essence, which consists in the reaction between
the discontinuity of concrete and the continuity
of the working reinforcement (Fig. 1).

e Using the pliability of structural mechanics, a
canonical system of equations is derived from
classical methods (method of forces, method of
displacements, mixed method, finite element
method) (Fig. 1):
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. oW —oV Here oV is the decrease of the body's potential
Ceu = 5520 (Tj - energy when the crack advances by a small
OAT oP increment Jda; oW is the additional work
C;-AT -CyPb- L _ performed on the body when the crack advances
Ohere Ohere by a small increment da.
oP 2 oM con .
CurP P hcrc COM con " 5 hcrc ;0 (D

X011+ X 2012+ X303+ A1, — (A3 +A5) +Ap + Dy - (97 + AP) = 0;

X102+ X025+ X3023 +A5,—(Ag +A0) + Ay + (heye — 1) - (¢ + Ad) = 0;
(2)
X 1031+ X303, + X3033 +A3,+(d —AP) + (4 + AP) =0;

X4544 :]'(_AFI)_]'A2 +(xcrc _hb,l)'A¢-

a) d)
S &, Egiks Sq “
e —— 7\\\ J//\
— (Dj o
& T sl 1o
****** H A\ E— ()
h/’|.,—,__ Aacrc sctk(x) X f*
~ " acre k $r2ts
S acrc,max
b) ¢)

Tbond
AT
WWWMW I m_ﬂ <E— €7 AP gg<e AP
AT

=
,L?],,;lcrc-o,.‘)-l‘*’ T~ Ns/(z)-'_qt-_"_ "{_’IJ A ==

L Hy lere 0, J t* T t

4

Figure 1. Effect of reinforced concrete: the shape of the crack from triangle to ellipsoid (a), the

response from the continuous concrete and continuous reinforcement (b); the mechanical model
(c); the relative deformations of the reinforcement and the stretched concrete (d)

=

Prof. V.I. Murashev has developed formulas for discontinuity in concrete (Fig. 1 and Fig. 2a).
transverse cracks and stiffness, distance The crack opening width is determined using
between cracks /..., resistance coefficient of the Thomas-author hypothesis, and the relative

mutual displacements of the reinforcement and

tensile concrete y and crack opening width .
concrete are determined from the dependence:

a.... This was later developed to the effect of
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3)

£ (X) = £,(x) — £, ().

&¢(x) - relative deformations of reinforcement;

&ps(x)- relative deformations of concrete in

section X.
The definition problem is reduced to finding the
relative  deformations of concrete from

dependence (3) and the equilibrium of the
reinforcing bar.

de g (x)

+Bey(x)=0. (4)

The solution of the homogeneous first-order
differential equation has the form:

Vladimir I. Kolchunov

The integration constant C is found from the
boundary condition, according to which at

x=0, & c(X)==0p; o/ (VpEp):
J )

The distance between cracks is determined from
the ratio:

_ By, 1
B B(I-K)

Opt,c

vpEp

2(In B, — Bix)

leye = T (7

The coefficient that takes into account the
uneven distribution of the relative strains of the
tensile reinforcement between the cracks:

gg(x)=Cre P (5)
2-K-B _B- _
'//S:—3-[]—e BA0-5lere t*)}+ (85+ AT —K-B3]‘(0,5lcrc—t*)+
&g 'lcrc B &g 'lcrc ESAS
. 2-6g-E¢-A¢+AT
90K (51, ) 2 Es A AL ®)
‘C"S'lcrc'B't”< ‘9S'lcrc'ES'AS
and the crack opening width has the form:
Qpre __2AT 2 MJFBCZ ; (]_eln34 )_Zﬁlnlﬁ _
G B\ 4,E, B
__ AT 2Bay 2By [y, Baz dAwben | )
G B qst + Ba,lAswEsw
. o,
Here in equations (7)-(9): B :i; B,i= AT Obte PR I 1+ Ay =
A Eg, K Egwdgy  VpEp K Wpy (%) Ap; (X)Ep - vp (x)
nlhy+x-(y—1 o o
Ces Hy (0 (7 )) : 2—Q§B3:5s+ AT bt’S—BZ;B4:1+ bi,c
032h0(}/—§)(}/+003§) tB ESAS VbEb (K—])Bj’*VbEb
£
+ bt,u '
B; . (K-1)

The new level of fracturing corresponds to the Love i S Lope i (10)

fulfillment of the following inequality:

72
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Cracking continues up to the moment of maximum amplitude of 0.5A;, from the

fracture. There are several levels of cracking:

leye > lope,1 —O cracks;

> 1., »—first level;

lcrc,] > lcrc =tere,2
lere,2 2 lepe 2 lope 3 —second level; ¢ .(11)
Icrc > 61+

e The dowel effect of the author of the second
level model [9,10] is developed for a beam with
two pinched ends at turns of the pinched ends as
well as crack opening A shifting of the

crack-track banks A_,.

The longitudinal axis of the reinforcing bar has
a sinusoidal shape when displaced with a

cre,s

and concrete buckling.

-center
U}Z: 57

longitudinal force N (x) and eccentricities in

the vertical and horizontal directions (Fig. 2).
The unknowns X,, X3, X3, X,, X5 are

found from the calculation of statically
indeterminate systems by the method of forces
from coupled systems of equations (systems
(12) and (13)):

X017+ X3:01:+A7 p=0
1911 3013 LP } (12)

X153] +X3§33 +A3’p =0

X310430 + X404 +0y p=0 13)
X3,053 +X5055 +A5 p=0

E ( 0F Nw/N)

1 2 3 4 5 6 7 8 9

a)

Rl B
™
o/
X4 g §
’ N
X" X'%,lef
AT 2
Xs
b)

Figure 2 - The nature of the coefficient change under various influences (a), the calculation
scheme of the dowel effect (b)

After solving the coupled system, the values are
obtained:

X =x; ERL g osn -
G(D) 1y, ’
A
—(0.25-d~P]J+0.16~73-(NS’I+NS,2)

(14)
(15)

A @
—0.44-d—§-E(/1)12 +0.59-d—§.E(,1)12);

X5 =X3'77'NS,]'6—0.]7‘(11'E)]’1.

Volume 19, Issue 1, 2023

Here X3, are the torsional forces F;; in Fig. 1
and Fig. 2 b, ¢).

The main vector u of forces in the reinforcement
is characterized by two values uy;, Ug;and is
related to the normal stresses o,; of the
reinforcement in the cracks and the tangential
stresses 7 ;. (Fig. 3).

The relationships between v;
the experiments are of the form:

and angle 3 from
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Vgi = kup * Roup = ksup (OG5 + N -1g f+ F); (16)

Here are the rod yield functions for the distance
l... (using the area and perimeter of the rod) at

some small segment and v,;, ¢ s

Ui g
coefficient for the generalized reaction Ry,

The components of the main vector along some
orthogonal directions are related to each other:

0.5-a

cre = Ugy *COSQL+U

. sina (i#x,z); (17)

gx
0.5 ae —ug, -sina

= ; (18
& cosa (18)

Ugi =Ug, +€OS B —Ugy -sin ;5 (19)

u
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Ugj =Ug, -COS f; —ulgy -sin f; (20)

Then (Fig. 3) we get:

cos B=0,544 i\/(O,SAﬁ)Z ~Bg: (21)

2 2
Z'Ugi'ugz B
B 2

Here A,B = 2 it
(12" #1057

After that we get the dependence

Ugi =Ugy - COS ff; +1U gy, -SIN f3;. (22)

Figure 3. Connected displacements of reinforcing bars u

crack with crack bank opening a,.,. and shear A

and Ug; (for crumpled concrete) in the

gi
cre» taking into account the main vector u and the

angle B of forces in the reinforcement crossing the crack

2) The classification of trunk cracks has the
form (Fig. 4):

e regular cracks Prof. N.I. Karpenko [19]
(anisotropic medium of reinforced concrete and
finite element method, no effect of reinforced
concrete, no width of "opening - closing");

e main cracks of the author (Fig. 4) based on
the effect of disruption of the continuity of
reinforced concrete.

Basic cracks (geometric force and inter-medium
concentrations for the augmented and internal
displacements A;, Ay, @7, @3, Ap,,..
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Ca Cz
q,
P 2
19, B
Fy I 5
q, 1, F
= b
RSl i
A R T
6 Cj cre,i,x ck
a)
2 M, R4N

crack banks
strain gauges

a
MI /{\7 7)\\ M b — T
// 2 0] \ 1 - armature; Air 1 - armature;
2 - needle; 2 - banks of
3 - rubber cracks;
tube; 3 - sensor with
4 - tape with glue "Cyacrine".
Sensors.
c) d) e) 1g

Figure 4. Classification of trunk cracks. a - calculation model of resistance 4 for a wall with trunk
oblique cracks; b - baseline crack origins - concentrations: geometric, force concentrations for
external and internal displacements A;, Ay, @1, @2, A@.,.); ¢ - computational model of
resistance 4a - slab with trunk cracks; d - shape of cross-section for types of cracks and technology
of experiments for punches in the reinforcement (e), gauges with glue "Zyakrin" for the banks of

cracks (f, g)

The general model is proposed for the analysis
of systems partitioning into physical and
computational models of resistance of
reinforced concrete (RRC) in cracks rod for
RRC 1 - 3, flat cracks RRC4, 4 * and spatial
RRCS, 5 * for system "opening-closing" width.

Here types I-III of area cracks M >Mcrc, Mt <
Mt,crc and Q > Qcrc; M < Mcre, Mt > Mt,crc or

Volume 19, Issue 1, 2023

Mt < Mtere, Q > Qcrc; type IV - crack
development from fracture mechanics; type V -
cracks from compressed concrete €3 (top) and €1
(wall); type VI - cracks from anchoring

The Lagrange function is constructed for the
maximum crack opening width in the closed
equations of reinforced concrete mechanics
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(Fig. 4)  F; = f(qgsXB.0g. X, C0\05 [0 >
C2,11,12,ﬂ3,l4,25,ﬁ6,l7)Z

14_&]%_'_&2%4_ M%ZO’

axI 8x1 8x1 8x1
.......................................................... (23)
o + 00, + A 00, + 4, n =0

ox,, ox,, ox,, ox,,

3) The author proposed new hypotheses and
theorems:

- The first one is about the distribution of
relative linear deformations &, , and &, ¢ using

a special geometric volumetric figure for the
deplanation of the cross-section of a reinforced
concree element from elastic-plastic stages I-11I
and in jumps - cracks [14-18];

The second hypothesis on the distribution of
relative angular deformations of concrete and

reinforcement (g, p and Ygum,.s) USIng a

special geometric volume figure for the
deplanation of the cross-section of a reinforced
concrete element from elastic-plastic stages I-
III, in jumps - cracks and theorems 1-3 [14-18];
4) Analytical functionals first - fourth are
developed when solving the system of proposed
complex functions from the grids method
families in the compressed and stretched zones
with the help of small squares. Linear and
angular deformations are determined at all
stages I-III for a complex-stressed reinforced
concrete element and in the jumps-cracks. The
first functional f5«(y,z) is a function of two

functions along the y-axis and z-axis; the second
functional fesx(x,z,y) is a function of three
functions along the x-axis, z-axis, and y-axis.
The bending and torsional moments are
determined using the third uncertain function
Jeintvol(*,¥,2)  (a  special function of
subtraction from the triangle in the calculated
cross sections of the element when it is
approximated by rectangles), and the torsional

76

Vladimir I. Kolchunov

moments are determined using the fourth
uncertain function f5 i (z,y).

5) Stiffness due to intersecting cracks for a unit
strip uses the hypothesis, which allowed for
reinforced concrete to reduce the differential
equations of composite structures by an order of
magnitude A.R. Rzhanitsyn [11, 18]. The
stiffness matrix is constructed for rectangular
cross-sections using small squares for physical
characteristics: static equations (equilibria),
geometric  equations  (deformations), and
physical equations (Fig. 5).

T
— AT = AT = = Ay T, = A
é:m,]
T‘
—2—A21T]—A22T2—...—A2nTn=A20; (24)
m,2
T,
—Apili = AT == Ay, T, = Ay
é:m,n
. No.s No.2 ) f(xcrc) . (25)
(Ep,14p,Detv Ep 24y ety 1y
A= é: =
I I £ )
g +—C2 1 (26)

+
(Ep,14p, Dety (Ep24p 2)eky  Mx1,

Here Ti, T2, T - shear forces accumulated along

the length of the rod to the section;
Sml> ém2> Smn - modulus in a single
shear band of the joint; A - displacements along
a given direction; - difference of average

relative linear and angular deformations in the
joint point; &g, 7, - equivalent stiffness;

S Gere)

compressed zone, averaged between cracks;
I/r, =y - curvature of reinforced concrete

function of height of concrete

composite rod.
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II. RESISTANCE CALCULATION MODEL
METHOD FOR STRUCTURAL
MECHANICS, - RESULT II.

Calculated models of resistance (Fig. 5) fully
meet the modern trend of deformation models of
the theory of reinforced concrete, denoted today
by the conceptual hierarchy (section - element -
system) for the following levels: rod, flat and
volumetric.

The analysis of the first model is performed.
This is the rod with main normal cracks for the
analytical fracture mechanics functional. The
analysis of the second model for trunk oblique

N
. CMRS "
=y CMR4 T
CMR5*% CMRAR
CMR2 CMRI

CMR3

S

a)
nyn_ A " 11 "_ Ax 1 "n_ A\'
pA, p-B,
N 7 aan
u R0 ™~ v RB=QM
LT \ /
AL N s
v | PR N
AN 8
S 3
P A1 p. BI
¢)

cracks is also performed using closed equations,
which are included in the Lagrange function to
determine the dangerous crack.

The third model of resistance has diagonal and
other cracks for pliable units, as opposed to
rigid units from structural mechanics (Fig. 5).
Model 4 is a wall with trunk oblique cracks as
well as diagonal (seismic) cracks, and 4a is a
slab with trunk cracks (Fig. 4c and Fig. 5).
Model 5 wuses volumetric spatial blocks in
torsion with bending. 5a are volumetric spatial
blocks under the action of torsion with bending
and shear force.

L
™ 2

|0 !
.

i

b)

3o
D= ): Z SD « Static equations (equilibrium)

" collapse (expand)

o e

» Geometric equations {deformations)
» Physical equations

d)

Figure 5. Calculation models of resistance (CMR) of buildings and structures (a) and stiffness for
intersecting cracks of reinforced concrete for a single strip of composite rods (b, c), stiffness
matrix scheme (d)
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In the spatial design model of resistance in
bending with torsion, two-console elements in
models A and B [6], as well as a universal dual
console element in reinforced concrete [8, 15]
are used.

Applying the method of initial parameters [7 9]
for a compressed-curved axis in the form of a
spline is a general solution of the differential
equation for displacements, - external (a,,. and

0(Ase)s @ ©;) and internal (jump-crack: A,
AZ ) ?r» ?2, chi"c ) The

mechanics classification for active or passive
parameters is used for equal [7]

construction

dy_

0. (27)
ax?

The general solution of equation (27) is
expressed as a linear combination of the four
functions:

y(x)=C;-K;(Bx)+Cy-KH(Bx)+

+C3-K3(Bx)+Cy - Ky(fx), (28)

B ="

K5 (x) :é(shx+sinx), K;(x) :é(chx—cosx),

where K;(x)= é(chx+cos X),

Ky(x)= é(sh x-sinx) or we can use the Krylov-

Vlasov functions: @;(x)=chx-cosx; @, (x)=

= shx - sinx; @;(x)=shx-cosx; @,(x)=chx -sinx.

The method of initial parameters for
displacements allows us to obtain expressions
for deformations and rotation angles under the

action of bending moment and shear force on
the deformable base:

) 2( 5. i-
i-1 L {%i(i—j)){j}é} (29)

=
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z(z>=z,-+(%(z—b,->j (31)

Ri = kiyia' (32)
Here Ri, ki and yi are the force, stiffness and
displacement, respectively, in the i-th bond of
the base.

The bending moment is described by the
following relationship:

i-1 (LY id ’
Mi:M]+Q]LT+(;j 2 =)y ik =qMp;, (33)
j=I

where M is the moment in the console at i = 1;
M, - the moment in the i-th cross-section from

a given unit vector of external forces.

We obtain a system of n equations (2< k < n +
1) in the form of the method of initial
parameters:

Dy [y1, 01 M1, Q1 My 1, vin 41(q4)] = 0.

Here qi(qa) is the modulus of the force
(deformation) impact vector,

Experimental studies are important (about a
hundred experiments of the author) for full-
scale structures, buildings and constructions.
New technologies are used: glue "Cyacrine"
(Cyanocrylate), sensors to measure 80% of the
destructive load, punches for the inside of the

working  reinforcement, installation  for
displacements.
III. HYBRID calculations in the software

package by means two elements in the form of
"flat and spatial console", - RESULT III for
internal and external displacements S;,A;,

A2>A3’5Acrc:(p]a¢2a(/)crc :

IV. GENERAL PRINCIPLE - from the works of
A.F. Loleit to the "opening - closing" of cracks
in the working reinforcement and stiffness of
reinforced concrete structures, buildings and
structures taking into account the development
of mechanics of reinforced concrete, - RESULT
IV. There is also an economical expenditure of
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material (steel) in beams (£=0.3-0.4; p=1%-
2%); in slabs (£=0.10-0.15; p=0.3%-0.6%) and
in columns (£§=0.4; p= up to 3.0%)). The
calculation must take into account that if a,, >

ag , then:

- 1) increase the cross-section of the elements
and the shape of the cross-section;

- 2) increase the class of concrete to B100;

- 3) introduce reinforcement of compressed
concrete;

- 4) use a diagram of materials (steel);

- 5) consider the criteria of fragmentation of the
compressed concrete (ultimate deformations

Mii
xHm A 3, a)
100 | 1 3132353 34
24
80 e.e
2 2 3,
! 2 25
6,0 )/ -0 -
40} A
7
201
0 1 L L 1 L L 1 }
4 8 12 16 20 24 0
x 1 Fon?

Epu> S well as in the violation of the force
equilibrium and E3ults €1 - tOP and , - wall),
dCpy ! dhepe =0

from fracture mechanics, and cracks from the
anchoring (/,/1,, =m,,3) for tensile working

the development of cracks

reinforcement.

6) consider the main (basic and adjacent) cracks
for levels, stiffness and "opening-closing" of the
crack using design models of resistance of
reinforced concrete (rod 1-3, flat-tensioned 4
and 4*, spatial 5 and 5*.

ql, KHA b)
21
1200\ 2 2
M !
1000 - 5 "
/Emf— =
/s d
600 ] //;6 4;.
L7 S <
400 /;//-/ T
Sl P
,/‘/ |
2001 // 3323333533
0 ) | | | | TLF\ S,?
6 9 2 15 40

Figure 6. Diagrams of M-y (a) and ql-fs dependences (b): I, 11, 11 - M-y dependences for clean
zone, transverse bending zone in the absence of inclined cracks and transverse bending zone in the
presence of inclined cracks, respectively, 1, 2, 3, 4, 5, 6 - ql-fs dependences at s = 3 and
dependences I in section 2; at s = 2 and dependence I in section 2; at s = 3 and dependence Il in
section 2; at s = 2 and dependence Il in section 2; at s = 3 and dependence Il in section 2; at's = 2
and dependence Il in section 2, respectively

CONCLUSION

1. The development of the mechanics of
reinforced  concrete  and  the  basic
prerequisites, - result I:

e The environment of reinforced concrete
includes the force flows of solid deformable
body mechanics of concrete blocks for isotropic
medium between cracks, - " first object - flows
(blocks). "Second object, - trunk cracks" using
the functional, two-concrete element and the

Volume 19, Issue 1, 2023

effect of reinforced concrete. The physical
essence is the discontinuity of concrete and
solid reinforcement, where there are reactions
between the reinforcement and concrete in the
form of relative deformations of the

reinforcement &g = &g ; —¢&,, adhesion AT,

the stress oy, . of compressed concrete, the

pliability of structural mechanics and other
parameters. The resistance of the tensile
concrete in the transversal-isotropic medium is
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transferred to the working reinforcement
through the general parameter (y or v g, by

Prof. V.I. Murashev. The average longitudinal
force N, and transverse force O ,, are related

using a special third object, the "total average
force of the working reinforcement". Models of
the second level of structural mechanics have
been developed for a rebar with two pinched
ends at cantilever rotations as well as crack
opening d. s, shear of crack banks A,.. The

longitudinal axis of the rebar is sinusoidal when
moved with a maximum amplitude of 0.5a,.
and 0.5A ... The unknown X,, X3, X3,, Xy,
X 5 the
calculation of statically indeterminate systems
by the method of forces from coupled systems
of equations. The main vector of reinforcement
displacement in the crack is characterized by
two values ugi, vgi in orthogonal directions and

the angle B . Distances between cracks /..,

cre:

quantities are determined from

resistance parameter of tensile concrete y; and

crack opening width «a use the effect of

cre
discontinuity of concrete from Thomas-author
hypothesis, ~where the relative mutual
displacements of reinforcement and concrete are
found from the equilibrium of the cut
reinforcement bar and the homogeneous
differential equation with boundary conditions.
The perimeter, diameter and area of the
reinforcement, B;, I/ K, AT, Obt.c modulus

of elasticity and shear of concrete,
reinforcement ~ factor,  boundary  linear
deformations of concrete, several levels, etc. are
used for this purpose.

e (lassification of main cracks has the form:

- regular cracks of Prof. N.I. Karpenko
(anisotropic medium of reinforced concrete,
without the effect of reinforced concrete and the
width of "opening - closing");

- the author's main cracks on the basis of the
effect of reinforced concrete discontinuity;

- base cracks for geometric (undercutting), force
and inter-medium concentration, as well as
external and internal displacements.

Vladimir I. Kolchunov

Consider the first - third types of cracks for the
bending moment, torsional moment and shear
force area. The fourth type is obtained in the
development of cracks from the fracture
mechanics condition d{p, / dh.,. =0, the fifth

type - cracks from compressed concrete, the

sixth type - cracks from anchoring (
Zx /lan =Mgyz3 )-
The calculated models of resistance of

reinforced concrete for their analysis of rod,
plane and spatial cracks have been developed.
The Lagrange function

F; :f(qsw:xB’Usax’O-c’Gs,[:O-c,]’
Cy, 41,22, 43, A4, 25,25, 27) is used for the

maximum crack opening width in the closed
equations of reinforced concrete mechanics.

The author proposed new hypotheses and
theorems:

The first of these is about the distribution of
linear deformations and for the deplanation of
the cross-section of a reinforced concrete
element.

The second hypothesis about the distribution of
total relative deformations of concrete and
reinforcement shear (yg,,,, and g, ) for

the deplanation of the cross-section of a
reinforced concrete element.

e Analytical functionals are developed when
solving the system of the proposed complex
functions from the families of the mesh method
in the compressed and stretched zones using
small squares. The first functional f5x(y,z) is a

function of two functions along the y-axis and
z-axis. The second functional fisx(x,z,y) 1is a
function of three functions on the x-axis, z-axis,
and y-axis. The bending and torsional moments
are determined using the third undefined
functional . in¢yor(x,,2z) as well as the

fourth undefined functional f5 s [ (z,y).

e Stiffness hypothesis allowed for reinforced
concrete by an order of magnitude reduced
differential equations of composite structures by
A.R. Rrzhanitsyn. The stiffness matrix of
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rectangular cross-sections uses static equations
(equilibria), geometric equations (deformations)
and physical equations.

2. The method of computational model of
resistance for structural mechanics, - result I11:
e Analysis of the first model (rod with main
normal cracks) and the second model (main
inclined cracks between the links of
reinforcement and concrete blocks) was
performed. The third model of resistance has
diagonal and other cracks for pliable units as
opposed to rigid wunits from structural
mechanics. The fourth model is a wall with
mainline oblique cracks, and model 4a is a slab
with mainline "envelope" cracks. Model 5 (5a
under the action of torsion with bending and
transverse force) uses volumetric spatial blocks.
e The general solution of the Krylov-Vlasov
function equation is a system of a linear
combination of four functions, for the general
solution of a differential equation.

e The basic solutions in the boundary
parameters for compressed-bent and stretched-
bent prismatic rods (frames with rigid units) are
defined by means of active and passive
parameters.

e Applying the initial parameter method for a
compressed-curved axis is a general solution of

the differential equation for external (a o,

®i) and internal (A]: AZ: Prs P2, A(”crc)

cre

displacements.

e The method of initial parameters for
displacements allows us to obtain, in the i-th
cross section, the deformations and angles of
rotation under the action of bending moment
and transverse force on the deformable base
from a given unit module of the force vector gl
(deformation qd) impact of external forces in
the form of an equation

Dy [v1> 15 M1, Opy My 1 vi> 41(92)] = 0.

e Experimental research for structures,
buildings and constructions is important. New
technologies are wused: glue "Cyacrine"

Volume 19, Issue 1, 2023

(cyanocrylate), sensors, punches for the inside
of the working armature, installation for
determining displacements.

3. Hybrid calculations in the software package
and by means of the finite element method, -
result III for internal and external
displacements S;,A;, Ay, A3,0A 0, @102, Ppye

4. The general principle from A.F. Loleit's
works to "opening - closing" of cracks in

working reinforcement and = stiffness of
reinforced concrete structures taking into
account development of mechanics of

reinforced concrete (MRMS method), - result
IV. The economical consumption of material
(steel) in beams (£=0,3-0,4; p=1%-2%), in slabs
(&=0,10-0,15; p=0,3%-0,6%), in columns
(&=0,4; p=up to 3,0%) is obtained. If a,, >ap,
then increase the cross-section of elements
bxhy and the form of cross-section; increase

the class of concrete from B to B100; introduce

reinforcement of compressed concrete A .
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CONTROL SYSTEM OF PARAMETERS OF ELECTRICAL
CURING OF CAST-IN-SITU REINFORCED CONCRETE
STRUCTURES

Stepan V.Leontev, Andrey A. Taleyko
Perm National Research Polytechnic University, Perm, RUSSIA

Abstract: At the moment in house-building industry cases of increase of efficiency of cast-in-situ concrete
structures electrical curing are insufficiently studied. Development and implementation of control systems of
parameters of electrical curing can be solve of current concerns. Development sequence of this control system
included: collection of initial data; development of virtual model of considered structures, using ELCUT;
analysis of rate of simulation parameters, depend on ambient conditions; fixation of values of simulation
parameters; development of mathematical model of correlation between transformer voltage and temperatures of
concrete, ambient air and time of electrical curing; development and description of circuit diagram of proposed
control system.

The control system, developed by the authors, can be the basis for creation of automated complex of electrical
curing of cast-in-situ reinforced concrete structures. Application of this system will significantly allow to
decrease electricity consumption and labor costs, connected with electrical curing of structures

Keywords: parameters of electrical curing, control of parameters of curing, winter concreting,
cast-in-situ reinforced concrete structures, simulation of curing conditions

CUCTEMA YIIPABJIEHUSA ITAPAMETPAMUAU
SJEKTPOIIPOI'PEBA JKEJIE3OBETOHHbBIX
MOHOJIMTHBIX KOHCTPYKIIUHU

C.B. /Ieonmves, A.A. Taneiko

[TepMmckuii HAIMOHANBHBIN UCCIIE0BATEIBCKUN TTOTUTEXHUIECKUH YHUBEpCHUTeT, T. [Tlepmb, POCCHUA

AnHoTtanusi: B craThe mpencraBieHBl pe3yNbTaThl Pa3padOTKM CHCTEMBI YIIPABIECHHS IapaMeTpaMu
JIEKTPOIIPOTPEBa MOHOJINUTHBIX KeJIe300€TOHHBIX KOHCTpYKuuil. [TocienoBarensHOCTD pa3paboTky BKIOYaia B
ce0s1 ciemyromue STanbl: cOOp HMCXOAHBIX JAHHBIX; MOCTPOCHHE BHPTYaJIbHOW MOJETM KOHCTPYKLHUH B
nporpamme Elcut; ananm3 AnHAMUKN M3MEHEHUS TTapaMETPOB MOJIENIM B 3aBUCUMOCTH OT BHEMIHUX (haKTOPOB;
(UKcalysi YMCIOBBIX 3HAYCHWH HapaMeTpoB MOJICNH; MOCTPOCHHE MaTeMaTHYeCKOH MOJEIH 3aBHCHMOCTH
BBIXOZHOTO HANpsDKEHUs TpaHchopMaTopa OT TeMIeparyp OCETOHa, OKpYy)Karolledl cpeabl M BPEMEHU
UIEKTPOIIPOrpeBa; pa3paboTKa M ONHMCAHWE MPHHIUNNAIBHON CXeMbl (YHKIHOHMPOBAHUS IPEIUIOKECHHON
CHCTEMBI yTIpaBICHHS.

Pa3paboranHass aBTOpaMu CHCTEMa  YNpaBICHHsS  MOXET IIOCAYXXHTh OCHOBOW MpH  CO3JaHHU
ABTOMATH3HPOBAHHOTO  KOMIUIEKCA  JJIEKTPONPOTpPEeBa  MOHOJIUTHBIX  JKEJIE€300€TOHHBIX  KOHCTPYKIHA,
MIPUMEHEHHE KOTOPOTO MO3BOJINT 3HAYUTENILHO CHU3UTH DHEProONoTpeOIeHHe U TPYA03aTpaThl CBSI3aHHBIE C UX
AIEKTPOIPOrPEBOM.

KioueBbie cioBa: 35eKTponporpeB OeToHa, yIpaBiIeHUE TapaMeTpaMy TEeIUIOBOI 00paboTKH,

3uMHee OCTOHNPOBAHUE, MOHOJIUTHBIC JKeJIe300€TOHHBIE KOHCTPYKIIUH, MOJICTUPOBAHIE YCIOBUH
mporpesa
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INTRODUCTION

At present the main technology, used in the
construction of buildings and structures, is cast-in-
situ construction technology. One of the undeniable
advantages of this technology is the high pace of
construction-and-assembling operations [1-3].

But, also the rate of concrete strength gain is the
main constraint for construction activities rate,
that’s why it is impossible to do without the
intensification of this process at the construction
site, especially in conditions of cold weather.
This concern is too relevant for Russia, so cold
weather conditions are in the most area of
country from 3 to 10 month. It is established by
normative documents, that cold weather
concreting can be applied at temperature up to -
40 °C. However, in practice the rational field of
application of cold weather concreting is not
lower temperature than (-15) — (-20) °C [4-7].

In case of erection of cast-in-situ structures of
residential and public buildings (slabs, walls,
column etc., which have module of cooling
surface about 4-10) electrical curing with
heating wires is one of the most widespread
methods of temperature and humidity
intensification of concrete strength gain.
Insulated heating wires with constant step are
installed to mesh reinforcement, and stay
subsequently inside the structure body [8, 9].
However, advantages of this method of electrical
curing have some concerns, solve of which is so
important for striving for quality improvement
and increase of rate of construction [10, 11]. One
of these is problem of concrete strength gain in
conditions of cold weather and also rational use of
energy consumed [12-15].

Regardless of apparent simplicity and efficiency
of concrete electrical curing, there are concerns in
practice such as: significant  unjustified
overspending of electricity consumed for heating
of reinforce concrete structures in winter,
associated with constant parameters of electrical
curing, that is independent of ambient conditions;
lack of a unified methodology of calculation of
transformer voltage according to variable curing
factors. Existing solutions of electrical heating are
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standard and do not take into account a lot of
factors such as: structure type, temperature of
ambient air, curing time [16, 17].

The solve of this concern is development of
efficient control system of parameters of electrical
curing of reinforce cast-in-situ structure, which
would consider the factors mentioned above.
Control system were developed by the example of
standard elements of cast-in-situ framework such
as walls, columns and slabs. These structures are
thin-walled, therefore, special attention is required
for thermal regime in the cold weather condition
[18-20].

MATERIALS AND METHODS

Mathematical model of correlation of
transformer voltage on concrete temperature,
ambient air temperature and curing time were
based on considered control system. Sequence
of development of control system of electrical
curing parameters for thin-walled reinforced
concrete structures can be presented as follows:
1. Collection of initial data for developing of
model (geometric size of structure and
formwork, thermal parameters of materials,
parameters of ambient conditions, parameters of
concrete curing);

2. Development of virtual model of considered
structures with variable parameters of ambient
conditions and concrete electrical curing, using
ELCUT software package, which is used for
temperature field creating for different physical
processes. ELCUT is universal domestic
software ~ product of  two-dimensional
simulation. The field development is realized
with finite element method [21, 22];

A lot of studies of Russian researchers [21-23]
were devoted to the use of ELCUT software
package for simulation of concrete curing. Tuo
Shi et al. [11-14] investigated the correlation of
computer model of concrete curing, created with
ANSYS software package, and experimental
data of temperature distribution. The authors
found that simulation data was in good
agreement with the measured results;
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3. Analysis of concrete rate of temperature across
cross-section of explored cast-in-situ structures
(temperature of ambient conditions, parameters
of transformer work, scheme of heating wires
layout, time). Determination of structures
temperature at the different periods of time.
Collecting temperature data for developing of
mathematical model,

4. The mathematical model development of
considered process for each type of structures,
using temperature data of computer simulation.
Mathematical model was created with use of
mathematical methods of complex experiment
planning and statistical data manipulation, using
STATISTICA software package.

5. Transition from temperature of reinforced

voltage. Development and description of control
system of reinforced concrete structure curing
parameters.

6. Development and description of principal
scheme of the proposed control system.

In the first phase data was collected for each
type of structures, used during development of
virtual model of concrete curing. Initial data for
considered structures are presented in table 1.
“ITHCB” wires with diameter of current
carrying 1,2 mm were chosen as the heat source.
In the second phase virtual models of heating of
structures of wall, column and slab were created
with ELCUT, based on initial data.

ELCUT is an integrated interactive system of
programs, which allows to solve different field

concrete structure in current time to transformer problems, including  temperature  fields
Table 1. Initial data

No. Parameter Unit Value

1 Size of concrete structures

1.1 Column section 600x300
1.2 Wall thickness mm 200
1.3 Slab thickness 200

2 Concrete grade - B25

Cement content (use for evaluation of concrete

3 liberation of heag during hydration) kg/m’ 330

4 Range of ambient temperature 'C -30...-10

5 Wind speed m/s

6 Temperature of as-placed concrete C 10

7 Temperature of isothermal concrete curing C 50

8 Curing period days 3

9 Thermal conductivity of materials
9.1 Concrete 1.51
9.2 “Dornit” (insulating cover) W/(m-°C) 0.029
9.3 Form plywood 0.12
9.4 Steel reinforcement 58

10 Specific heat capacity of materials
10.1 | Concrete 840
10.2 | “Dornit” (insulating cover) J/(kg-K) 1340
10.3 | Form plywood 2300
10.4 | Steel reinforcement 482

11 Density of materials
11.1 | Concrete 2400
11.2 | “Dornit” (insulating cover) kg/m? 29
11.3 | Form plywood 600
11.4 | Steel reinforcement 7850
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(stationary and nonstationary heat transfer
problem).

ELCUT allows to solve two-dimensional
boundary-value problem of mathematical
physics, which described by partial
differential equation of elliptic type regarding
the scalar or single-component vector function
(potential), and also analysis problem of
strain-stress state of solid (plane-stresses,
plane-deformations, axially symmetric loads),
including problems of building of temperature
fields. [22].

At this study stationary and nonstationary heat
transfer problems in linear statement have been
solved. Following heat conduction equation is
used during solving of heat transfer problem in
described statement (1):

(2

where, T — temperature; t — time; Axy —
components of the thermal conductivity tensor;
q — specific power of heat liberation, in the
linear formulation of problem - constant; ¢ —
specific heat capacity, in the linear formulation
of problem — constant; p — density.

In stationary problem the last addend at the right
is zero. All parameters of equation in the linear
statement are constant within each of blocks of
model.

9
ox

(M

Steel Reinforcement - ¢22

waz 150 MM

2800

2800

Plywood - 21mm

Slab concrete - 200 mm

200

L

a b

Heating wire "MHCB" #12
step 150 mm
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The solution of problem can be divided into
following phases.

- Building of geometrical models of
structures (Fig. 1), using CAD program,
uploading to DXF and import to ELCUT.
Assigning of materials blocks markers and
setting of their properties according to initial
data.

- Assigning of edges markers to set
boundary conditions of convections (in the
interface of structure and ambient air) and to set
initial temperature of concrete, surface of
reinforcement and hard concrete of existed
structures (only for stationary problem).

- Assigning of apexes markers to set
specific electrical loading on the wire.

During development of model liberation of heat
of concrete was considered with setting of bulk
thermal-power density as follows (2) [8]:

Q = Z-gmax-(1— (0.04*(t/3600) + 1) *
exp(—0.04 * (t/3600)))/((t + 1)/3600)/36 (2)

where, Z — cement content, kg/m’; Qmax —
maximal heat liberation of cement, kJ/kg (for
PC400 the value is 335 kJ/kg); t — ELCUT
variable of time.

After setting of all markers and their properties
stationary heat transfer problem was solved to
set initial conditions of heating. Next, on the
base of previous result the main nonstationary

Stesl PLriwummr.-_ﬁzi\

\  SteelReinforcement - @10
\ A\

Cc

Figure 1. Geometric models of explored structures: a) wall; b) column; c) slab
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heat transfer problem was solved for the 48"
hours period of time with integration step of 2
hours.

Described problems were solved for different
temperatures of ambient air (-10, -20, -30 °C)
and different specific electrical loadings on the
wire (30, 40, 50 W/m) [23].

Additionally, nonstationary heat transfer
problem was solved, which simulate structure
cooling under the condition, that supply voltage
was stopped after 48 hours of heating. Initial
conditions for this problem were result of
previous nonstationary problem at the time of
48 hours.

RESULTS AND DISCUSSIONS

Based on obtained solution the rate of change of
average temperature of concrete was analyzed,
and also temperature values were determined in
different times. The results for wall are
presented in tables 2.

Then, based on the temperature data
mathematical model of concrete heating was
built, using STATISTICA. In result, following
equations were found, relating temperature of
structure with specific electrical loading on the
wire and temperature of ambient air, of form

3):

Table 2. Average temperature of wall

Specific Temperature Temperature of concrete structure, °C
No. electrical of ambient Heating, h Cooling, h
loading, W/m air, °C 0 6 [ 12 | 18 [ 24 |30 [36 )42 (48|54 ] 60| 66 [ 72
1 30 -10 100 | 149 | 188 | 219 | 244 | 263 | 279 | 290 | 299 | 165 | 76 | 24 | -06
2 40 -10 100 | 191 | 258 | 307 | 344 | 370 | 390 | 406 | 416 | 240 | 125 | 56 | 15
3 50 -10 100 | 231 | 326 | 392 | 440 | 474 | 499 | 518 | 53.0 | 314 | 173 | 87 | 35
4 30 -20 100 [ 118 | 135 | 150 [ 165 [ 178 [ 189 [ 199 [ 205 | 66 | 23 | 75 | o
5 40 -20 100 | 159 | 202 | 236 [ 262 | 283 | 200 | 311 | 319 | 142 | 27 | 43 | -84
6 50 -20 100 | 199 | 270 | 3210 [ 359 | 387 | 407 | 423 | 433 | 216 | 74 | -12 | -64
7 30 -30 100 [ 86 | 79 [ 79 [ 84 [ 90 [ o8 [104 10931, | 174 | 205
8 40 -30 100 [ 127 | 146 | 164 [ 180 [ 195 [ 206 [ 216 [ 223 | 45 | 72| 5 | jss
9 50 -30 100 [ 167 | 214 | 249 [ 277 [ 200 [ 315 328 [ 337 | 119 | 23 | 1) | 465
Table 3. Coefficients of the equations for model of wall heating
t, yac ao aj ar az a2 an a122 ariz ai122
0-6 | 4.68 | 046 | -0.007 0.3 -0.0002 | 0.0002 0 0 0
6-12 | -3.8 | 1.04 | -0.004 0 0 0 0.0007 | -0.0004 | -0.000008
12-18 | -2.3 | 1.12 | -0.003 0.34 | -0.006 | 0.016 0 0 -0.000003
18-24 | -6 | 1.435| -0.006 | 0.007 | -0.013 0.04 | 0.0006 | -0.004 | -0.000008
24-30 | -3 1.36 | -0.04 | 0.0355| -0.01 0.02 | 0.0005 | -0.003 | -0.000005
30-36 | 4.1 | 1.07 | 0.0005 1.17 0.01 -0.016 | -0.0006 | 0.0002 | 0.000008
36-42 | -6.7 | 1.7 -0.06 -0.05 -0.02 0.05 | 0.0009 | -0.005 -0.00001
4248 | -3.2 | 1.54 | -0.004 | 0.24 -0.01 0.03 | 0.0007 | -0.0004 | -0.000007
48-54 | 5.3 0.7 | 0.0005 1.24 0.005 -0.01 | -0.0002 | 0.0001 | 0.000002
54-60 | 7.4 | 0.25 0.03 1.7 0.02 -0.04 | -0.001 | 0.0005 0.00001
60-66 | 2.1 | 0.35 | -0.0005 | 0.99 0 0 0 0 0
66-72 | 1.4 | 0.29 | -0.001 0.84 | -0.005 | 0.007 | 0.0002 | -0.00007 | -0.000002

Volume 19, Issue 1, 2023

89




Toer = Qg + A1P + a11P? + Ay Texe + g Toge +
10T exe + Q122D Toxe + Q112D Toxe +
11220 Toxt 3)
where, Tstr — temperature of structure, °C; p —
specific electrical loading, W/m; Text -
temperature of ambient air, °C.

Coefficients of these equations for structure of
wall are presented in table 3.

To use obtained equations for determination of
necessary electrical loading, it is needed to find
temperature of ambient air and specified
temperature of structure at a given time. For this
purpose, determination of thermal regime for
each type of structure is further found.

Based on data from MJIC 12-48.2009 rates of
heating and cooling of cast-in-situ reinforced
concrete structures depend on module of
surface (Ms). For columns and walls with
module of surface 4-6 m™! the rate of heating
must not exceed 6 °C per hour and rate of
cooling — 3 °C per hour. But for slabs with
module of surface 7-10 m-1 the rate of heating
must not exceed 10 °C per hour and rate of
cooling — 5 °C per hour.

According to MJIC 12-48.2009 temperature of
isothermal concrete curing was 50 °C. Thermal
regime was chosen based on data of rate of
heating and cooling and also that concrete
would gain 70% of project strength at the end of
isothermal curing [24, 25]. According to this,
thermal regime can be presented as follows

(Fig. 2).

60
—Wall/column
50

Slab
40
. 30
20
10
0
60 20

0 20 40
t.h
Figure 2. Operation of structure heating

T,°C

Stepan V. Leontev, Andrey A. Taleyko

According to the above, to find specified
electrical loading on the wire, it needs to solve
the equation with specified temperature of
structure (according to the graph) and with
current temperature of ambient air. Herewith, it
is necessary to select equation, which meet the
current period of time.

For example, it needs to find electrical
loading on the wire at the time of 10 h with
temperature of ambient air -15 °C for heating
of wall. Specified temperature of structure at
this time will be 50 °C. Then, solving the
equation (4):

Ter = —3.8 4+ 1.04p — 0.004p2 + 0.0007pT2,, —
0.0004p2T,,, — 0.000008p2T2,, 4)

for p, we find p=45 W/m.

In the Fig. 3 the data of specified electrical
loading on the wire are shown for temperature
of ambient air -15 °C for heating of wall.

45
42
36 37
I 26 I
5 10 20 30 40
t,h

Figure 3. Specific electrical loading
during heating of wall

p, W/m

Mathematical model of described control
system of electrical heating of reinforced
concrete structures based on algorithm noted
above. Control of thermal regime of structure
is realized with voltage variation on the wire,
that’s why it needs to transit from electrical
loading on the wire to transformer voltage.

In the Fig. 4 the circuit diagram of control
system of electrical curing of cast-in-situ
reinforced concrete structures is shown.
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Operation of structure heating

Tstr=f(t)

Tstr

~ P

ex

~
>

p=f(Text; Tstr)

U=f(p; d; L)

Figure 4. Circuit diagram of governing system
of voltage on the wire (Text — temperature of
ambient air, °C; Tsr — permissible temperature
of structure, °C; t - time, h; p — specific
electrical loading, W/m; U — voltage on the
wire, V; d — diameter of current carrying wire,
mm; L — length of wire, m)

Transition from calculated specific electrical
loading on the wire to voltage is realized with
well-known equation [10] (5):

_us
P = 1ot (5)
from which it follows (6):
_ 2L oo
U= d m 6)

where P — effective power, realized by the wire,
W; U — voltage, V; S — cross sectional area of
current carrying wire, m?; L — length of wire, m;
pt — electrical resistivity of the current carrying
wire at a given temperature, Q-m; d — diameter
of current carrying wire, mm; p — specific
electrical loading, W/m.

For calculations it was accepted: L= 30 m, pt =
10-10® Q-m (for steel), d = 1.2 mm

Volume 19, Issue 1, 2023

Thus, the transformer voltage at the different
time for heating of wall is presented in Fig. 5.

60 og
54 54
a5
>
=)
5 10 20 30 40
t,h

Figure 5. Voltage on the wire from different

curing period
This voltage values will be set on the
transformer, after the system, based on
temperature detector data, has performed

operation described above and transfer data to
control assembly. The temperature detectors are
installed inside structure and on the surface of
structure.

The control system of cast-in-situ reinforced
concrete structure heating with heating wire can
be presented as “black box” model (Fig. 6).
Input parameter is transformer voltage (U) and
output  parameters are  divided into
uncontrollable (temperature of ambient air
(Text), wind speed (vwind)) and controllable
(temperature of concrete of structure (Tst), time
of isothermal curing (tisoth)).

Uncontrollable inputs
|
I
Text Viwind

U=f(Tsr; tisots Texts Vwing)

Tstr
»f

Output

—

L tisot

Controllable inputs

Figure 6. Circuit diagram of governing system
of concrete heating
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Content and type of cement, having accelerator
admixtures and whether or not thermal
insulation of structure during concrete curing,
diameter, resistance and length of wire can also
be attributed to input parameters. However,
described parameters with their constant values
can be considered into the numerical model,
because construction method for each of
building company is constant. That’s why the
controlled input can be considered only that was
described above.

It is also necessary to point out natural
limitations of parameters values (table 4).

Thus, finding equations together with thermal
regime of concrete curing can be used for
building of automated control system of heating
of reinforced concrete structure with heating
wire. And in doing so, thermal regime can be
presented as equation, witch correlate specified
concrete temperature with curing time,
considering noted limits.

CONCLUSION

Thus, it needs to note that at this time there are
some unsolved problems of electrical curing of
cast-in-situ reinforced concrete structures and it
needs  optimization and  improvement.
Development and implementation of control
system of parameters of electrical curing can be
solves of this concern.

The control system developed by the authors
can be basis for creation of automated system of
electrical heating of cast-in-situ reinforced
concrete structures. Maintenance of optimal

Stepan V. Leontev, Andrey A. Taleyko

thermal regime of concrete curing will be task
of developed system depending on different
internal factors such as temperature of ambient
air, rate of surface cooling, time of concrete
curing, type and parameters of heating wire etc.
Application of such automated control systems
of electrical curing will facilitate reduction of
labor cost and provide optimal curing conditions
for concrete strength gain. It also will facilitate
to save electricity through reduction of wire
voltage depending on time of concrete curing
and temperature of ambient air.
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Abstract: Mathematical modeling of the undrained behavior of soils is carried out on the basis of theoretical paths
of effective stresses under undrained deviatory loading in a triaxial compression chamber. The recommendations
of normative sources and scientific papers on the application of undrained calculations in practice are analyzed.
The basic laws of soil mechanics are considered in calculations taking into account the formation of excess pore
pressures in the base. Theoretical calculations obtained by A. Skempton for the law of effective stresses of C.
Terzaghi are applied for mathematical modeling of paths. Based on the results of mathematical modeling of an
ideal elastic-plastic body it is shown that an accurate description of the paths of effective soil stresses using the
elastic theory does not correspond to real soil tests. The influence of the law of volumetric plastic deformation on
the paths of effective stresses and on the undrained shear strength is analyzed. The formula for determining the
undrained strength parameter for the Modified Cam Clay model is presented. Attention is drawn to the fact that in
addition to volumetric plastic deformation which affects the undrained calculation it is necessary to take into
account the shear component of plastic deformation which is decisive for the calculations of excavations.
Simulation of laboratory tests of soils in the Soil Test for the Mohr-Coulomb, Modified Cam Clay and Hardening
Soil Models was carried out. A comparison of the obtained results with the data of laboratory tests is presented.
The influence of the choice of soil model on the value of resistance to undrained shear is shown. Recommendations
are given for choosing a soil model for numerical simulation based on the results of laboratory triaxial consolidated
undrained tests.

Keywords: undrained behavior, Skempton’s parameters, effective stress path, soft soil, soil model,
cup loading surface

MATEMATHUYECKOE MOAEJIUMPOBAHUE
HEAPEHUPOBAHHOI'O NIOBEAEHUA I'PYHTOB

P.A. Manzywes, U.b. bawumaxkos, /I.A. Ilackauesa, A.B. Keauyk

Canxr-IlerepOyprekuii ['ocynapcTBeHHBIH ApXUTeKTypHO-CTpONTEIBHBINH Y HUBEPCUTET,
r. Cankr-IlerepOypr, POCCUA

AHHoTanus: BEINOIHEHO MaTeMaTHYeCcKoe MOJICTMPOBAHUE HEAPCHUPOBAHHOIO OBECHHS I'PYHTOB Ha OCHOBE
TEOPETUUECKUX TPACKTOPUH 3(P(PEKTUBHBIX HANPSIKCHUH NPU HEAPEHUPOBAHHOM JEBHATOPHOM 3arpyXKEHHH B
KaMmepe TPEeXOCHOro cxaTus. [Ipoananu3npoBaHbl peKOMEHAINN HOPMATHBHBIX HCTOYHHKOB M HAYYHBIX TPYJOB
0 TIPUMEHEHUH HEAPEHUPOBAHHBIX PACUETOB B MPAKTHUKE. PacCMOTPEHBI OCHOBHBIE 3aKOHBI MEXaHHKU 'PYHTOB
IpU pacyeTax ¢ yueToM oOpa3oBaHWsI U30BITOYHBIX MOPOBBIX NAaBICHUI B OCHOBaHWH. [lJIs1 MareMaTHuecKoro
MOJICIUPOBAHUS TPACKTOPHI MPUMEHEHBI TEOPETHUECKUE BBIKIAIKH, ONydeHHbIe A. CKEeMITOHOM I 3aKOHA
s dexruBHbIX Hanpspkenuit K. Tepuaru. Ha ocHoBe pe3ynbTraToB MaTeMaTH4ecKOro MOACIMPOBAHUS HEaTbHO-
YIPYTO-TUIACTUYECKOTO Teja T0Ka3aHo, YTO TOYHOE OIMCaHHe TPaeKTOpHH 3(P(PEKTHBHBIX HAIIPSHKEHUH IPYHTA C
TIOMOIIBIO TEOPUH YIPYTOCTH HE COOTBETCTBYET PealbHbIM MCIBITAHUSIM IpyHTOB. [Ipoananm3upoBano BiusiHIE
3aKOHa OOBEMHOI0 IUIACTHYECKOTO Je(OPMUPOBAHUS HA TPAaeKTOpUIO A(PQPEKTUBHBIX HANpPSHKCHUH M Ha
CONPOTHBIICHHE  HEAPCHUPOBAHHOMY  cIBury. IlpencraeieHa  Qopmylia  ONpeNeNeHHs — Iapamerpa
HespeHupoBaHHOW mpouHoctn aust mojenu Modified Cam Clay. OOpamaercsi BHUMaHue Ha TO, YTO KpOMe
O00BEMHOT0 IUIACTHYECKOro Ae(hOPMHUPOBAHMS, BIHUSIOINICTO HAa HEAPEHHPOBAHHBIH pacyeT, HEOOXOAUMO
YUYHUTBIBATH CABUTOBYIO COCTABJIAIOIIYIO IDIACTUYECKUX Je(GopMalyii, SBISIOLIYIOCS ONpPEIeNsIomen s
pacdeToB KOTIOBAaHOB. BrITIOTHEHO MOAeTpoBaHne JabopaTopHbEIX ncnbiTannuii TpyHTOB B 1K «Soil Testy mms
Mmojeneit Mopa-Kysona, Modified Cam Clay u Hardening Soil Model. TIpencraBneHo cpaBHeHHE MOTY4YEHHBIX
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pe3yIbTaToOB C JaHHBIMH JTA0OPATOPHBIX HCIIBITaHUH. [loka3zaHo BimsHUE BHIOOpA MOAEIH TPYHTA HA 3HAUYCHHE
CONPOTHUBIICHNS] HEAPCHUPOBAHHOMY CIIBUTY. JlaHBI peKOMeH A T BBIOOpa MOAEIH TPYHTA [UISl YUCICHHOTO
MO/JICITUPOBAHMS HA OCHOBAHUH PE3YJIbTaTOB JJA0OPATOPHBIX TPEXOCHBIX KOHCOINIMPOBAHHO-HEIPEHNPOBAHHBIX

HCITBITAaHNM.

KiroueBble c10Ba: HepeHUPOBAHHOE MOBEICHNE, TapaMeTpbl CKeMITOHa,
TpaekTopus 3Q(HEKTUBHBIX HANPSHKEHNH, CIa0bIi TPYHT, MOJICNIb TPYHTA, IIATPOBAst HOBEPXHOCTh HATPYKEHUS

1. INTRODUCTION

The construction of deep pits in cities has
become widespread over the past twenty years.
To avoid significant margins occurring in
assessment of the bearing capacity of the
foundation, it is necessary to increase the
accuracy of the geotechnical forecast.

First of all, this problem arises at the construction
of underground structures on a large thickness of
soft soils, which are typical for such a metropolis
as St. Petersburg [1].

The geological section of St. Petersburg is
represented by a large stratum of Quaternary
deposits in the form of water-saturated, ribbon,
silty-clay soils and water-saturated sands
overlying a variable stratum of moraine deposits
underlain by Upper Kotlin and Lower Cambrian
clays as Fig. 1 presents [2].

Figure 1. Geological section of the central part
of St. Petersburg [2]

Therefore, “soft” glaciolacustrine deposits (lg
[IT) widespread in this area requires a special
approach to analysis of foundation pits in St.
Petersburg. These deposits have low strength and
deformation characteristics. At the same time,

they are the main part of the active zone of the
base of foundations and structures under
construction. This circumstance entails the need
to use expensive solutions in the construction of
pits and their enclosures.

Figure 2 presents a typical design scheme for the
construction of a pit in St. Petersburg. Since
lacustrine-glacial deposits, as a rule, are in the
active zone of the foundation, the choice of a soil
model significantly affects to determination of
the forces and displacements of the enclosing
structures and additional deformations of the
foundation foundations of the surrounding
buildings.

retaining
wall

pit's
bottom

Soft Soil

t1V _E=10 MPa c=5 kPa
mllV E=27 MPa c=6 kP:

Iglll E=5MPa =16 kPa p=16°

P 2.13m
| 3.14m

-

1
—
et s |

L 643M oy =25 MPac=43 kPa p=29°

V2kt2E=28 MPa c=79 kPa ¢p=20°

v

Figure 2. Design scheme for the construction of
a pit in St. Petersburg

In modern practice of designing excavation
enclosures, the Hardening Soil model is usually
used for simulation. However, the mathematical
description of this model contains many
empirical relations, the validity of which for soft
glaciolacustrine deposits of St. Petersburg is
practically not confirmed.

On another hand, Models of the Cam-Clay
family (Cam-Clay, Modified Cam Clay, Soft
Soil, etc.) are widely used in world practice.
However, the laws embedded in these models
were originally obtained for volumetric
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compression, which can greatly distort the results
for shear deformation. Thus, it is important to
pay attention to the limits of its applicability [3],
when using any model.

As initial data for models, mechanical
characteristics obtained from test schemes that
do not correspond to the actual work of the soil
or the requirements of the model are often
assigned. So, the Hardening Soil model requires
triaxial compression tests, and if it is necessary to
take into account excess pore pressures. Besides,
test results in an undrained mode are required.
Since the process of excavation and installation
of underground structures is limited in time, and
soft clay soils have rather low filtration
coefficients, it makes sense to consider the work
of clay soils, considering the possibility of
excessive pore pressure.

This study was aimed to develop a computational
method for determining the parameters of
undrained behavior of soil that is required for
numerical simulation of pits in conditions of soft
water-saturated soils.

Studies of the undrained behavior of clay soils
began with consideration of the behavior of the
soil as an ideal elastic-plastic body [4]. This
description of the behavior of the soil was based
only on the theory of elasticity and did not
correlate with the test results. Then models were
introduced to take into account the nonlinear
deformation and “hardening” of soils, which
directly affects the behavior of the pore fluid [5],
[6], [7], [8]. Mathematical relations embedded in
these models were built on the basis of a series of
soil tests.

Proving of the applicability of models for
specific soil conditions requires an assessment of
the influence of the input soil parameters on the
mathematical relations embedded in different
models. In the case under consideration, the
applicability criterion can be the path of effective
stresses under undrained loading or the
intersection of the path with the line of the
limiting state (the value of undrained shear
strength).

In foreign practice, analysis of pits in clay soils
is allowed to be carried out both in drained and

Volume 19, Issue 1, 2023

undrained settings [9]. At the analysis of
excavations in clay soils, the decision to calculate
excess pore pressures can be made based on the
time factor, which depends on the degree of soil
consolidation and construction time [10]:

7=5 ;_ k- Epe

o' M

where ¢, is the factor of primary (filtration)

consolidation;

D is the filtration path,

t 1s the construction time;

kf is the filtration coefficient;

E  , 1s the odometric modulus of deformation;

0

v, 1s the specific gravity of water.

For the values of the time factor 7>0.4, it is
recommended not consider excess pore pressures
and to carry out a drained analysis in effective
stresses. If 7<0.01, then it is recommended to
take into account excess pore pressures and
conduct an undrained analysis. For intermediate
values of the time factor, it is necessary to
analyze both the drained and undrained behavior
of the soil mass during the excavation.

A number of literary sources recommend do not

dwell on only the analysis of the undrained

behavior, since in this case results can be
obtained that do not consider the filtration and
consolidation processes occurring in the base

over time [11], [12].

Based on the previously stated in this paper, the

following tasks were considered during the

analysis of mathematical modeling of the
undrained behavior of soils:

e study of the path of effective stresses under
undrained deviatoric loading for an ideal-
elastic-plastic body;

e determination of the influence of the shape of
the loading surface on the path of effective
stresses;

e study of the path of effective stresses for the
most common non-linear soil models;

e determination of criteria for applicability of
models in geotechnical calculations.
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2. METHODS

2.1. Basic laws of soil mechanics in undrained
analysis

In classical soil mechanics, it is customary to
consider soil as a multiphase dispersed system.
In the simplest setting, the soil consists of solid
particles and a liquid that fills the pores. Such a
formulation can be represented as the Terzaghi
law of effective stresses:

o= OJ + pactive (2)

where o is the total stresses in the soil mass;
o' is the stress in the soil skeleton (effective);
Ducive 18 the stress in the pore fluid (pore

pressure).

In turn, the pore pressure can be separated into
hydrostatic one, which is determined by the
position of the groundwater level, and excess
one, which is formed under loading in the
absence of drainage:

p active = p steady + p excess (3)

where p, .. 1s the steady pore pressure;

Dorcess — N30BITOUHOE ITOPOBOE JABIICHUE.

Since the main strength criterion for soils as
materials subject to plastic flow is shear strength,
it is important to consider the effect of excess
pore pressure on the stress distribution in the soil.
In accordance with (2), the effect of pore pressure
on soil shear strength can be shown using
Coulomb's law for the failure site, denoted by n:

7, =0, tan(g) +c" = (0, = Pup.) tan(g) +¢" (4)

where 7, is the tangent stress acting on fracture

area,
o, is the normal stress acting on the fracture

n
area.

It is convenient to analyze the soil behavior for
different stress-strain states using principal
stresses.
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In principal stresses, Coulomb's law can be
represented as follows:

’

O-l
o/ +o;+2-c"-cot(¢)

!’
O3

sin(¢') = )

where o’ is the largest principal effective stress;

o, is the least principal effective stress.

An analysis is carried out in total stresses, when
it is not possible to assess the effect of pore
pressure on soil stresses.
When analyzed in total stresses, the law of shear
resistance looks like this:

Tll’l‘dX = Cu (6)
o,—0; . .
where 7, = is the maximum tangent
stress;

C, is the undrained shear resistance (strength).

Figure 3 presents graphs illustrating the law of
soil shear resistance. Stress components o,

presented in formula (5), correspond to the
combination of effective principal stresses at the
failure site (on the Mohr-Coulomb line). For total
stresses, based on formula (6), only the value C,

is known, which is independent of the level of
stresses in the soil.

T Tt Effective. i i i
: \)‘9/ + stresses +
tai
‘& 0\);'0\(“' ‘BI-TZED
o |
Aﬁ"fa ] (Cn) ™~ \l
TN !
1
c T \
O3 04 Oz Oy fs)

Figure 3. Coulomb’s law for soils in effective
and total stresses in o —7 axes

In foreign practice, analysis in “p-q” coordinates
is used to assess the stress state of the soil. This
allows visually evaluate the “path” of effective
and total stresses in the soil sample.
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The mean effective stress p° and the stress
deviator q are expressed in terms of the principal
stresses in triaxial compression as follows:

, o +20,
p = p_pactive :1T3 (7)
q= q' =O-1’ _0-3’ (8)

Representation the Mohr-Coulomb law (5) in "p-
q" coordinates:

_ 6sin(¢)) , 6:c'cos(¢) .
= 3—sin(¢) p+ 3_sin(¢) =Mp +a )
where M =—6 sir‘1(¢') and a= o C?S(W)
3 —sin(¢") 3—sin(¢")

the parameters of the critical state line,
depending on the angle of internal friction and
specific cohesion.

Figure 4 presents a graph illustrating the Mohr-
Coulomb law in "p-q" coordinates.

q ST
el B e e e s el TTTT] |
20y Wl [ Total
Y ’/M ! stresses
C \'/ £

‘c’oﬁ o \/ ! | [
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W (P amm
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LA Effective |

d stresses \

a 11 [

Aud P

Figure 4. Coulomb’s law for soils in effective
and total stresses in coordinates p—q

2.2. Theoretical path of undrained deviatoric
loading for an ideal elastic-plastic body

The path of undrained loading for an ideal
elastic-plastic body was described by Skempton
[4].

To take into account the distribution of the load
between the pore fluid and the soil skeleton in the
space of principal stresses during tests of triaxial
isotropic compression, Terzaghi's law can be
represented as:

Volume 19, Issue 1, 2023

AP yine = B(Aoy + A(Ac, —Acy))  (10)
where A and B are the Skempton coefficients, the
derivation of which is presented below.

Figure 5 provides the scheme of an idealized
triaxial test.

The change in pore pressure at the stage of all-
round compression is denoted as Au,, at the

stage of deviatoric loading as Au, .

Aoy = Aoz + Ac;-Aoy
A0'3 = AO’3 + 0
Au = Aua + Auy

trixial isotropic
compression test

isotropic

) deviatoric loading
compression

Figure 5. Schemes of idealized triaxial tests

The stage of comprehensive compression is
characterized by  hydrostatic ~ uniform
compression of the soil sample by pressure to
restore natural stresses in the soil sample. Let us
express the effective stresses in terms of
Terzaghi's law:

Ao/ =Ac, =Ac,—Au, (11)
In accordance with Hooke's law, the relative
volumetric deformations of the soil skeleton can
be obtained from the following relationship:

AV

ch :7:CC'Ap' (12)

where AV is the change in sample volume;
V' is the initial sample volume;
C, 1s the compressibility of the soil skeleton;

Let us represent Hooke's law for the volumetric
compression of the pore fluid:
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8VW:%:CW,-n-Aua

(13)

where C, 1s the compressibility of the pore fluid;
n is the porosity of soil.
For the stage of comprehensive compression of
the soil, taking into account expressions (11) and
(12), it was obtained:

AV =C,-V(Ao,—Au,) (14)
Assuming that the change in the volume of the
soil sample occurs only due to the change in the

volume of its pores, expressions (13) and (14)
can be equated:

(15)

For a completely water-saturated soil, in which
there are no gas inclusions in the pore space, the
Skempton parameter is B=1.

The Skempton coefficient B depends on the
degree of soil consolidation. The coefficient is
close to 1, when evaluating the instantaneous
strength, i.e., for time 0. This means that the entire
mean stress was accepted up by the pore fluid. For
a fully drained analysis, the B factor is 0.

At the stage of deviatoric loading, the sample is
destroyed due to the development of shear
deformations. Using Terzaghi's law, the effective
principal stresses are expressed as follows:

Ao, =Ag—Au, (16)

(17)

Aoy, =-Au,

Taking into account expressions (16) and (17),
the Hooke's law for the stage of deviatoric
loading has the form:

AV=CC-V%-(Aq—3Aud) (18)
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Let us represent Hooke's law for volumetric
deformations of the pore fluid at the stage of
deviatoric loading:

AV =C, -n-V-Au, (19)
Assuming that the change in the volume of the
soil sample occurs only due to the change in the

volume of its pores, expressions (18) and (19)
can be equated:

Aud_B

L_p.4
Aq 3

(20)

Then the change in pore pressure at the stage of
deviatoric loading can be represented as follows:
Au,=B-A4-Aq (21)
The Skempton coefficient A determines the
excess pore pressure under undrained deviatoric
loading.
Since the change in pore pressure during testing
is the sum of the change at the stage of all-round
compression and at the stage of deviatoric
loading, it is possible to obtain the effective stress
law of Terzagi, substituting expressions (15) and
(21), and considering the Skempton coefficients
for principal stresses (10).
The Skempton coefficient 4 shows what part of
the load during deviatoric loading (shear) is
transferred to the pore fluid. Since soil
destruction occurs precisely at the stage of
deviatoric loading, for an undrained state it is
possible to determine the value of the Skempton
coefficient 4 at which destruction will occur.
This value of the coefficient is denoted as Ay. This
coefficient is fundamental in assessing the
momentary stability of prefabricated structures
(for example, road embankments) [13].
From expression (20), it follows that for the ideal
elastic-plastic behavior of the soil, the value of

the coefficient Af =§.

Figure 6 presents the stress paths for a triaxial
consolidated undrained test. For loading
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presented in fig. 5, the path of effective stresses
should  first  represent  segment OA
(comprehensive compression). Then segment
AC (deviator loading). The path of total stresses
under deviatoric loading is segment AD.

q A
I I I | I g,c{ g ,]l) |
Be |
M ! Total
LB aitn I 1 L LT stresses
) PN |
2 -
// Effective 241 | » }
| | |stresses| | LN I N . -
a ] ‘ |
o A p
Au d

Figure 6. Stress paths: OA - path at the stage of
all-round compression; AD - path in full
stresses at the stage of deviatoric loading; AC is
the theoretical path of effective stresses for an
ideal-elastic-plastic body,; AB - path obtained
from experimental data for normally

consolidated soils
2.3. Simulation  of  Volumetric  Plastic
Deformation Functions
As noted above, the volumetric deformation of a
completely water-saturated soil is due solely to
the compressibility of the liquid when it is
impossible to squeeze out water from the pores.
Thus, it is acceptable to assume that in an
undrained triaxial test, the volume of the soil
sample remains constant.
In this case, the curve q(p') of the path of
undrained deviatoric loading should be an isoline
of zero volumetric strains.
Volumetric deformations of the soil mass can be
decomposed into two components:
(22)

_ e P
&y —8V+8V

where & 1s the elastic component of volumetric

deformations;
e? 1is the plastic component of volumetric

deformations.
With a consolidated undrained test, it is true:
(23)

— € P ~
g, =&, +&) =0
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The isoline of equal plastic volumetric
deformations in accordance with the concept of
critical state (CSSM - critical state soil
mechanics) can be represented as a loading
surface or a “cup” (a surface that limits the zone
of a quasi-elastic state under loading) [14].

To analyze the undrained behavior in different
soil models, consider the load surfaces in the
Cam Clay, Modified Cam Clay, Hardening Soil
models. All these models look like cup. The
description of the functions of the "cup" is
presented in Table. 1.

Table 1. Functions of the loading surface under
volume compression

Yield surface for triaxial
Model compression
Cam Clay | f(p,9)=q+M-p"-In(p'/p,)
Modified ' 2 2 ' '
=’ /M (p —
Cam Clay | /P D=4/M +p'-(p'~p,)
Hardening PN 22 22
Soil f(p9)=q"|a’+p”-p:

where p ~is the pre-consolidation pressure

(represented on the graphs as the point of
intersection of the cup and the abscissa axis);

« 1is the internal parameter of the Hardening Soil
model, which is responsible for the shape of the
"cup
Figure 7 presents graphical view of the cup
loading surfaces according to the dependencies
from Table 1 obtained by the authors in the PC
"MathCAD 15".

"
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Figure 7. Cup loading surfaces.
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2.4. Simulation of the path of undrained
deviatoric loading for the Modified Cam Clay
model

The Modified Cam Clay model was developed
based on the Cam Clay model by Burland [7],
[8]. Both models are a consequence of critical
state soil mechanics, which is based on the
assumption that soils continuously deform under
load until a critical state occurs. Then the soil
begins to behave like a fluid with a constant
internal friction angle and a constant porosity
coefficient. Cam Clay served as the basis for
further modifications of cup models.

The basic concept of the model is the logarithmic
relationship between the mean effective stress
and the porosity coefficient, as well as the
introduced yield surface, which limits the elastic
deformation of the soil.

Figure 8 shows a graphical display of the change
in the loading surface with a change in the
porosity coefficient in coordinates obtained by
the authors in the MathCAD 15 PC.

To determine the path of the effective stresses of
the "cup" model, it is necessary to obtain the
point of intersection of the path with the line of
the critical state. The following mathematical
transformations are required for this purpose.

300
200

100

Figure 8. Load Surface for Modified Cam Clay
Model

The equation of the cup loading surface is as
follows:

Ly -Lriy_g
p

Ty (24)
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The Coulomb-Mohr fracture surface 1is

represented by the equation:

q=M-p' (25)

Substituting expression (25) into (24), the
intersection point of the “cup” and the
destruction surface is found as follows:

Mp'
Mp'

P

5 ‘
) —?P,+1:O—>pp:2pf

( (26)

where p, is the mean effective stress at failure.
To find the path of undrained deviatoric loading,
the terms in equation (23) were written. Based on
the logarithmic law of model deformation, the
elastic component was written as:

& = In(p'/py) (27)

where p, is the mean effective stress in natural

state.
* . . . .
x is the modified recompression ratio:

* K
K =
1+e,

(28)

where x is the recompression ratio;
e, 1s the soil porosity coefficient in natural state.
The plastic component is represented as the

difference between the total deformation and the
elastic deformation:

gh=(A -x")- ln(pp/po) (29)

where A is the modified compression ratio:
A =2/(1+e)) (30)

where A is the compression ratio.
Then expression (23) can be represented as:
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k() = —(1—x) - In2)

Py Py

€2))

Substituting expression (26) into expression (31)
and expressing pp, the following relation was
obtained:

K=
A

p} =2 'pozzA'po (32)

where A =(x—A4)/4 is the soil deformability
parameter.

The value of the limiting stress deviator can be
represented using expression (32) as:
Then the path can be represented as an ellipse
passing through the origin, p, and ¢( p}).
Figure 9 shows the path of the undrained loading
of'the Modified Cam Clay model, obtained by the

authors in the MathCAD 15 PC.
The value of the Skempton coefficient 4, at

fracture can be determined from the following
relationship:

70
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Figure 9. Path of undrained deviatoric loading
in the Modified Cam Clay model
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2.5. Modeling the path of undrained deviatoric
loading during virtual soil testing

For a visual comparison of the work of specific
soil models with laboratory experiments, the Soil
Test module for the Plaxis PC was used.

Let's perform virtual consolidated-undrained
triaxial soil tests in the Modified Cam Clay
model. The pressure of triaxial compression has
been accepted equal to p, =100kPa .

The tests for soil with similar mechanical
parameters presented in Table 2 were carried out.
Triaxial compression pressure during the test was
100kPa . The results of the comparison are
shown in fig. 10.

120 I//T
100 /
80 /

60 ———

TN
, |

-20 -50 -80 -110
P
Modified Cam Clay Mohr-Coulomb

Hardening Soil Critical State line

Figure 10. Paths of effective stresses under
undrained loading
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Table 2. Soil parameters for models

Model pigfgfglrs Deformability parameters
MOhI‘- r_ o 1 _ r_
Coulomp | #=30°.¢'=0 E' =30MPa
(gzihcﬁlea‘; M=12 2=0.005,x = 0.0018
nggzlillin ¢ =30°,c'=0 | E =30MPa,El =30MPa,E =150MPa,m=0.5, p,, =0.1MPa

3. RESULTS AND DISCUSSION

The authors performed mathematical modeling
of paths of undrained deviatoric loading for:
* ideal elastic-plastic body (Mohr-Coulomb
Model);
* Modified Cam Clay models.
Also, during virtual triaxial tests in the Soil Test
module, paths were built for the Mohr-Coulomb,
Modified Cam Clay, Hardeming Soil models.
Mathematical modeling of an ideal elastic-plastic
material shows that with an undrained deviatoric
loading, there is no deviation of the loading path
from the vertical. In this case, one can observe a
deviation of the path with a decrease in the mean
effective stress [15], [16] in real samples of
normally consolidated soil. For example, figure
10 presents the effective stress paths for an
undrained triaxial test of kaolin clays.

p/pe

Figure 11. Effective Stress Paths for an
Undrained Triaxial Test on Kaolin Clays [17]

At the same time, the graph clearly shows the
relationship between the curvature of the stress
path and the degree of overconsolidation of the
soil.
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In addition, the Modified Cam Clay model was
considered. Comparison of the results of
mathematical modeling with the behavior of the
Modified Cam Clay model in the Soil Test shows
the complete convergence of the analytical
loading path with the test results. This indicates
the correctness of the mathematical modeling.
Figure 12 presents the results of the comparison.
From the point of view of mathematical
modeling, the path of undrained deviatoric
loading depends on the shape of the cup and on
how the elastic and plastic components of
deformations were described. Thus, if the shape
of the yield surface, the law of plastic
deformation (associated or non-associated) and
the relationship between stresses and strains are
known, one can obtain the path of effective
stresses.

The Modified Cam Clay model describes the
relationship between volumetric strains and
mean stress, using an elliptical yield surface and
the associated plastic flow law. This means that
the shear deformations will depend only on the
calculated volumetric ones, which can greatly
distort the deformation pattern when shear
deformation prevails (for example, when
analyzing pits).

The mathematical proven for the Cam Clay
model is similar to the Modified Cam Clay
model, except for the different "cup" functions.
The Cam Clay model was not considered in this
article due to its absence in numerical simulation
software packages. This is due to the
impossibility of differentiating the function of
the yield surface of the model at one point.
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Figure 12. Comparison of analytical calculation
results with Soil Test results

Mathematical modeling of the Hardening Soil
model is hampered by the lack of an
unambiguous definition of the parameters ( H is
the model hardening parameter, « is the “cup”
shape parameter) [3], which do not allow to
reproduce the path of undrained deviatoric
loading analytically.

Virtual soil tests in the Soil Test complex allow
you to evaluate the performance of various soil
models with similar characteristics.

Table provides the values of the coefficients A4,

calculated for different soil models.

Table 1. Coefficient Values of the coefficient A,
for different soil models

Soil model Coefficient 4,
Mohr-Coulomb 0,33
Hardening Soil 0,55

Modified Cam Clay 1,13

Depending on the chosen model, the description
of plastic deformation is fundamentally different.
This affects to the path of deviatoric loading and
the resulting resistance to undrained shear.

Considering the curvature of the path, the value
of the coefficient 4, mathematically derived by
Skempton, is no longer a constant value (as for
ideal elastic-plastic behavior), but a function.
Specific failure values 4, for different types of

soils were obtained by Skempton during a series
of triaxial consolidated-undrained tests of some
types of soils [4] (Table 4).

For numerical simulation of problems that
consider the undrained behavior of soils, it is
necessary either to introduce the resistance to
undrained shear directly, or to obtain a "true"
effective stress path.

After the appearance of cup models, the path of
undrained deviatoric soil loading became
mathematically tied to the function of the cup
[18]. Numerical modeling of undrained behavior
of soils requires consideration of specific soil
models.

Table 2. Values of the coefficient A, [4]

Type of clay soil Values of the coefficient 4,
Clays with high sensitivity 0.75to 1.5
Normally consolidated clays 0.5t01
Compacted sandy clays 0.25t00.75
Lightly over-consolidated clays 0to 0.5
Compacted clay-gravels -0.25 to 0.25
Heavily over-consolidated clays -0.5 to 0

Thus, “true” path of effective stresses under
undrained deviatoric loading can be obtained
when conducting consolidated-undrained triaxial
soil tests at the stage of engineering surveys. The

Volume 19, Issue 1, 2023

designer can obtain specific values 4, for soils

analyzing path data. Knowing the values of the
Skempton coefficient obtained from laboratory
tests and the theoretical values of 4, , one can
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choose a soil model that adequately describes the
undrained behavior.

The correct choice of the soil model will allow
not to overestimate (which can lead to loss of
stability of the excavation wall) and not to
underestimate the resistance to undrained shear
(which can lead to excessive reserves and,
accordingly, an increase in the cost of design
solutions).

In known soil models, undrained shear resistance
C, is affected by over consolidation, stiffness,

and effective strength parameters. This can be
represented as a dependency of the form:

cu

—=/(¢,OCR,C,,C))

o-\/O

(35)

where o, is the effective vertical stress;

OCR is the soil consolidation factor;
C. is the elastic component of soil skeleton

compressibility.

To obtain correct data on soil compaction,
stiffness and undrained strength, it is necessary
to conduct laboratory and field tests using
appropriate  correlations  and  available
geotechnical testing experience in the region
[19], [20].

For the soil conditions of St. Petersburg, a special
viscoelastic-plastic model with an independent
hardening mechanism was developed. Figure 13
presents the model construction scheme.

This model does not belong to the "cup" models.
The construction of the loading surfaces was
carried out directly based on the results of testing
the soils of St. Petersburg.

The deviation of isolines of zero volumetric
plastic deformations is explained by the dilatancy
phenomenon and, at the same time, it is
mentioned that the isolines are approximated by
a straight vertical line, referring to the lack of
knowledge of the dilatancy phenomenon in soft
clay soils of St. Petersburg [6].

The different behavior of soil models under
undrained deviatoric loading makes the choice of
the model especially important when calculating
excavations in an undrained setting. For further
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comparison, it 1is advisable to consider
specialized models for shale calculations in an
undrained formulation under various loading
paths, for example, NGI-ADP.

4. CONCLUSION

An accurate description of the path of effective
soil stresses using the theory of elasticity does
not correspond to real soil tests. This
circumstance limits the use of ideal elastic-
plastic models in undrained calculations.

Using similar initial parameters in various
nonlinear soil models, one can obtain
fundamentally different functions of plastic
volumetric deformation and, as a result, paths of
undrained deviatoric loading. This leads to
completely different Skempton coefficient Arand
undrained shear strength values.

An analytical method for determining the
Skempton coefficient A for the Modified Cam
Clay model has been presented in the article;
The paper provides recommendations for
assigning a soil model for undrained calculations
based on the Skempton coefficient Af, which can
be obtained by processing the results of
consolidated undrained triaxial soil tests;

The obtained solutions allow more accurate
designing the pits of great depth in soft water-
saturated soils.
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ROD BUTT BOLTS
BOLT JOINTS OF TENSION RODS USING SLANTING FLANGES
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Abstract. A new technical solution for the mounting joints of metal structures in the form of bolted joints on
oblique flanges located at an angle of 30 degrees relative to the longitudinal axes of the rod elements and
equipped with support tables is given. In such joints, the longitudinal forces that fall on the flanges are
decomposed into normal and tangential (tangential) components. Normal components are transmitted to
bolted fasteners, and tangents are perceived by support tables. At the same time, in oblique flanges, the bolts
are loaded two times less than in straight ones. Butt joints have the necessary and sufficient bearing capacity,
provide a reduction in the consumption of structural material and are equally strong with docked rod elements.
A practical method for calculating such compounds is proposed, confirmed by the results of a trial (control)
series of studies of prototypes.

Keywords: mounting joints of metal structures, bolt fasteners, connections on flanges, oblique flanges,
support tables, calculation method

CTBIKOBBIE BOJITOBBIE COEAUHEHUA CTEPKHEBBIX
QJEMEHTOB C KOCbIMH ®JIAHIHAMMU U UX PACYUET

A.C. Mapyman ', A.T'. A6oean *

! ®unman Cesepo-Kagkasckoro ®enepanbroro Yrusepcurera, . [saruropek, POCCUS
2 HanmoHabHBIN UccnenoBatenbekuii Mockogekuii Iocynapctsennbiii CTpOUTENBHBIH Y HUBEPCHUTET,
r. Mocksa, POCCHA

AnHoTanus. [IpuBeeHO HOBOE TEXHHUYECKOE PEIIEHHE MOHTAKHBIX CTHIKOB METAJUIMYECKMX KOHCTPYKLHUH B
BUjie OONTOBBIX COCIMHEHMH Ha KOCHIX (UIAHIAX, PACIOJIOKEHHBIX 1MOJ yrioM 30 rpaaycoB OTHOCHTEIBHO
MIPOJIOIBHBIX OCEH CTEPIKHEBBIX AJIEMEHTOB M CHAO>KCHHBIX OITOPHBIMHU CTOJIMKAMH. B TaknX CThIKax MpOJ0IbHBIC
yCwiHsl, NpuXojsiuecs Ha (IIaHIbl, PacKiIaJbIBAIOTCS Ha HOPMaJbHbIE M KacaTesbHble (TaHTeHIMAJIbHBIC)
cocTasistronie. HopMmanbHbIE COCTaBISIONIME IIEPEIAalOTCsl Ha OONTOBBIE KpEIUICHMS, a KacaTelbHbIE —
BOCIIPUHUMAIOTCSI OTIOPHBIMU cTONnKamu. [Ipn 3ToM B KOckIX ¢uiaHmax OoiTHI HArpy>KeHbI B /[Ba pa3a MEHBIIE,
yeM B TpsMbIX. CTBIKOBBIE COEIMHEHHSI OOJIAAlOT HEOOXOAWMBIM M JIOCTAaTOYHBIM 3alacoM Hecylien
CIIOCOOHOCTH, 00ECIeYMBAIOT yMEHBIIEHHE pacxoja KOHCTPYKIMOHHOTO MaTepuaga ¥ SABJSIFOTCS
PaBHOMPOYHBIMH CO CTBIKYEMBIMH CTEPXKHEBBIMH ieMeHTaMu. [IpennorkeHa mpakTudeckas METOAMKA pacueTa
TaKAX COCAWHEHWH, MOATBEP)KICHHAS WTOTAMH IPOOHOH (KOHTPOJIGHOW) CEpUH HCCIEIOBAHUI OIBITHBIX
00pasIos.

KroueBble cj10Ba: MOHTa)XXHBIE CTHIKH METANTMUECKUX KOHCTPYKIUH, 60JATOBBIC KPEIIJICHNUS,
coeMHEeHUs Ha (JiaHIax, Kocble (UIaHIIbl, OMOPHBIE CTOJIMKH, METO/IMKA pacyera

INTRODUCTION perceived mainly due to overcoming the

compression resistance of the flanges from the
Flange connections are currently among the pre-tension of high-strength bolts. Flange
most common and mass types of bolt fasteners, joints are one of the most effective types of
differing in the mechanisms for transmitting bolted joints, since the very significant bearing
external forces. Here, these forces are capacity of high-strength bolts is used directly
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and almost completely. The field of rational
and effective use of flange joints is quite large.
It covers the connections of elements subject to
stretching, compression, bending or their joint
action. This area can also be extended for the
transmission of cyclic loads, but in this case
appropriate  calculation and experimental
checks are necessary [1].

It is known that the butt joint of the stretched
elements of the closed profile is known,
including the ends of the rod elements with
flanges, additional ribs and tightening bolts
installed along the perimeter of the closed
profile in pairs symmetrically relative to the
ribs [10]. The disadvantage of the connection
is the large dimensions of the flange and a
significant number of connecting parts, which
increases the consumption of material and the
complexity of the structure. The closest to the
proposed technical solution is the mounting
butt joint of the lower (stretched) belt of
trusses from bent welded closed profiles,
including the ends of the rod elements with
flanges, additional ribs, tightening bolts and a
sheet gasket between the flanges for attaching
the rods of the truss grate and connections
between the trusses [11]. The disadvantage of
the connection, as in the previous case, is the
material intensity and laboriousness of the
mounting joint on the flanges.

The main task, the solution of which is aimed
at the flange connection of the stretched
elements of the closed profile, is to reduce the
mass (consumption) of the structural material.
The result is achieved by the fact that in the
flange connection of the stretched elements of
the closed profile, including the ends of the
rods with flanges, tightening bolts and the sheet
gasket between the flanges, the flanges are
installed at an angle of 30 ° relative to the
longitudinal axes of the rod elements, and the
sheet gasket consists of paired support tables,
rigidly fastened to the flanges and in the
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assembled connection mutually resting on each
other [12].

The proposed flange connection has a fairly
universal technical solution. So, it can be used
in the mounting joints of lattice structures
from pipes of round, oval, elliptical,
rectangular (Fig. 1), square, pentagonal (Fig.
2) [13, 14] and other closed cross-sections. As
another example of the use of the proposed
connection, similar joints can be given in the
installation of structural elements from paired
and single corners, channels, [-beams (Fig. 3),
taurus, Z-, H-, U-, V-, A-, X-, C-, U-shaped
and other open (unclosed) profiles. The
proposed flange connection of stretched
closed profile elements 1 contains attached
using welds are solid leaf flanges 2 mounted
at an angle of 30° relative to the longitudinal
axes of the stretched elements. The support
tables 3 are rigidly fastened to the flanges 2 by
means of welded seams. In the protruding
parts 4 of the flanges 2 and the support tables
3 there are coaxial holes 5, in which, after
assembling the joint, tightening bolts 6 are
installed on the mount. For the attachment of
the rod element of the grille 7 in the proposed
flange connection, the support tables 3 are
extended beyond the protruding parts 4 of the
flanges 2 in such a way that additional bolts 8
can be placed in them, as is done in a typical
mounting joint on the flanges. In the case of
using the proposed flange connection for the
stretched elements of the unclosed profile 9,
the coaxial openings 5 in the flanges 2 and the
support tables 3, as well as the tightening bolts
6, may be located not only outside the cross-
section (transverse or oblique) of the unclosed
(open) profile, but also in its internal zones. In
the complete absence of tightening bolts 6 in
the outer (external) areas of the open profile 9,
the proposed flange connection is more
compact.
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Figure 1. Schemes of flange connections of rectangular closed bent-welded profiles: a - top view, b
- design diagram of an element with an oblique flange and a support table; c — side view, d — side
view in the absence of lattice rod elements; 1 - lower (stretched) truss belt; 2 - oblique flange; 3 -

support table; 4 - protruding part of the flange in the outer zone of the profile; 5 - bolt hole, 6 -
coupling bolt; 7 - rod element of the lattice; § - bolted fastening of the lattice element; F is the
longitudinal tensile force; N is the normal component; T - tangential (tangential) component
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Figure 2. An example of designing an
assembly joint on oblique flanges of the lower
| (stretched) chord from a pentagonal closed
| — bent-welded profile of a truss with a span of
42 m and a design load of 20.6 kN/m [11]: a
— side view, b - section along the line of
contact of the oblique flange and the core
element of the belt; c - top view

180

114 International Journal for Computational Civil and Structural Engineering



Rod Butt Bolts Bolt Joints of Tension Rods Using Slanting Flanges

9 3 2 9
0 3 6 N . /
..... AT A |

..\._'{ IIIIII Y... f Iu‘u_;m-errrrr—|—!—
‘ ———— EV i

LA 1

T LAY,

ViEV . e o] !
! et | ! :

a 2 3 6

2 3 6

Figure 3. Schemes of flange connections of I-profiles: a - top view; b — side view, c - side view in
the absence of bolts in the outer zones of the profile; 2 - oblique flange, 3 - support table; 5 - bolt
hole; 6 - coupling bolt; 9 - I-profile

METHODS

In trusses of rectangular and square pipes (bent
welded closed profiles), the angles of adhesion of
the braces to the belt should be at least 30 ° to
ensure the density of the weld section from the
side of the sharp angle [15]. Therefore, in the
proposed flange connection of the stretched
closed profile elements 1, the flanges 2 and the
support tables 3 fastened to them are mounted at
an angle of 30° relative to the longitudinal axes.
In this case, the longitudinal force F, which
causes the tensile of the closed profile element
1, is decomposed into two components

(Fig. 1, g):

- normal, perceived by tightening bolts [6],

N = Fcos60° = 0.5F (1)

- tangential, transmitted to the support tables 3,

T = Fcos30° = 0.886F. 2)
Reducing the bolting forces by half the same
number of times reduces the moments that bend
the flanges, and this allows you to use thinner
sheets for them, thereby reducing the
consumption of structural material. In addition,
the material capacity of the proposed joint is
positively affected by a possible reduction in the
diameters of the tightening bolts 6, a decrease in
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their number or a combination of the first and
second.

Here, the strength of the bolts of the flange joints
of the rod elements of the closed (tubular) profile
is ensured if

Y <1, 3)

0.9y Npe —

where n5 is the total number of bolts; N is the
calculated force perceived by a single bolt for
the tension with which it must first be pulled
(flange connection of type A), and calculated by
the formula

Nyt = Rpt " Apn, 4)
where Rp: is the calculated tensile resistance of
the bolted joints; Abn is the cross-sectional area
of the "net" bolt.
The calculated bolt connection shall be
positioned  momentlessly  (symmetrically)
relative to the centre of gravity of the belt
element cross-section, as close as possible to it
and taking into account the minimum allowable
distances from the profile to the axis of the bolt
»» and from the axis of the bolt to the edge of the
flange cb. In this case, each of the bolts must be
equidistant from the profile. The diameter of the
holes can be taken 3 mm larger than the diameter
of the bolts. The bending strength of the flanges
is ensured if o
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where vc is the coefficient of working conditions;
an, Wi and R,z - respectively normal voltage,
design resistance of steel and moment of cross-
sectional resistance of the flange, Wf=b1t712/6 (b1
- pitch of bolts, ¢ - thickness of oblique flange);
M is the highest value of the calculated bending
moment.

In the flange joints of the rod elements of the
closed (tubular) profile, as well as in the outer
zone of the joints of the elements of the open
(unclosed) profile, the bending moments of the
flanges can be determined according to a
conditional design scheme, as in a beam pinched
from the side of the belt, hinged with an operte
along the edge of the flange and loaded with a
force in the bolt N [8, 9]:

M. = Npli'bp-(11+cp),
1= 312 — ¢2 ’
1 b
_ NpbEGL-by)
312 - ¢}

M, , (6)

where N»<0.9Nvwt; [; is the span of the beam,
li=by+cp; bpand cp are the minimum allowable
distances.

The same design scheme makes it possible to
determine the deflections of the oblique flange
[18]:

- along the axis of the bolted connection

_ Nb-bg-cg-(3bb+4cb) .
T 12:Elpy

fri

(7

- highest value

_0.0098:Np-13
f}l,max - Elf

®)
where £ is the modulus of elasticity of the flange
material; /s 1s the moment of inertia of the flange
cross-section, I;=bt?/12.

The calculated oblique flange of the stretched
joints is welded to the belt element by unilateral

angular seams. They must be checked by the
calculation of strength:
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- on the metal of the seam

F

<1; 9
Bykglw RweYwr e ( )

- on the metal of the fusion boundary with
the belt element

F
Bz'kflwRwzYwzYc

<1; (10)

- on the metal of the fusion boundary with
the flange in the direction of the thickness of the
rolled products

F
.Bz'kf'lw'Rth'sz'Vc

<1, (11)

where F is the load on the welds; ks - angular
seam roll, k/<1,2tmin (¢min - thickness of the
thinnest of the welded elements); /v - the
calculated length of the seam, it is taken to be less
than its full length by 1 cm; Ru is the calculated
resistance of the oblique flange material across
the rolled products, R»=0,5Ry 1.

Supporting slats (support tables) of oblique
flanges are advisable to take in 1.5 ... 2 times
thinner than flanges [19]:

__tn
T (1s..2) (12)
The support bar is welded to the oblique flange
by one-sided angular seams along its three edges,
and the fourth edge is milled to ensure a tight
contact in the assembled joint for the
transmission and perception of the tangent
component 7. Checking the welds is as follows:
- on the metal of the seam

T
Bykf-lwRwfYwsYe < 1’ (13)

- on metal fusion boundaries with flange
_ <1, (14)

Bz kg lwRwzYwz'Ve
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where T is the load on the welds; ks - angular
seam cathlete, k/<1.2tmin; /v - the calculated
length of the seam, is taken to be less than its full
length by lcm.

The support bars (support tables) of oblique
flanges must also be checked by calculation of
the crumpled strength condition:

T <1, (15)

berter Ry -

where bcr 1s the width of the support bar in the
contact zone (crumple); R, is the calculated
resistance of the steel to the crumpling of the end
surface.

The Qioc transverse force in the assembled joint
is transmitted through an additional fastening
between the lining of the truss lattice rod with a
thickness of t and the support bars of the oblique
flanges on two bolts, under the conditions of
unification of the same flanges as the bolts. They
can be installed without prior tension, so the
additional bolted connection must be checked by
calculation from the strength conditions:

- per slice

Qloc .
NpeTip <1 (16)

- On Confusion

Qloc

<1, (17)

Nppnp -

wherein Nps and Npp are the design forces that
can be perceived by a single bolt respectively per
cut and crumpled; 7 is the number of bolts in the
connection, n,=2.

The necessary and sufficient reserve of bearing
capacity of bolted joints of stretched rod elements
with oblique flanges was confirmed by the results
of a trial (control) series of studies of prototypes
conducted in the construction laboratory of
Pyatigorsk State Technological University (Fig. 4).
The breaking forces of the prototypes exceeded the
level of design loads of 1.7... 2.5 times, and the
experimental and calculated deformations had a
fairly acceptable convergence. Experimental
deformations were determined from the readings of
mechanical indicators in the direction of action of
longitudinal forces in the rod elements (Fig. 5). The
calculated deformations were calculated as the total
deflection of two oblique flanges in the projection
on the longitudinal axis of the prototype:

A= 2f.fl,max
sin30°

= 4'}?l,max (13)

where frimax 18 the deflection of one flange
defined by the formula (8).

a
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b
Figure 4. Pictures of experimental studies of prototypes of mounting joints on oblique flanges: a -
general view; b - type of bolted joints after rupture
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Figure 5. Stretch diagram of one of the prototypes of butt bolt joints of rod elements with oblique
flanges, built on average readings of two mechanical indicators

RESULTS AND DISCUTION

Summarizing the results of the first series of tests
given in Chart 1, we can conclude that butt joints
on oblique flanges are not only equally strong
with rod elements, but are also quite suitable for
use in load-bearing structures of buildings and
structures. In the future, it is planned to continue
testing and experimental studies of bolted joints
on oblique flanges, combining them with a
laboratory workshop on metal structures as part
of the educational process for the training and
advanced training of civil engineers, for which a
corresponding installation with a capacity (load
capacity) of 50 tons has already been
manufactured and tested (Figure 6).

To compare the proposed (new) technical
solution with the known one, a standard
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assembly connection on the flanges of roof
trusses from bent-welded closed profiles of the
Molodechno system was taken as the base object
[12]. The material consumption of the compared
options is shown in Chart 2, from which it can be
seen that in the new solution it decreased by 54.7
/26.8 =2.04 times.

In addition, here it is necessary to take into
account the consumption of material for the tie
bolts. In the known and proposed flange
connections, the number of coupling bolts is the
same and is 8 pcs. If the first of them uses M24
bolts, then the second uses M 18 bolts of the same
strength class. Then it is obvious that in the new
solution the material consumption is reduced in
proportion to the decrease in the "net" cross-
sectional area of the bolt, that is, by
3.52/1.92=1.83 times.
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Table 1. Results of the Pilot Test Series of Prototype Studies

Volume 19, Issue 1, 2023

Parameters of prototypes (steel C235
Ne Cross-section of rod Thickness, mm Bolted
elements, mm connections
Flanges | Tables | diameter, | class
mm
1 2 3 4 5 6
1 | 025%25x1,5 GOST 8369-68 4 2 M4 5.8
2 | 025%25x1,5 GOST 8369-68 4 2 M4 5.8
3 | 025%x25x1,5 GOST 8369-68 4 2 M5 5.8
Bearing capacity, kN
Ne Calculated Experimental
core oblique| support bolted the cause of the  [the ultimate in caselexperiment.
elements |flanges| tables | connections | destruction of the of destruction |Calculation
prototype
1 7 9 10 11 12 13
1 32,5 247 40,4 23,0 *Machine power *40,0 *1,74
2 32,5 24,7 40,4 23,0 bolt break 52,0 2,26
3 32,5 247 40,4 40,2 bending of flanges 62,0 2,51
No Deformations, mm
from design loads from the maximum loads
Calculation| experiment. experiment. |Calculation| experiment. experiment.
Calculation Calculation
1 14 15 16 17 18 19
1 0,035 0,044; 0,039 1,26; 1,12 0,060 1,14 19,0
2 0,035 0,052; 0,047 1,49; 1,34 0,078 1,61 20,7
3 0,037 0,061; 0,058 1,65; 1,57 0,093 2,07 223
Table 2. Consumption of structural material (steel)
Name Dimensions, | Amount, pcs. Weight, kg Notes
mm 1 pc. All Joint
Straight flange | 300x300x30 2 21,2 42,4 54,7 | Notable
Stiffening rib 140x110%8 8 0,5% 4,0 solution
Connecting 400%300x8 1 7,5 7,5
gasket
Welds (1.5%) 0,8
Oblique flange | 300x250%18 2 10,6 21,2 New
Support table | 270x150x8 2 2,6 52 26,8 | Solution
Welds (1.5%) 0,4
* Triangular shape taken into account
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Figure 6. Pictures of a general view of the test facility (a), its reverse part (b) and a prototype after
destruction due to bending of oblique flanges (c)

CONCLUSION

Thus, the development of butt bolted joints of bar
elements with oblique flanges, their calculation
and the results of experimental studies of the first
(trial) series of prototypes make it possible to
recommend for implementation in construction
practice and draw a number of main conclusions.
1. Bolted joints on oblique flanges have the
necessary and sufficient margin of bearing
capacity, which ensures their equal strength with
the connected rod elements.

2. The engineering method for calculating
bolted connections on oblique flanges is quite
simple and correct for use in building design.

3. Butt bolted joints of rod elements with
oblique flanges under the action of tensile forces
significantly reduce the consumption of
structural material compared to straight flanges,
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which predetermines the prospects for their use
in load-bearing structures of buildings and
structures.

4. It is advisable to continue experimental
studies of bolted joints on oblique flanges and
combine them with a laboratory workshop on
metal structures as part of the educational process
of training and advanced training of civil
engineers.
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IN RESTING FLUID
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Abstract: This paper presents a numerical solution of the problem of oscillations of a flexible plate placed in a
viscous incompressible fluid done with ANSYS. In constructing a finite element model of the plate, both
volumetric and shell finite elements, which are more commonly used in engineering applications, are considered.
By way of example it is shown that it is possible to transition from a volumetric mesh to a shell mesh without
loss of accuracy in solving this problem and similar problems. The considered coupled approach to solving the
problem for the shell plate mesh has an important practical application in solving real-world problems of
aeroelasticity, because in engineering practice it is much more convenient to represent structures and
constructions in the form of beam and shell models. The solution of this problem is of particular importance for
the verification of techniques of numerical modelling of coupled aeroelasticity problems.

Keywords: numerical simulation, coupled problem, FSI, contact, numerical damping

YNCJIEHHOE MOJAEJTUPOBAHUE 3AJAYA
O CBOBOJHbIX KOJIEBAHUAX 'HBKOU IIJTACTHUHBI,
IHOMEHMIEHHOMU B BA3KYIO HEC:KUMAEMYIO ’KUAKOCTbD

HU.I0. Heeposzosa, O.C. I'opaueeckuii

HanmonansHslil uccnenoBarensckuii MOCKOBCKUI TOCYapCTBEHHBIN CTPOUTENBbHBIN yHUBEpcUTeT, I. Mocksa, POCCHUA
Hayuno-uccnenoBarensckwuii ieaTp Cra/lunO, r. Mocksa, POCCUA

AHHoTanusi: B HacTosmeil paboTe NpeacTaBleHO YHMCIEHHOE PEIICHHE 33Jadl O CBOOOJIHBIX KOIEOaHMSIX
rHOKON TUIACTUHBI, TTOMEIIEHHOW B BS3KYI0 HECKHMAEMYH0 KHAKOCTb, C HCIOJIb30BAHUEM IIPOrPAMMHOIO
kommiekca ANSYS. [lpu mocTpoeHHMH KOHEYHOIIEMEHTHOH MOJENM IUIACTUHBI PAaCCMAaTPHUBAIHNCh Kak
061)CMHI)IG, TaK U 4alle MpUMEHACMbBIC B NMHKCHCPHBIX NPUITIOKCHUAX 000JI0Y€YHbIE€ THIIbI KOHEUHBIX 2JICMEHTOB.
Ha npumepe nokasaHa BO3MO>KHOCTB II€pexoa 0T 00beMHON Mozenu K 000104e4Hoi 6e3 oTepu TOYHOCTH IIPH
peleHny MOJO0HBIX 3a7ad. PaccMOTpeHHBIN MOAXOA MpHM PELIeHMH 3aJadd B CBA3aHHON IOCTaHOBKE IS
00071049eYHON MOJENIH IUTACTHHBI MMEET TNPAaKTHYECKH Ba)KHOE INPHMEHEHHE K PEIICHUIO PEAIbHBIX 3a1ad
a’pOYIPYrocTH, TaK KAaK B HWHXXCHEPHOW INPAaKTUKE KOHCTPYKIMH M COOPYXXCHHUS CYLIECTBEHHO YJ00Hee
NPE/CTAaBISITh B BUJIE O00OJOYEHUHO-CTEPXKHEBBIX Mojeied. PemieHne AaHHOM 3agadd MMEET OTJEIBHYIO
3HAQUUMOCTh JUISI BEpU(PHKANMKM METOJUK YHCIEHHOTO pEHICHWS CBSI3aHHBIX 33724  a’3pOYIpPYyTOCTH.

KiroueBble ci10Ba: YiCICHHOE MOJCIHPOBaHKE, CBsI3aHHAs 3a1a4a, FSI, KoHTakTHOE B3anMoeicTBuIE,
YHCIICHHOE JeMIT()pPOBaHIE

1. INTRODUCTION

The interaction of structures with fluid or gas
plays an important role in many construction
problems.  Besides  suspension  bridges,
acroelasticity has to be considered in wind
impact analysis for structures of high-rise
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buildings, towers, oil platforms, and lightweight
membrane coverings used in large-span
structures.

The fluid-structure interaction analysis has
been implemented in ANSYS since version
10.0. The CFD part can be solved with either
ANSYS CFX or ANSYS Fluent, and ANSYS
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Mechanical is used for stress-strain analysis.
The coupling between codes is configured in
ANSYS Workbench using System Coupling
module. This tool is convenient for solving
coupled aeroelasticity problems, but there are
some limitations. At the contact between fluid
and structure an interface is specified to
transfer data from one module to another. In
order to set such an interface, both the
geometry must match and a shared surface
between fluid and structure must exist.
Therefore, Solid type volumetric finite
elements are commonly used for aeroelasticity
problems in ANSYS. However, in practical
applications, most building structures are
calculated using beam and shell models. Such
models have smaller dimensionality and are
considerably easier to create than volumetric
models. For these reasons, a technique needs
to be developed and verified that will allow
solving the aeroelasticity problems with any
type of finite elements in ANSYS.

The problem of oscillations of a plate referenced
in [1] was chosen for the verification. In that
paper, the problem was solved using the
authors’ own code. The problem is also

presented in [2-4]. In [2-3] it is solved with
authors’ own code, too, and in [4] it is solved
with ANSY'S using volumetric finite elements.
In this paper, the problem is solved with
ANSYS Workbench (Mechanical + Fluent).

2. PROBLEM STATEMENT

A thin flexible plate of length L = 1.0 m and
width W= 0.4 m with the fixed bottom edge is
considered [1]. A load in form of evenly
distributed pressure p = 75 Pa is applied on the
plate for 0.5 s, then removed in 0.01 s so that
the plate starts to vibrate (Fig. 1).

The thickness of flexible plate ds = 0.06 m,
modulus of elasticity E = 2.5 MPa, Poisson's
ratio v = 0.35, material density ps = 2550
kg/m>. The density of the fluid is assumed to
be p pr=1 kg/m>. In [1] 3 values of dynamic
viscosity were considered: us; = 0.2 Pa-s, uy:
= 1.0 Pa-s, pg3 = 5.0 Pa-s. In this paper, only
one value of the dynamic viscosity uy; will be
considered.

The computational domain is 20.06 x 6 x 0.4 m.
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Figure 1. Oscillations of a plate problem geometry

Volume 19, Issue 1, 2023

125



3. COMPUTATIONAL MODELS

3.1. Computational models of the flexible
plate

In this example, a volumetric and a shell type of
the plate geometry will be considered (Fig. 2).
For the volumetric geometry, 3 types of grids
will be considered to evaluate mesh
convergence and select the optimum mesh. For
the shell geometry, 1 type will be considered
(Table 1, Fig. 3).

Table 1. Finite-element meshes parameters

Nodes | Elements | FE type
Model 1 15777 3000 | SOLID186
Model 2 | 826 665 | 192 000 | SOLID186
Model 3 7353 1000 | SOLID186
Model 4 1071 1000 | SHELL181
3.2. Computational model of viscous

incompressible fluid

The computational domain has been partitioned
into a structured computational mesh with
inflation on the walls (Fig. 4).

Since the Reynolds number for the problem is
Re < 100, the flow is laminar, and turbulence
models are not used in the calculations.

Due to weakly pronounced three-dimensional
effects occurring along the plate ends, the
problem was solved in the quasi-dimensional
formulation (one FE in the Z direction), as in

[].

{
v /I\
/k ’ ’
z X

Model 1 Model 2
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v
!
|
AP=x
2

B
o

Volumetric type Shell type
Figure 2. Geometry types of the plate

Boundary conditions

On the side faces, parallel to the plane xy, the
Symmetry conditions were set. The No-Slip Wall
condition (U=V=W=0 m/s) was specified for the
rest of the faces.

Initial conditions
Zero velocity (U=V=W=0 m/s) and zero relative
pressure were set as initial conditions.

4. RESULTS OF MODAL ANALYSIS

The first 6 eigenfrequencies and eigenmodes
were determined for all computational models.
The obtained results are presented in Table 2.

¥ ¥
Z/kx ZAX

Model 3 Model 4

Figure 3. Finite-element meshes of the flexible plate
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Figure 4. Finite-volume mesh of the viscous incompressible fluid (32 632 cells)

Table 2. Computed eigenfrequencies (Hz) for all models in comparison with the reference (Ref. [1])

Mode Model 1 Model 2 Model 3 Model 4
of vibration Ref []|  fi &(f), S &(fi), fi &(f), Ji &(f),
Hz % Hz % Hz % Hz %
1. Bending (xy) 0.31 | 0.3108 | 0.26 | 0.3106 | 0.19 | 0.3112 | 0.39 0.31 0.01
2. Torsional - 1.4947 - 1.4939 - 1.5035 - 1.4952 -
3. Bending (y2) - 1.8243 - 1.8233 - 1.8242 - 1.8191 -
4. Bending (xy) 1.85 | 1.9071 | 3.09 | 1.9056 | 3.01 |1.9124 | 3.37 | 1.9032 | 2.28
5. Torsional - 4.7159 - 4.7131 - 4.7493 - 4.7179 -
6. Bending (xy) 493 | 52162 | 581 | 52116 | 5.71 |5.2430 | 6.35 | 52101 | 5.68

As can be seen from Table 2, the discrepancy
between current results and [1] does not exceed
6.35% (Model 3). For further related
calculations using the volumetric plate model,
Model 1 will be used since the error between
this model and Model 2 is at most 0.1%, with
Model I containing less nodes.

5. SOLVING A PROBLEM IN A COUPLED
FORMULATION

To ensure convergence and stability of solution at
each timestep, it is necessary to specify the

Volume 19, Issue 1, 2023

maximum number of iterations at each timestep
and the convergence criterion for loads and
displacements. For this problem, 5 maximum
iterations at each coupled FSI timestep were set
and the convergence criterion for the loads and
displacements was set to 107. The equations of
motion of the plate are solved with the Newmark
method, and the total physical time is 50 s.

5.1. Coupled solution using a volumetric
plate model

Results of the coupled analysis in comparison
with the results of [1] are shown in figures 5 to
6. The timesteps are At; = 0.1s and Az = 0.01s.
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Figure 5. Comparison of the simulation results (At; =0.1 s) with the reference [1]
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Figure 6. Comparison of the simulation results (At2 =0.01 c) with the reference [1]

In the ANSYS Workbench Transient Structural
module a numerical damping value is utilized to
stabilize the scheme of numerical integration of
equations of motion by damping high-frequency
modes [5]. By default, it equals 0.1.

For the Newmark's method, if the parameters o,
o satisfy the conditions:

o=
>1<1+6>
—4\2

then it can be unconditionally stable [5]. If the
above conditions are not satisfied, the additional

amplitude damping ratio vy is introduced into the
equations:

(1

N| =

2

2
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1
§=35+v )
a=z(1+y) @
7 14
y =0 (5)

While the amplitude damping ratio y allows to
make the integration procedure stable, it affects
the resulting solution.

The results of the calculations are presented
below. It can be seen that for Af; =0.1 ¢ a rapid
damping of the plate vibration is obtained, but
the reduction of the timestep (Az; =0.01 c) gets
rid of it.

Since reducing the timestep increases the
computation time, it is necessary to minimize
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the effect of numerical damping. In order to
achieve that, calculations at A#; =0.1 with
different numerical damping values (NDI =
0.05, ND2 = 0.01, ND3 = 0.005) were
performed. The results of the coupled analysis

e,
fiff

\| ! —FSI.{N'D=0.D<)
|

50— . — FSI(ND=0.01)
v FSI (ND=0.005)

X [m]

time 1 [s]

Displacement of the free edge of the oscillating plate
in x direction [m]

in comparison with the results of [1] are shown
in Fig 7. As it can be seen, reducing the
numerical damping value allows to approach the
solution referenced in [1].

0.40 Lﬁ P 5
SR RAAAA T
S EATAEARARASL
ﬁmei.;Hi.fH\ ia7ic ..
£ c“ | 5| f 1'7 | insTJl‘ 14’ A ESLINERA
P SSivEanaR 8§l VSR VEREREE
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o time £ [s]
Drag force Fy [N]

Figure 7. Comparison of the simulation results at At; =0.1 s for different numerical damping values
(ND:=0.05, ND:=0.01, ND3=0.005) with the reference [1]

5.2. Coupled solution using a shell plate
model

The next step in solving this problem was the
transition from the volumetric plate model to the
shell model. However, a problem arises in the
assignment of the interface between the fluid
and the plate due to some limitations: as pointed
out before, the geometries where contact occurs
must coincide. To circumvent this, a dummy
surface was created at the fluid-structure
boundary (Fig. 8), which served as an interface
to transfer data from one module to another.

In order for the flexible plate and the dummy
surface to work together, a Bonded type contact
was established between them, in which no
separation or sliding between the faces was
allowed. This type of contact is linear and is
calculated in one iteration. Multi-point
constraints were used for the interface which is
a form of Lagrange multipliers method. The
algorithms used did not significantly increase
the number of iterations and the counting time.
Model 4 was chosen for the plate.

Volume 19, Issue 1, 2023

L

Figure 8. Geometry of the flexible plate (red)
with the dummy surfaces (green) acting as
interfaces to the fluid domain

The dummy surface was modelled with a
Shelll181 FE. Three models of a flexible plate
with the dummy surface were considered with
differing thickness:

- Model A: 1 mm;

- Model B: 0.1 mm;

- Model C: 0.01 mm.
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The material of the dummy surface corresponds
to that of the flexible plate.

In order to ensure similar behaviour of the
flexible plate with and without the dummy
surface, a modal analysis was performed for
Models A, B, C.

Results of the modal analysis

The results of calculations versus the results of
modal analysis for Model 4 are presented in
Table 3 and Figs. 9-14.

It can be seen from the results that Model A
shows a different behaviour from Model 4. A
significant difference is seen not only in the
eigenfrequencies (up to 21.47% for mode 2), but

Irina Yu. Negrozova, Oleg S. Goryachevsky

also in the eigenmodes (2 and 3). For Model B
and Model C the eigenmodes correspond to
Model 4, and the maximum error in the
eigenfrequencies is observed in the mode 2
(3.14% for Model B, 0.33% for Model C).
Therefore, Model B and Model C have been
chosen for the coupled calculations.

Fig. 15 shows the results of the coupled analysis
compared to the results of [1] for Model B. The
time step size is At = 0.1 s and the numerical
damping coefficient is 0.005.

No results were obtained for Model C due to the
strong distortion of the dummy surface grid
caused by the small thickness of the shell.

Table 3. Computed eigenfrequencies (Hz) for all models

Mode Model A Model B Model C
of vibration | Medeld T T e o T Stz | e % | fifiz | ey, %

1 0.31 0.3049 1.65 0.3095 0.16 0.31 0

2 1.495 1.816 | 21.47 1.542 3.14 1.5 0.33
3 1.819 1.8482 1.61 1.8188 0.01 1.8191 0.01
4 1.903 1.8701 1.73 1.8997 0.17 1.9029 0.01
5 4718 | 48284 | 234 | 4.7298 025 4.7191 0.02
6 5210 | 5.1205 1.72 5.2009 0.17 5.2092 0.02

Model 4

Model A

Model B

Model C

(fi=0.31 Hz) (f1 = 0.3049 Hz)

(f1 = 0.3095 Hz) (fi=0.31 Hz)

Figure 9. Eigenmodes and eigenfrequencies (mode 1)
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Model 4 Model A Model B Model C
(f2=1.4952 Hz) (f2=1.816 Hz) (f2=1.542 Hz) (f2=1.5Hz)

Figure 10. Eigenmodes and eigenfrequencies (mode 2)
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Model 4 Model A Model B Model C
(f3=1.8191 Hz) (f3=1.8482Hz) (f3=1.8188Hz) (f3=1.8191 Hz)

Figure 11. Eigenmodes and eigenfrequencies (mode 3)

A ‘)\ ‘A, ‘;\

Model 4 Model A Model B Model C
(f+=1.9032 Hz) (fr=1.8701 Hz) (fs=1.8997Hz) (f+=1.9029 Hz)

Figure 12. Eigenmodes and eigenfrequencies (mode 4)
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Model 4 Model A

Model B Model C

(fs=4.7179 Hz) (f5=4.8284Hz) (fs=4.7298 Hz) (f5=4.7191 Hz)
Figure 13. Eigenmodes and eigenfrequencies (mode 5)

Model 4 Model A

Model B Model C

(fs=5.2101 Hz) (f6=5.1205Hz) (fs=5.2009 Hz) (fs=15.2092 Hz)
Figure 14. Eigenmodes and eigenfrequencies (mode 6)

time £ [s]

Displacement of the free edge of the oscillating
plate in x direction [m]

time ¢[s]

Drag force Fx [N]

Figure 15. Model B: Comparison of the simulation results with the reference [1]

6. CONCLUSION
The considered problem is included in the

development of technique for estimating the
aeroelastic instability of building structures ([6-
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7]) as a verification problem. This example
shows the possibility of transition from a
volumetric model to a shell model. The results
obtained for both types of the flexible plate
models showed good agreement with the
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reference. The considered coupled approach,
which utilizes a shell model of the plate, has
practically important application to the real-
world problems of aeroelasticity, since in
engineering practice the building structures are
most often modeled by beam and shell models.
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TIME ANALYSIS OF A CONSTRUCTIVELY NONLINEAR
SYSTEM WITH ONE-WAY CONNECTIONS

Alexander N. Potapov, Nail T. Tazeev
South Ural State University, Chelyabinsk, RUSSIA

Annotation: An active method of suppressing wind auto-oscillations of an overground gas pipeline
model is considered, which allows the system to be tuned from the resonant frequency by changing its
design scheme with the help of a vibration damping device operating on the principle of one-way con-
nection (OWC). A new mathematical model of vibrations with a symmetric form of natural vibrations of
the system is proposed. Variants of vibration models with one and two OWC, located in the central span
of the design scheme of the gas pipeline, are considered. The implementation of a non-stationary dynam-
ic process is carried out within the framework of the theory of temporal analysis for a model of an over-
ground gas pipeline in the form of a multi-span continuous beam with point masses located in the design
sections of the model. The equation of motion is presented in the matrix form of the Duhamel integral,
taking into account internal friction, which follows the disproportionate damping model. Computer simu-
lation of the problem for a system with 39 degrees of freedom is carried out. The kinematic and force pa-
rameters of the dynamic response of the dissipative system are obtained, a comparative analysis of the
proposed oscillation model for the design models with one and two OWC is given, and the efficiency of
the model with two OWC is shown.

Keywords: overground gas pipeline, auto-oscillations, vibration damping device, connection,
natural mode of vibration, stiffness matrix, displacement

BPEMEHHOM AHAJIN3 KOHCTPYKTUBHO HEJUHEMHOMN
CUCTEMBI C OJHOCTOPOHHUMMU CBS3SIMU

A.H. Ilomanoe, H.T. Ta3zees
OI'AOY BO «HOxHO0-Ypanbsckuii rocynapctBeHHbl yanepeute (HUY), r. Uensabunck, POCCUA

AHHoTanmus: PaccMOTpeH akTHBHBIM CIOCOO TamieHHs BETPOBBIX aBTOKOJICOaHWH MOAENH HaI3eMHOTO
ra3onpoBoia, MO3BOJISIIOIIMN OTCTpauBaTh CUCTEMY OT PE30HAHCHOW YAaCTOTHI MyTEeM M3MEHEHUs €€ pac-
YETHOHN CXEMBI C MOMOIIBI0 YCTPONCTBA rameHus kojebaHuil, paboTarouero mo NpUHIMIY OJHOCTOPOH-
He#t ces3u (OC). Ilpeqnoxena HoBas MaTeMaTHuecKasi MoJiellb KoieOaHui ¢ CUMMETpHYHON (opMoil co0-
CTBCHHBIX KoJieOaHUil cucTeMbl. PaccCMOTpEeHBI BapuaHTHI MoJieliel Konebanuii ¢ ogHol u aByms OC, pas-
MEIIEHHBIMU B LIEHTPAJILHOM IMPOJIETE PACUETHOM CXeMbl ra3zonpoBoja. Peanuszauus HecTallMOHAPHOTO
JTUHAMHYECKOTO MpoIlecca BHIMOJIHEHA B paMKaX TEOPUHU BPEMEHHOTO aHaJu3a JJIsi MOJAEIU HaJ3EMHOTO
ra3ompoBojia B BUJE MHOTOIPOJCTHOH Hepa3pe3Hoil 0alKW C TOYCYHBIMH MaccaMU, PaclOI0KCHHBIMH B
pacUeTHBIX CEUYCHUAX MOICTH. YpaBHEHHE ABWIKCHHS TPEACTaBICHO B MaTpuYHOU (opme WHTeTpana
Hroamens ¢ y4eTOM BHYTPEHHETO TPEHUS, MOAYHHSIONETOC MOIEIIH HEMPOMOPIHOHATBFHOTO AeMI(QHPO-
BaHUsA. [IpoBeIeHO KOMIBIOTEPHOE MOJACIUPOBAHUE 3aJaul I CUCTEMBI ¢ 39 cremeHsMu cBoboxasl. [1o-
JTy9eHbl KHHEMaTHYeCKHE W CHJIOBBIC MMapaMeTphl JMHAMHUECKOW PEaKIuu AUCCUIIATUBHON CHCTEMBI, aH
CPaBHHUTEIBHBIN aHAIN3 MPEIIOKCHHON MOIESITN KOJIeOaHWUN NI pacdeTHBIX MOJENeld C OTHOW W ABYMS
OC u noka3zana 3¢ dexTruBHOCTH MoJseau ¢ AByMsi OC.

KaroueBble ciioBa: Ha)l3eMHLIﬁ ra3onpoBo/, aBTOKOJ’Ie6aHI/I$[, yCTpOﬁCTBO ramcHUus KOHe6aHHﬁ,
OJHOCTOPOHHAA CBA3b, (1)opMa COOCTBEHHBIX KOHeGaHHﬁ, MaTpula )KECTKOCTU, NCPEMCIICHUC
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INTRODUCTION

In operational practice overground gas pipe-
lines, the phenomenon of wind self-oscillations
caused by the nature of the laminar wind flow
around the pipe is often found. At certain Reyn-
olds numbers, on the leeward side of the pipe,
the so-called Karman's track [1] is formed,
consisting of vortices alternately breaking off
from the upper and lower sides of the cylindri-
cal surface of the pipe. These vortices transmit
to the pipeline significant in magnitude sign-
alternating pulses, which cause oscillations in
the vertical plane, the frequency of which is
equal to the vortex separation frequency. If this
frequency coincides with the frequency of natu-
ral vibrations of the gas line, a resonance will
occur, representing a serious danger to any
structure. A rapid increase in the amplitude of
vibrations leads to various damages: loosening
of the supports, destruction of clamps at the
points of attachment of the pipe with supports,
the appearance of longitudinal and transverse
cracks on the surface of the pipe at the support
points, dropping the gas pipeline from the sup-
ports, etc.

The main conditions for the occurrence of
wind self-oscillations are the laminar nature of
the wind flow, the exclusion of local turbu-
lence and the relatively high flexibility of the
pipeline. It is known that for pipelines of
medium (300-500 mm) and large (over 500
mm) diameters, the occurrence of wind self-
oscillations 1is practically excluded, but for
pipelines of smaller diameter this phenome-
non can be destructive [2].

The existing methods for solving this problem
are divided into two directions: changing the
nature of the flow around a structure or the
nature of the oscillatory process (active meth-
ods) and constructive limitation of the level of
oscillations by changing the frequency of natu-
ral oscillations (passive) [3]. Active aerodynam-
ic methods use various devices to change the
nature of the flow around the structure (turbula-
tors, perforated casings, etc.). Active mechani-
cal dampers change dynamic characteristics
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without changing static ones (dampers, shock
absorbers, etc.). Currently, active research is
being conducted in both directions, but aerody-
namic methods are more widespread.

Various methods of calculating systems with
vibration damping devices are known in the
literature [3, 4]. The article [5] examines the
existing methods of calculating cylindrical
structures for wind vibrations with mechanical
damping devices.

In works [6, 7], the authors have studied the
devices for active aerodynamic damping of
wind self-oscillations of cylindrical structures.
The obtained results of experiments in a wind
tunnel show high efficiency of the devices.
Similar studies are carried out by methods of
numerical simulation [8]. In this case, in the
formulation of problems, usually design dy-
namic models with a small number of degrees
of freedom are considered, in which the inter-
nal friction of the material is taken into account
on the basis of proportional damping models
[9, 10].

This article analyzes the dynamic response of
the gas pipeline design model in a non-
stationary process. To limit the resonance am-
plitudes in the design model, a device is used
that operates on the principle of one-way con-
nection (OWC) and contains a cable with a zero
bending stiffness as the main element [11].
Within the framework of the theory of temporal
analysis, a mathematical model of oscillations
of a system with one and two OWC is built.
This model makes it possible to take into ac-
count the behavior of the system, both in the
state of the base model (BM), when the OWC is
turned off from work, and in the state of models
with additional connection (MAC), when the
OWC is turned on.

When analyzing the fluctuations of the design
model, the influence of a number of factors on
the parameters of the dynamic response of the
design model was studied. In particular, the
influence of the cable stiffness and the influence
of the OWC location in the span relative to the
supports were taken into account.
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1. MODELS AND ALGORITHMS

The equation of motion of an elastic discrete
dissipative system (DDS) in the framework of
the linear model of viscous resistance (1) and
the initial conditions (2) of the dynamic problem
are represented in the form:

(1
2)

MY ()+CY(t)+KY(t) = P(¢)
Y, =Y(), Yo :Y(ti)s

where M = diag (m1, ..., man), Ci=C", Ki=K;" €
My(R) — mass matrix, damping matrix and
stiffness matrix; Y(¢), P(t) — displacement vec-
tors and external load vectors. The index j = 0,
1, ... takes into account the state of the design
model over the time interval ¢ € [#, ti+1], at that,
the zero index j of the corresponding matrices is
omitted. Here #; — is the OWC on / off time.

The construction of fundamental solutions of
the homogeneous differential equation follow-
ing from (1) is related to the matrix func-
tion @;(¢) = %" in which Sj € M,(C) satisfies the
characteristic matrix quadratic equation (MQE)
— the equation of motion of natural forms:

MS:+C.S,+K,=0. 3)

The matrices S; play an exceptional role in the
analysis of a dynamic system, because the spec-
tra of these matrices contain the internal dynam-
ic characteristics of the DDS (damping coeffi-
cients, frequencies and forms of natural vibra-
tions). The MQE solution (3) has an analytical
representation in the form of a root pair:

N 3)

an =MT(=C,+V,£U )/ 2
where V= -V;', Uy = Uj" — skew-symmetric and
symmetric matrices.

For an elastic DDS with low dissipation, the
elements of the matrices Vj, U; are real and
imaginary, respectively, and therefore the ma-
trix roots Sj(1,2) are complex conjugate (5.1 = 5,
Si2=8,) [12]:
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S, =M"'(-C,+V,+U,)/2,

T M- 4)
S,=M"(-C,+V,-U,)/2.

The system response (vectors of displacements
and velocities of DDS nodes) is written in the
matrix form of the Duhamel integral [13]:

Y(1)=2Re{Z(1)}, Y()=2Re{S,Z()}, ()

Z)=®,(t—1)U;'M(-5,Y, +Y,) +
t (6)
+U;! j @, (1—17)" P(r)dz.

i

The first term in (6) expresses the reaction of
the design model with free vibrations, the sec-
ond term is the Duhamel integral, the reaction
with forced vibrations.
The aerodynamic effect of the wind load is
determined by the sine law:
P(t) = F,sin(6t). (7)
The amplitude value of the disturbing load acting
in the node is calculated as the force of the frontal
resistance to the static action of the wind of the
calculated speed. The number of vortices escaping
from the pipe surface in 2n seconds is the circular
frequency of the disturbing load and is calculated
using the following formula:

()

Then the dynamic reaction (6) under the condi-
tion of constant velocity head (6 = const along
the entire length of the design model) takes the
form on the interval ¢ € [#;, ti+1] [12]:

Z({t)=®,(t—t)U;'M[-5 Y, + Y, ]+
U1y +6° ] FR, ®)

F(t)=ST[® (¢—1,)"sin(6r,) — Esin(0r,) | +
+ [CDJ (t—t)" cos(0t,)—E cos(Htl.)] 0,
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where E — identity matrix.

The design scheme (Fig. 1) of the gas pipeline
has the form of a continuous beam, all spans of
which (except for the central one) are modeled
by the same number of nodes containing point
masses. In the central span, the number of nodes
has been increased in order to improve the
positioning accuracy of the OWC. The number
of degrees of freedom of the system is equal to
the number of masses.

AT ThE pd

lI=aXg J’mi lr=arXgr J J Im=aXgq y

g
La,
£

5/

Figure 1. Design model

Activation and deactivation of connections is
realized by changing the external (Cj, Kj) and
internal (S;, U;) dynamic parameters of the
system and changing the initial conditions (Yo,

Y,). In addition, when moving from interval ¢ €

[ti1, ] to interval ¢ € [t;, ti+1], the time is
changed from #i-1 to #.

In the case of a design dynamic model with one
OWC in a span (DDM-1), Fig. 2 shows two
possible states of the system (for j = 0, 1): BM
and MAC. For a model with two OWC in a span
(DDM-2), four possible states are considered (j
=0, 1, 2, 3): BM, MAC-1, MAC-2 and MAC-3
(Fig. 3).

I BM

) 08 2

( z “"--...._,___ ____...---’: z (
MAC

Y e g e e e )
pe
e %L Ay
Figure 2. Schemes of possible states of the
design model with one OWC (DDM-1)
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) BM MAC-1
: Ej ) -
MAC-3 MAC-2

Figure 3. Schemes of possible states of the
design model with two OWC (DDM-2)

Variants of the MAC-1, MAC-2 models (within
the framework of the DDM-2) are possible with
an arbitrary arrangement of the OWC in the
central span and a velocity flow that is not
constant along the length of the design model.
Initial data for calculation: outer and inner
diameters of the pipe, respectively D = 219 mm,
d = 209 mm, elastic modulus £ = 2,1x108
kN/m?, span length / = 15 m, number of spans
m =9, the number of elementary sections in the
central span g1 = 16, in other spans ¢ = 4. Ac-
cordingly, the number of masses in the central
span is 15, in other spans — 3, the number of
degrees of freedom n = 39. The tensile compli-
ance of the cable takes values in the range
or € [0.001, 0.1] m/kN. Logarithmic decrement
0 = 0,07. The wind speed at which the reso-
nance occurs is v =2.951 m/s.

2. EXPERIMENTAL STUDIES
"BEAM - CABLE" MODEL

OF THE

Note that in Fig. 2, 3 show schemes of possible
states of the system during vibrations only with
a symmetrical arrangement of the deformed axis
of the design model relative to the attachment
point of the working (active) OWC, i.e. dis-
placements of the elastic line when passing
through the attachment point, where the OWC
entered into operation, do not change sign. This
is due to the fact that in the transient modes of
the design model, when the BM is in one (any)
of the states associated with the MAC, the stay
in this state, as experimental studies show, lasts
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a fraction of a second and does not exceed 1/10
of the time the system is in condition BM.

The experiment was carried out on a flexible
beam with one OWC. The aerodynamic effect
was simulated using a vibration load from a
light electric motor located in the center of the
beam (Fig. 4). The parameters of the design
dynamic model: the cross-section of the beam
is 50 x 4 mm, the length is 2 m, one-way con-
nection in the form of a cable, within the
framework of the experiment, is assumed to be
inextensible. Motor weight 0.36 kg, motor
angular frequency causing resonance 6 = 9
rad/s, amplitude of the active component of the
vertical centrifugal force Po = 5.3 kg. The
purpose of the experiment: to determine the
form of vibration of the deformed axis of the
beam at the moment of activation of the OWC
(cable); to show that the form of natural vibra-
tions of the model in the MAC state is symmet-
ric due to the absence of turns of the central
section at the point of attachment of the OWC
to the beam.

In Fig. 4 shows a photo of the experimental
setup at the moment of OWC tension (a) and
OWC deactivation (b). In both Figures, it can be
seen that the elastic line of the beam at the point
of attachment of the cable retains its symmetry
about the center of the span, and the tangent to
the elastic line at this point does not rotate
relative to the horizontal. It can be stated that
due to the inertia of motion and because of the
short duration of the stay of the design model in
the MAC state, the model does not have time to
change the type of symmetry of the form of
natural vibrations.

Figure 5 shows the frequency characteristics
of the vibrations of the BM (Fig.5a) and the
model with a cable (Fig.5b), recorded using a
special application «Vibration analysis». The
vibration frequency of the BM is 1.62 Hz, the
maximum value of the vibration displacement
amplitude is 62.94 mm — 6.06 mm/s’>. The
vibration frequency of the model with a cable
is 4.94 Hz, the amplitude of vibration dis-
placements is 2.27 mm, amplitude of accelera-
tions is 23.59 mm/s?.
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"

Figure 4. Design model "beam — cable":
a — in a state of tension on the cable;
b —when the cable is off
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Evaluation from the time domain (z-component):
Frequency 1,62 Hz
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Evaluation from the time domain (z-component):

Frequency 4,94 Hz

Figure 5. Characteristics of system oscillations:
a) BM; b) model with a cable

It is important to note that when the beam is de-
formed in symmetric mode of vibration (Fig. 2,
state of MAC-1), its displacements will be less than
the corresponding displacements of the beam in the
case of its deformation along the skew-symmetric
mode of vibration. This is due to the fact that the
central section of the beam in the MAC-1 state
corresponds to the design scheme with a rigidly
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fixed support, and when deformed according to a
skew-symmetric vibration mode, it corresponds to
the design scheme with a hinged support.

Turning to the design model of a gas pipeline in the
form of a multi-span beam, we can conclude that
the use of a symmetric vibration mode reduces
deflections not only in the central span where the
OWC is installed, but also in adjacent spans of the
design model. Here, the gas pipeline design be-
haves like a living organism, showing the "instinct
of self-preservation" and choosing the most optimal
way out of a critical situation. Indeed, in order to
resist the wind resonance, the gas pipeline construct
makes the most of its external and internal reserves.
The OWC acts as an external reserve, the activation
of which leads to a change in the calculation
scheme, and the internal reserve is the symmetric
form of the system's oscillations in a new state.
This transformation of the system provides more
effective resistance to wind resonance than in a
system with a skew-symmetric vibration mode.

3. RESULTS OF THE STUDY

In the case of a design model with two OWC in
a span (DDM-2), their symmetrical arrange-

P()

Py Py P

P P P@)

Alexander N. Potapov, Nail T. Tazeev

ment relative to the center of the span at the
attachment points is considered: 19-21, 18-22
and 17-23 (Fig. 6). The results of computer
simulation of the problem are graphs (oscillo-
grams) of the parameters of the dynamic reac-
tion of a constructively nonlinear dissipative
system at a given time interval. These parame-
ters include: displacement, velocity, accelera-
tion, restoring (elastic), dissipative and inertial
forces calculated in the design sections of the
model, as well as the forces in the cables. The
most indicative is the graph in which the kine-
matic and power parameters are combined.
Figure 7 shows a fragment of an oscillogram of
displacements, restoring forces and forces in
the cable, built for the 19th node, where the left
OWC is mounted in the DDM-2 (19-21) sys-
tem. As can be seen from the graph, on time
intervals corresponding to the OWC tension,
displacements yi9(¢) of this node (due to the
compliance of the connection) become higher
than the position of static equilibrium. At this
moment, the activation of elastic forces occurs
due to a sharp transformation of kinetic energy
into potential.

23

24

25 26

P P

L PO PH PY  PWH)

0.6 [~
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Displacements, cm

Displacements - 0.6
Restoring force
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Figure 7. Fragment of the oscillogram of displacements, restoring force and efforts in the cable at
the attachment point of the left OWC
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Figure 8. Graph of the maximum positive vibration displacements of the nodes of the central span

To compare the effectiveness of the ways of posi-
tioning the OWC in the span, a comparative calcu-
lation of DDM-1 and DDM-2 was carried out with
the minimum cable complience (0.001 m / kN).
The maximum developed displacements of the
masses of the central span were estimated for the
entire period of oscillations, for which the graphs of
the maximum positive (upward) displacements
were constructed, which, in fact, represent the
enveloping diagrams of displacements (Fig. 8). The
resulting graph shows that the level of fluctuations
of the central span is most effectively suppressed in
the DDM-2 with the OWC 19-21 location, that is,
the closest to the center.

Fig. 9 shows oscillograms of the maximum
displacements of the base model, DDM-1 and
DDM-2 (19-21) with a cable compliance of 0.01
m/kN at a 10-second interval. As can be seen
from the graph, in DDM-2 the maximum dis-
placement values are less than in DDM-1, and
the maximum is also reached earlier. Moreover,
at the beginning of the process, the displace-
ment in both models is higher than in the BM.
The maximum displacements develop at the
central points of the extreme spans. Oscillo-
grams of vibration displacements of DDM-1
and DDM-2 (19-21) for these points are shown
in Fig. 10.

gus - ‘ | ‘ l l ' ﬂ ‘ ‘ i A
%0.4— | '|I-."' ‘ |
HHf V ( i |H I |
-'-I._!|||'|| '

Figure 9. Oscillograms of maximum modulustldsl,'z;lacements BM, DDM-1, DDM-2 (19-21)
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Figure 10. Oscillograms of movements of the central node of extreme span
in DDM-1 and DDM-2 (19-21)

Fig. 11 shows a graph of the maximum vibra-
tion displacements max| yi(¢) | for models DDM-
1, DDM-2 at different values of cable compli-
ance (from 0.001 to 0.1 m/kN).

According to the graph, the DDM-2 model (19-
21) shows the maximum efficiency in almost
the entire range of cable compliance values. The
variant with the DDM-1 model shows the worst

results in all cases. Moreover, a twofold in-
crease in the rigidity (decrease in compliance)
of the cable in DDM-1 does not give an ad-
vantage over DDM-2 in the effective range of
rigidity (compliance range from 107 to 5-107
m/kN). In other words, a single double-stiffness
cable is not more efficient than two single-
stiffness cable.

1.4

09 r

08 [

Maximum displacements, cm

0.7

0.6

DDM-1
DDM-2 (17-23) |
DDM-2 (18-22)
DDM-2 (19-21) |

0.5
107

102

Cable compliance, m / kN
Figure 11. Graph of the dependence of the maximum vibration displacements
on the cable compliance in various models
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The phase diagrams yi(f) — ,(¢) shown in Fig.
12, built for the case of the lowest cable compli-
ance (0,001 m/xH) in the first two seconds of the
system operation, demonstrate the differences in
the nature of the nonlinear operation of the
system. Here the i numbers correspond to the
central nodes of the corresponding spans.

In BM, the phase trajectory of the central node
of the 4th span is characterized by a uniform
proportional increase in the form of a spiral.
(Fig. 12 a). The same dependences constructed
for DDM-1 and DDM-2 (Fig. 12 b, ¢), not only
differ from BM, but also significantly differ
from each other. For DDM-2, in comparison
with DDM-1, sharper and more frequent chang-
es in the direction of speed are characteristic,
which is a reflection of the higher energy impact
on the constructive nonlinear model from the
side of the two OWCs when they are switched
on / off. Phase diagrams of off-center (extreme)
nodes of the 4th span have a similar look. In the

a) Basic model - span Ne4

Speed,cm /s
o

03 02 -0.1 0 0.1 0.2 0.3
Displacements, cm

c) DDM-2 - span Ne4

Speed,cm /s

-0.05 0 0.05 0.1
Displacements, cm

-0.15 0.1 0.15

first span operation character DDM-2 is aligned,
it becomes more similar to the operation of BM
(Fig. 12 g).

For the computational model with two OWC, an
estimate of the accuracy of solving the differential
equation of motion using the residual vector Ag(?)
= f{t) — P(t), where fit) = MY (¢)+CY(¢)+ KY(?)
is the sum of inertial, dissipative and restoring
forces on the left side of the equation; P(¢) = [pi(?)]
— vector of external forces. Value A@(f), express-
ing the difference between the left and right sides
of the equation, is built for DDM-2 over the entire
response interval, including the states of BM and
MAC-2. The nature of the convergence of the
solution (functions f /(¢)) to the given functions
pi(t) of the right-hand side of the equation is
shown on the oscillogram A@j(f) for the cable
attachment point (j = 7) in Fig. 13. The accuracy
of solving the differential equation of motion does
not go beyond the error limits € < 8,5x107% xH.

b) DDM-1 - span Ne4

Speed, cm /s
=

-0.2 -0.1 0 0.1 0.2
Displacements, cm

d) DDM-2 - span Ne1

Speed, cm /s

0.3 -0.2 -0.1 0 0.1 0.2 0.3
Displacements, cm

Figure 12. Phase trajectories in coordinates yi(t) — y.(t) for BM, DDM-1 and DDM-2 in the first
two seconds of operation with cable compliance 0.001 m / kN
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Solution residuals, kN
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t, sec

Figure 13. Oscillogram of residuals A@s(t) of the solution of the equation of motion (1)

CONCLUSION

Based on the results of the study, the following
conclusions can be drawn.

1. On the basis of experimental data, a more
perfect model with a symmetric natural vibra-
tion mode was adopted. Computer simulation of
the problem with one and two OWC also
showed a high efficiency of the damping device
for the proposed oscillation model. This result is
of great practical importance. The use of this
model (within the framework of DDM-1 and
DDM-2) will increase (optimize) the spacing of
vibration damping devices along the elevated
gas pipeline route and, thereby, reduce the
number of these devices per one kilometer of
the route compared to the model of vibrations
with a skew-symmetric shape.

2. For DDM-2 with a symmetrical arrangement
of the OWC, the optimal arrangement of con-
nections (19-21 — in the local numbering of the
central span) was obtained practically over the
entire range of values of the cable compliance.
With this arrangement of connections, the
DDM-2 shows a more active limitation of the
amplitudes of the parameters of the dynamic
response in comparison with the same model
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with other arrangements of the OWC, and also
in comparison with the DDM-1 model.

3. It is shown that all the considered variants of
the DDM-2 models lead to much lower ampli-
tudes of the response parameters in comparison
with the DDM-1 model. Even a doubling of
stiffness of the cable in the DDM-1 model did
not reveal any advantages over the DDM-2
model in terms of maximum vibration dis-
placements.
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NUMERICAL SIMULATION OF GAS ATOM COORDINATE
DISPERSION IN A MATHEMATICAL MODEL OF DEEP BLAST
COMPACTION FOR SUBSIDENCE SOILS

Elena O. Tarasenko
North Caucasus Federal University, Stavropol, RUSSIA

Abstract: within the framework of mathematical modeling of geological systems, applied inverse problems arise
that require solutions. This paper presents approaches to constructing solutions (approximate and explicitly
analytical) of boundary value problems describing the compaction of subsidence soils by the method of deep
explosions. Numerical simulation of the dispersion of the coordinates of the gas atoms formed in the subsidence
soil as a result of a deep explosion of a concentrated charge is carried out. Approximate solutions of the problem
are constructed for soils with characteristic properties of isotropy and anisotropy for cases of complete
absorption of gas atoms by the surrounding soil and complete reflection from it.

Keywords: subsidence soil, loess, soil compaction, deep explosion, mathematical modeling,
numerical modeling, dispersion of atomic coordinates

YUCJIEHHOE MOAEJIMPOBAHUE JUCIIEPCUU KOOPAUHAT
ATOMOB I'A3A B MATEMATUYECKOMW MOJEJIU
YIVNIOTHEHUA TPOCAAOYHBIX I'PYHTOB I''1YBUHHBIMH
B3PbIBAMHA

E.O. Tapacenko

Cesepo-KaBka3zckuii ¢enepaibHblii yHUBEpCcHTET, T'. CtaBpormois, POCCHUS

AnHOTanusi. B pamMkax MaTeMaTH4ecKOro MOJEIMPOBAHUSI T€OJOTHUCCKHX CHCTEM BO3ZHHUKAIOT HPHUKIIAIHBIC
oOpaTHbIe 3a1aun, TpeOyromue pemenns. B HacTosmelt padoTe mpeacTaBiIeHb! MOIXO0/b! TOCTPOSHHS PEIICHUH
(MpUONIVKEHHBIX 1 B IBHOM aHAJMTUYECKOM BHJIE) KPAeBbIX 3a]ad, ONMUCHIBAIONINX YIUIOTHEHNE MPOCAJOYHBIX
TPYHTOB METOJIOM INTyOHMHHBIX B3pBIBOB. [IpoBeaeHO YMCICHHOE MOAEINPOBAHNE TUCIICPCHH KOOPAWHAT aTOMOB
ra3a, oOpa3yromerocsi B MpocajgodyHOM IPYHTE, B pe3yibTaTe INIyOMHHOTO B3pbIBA COCPEIOTOYCHHOTO 3apsfa.
ITocTpoeHs! NmpuOMIKEHHBIE PELICHUs] MOCTABICHHOM 3alaud Uil TPYHTOB C XapaKTePHBIMH CBOWCTBAMHU
M30TPONHOCTH M aHU30TPOITHOCTH YIS CITy4aeB IOJHOTO TOTJIOIIEHNsI aTOMOB I'a3a OKPY’KalOIUM €r0 IPYHTOM
Y MTOJTHOTO OTPa)KEHUsI OT HEero.

KaroueBble c10Ba: MpocaoyHbIi TPYHT, JIECC, YINIOTHEHUE TPYHTA, TITyOMHHBIN B3pHIB,
MaTeMaTU4ECKOe MOJIEIMPOBAHUE, YUCIIEHHOE MOACIUPOBAHUE, IUCIIEPCHUs] KOOPIUHAT aTOMOB

INTRODUCTION

Engineering-geological design of buildings and
structures requires rational and time-consuming
numerical calculations of the density and
deformation characteristics of soil. This is
especially relevant on subsidence loess soils,
which are rather mysterious and debatable by
origin Quaternary rocks. Subsidence soil strata
are widespread (more than 17%) on the territory

Volume 19, Issue 1, 2023

of Russia. Their greatest concentration (about
80%) is fixed in the North Caucasus, the South
of Russia, Siberia, Yakutia, etc. [1, 2]. There are
different methods of soil compaction [3]. Here
we shall consider a method of soil compaction
by means of deep explosions of the concentrated
charges. This method of compaction of
subsidence soils in its practical implementation
demonstrates low production costs and
economic efficiency [4].
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A DIRECT PROBLEM

Changes in values of the average density of the
compacted soil skeleton ¢ per unit time ¢ at a

point (x,x,,x;) in a given space from a

concentrated source of explosive charge is
described as an initial boundary problem,
typical for the case of complete absorption of
gas atoms by the surrounding soil (compaction
of subsiding soil is realized) [5].

%,y _ 0 94,
ot Oox Ox 8x

(1)
8 Ok 8(] 0 z%—i—f’
8y Y oy 62 oz
1€ty T]
with initial conditions
(t()ox ya ) (2)
=Q5(x—x )5(y—y0)5(z—zo),
and boundary conditions
q(t:x,.2)_0=0, 1>t (3)

In the case of complete reflection of the gas atoms
from the surrounding ground, when the ground
ejection to the surface is realized, the changes of
mean ground density values ¢ are described by the
initial-boundary problem (1), (2),

KZZ a_q
Oz|._.o

z=z

=0,1>1,,

“4)

where Q=const>0, &(x) is the Dirac -

function, z’=H is the depth of the
concentrated explosive charge, U = const is the
horizontal transfer rate (along the axis Ox),
K., K,, K, is the diffusion coefficients.

The explosive gas source function is represented
as
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f(t,x,3,2)=0-R(t,x,,z)=
05(1-1,)6 (x—xo)x
<S(v=3")o(z-H)

)

Suppose that U, K, Ky, K_ are continuous

functions of the argument z :

In addition to equation (1) to calculate the average
values of the compacted soil skeleton density, it is
also possible to use the function [6, 7]

"(t,x,v,z)= © "
) e ey (0,0
(x_ﬁt)z :
252 (¢) 20-2 (7) + (6)
XEXPq — 2 ’
(z=1)
| 202(1) -

which is a Gaussian function of the density
distributions of the soil skeleton, where o7 (7),

2 2
o, (t) , O,
changes of the gas atoms in the compacted soil,
respectively along the axes Ox, Oy, Oz at the

timet; o (t), of(t), o’ (t) are functions

(1) are the dispersion coordinate

continuously differentiable by the argument ¢,
t>0.
According to [8], for t — o0

ol >0 are certain

constants.  Consequently, the
approximations are valid for ¢ — oo

2 2
where o >0, o, >0,

following
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Subsidence Soils

O'f (t) = aft R oi

(1)=0ot, o2 (t)=02t. (7)
The density of the compacted soil skeleton
q'(t,x,y,z), given by the Gaussian (6), when
the approximate equations (7) are fulfilled,
satisfies the equation

[ [ 2
% gl 1,204
ot ox 2 " ox?

1 zanv 1 zazqv_

——O0 o
2 y ayZ 2 z 622

and the initial condition (2). Let us rewrite
equation (1) as

_ 2
9, 5% 1,209

62q_
o ox 2 Y ox 2

2_
J/ay

[\)
N |~
Q

2 7 72 X
0 1 2 8q
=K ——0l |—+ 8
K23 5, ®
+i K (Z)—lO'Z @+
oy 7 2 7)oy
0 1 2 Gq
+—| K -—o, |—+
0z Z(Z) 2 “)oz /

differs from 0, the less ¢', given by the Gaussian

(6), will differ from the exact solution ¢ (if only ¢

continuously depends on the coefficients of

2

equation (1)). In order to U, of, opt 0'22 have the

smallest scattering on the interval of [O,h] from
U(z), K.(z), K,(z), K.(z), where / is the

depth of penetration of the gas atoms into the
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surrounding ground, it is sufficient to fulfill the
conditions:

2

E(U(z)—ﬁ) dz — r%in,

o

2
K (Z)—l 2| dz — min,
X 9 ¥ 5

X

y
Lo}

v

h

I

0

h 1 zd .

g(Ky(Z)_E ] z — min,
h
] )
0

2
(KZ (2) —%O‘sz dz — ncl;izn,

2
y

will take the form:

then 5, of , O ,0-22, from the conditions (9),

— 1k , 2
U==[U(z)dz, oy =;IKx(Z)dZ>
0 0

h h
o, :%jKy (2)dz, o2 :%IKZ (z)dz. (10)
0

y
0

the Gaussians

q'(t,x,y,2),

given by expression (6), where o, (t), o, (Z) ,

Consequently,

o.(t) are described by relations (7), (10), can

be taken as an approximate solution of problems

(1), (2), 3) and (1), (2), (4.

INVERSE PROBLEM FORMULATION

According to the known average values of the
skeleton ~ density ¢, (¢,x,y,z) of the

compacted by the method of deep explosion of the
concentrated explosive source under the condition
of complete gas atom reflection from the
surrounding ground (release to the surface), or the
average values of the skeleton density

¢, (t,x,y,z) of the compacted soil under the

soil

condition of complete gas absorption by the
surrounding ground (compacting of the sagging
soil), as well as by the given depth of placement of
explosive H and the known values of explosive
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0, o’ (1), 0'5 (1) are the
dispersions of coordinates of gas atoms in the
surrounding soil, respectively along the axes Ox,

charge power

Oy, to determine the unknown values o7 (¢)

dispersions of coordinates of gas atoms in the
compacted soil along the axis Oz at the time of 7.

NUMERICAL SIMULATION

Build an approximate solution of the inverse
problem on the basis of the apparatus of
numerical methods for solving transcendental
equations. Let us apply the method of simple
iteration [9, 10]. Consider two cases, according

to the statement of the problem, for g, (t,x, v, z)

and g, (1,x,,z).

1) numerical solution of the applied problem by
the simple iteration method (under the
assumption that there is a complete reflection of
the gas atoms by the surrounding ground, the
surface emission is realized). Assuming that the

interval [a,b] is separated (@ and b estimated,

e.g., by selection or graphical method), which
contains the sought root o, of the equation

0

q\t,x,y,z)= X
1( ) (272_)3/2 0, Z3
—\2
(x—Ut) y2
X exXpA — s+ 5 X
20t 20t
(11)
I _(Z—H)2 |
exp{ 20‘22t +
X ) =0.
_(Z+H)
+exp{ 20'22t

If the investigated geological medium has
characteristic properties of anisotropy, the
equation (11) is rewritten in the following form
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= Q X
: q (t,x, y,z)(27r)3/2 O'xO'yt3
—\2
(x-T1) 2
X exXps — PRl F
20t 2ot

—HY
eXp{%}Jr

s HP |
+eXp{%}

Iterative successive approximations to the
desired root will be defined according to
representation:

G£n+l): Q — y
q, (t,x,y,z)(272’) Gxayt3
(X‘Ut)z v
P 20t ZG;I :
2
expy— (Z_H) +
%
2(0‘2 ) t
X
(Z+H)2
+expy— >

If the investigated geological medium has
isotropic  properties, then o0,=0,=0,.

Therefore, the equation (11) can be represented
as follows

0
o, = X
i/ql (t,x,y,z)(27r)3/2 azzt3

—\2
X 3|expq — (X_Ut) + v X

20'22t 20'22t
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(z—H) (z+H)
X3 [exp {_Tzzt} +exp {Tth

The iterative successive approximations to the
desired root in this case will be determined
instead of formula (12) by the following
representation:

ng-#l) =, Q " " T x
q,(t,x,y,2)(27) (O‘z )t

(=-0)
X 3/expq — —+ — |t %
2((7?’)) t 2(0‘5")) t
ol =
2(0‘§”)) t
X
2(0'?’)) t (13)

From the segment of the root separation [a,b] ,
we arbitrarily determine the first approximation
ng) to the desired root (the first iteration).

The criterion for the end of the computational
search for the solution of the equation is the
fulfillment of the inequality

(14)

where ¢ is the desired accuracy of calculations.

2) numerical construction of the solution of the set
problem by the method of simple iteration for the
case of complete absorption of gas atoms by the
surrounding soil (realization of compaction of
subsidence thickness). Assuming that the interval

[a,b] (as above, a andu b estimated by fitting

method or graphical method) containing the
required root of the equation
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_ 0
‘12(t’x’y’z)_(2”)3/2 3%

—\2

(x—Ut) 2

Xexp4 — + X
P 207t 20ﬁt

(15)

<z—H>2}_
20'22t

_(Z+H)2}

207t

Given that the studied geological medium has
characteristic properties of anisotropy, let us
transform equation (15) to the form:

Q
: q2 (t X, V,z 0'x0' t
(x Ut
X expq —
20' t 20' t
( Z+H
x| ex —ex
P 20‘ t P 26 t
The  iterative  process of  successive

approximations to the desired root will be
numerically determined by the formula

o) 0
’ 9 (tax:yaz)(zﬂ)3/2

—\2
conpl| 29T, 2 L

207t 20';1‘

3
0,01

(16)
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If the investigated geological medium has
characteristic properties of isotropy, then
o,=0,=0,. Consequently, the equation (15)

is transformed to the form

0
o, = X
i/q2 (t,x,y,z)(27r)3/2 0'22t3
(x-Ut )2 y
Sian 207t ! 207t g

z—H : z+ H :
X3 exp{—%}—exp{—%} .

The iterative sequence of approximations to the
required root instead of (16) will be constructed
according to the formula

= X

A q, (t, X, y,z)(272)3/2 (ag"))z £

(X_Ut)z LY

2(o” )21 2(03”)2 t

Gg,m) B 0

X

X 3/expq —

(z+H)2
2(0(") )22‘ |

z

(17)

The first approximation O'S) to the required root
(first iteration) is any o, value, which belongs
to the root separation interval [a,b] .

The criterion for ending the computational
process of finding a numerical solution to
equation (15) is the fulfillment of the inequality
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‘05") - aﬁ”_l)‘ <g,

where ¢ is the desired accuracy of calculations.

CONCLUSIONS

The results of this study are analytical and
numerical  (iterative)  representations  of
dispersion changes in the coordinates of gas

atoms 0'22 (t) in the ground compacted by the

deep blast method. The cases of complete
absorption of gas atoms by the surrounding
ground and the surface ejection of the ground
during the explosion have been described.
Isotropic and anisotropic properties of the
compacted soil have been considered. The

obtained expressions allow to perform
computational experiments with a given
accuracy.

The author thanks Boris F. Galay, Doctor of
Geological —and  Mineralogical  Sciences,
Professor, Professor of the North Caucasus
Federal University Construction Department,
for his assistance in conducting this scientific
research.
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NUMERICAL ANALYSIS OF THERMAL EFFICIENCY OF
EXTERNAL WALLS WITH HEAT-CONDUCTING INCLUSIONS

Valentina M. Tusnina
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract. In the practice of design and construction, methods of numerical calculations using modern software
package are widely used, which make it possible to effectively solve the problems of designing, erecting and
operating buildings and structures of various functional purposes. A comparative analysis of numerical,
theoretical and experimental studies in the field of building structures, buildings and structures shows that
accurate calculation methods provide reliable data on the subject of research. This article presents the results of
numerical studies of the thermal efficiency of inhomogeneous vertical fences on the example of several options
for constructive solutions for the outer walls of a building. The studies were carried out using the TEPL software
package, developed for calculating three-dimensional temperature fields based on the control volume method.
The results of the analysis of the temperature distribution on the heat exchange surfaces are presented, which
made it possible to determine the zones of excessive heat losses in the structures under study. Significant heat
losses on the slopes of window openings are revealed, which should be taken into account when calculating the
reduced resistance to heat transfer of the fence. The TEPL software package allows not only to correctly estimate
heat losses, but also automatically obtain the value of the reduced heat transfer resistance of the fence structure,
taking into account all the features of its design solution.

Keywords: 3D numerical method, reduced heat transfer resistance, external walls, heat losses,
thermal efficiency

YUCJEHHBIN AHAJIN3 TEILJIOBON DO®OEKTUBHOCTHU
HAPYKHBIX CTEH C TEILIOIIPOBOJHbIMHA
BKJIIOUEHUSMUA

B.M. Tycnuna
HaunonaneHbli uccnenoBarenbckuii MOCKOBCKHI TOCYJapCTBEHHBIN CTPOUTENbHBIN YHUBEPCUTET, T. MOCKBa,
POCCUA

AHHOTanusl. B mpakTuke MpoOeKTHPOBAHUS M CTPOUTENHCTBA INMHUPOKO ITPUMEHSIOTCS YHCICHHBIC PACUeThl C
HCIIOB30BAaHUEM COBPEMEHHBIX BBIYMCIUTEIBHBIX KOMIIIEKCOB, TO3BOJIsIomHe () (GEKTHBHO peIaTh 3a1a4u 110
MPOEKTUPOBAHHIO, BO3BEJICHUIO W OKCIUIyaTallMd 3[JaHUI M COOPYKEHHMH pPa3aMYHOro (PyHKIHMOHAIBHOTO
Ha3HadyeHUs.. CpaBHUTENbHBIM aHAIN3 YUCICHHBIX, TEOPETHUECKUX M IKCIIEPUMEHTANIbHBIX HCCIIEIOBAaHUN B
obnactu CTPOUTCIIbHBIX KOHCprKHHﬁ, SIlaHI/Iﬁ u coopymeﬂnﬂ IMOKa3bIBA€T, YTO TOUYHLIC MCTO/IbI pacy€Ta JaroT
JOCTOBCPHBIC JAHHBIC O NPEAMETC HCCICAOBaHMA. B HaCTOHLlIeﬁ CTaTbC NPUBOAATCA PE3YJbTAThl YUCICHHBIX
UCCJIEIOBAaHUH TETUIOBOH 3()(EeKTUBHOCTH HEOJHOPOIHBIX BEPTUKAIBHBIX OIPaKACHUN Ha MPUMEpPE HECKOIBKUX
BapMAaHTOB KOHCTPYKTHBHOIO pELICHMs HapyXHBIX CTE€H 37aHusA. VcciaenoBaHus NPOBOAMINCH €
UCTIONB30BaHUEM BBIYHUCIUTENBHOIO KOMILIEKCa TEPL, pa3spaboraHHOro /st pacyera TpPeXMEpHBIX
TEMIIEpaTypHBIX MOJEeH Ha OCHOBE METoJa KOHTpPOJIbHOrO oObeMa. IlpuBeneHbl pes3ynbTaThl aHann3a
pacripeziesieHusl TeMIeparyp Ha TOBEPXHOCTAX TEIIOOOMEHa, IMO3BOJIMBIINE OIPEACIUTh 30HBI H3JIHMIIHUX
TEIUIOBBIX TOTEPh B HMCCIEAYEMBIX KOHCTPYKIHMSX. BBISABICHBI 3HAUMTENbHBIC TEIUIOBBIE MOTEPH HA OTKOCAX
OKOHHBIX NTPOEMOB, KOTOPBIE CIEAYET yUUTHIBATh MIPU pacueTe NMPHUBEACHHOTO CONPOTHUBICHHS TeIIoNnepeaade
orpaxjeHus. Beruncnaurensnplil kommieke TEPL 1o3BossieT He TONbKO KOPPEKTHO OLEHUTH TEIIOBBIE MOTEPH,
HO W aBTOMAaTWYECKH TMOJYYUTh BEIWUIWHY IPHUBEIECHHOTO CONPOTHUBICHUS TEILIONEpeaye KOHCTPYKINU
OTPaXKICHUS C YUETOM BCEX OCOOCHHOCTEN €€ KOHCTPYKTHBHOT'O PEIICHHS.

KaioueBble ciioBa: TpeXMEpHBI YUCICHHBIN pacyeT, MPUBEICHHOE CONPOTHBRIICHUE TeIUIoNepeiaye,
Hapy>KHbIE CTEHBI, TEIIOBBIE TOTEPH, TEILIOBAst 2P (HEKTHBHOCTH
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1. INTRODUCTION

The parameter that characterizes the thermal
qualities of the envelope is the total heat transfer
resistance. For multilayer structures, this
parameter is defined as the sum of thermal
resistance to heat transfer of all layers of the
structure and the resistance to heat perception
and heat dissipation of its internal and external
surfaces, respectively. The thermal transmission
resistance of a multilayer structure without
thermal conductive inclusions is determined by
the formula:

—+ It

1
Xint Aq Xext

R =

(M

where a;,,; is the heat transfer coefficient of the
internal surface of the structure, W/ m?-°C;
oyt 1 the heat transfer coefficient of the
external surface of the structure, W/ m?-°C;
8; is the depth of the /™ structure’s layer, m;
A; is the heat transfer coefficient of the i layer
of the structure, W/ m-°C.
Design solutions of external vertical enclosures
of modern buildings are quite diverse. Most of
them are complex heterogeneous systems with
heat-conducting inclusions. It is not possible to
determine correctly the heat transfer resistance
of such structures by the formula (1). Therefore,
approximate methods are used in design
practice to account heat-conductive inclusions
in a structure by means of application of
coefficient of thermo-technical homogeneity .
This coefficient characterizes the effectiveness
of insulation of the structure. It is determined by
the formula:

— Rrea

T—R,

where R,.; 1s the reduced heat transfer
resistance of a fragment of the building's
thermal envelope, m?-°C/W;

R is the conditional resistance to heat transfer of

the building envelope averaged over area or a
dedicated enclosing structure, m?-°C/W.
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Thermal analysis according to the regulatory
methodology is based on the representation of a
fragment of the thermal protection envelope of
the building as a set of independent elements
affecting the heat losses. The specific heat
losses through the linear thermal heterogeneity
are determined as analysis result of the two-
dimensional temperature field in the enclosing
structure. Determination of the reduced heat
transfer resistance Rs by the proposed
methodology leads to significant errors in
assessing the thermal efficiency of complex
heterogeneous structures of enclosures that does
not allow to take into account the influence of
local thermal inclusions in the form of brackets,
anchors, etc. elements available in the facade
systems of modern buildings

The reduced heat transfer resistance of an
inhomogeneous  structure  with  thermal
inclusions [1] can be determined correctly using
the results of the analysis of the three-
dimensional temperature field:

Rieqa = (tint — text )/ Q5

where t;;,; is the temperature of internal air, °C ;
text 1S the temperature of external air, °C;

q is the heat flow’s density related to the design
surface of the enclosure, W/m?®.

The reliability of the thermal -efficiency
assessment of inhomogeneous structures with
thermal inclusions based on the numerical
analysis of spatial temperature fields has been
confirmed by numerous studies. The numerical
calculation efficiency of the reduced heat
transfer resistance of enclosing structures has
been established by the authors of studies [2],
who developed a calculation model of visual
programming for building design. Work [3, 4]
was devoted to the numerical analysis of
increasing the thermal protection of a building
with passive solar heat supply through the
integration of elements of active solar units in
the absorbing layer of the accumulating
envelope structure. The calculation results for
the three-dimensional temperature field of the
curtain facade system given in [5] showed good
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convergence with the experimental data, while
the calculation results according to the
normative methodology differed significantly
from the experimental values. The authors of
work [6] conducted a numerical analysis of the
thermal efficiency of exterior walls, which
allowed to choose the most optimal structures
for the reconstruction of buildings. The authors
of [7, 8] performed a 3D numerical simulation
using the ANSYS Fluent computing complex to
study the effect of heat losses through "cold
bridges" in the areas of adjoining floor
structures to the exterior walls of the building.
Studies of the dynamic process of heat transfer
through the enclosing structures of buildings in
various climatic conditions using numerical
simulation are devoted to the works [9, 10].
Using computer simulation [11], the effect of
the mortar joint thickness on the thermal
efficiency of buildings with heterogeneous walls
with insulation is studied. Work [12] presents
the numerical research results for the thermal
efficiency of composite wall structures with an
air gap. Those study was based on a calculation
module developed by the authors using the
MATLAB, which solves a one-dimensional heat
flow diffusion equation with convective
periodic boundary conditions. Significant heat
losses through exterior walls with windows
were revealed by the authors of [13, 14] by the
results of numerical calculation of three-
dimensional temperature fields. The index of
thermal comfort of a room taking into account
radiator heating was determined on the basis of
numerical analysis [14]. Studies [15] are
devoted to creating energy three-dimensional
models of buildings on the basis of computer
modeling. The issue of accuracy of numerical
thermal calculations is dedicated to the work
[16], which provides a comparative analysis of
the results of numerical and experimental
methods for research of heat transfer in
enclosing structures for compliance with the
calculated and experimental models.

This study was aimed at investigating the heat
transfer through exterior building envelopes and
evaluating their thermal efficiency based on the

Volume 19, Issue 1, 2023

calculation of a three-dimensional temperature
field using the TEPL computational complex
[17].

2. METHODS

The TEPL computational complex [17] allow
calculation of three-dimensional steady-state
fields in order to analyze the temperature
distribution in a building envelope and
determine its reduced resistance. The
computational program allows: entering and
correcting initial data; performing graphical
control of the computational scheme;
performing numerical calculation of three-
dimensional temperature fields of complex
facade systems containing thermal inclusions in
the form of bars; performing graphical analysis
of temperature distribution in the structure;
calculating the reduced heat transfer resistance
of a multi-layer heterogeneous structure.

The numerical method has been developed on
the basis of the control volume method for
three-dimensional temperature fields under
steady-state thermal conductivity conditions.
The differential equation of three-dimensional
steady-state thermal conductivity has the
following form:

R 08 () s =0 o

where x, y, z are the coordinates;

T is the temperature;

/A is thermal conductivity coefficient;

S is the power of thermal emission per unit
volume.

Numerical integration of differential equation
(2) is applied to calculate temperature
distribution in the structure. One of the variants
of the numerical solution can be a variation of
the weighted discrepancy method in the form of
the control volume method [18]. The essence of
the method is that the differential equation is
integrated over the elementary control volumes
into which the structure under consideration is
separated (Figure 1).
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Figure 1. Calculation scheme

A nodal point P is located in the center of the
control volume (highlighted with shading lines
in Fig. 1). The mesh is divided into control
volumes so that one material is located within
each control volume, and the boundary of the
control volume is in the middle between the
nodal points. Neighboring node points B, E, N,
S, T, W should be located in the centers of
neighboring control volumes. The exceptions
are the node points on the boundary planes of
the structure partition. These points are located
on the outer boundaries of the structure, i.e. the
outermost control volumes have node points
located on the outer boundaries of the volume
and not inside it.

In the numerical simulation, the temperature
within each control volume is assumed to be
constant and equal to the temperature at the
corresponding node point. The peculiarity of the
control volume method is that the law of
conservation of energy is observed regardless of
the mesh partition of the computational model.
That is, the heat flow through any surfaces does
not depend on the partition mesh. However, the
mesh should be thickened in order to obtain an
accurate value of temperature in places of its
high gradient, since the temperature at the node
points depends on the division mesh.

For the three-dimensional problem, the discrete
analogue of equation (2), which is expressed by
the energy conservation law, according to the
recommendations [18], has the form:

apr = aETE + awTW + aNTN + asTS +
arTr +agTp + b, 3)
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where T, Ty, Ty, Ts, Tr, Ty are the temperature
at the nodal points;
the coefficients at temperatures:

a, =ag +ay +ay +as+ar +ag;

e = Ae Ay Az _ AsAx Az,
E™ (6. ST Gy)s
Ay Ay Az Ae Ax Ay
Ay = ————, ar = ———,
W 0w T (62 >
Ap Ax Az Ap Ax A
aN == Y aB :—b y.
(6Y)n (62)p

The thermal conductivity coefficients at the
boundaries of the control volume A,, 4., 4,,
Ag, A¢, Ay, are determined using the thermal
conductivity coefficients of materials of the
control volumes. As the test analyses have
shown, the most exact correspondence of heat
flows at the boundary of the test volumes is
obtained if the thermal conductivity coefficients
at the boundaries of the test volumes are
determined by the formulas:

1. = 2Ap /13' — 2Ap AE'
b AP"'A-B, e AP"'AE,
_ 2Ap AN.
n = Ap+/1N’
— 24p As, — 2Ap At
ST Aptag’ E Ap+ar’
_ 2Ap Aw
w ﬂ.p+lw.

The following dimensions are used when
constructing the discrete equation:

Ax, Ay, Az are the dimensions of the control
volume in which the node point P is located;
(6x), 1s the distance along the X axis from
point P to point E;

(6x),, is the distance along the X-axis from
point P to point W;

(6y), is the distance along the Y axis from
point P to point N;

(6y)s is the distance along the Y axis from
point P to point S;

(6z), is the distance along the Z axis from point
P to point T;

(62), 1s the distance along the Z axis from point
P to point B;

If there are thermal inclusions between node
points, for example in the form of rod elements,

International Journal for Computational Civil and Structural Engineering



Numerical Analysis of Thermal Efficiency of External Walls with Heat-Conducting Inclusions

in equation (2) the coefficients ag, ag, ay,
ay, as, ar are calculated as follows:

_ e Ay Az+AGA,

Qg 0. aw

Aw Ay Az++AA .
(6x)w ’

Ap Ax Az+2GA Ag Ax Az+A5A

ay =———; ag =———;

(6Y)n (6y)s
Ae Ax Ay+2A5A Ap Ax Ay+2A5A
ar = ———; ap =——— ,
(62)¢ (62)p

where A is the thermal conductivity coefficient
of the rod, A is the area of the bar.

b =S.Ax Ay Az , where S, is the power of heat
emission in the control volume.

To calculate the temperature distribution in the
structure, in addition to assigning the geometry
and material distribution, it is necessary to set
the boundary conditions. Three variants of
boundary conditions are possible:

o the temperature at the point is set, then in
the calculation the temperature at the node point
is taken equal to the set temperature;

o the heat flux density is given, then:

b =q,Ay Az +q, Ax Az + q, AxAy +
Sc Ax Ay Az,

where qy, q,, q, are the heat flux density in the
direction of the X, Y, Z axes, respectively;

J there is heat exchange with the medium
having a given temperature at the point, then at
the heat exchange coefficient o and the
temperature of the medium Tr:

a, =ag tay +ayt+as+ar+ag+a
b =S.Ax Ay Az + aTyAy Az is the heat
exchange at the surface with the normal along
the X-axis,

b =S, Ax Ay Az + aTyAx Az is the heat
exchange at the surface with the normal along
the Y-axis,

b =S, Ax Ay Az + aTgAx Ay is the heat
exchange at the surface with the normal along
the Z-axis.
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Equation (3) is formed for all N nodal points.
This equation takes into account the presence of
areas of different materials in the structure,
thermal inclusions, boundary conditions.
Aggregate of equations for all nodal points
forms a system of N linear equations with N
unknown temperatures. The solution to this
system of equations allows defining the
temperature at the nodal points.

Systems of linear equations can be solved
using the Gaussian method or the iterative
method. The computational complex for
calculating three-dimensional temperature
fields TEPL [17] implements the iterative
method. As shown in [18], the iterative
process converges taking into account the
boundary conditions. To accelerate the
convergence along the lines of node points in
the direction of the Y axis, a direct solution of
the system of order Ny (Ny is the number of
partition points along the Y axis) is
performed, which is then iteratively refined by
running along all axes. The solution process
continues until, at the next iteration step, the
temperature refinement for all points does not
exceed the specified error. In this case, for an
error of 0.01 °C, in most cases the temperature
distribution is close to the actual one. In case
of significant temperature gradients, e.g. due
to the presence of thermal inclusions, the error
should be reduced to 0.001-0.0001 °C.

The TEPL computational complex [17] allows
to reliably investigate heat losses through multi-
layer heterogeneous enclosures with the
identification of areas where condensation may
occur due to thermal inclusions, as well as to
determine the value of the reduced heat transfer
resistance of the structure under study. The
automation of determining the heat transfer
resistance in the TEPL calculation complex
makes it possible to take into account the
temperature at all points on the heat transfer
surfaces and the surface area, while ensuring a
high accuracy of determining the heat loss
through the enclosure.
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3. RESULTS AND DISCUSSION

The thermal efficiency of multi-layer exterior
walls with different structural solutions was
evaluated using the TEPL computational
complex. There were considered designs of
walls with inner layers made of bricks and gas
concrete blocks, insulation and curtain facade
systems, as well as brick walls with different
arrangement of insulation layer and finishing
made of facing gypsum boards and brick walls
without insulation layer. The design schemes
included wall fragments with windows,
reinforced concrete slabs, and partitions
adjacent to the walls.

It is necessary to note, that approximate analysis
does not allow estimating heat losses through
window linings and thermal conductive
inclusions, which should be considered in
thermal-technical calculations of heterogeneous

structures of enclosures. Because of the

presence of materials with different coefficients

of thermal conductivity such as thermal
a
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inclusions, air gaps associated with the outside
or inside air, windows are formed areas with
increased heat losses, reducing the thermal
efficiency of fencing. Increased heat losses on
individual wall surfaces arise due to the
presence in the construction of areas with low
thermal resistance, which are the so-called "cold
bridges", through which heat flows outward,
bypassing the thermal insulation of the wall.

For exterior wall structures, such areas are the
surfaces of the window opening slopes, which,
depending on the design solution, may include
elements with thermal conductivity coefficients
several times lower than the thermal
conductivity coefficient of the main walls of the
building. Such elements can be reinforced
concrete lintels or metal profiles framing the
window openings.

Figure 1 shows the temperature distribution in
the wall of aerated concrete blocks with
windows, clearly demonstrating the areas of low
temperatures on the surface of the window
jambs.
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Figure 1. Temperature distribution in the wall structure made of aerated concrete blocks with a
window: a - on the inner surface of the wall along the Y axis;
b - on the inner surface of the window slope along the X axis

According to the calculation results, the
temperature on the inner surface of the wall
does not decrease below the dew point
temperature everywhere. For living quarters it is
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10.2°C with a normal humidity level of 55%
and an interior air temperature of +20°C, which
corresponds to the regulatory requirements for
housing design. However the calculation shows
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that the temperature on some parts of the
window lining surfaces is between 5.71 - 9.79
°C, which indicates a possible condensation of
water vapor on these wall surfaces. This can
lead to the appearance of mold and mildew,
which will negatively affect the operational
reliability of the structure of the outer walls of
the building.

As a result of numerical analysis of the thermal
efficiency of aerated concrete block walls, it
was found that half of the total heat loss through
the structure of such a wall accounts for its inner
surface and window soffits. At the same time,
the heat losses occurring through the slopes of
the window openings accounted for almost half
of the heat losses through the inner surface of
the wall (Table 1).

Table 1. Heat loss through the walls of aerated
concrete blocks with windows

IToTepu Teria B pa3MMIHBIX 00JIACTAX CTEHBI, W/
%
Ha BuyTpenneli | Ha oxoHHBIX Ha oxnax
MTOBEPXHOCTH OTKOCax
38,49/24 39,57/26 79,02/50

The thermal transmittance of exterior walls
made of gas concrete blocks without windows
and thermal conductive inclusions R determined
by the formula (1) is 2.108 m2-°C/W, and
obtained by numerical calculation taking into
account all inhomogeneities of the wall
structure - Rred = 1.538 m?°C/W. This is the
thermal transmittance value that must be
accounted for to evaluate the thermal efficiency
of the building envelope, which correctly
evaluates all heat loss (Q) through the envelope.
As can be seen from Table 1, the value of total
heat loss through the wall structure is 157.08 W,
and the value of heat loss obtained from the
calculation of heat transfer resistance according
to the formula (1) is 103.37 W, which is 1.52
times lower than that determined by the
numerical calculation, which takes into account
all the heterogeneities existing in the fence.

The temperature distribution patterns on the
heat transfer surfaces show that large heat losses
occurred mainly through the surfaces of the
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window soffits, where there is no thermal
insulation layer (Figure 2, a). As evidenced
from the calculation of a wall with additional
insulation made of material with a thermal
conductivity coefficient of A = 0.05 W/m°C,
placed on all vertical and horizontal window
opening soffits (Figure 2, b), a more favorable
temperature distribution was observed in the
wall structure (Figure 3). All wall surfaces
recorded a temperature of at least 15.91 °C,
which eliminates condensation and does not
impair the performance of the exterior envelope.

b 50

additional layer _jg—
of insulation

Figure 2. Window slopes surfaces: a - without
thermal insulation, b - with thermal insulation
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Figure 3. Temperature distribution on the inner
surface of the insulated window lining along the
X axis

As can be seen from Table 2, the value of total
heat loss through the walls of aerated concrete
blocks with insulated window soffits is 113.55
W, which is 72% of the heat loss in the wall
without additional insulation of window soffits.
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The heat losses through the window and the
inner surface of the wall are reduced by 5-12%.

Table 2. Heat loss through the walls of aerated
concrete blocks with insulated slopes of window

openings
Heat loss in different areas of the wall, W/ %
On the inside On window On windows
surface jambs
36,41/32 7,52/7 69,62/61

It should be noted that the total heat losses
through the enclosure, obtained by numerical
calculation, exceed the heat losses determined
by the approximate method by only 10%, which
makes it possible to use an approximate method
of assessing the thermal efficiency of the
enclosing structure, provided that the areas with
higher heat losses are insulated.

The TEPL computational complex allows to
estimate correctly the heat losses through the
enclosing structures and to obtain the reduced
heat transfer resistance Rred, considering the heat
flows through all surfaces of the structure,
including the presence of "cold bridges".

The results of three-dimensional calculations of
temperature fields of hinged ventilated facades
have shown that the elements of fastening
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contained in their structures in the form of steel
brackets and anchors, which are "cold bridges",
significantly reduce the coefficient of thermal
homogeneity of such systems. The study of the
effect of the structural solution of hinged
facades on their thermal efficiency, in terms of
the material of the substructure fastening
elements and their location in the outer
enclosure system, was conducted on the samples
of two structures: with flexible and rigid ties of
cladding fastening. As a result of numerical
analysis, it was found that the system on flexible
links, in which the bearing brackets are installed
in the floor of the building, and the insulation is
attached to the wall with threaded anchor studs,
has a greater heat transfer resistance (Rred =
1.352 m?°C/W) than the system with rigid ties
(Rred = 1.199 m*°C/W).

Figure 4 shows the temperature distribution in a
curtain type ventilated facade with flexible
links, showing areas of reduced temperatures on
the wall surface around the brackets and anchor
studs. Moreover, these areas are much larger at
the bracket locations than at the anchor studs.
This is due to the difference in the size of the
sections and the physical and mechanical
properties of the fasteners
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Figure 4. Temperature distribution in the structure of the curtain-type ventilated facade:
a - along the facade plane; b - along the horizontal section of the wall at the attachment point of the
load-bearing bracket; c - the same at the attachment point of the anchor-threaded rod
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It should be noted that it is possible to increase
the coefficient of thermal homogeneity of the
structure of hinged facade systems, by applying
the fastening elements of the substructure made
of materials with a lower coefficient of thermal
conductivity. For example, replacing galvanized
steel load-bearing brackets (A = 47 W/m°C)
with corrosion-resistant steel brackets (A = 20
W/m-°C) or steel anchors with fiberglass ones,
thereby reducing heat loss through these
elements, which are "cold bridges" in curtain
type facades.

Three options for the structural solution of the
exterior walls of a residential building with
precast reinforced concrete floor slabs and brick
partitions were investigated using the TEPL
computational complex. Three types of walls
were considered:

. with a 0.51 m thick inner brick layer,
insulated with 0.1 m thick polystyrene foam
boards and clad with 0.08 m thick gypsum
boards (type 1);

o with 0.51 m thick outer brick layer, 0.05
m thick polystyrene foam insulation and 0.08 m
thick gypsum boards inside (type 2);

o 0.51 m thick solid brick walls (type 3).
The heat losses in such buildings occur on all
internal surfaces of the enclosure: walls,
window jambs, windows, and partitions and
floors adjacent to the walls.

The heat losses through the listed surfaces of the
three types of walls are shown in Table 3.

Table 3. Heat loss through brick walls

Heat loss in different areas of the wall, W/

Type % Total
of [ On the On On the On heat
wall | inside | window | windows partitions losses

surface | jambs and ceilings
1 50,96 | 27,88 | 106,83 14,44 | 200,11
2 37,71 | 45,76 | 118,86 18,92 | 221,25
3 | 137,78 | 46,75 | 114,96 39,33 | 338,82

Analysis of the distribution of heat flows
showed that on the inner surface of the wall, the
maximum heat loss occurs in the wall structure
of type 3, and the minimum - type 2. The
minimum heat flow through the window soffits
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is noted in the wall structure of type 1, and these
flows are almost equal for types 2 and 3. Heat
fluxes through the partitions and floors differ
slightly for the walls of types 1 and 2, and for
the walls of type 3 it is 2.1-2.7 times more. Heat
losses through windows in the walls of the
considered types differ not more than by 11%.
It should be noted that heat losses through the
internal surface of the wall in the total heat flow
amount from 17% for a wall of the 2nd type to
41% for a wall of the 3rd type. Window jambs
in the walls of the Ist and 3rd types lose up to
14% of heat, and in the wall of the 2nd type
these losses make up to 21% of the total heat
losses. Heat losses through the partitions and
ceilings are insignificant. Their share in the total
heat losses is 7% for the walls of the 1st type,
9% for the walls of the 2nd type and 12% for
the walls of the 3rd type. Almost a half of all the
heat losses in the walls of Ist and 2nd types
account for windows, and in the 3rd type wall
only one third of the heat energy is lost through
the window. Total heat losses in the walls of
types 1 and 2 are 1.5-1.7 times less than in the
wall of type 3, respectively.

For the considered brick wall structures the heat
transfer resistance values were determined
taking into account the heat losses on the
following heat transfer surfaces: internal wall
surfaces Ri; internal surfaces and window jambs
R2; internal surfaces, window jambs and
adjoining partition and floor structures Rs, as
well as the total resistance Rred.

Numerical analysis of the thermal efficiency of
the brick walls considered using the TEPL
computational complex showed that if we do
not take into account the heat losses through the
window apertures, the resistance value on the
inner wall surface R1 may be greater than the
conventional resistance R, as it takes place in
the walls of the 2nd and 3rd types. This is
explained by the effect of temperature increase
on the inner surface of the wall as you approach
the window. Such excess of heat transfer
resistance R1 over heat transfer resistance R is
1.3 times for a wall of type 2 and 1.1 times for a
wall of type 3. The walls of types 1 and 2 have
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heat transfer resistance more than required,
which confirms the inadmissibility of using the
heat transfer resistance without taking into
account the heat losses on the slopes of window
apertures in the design of exterior walls with
windows. According to Table 4, heat transfer
resistance values R2 and Rs are 2.2 and 2.7
times lower than the conventional resistance

Valentina M. Tusnina

value R respectively for the first type wall, and
1.7 and 2.1 times lower for the second type
wall. Despite the small difference in resistance
R2 and R3 for the walls of types 1 and 2, they
differ significantly from the resistance R. At the
same time, compared to the required resistance,
these resistances are 1.3 and 1.7 times lower,
respectively.

Table 4. The heat transfer resistance of brick walls

Heat transfer resistance, m>-°C/W
Nominal On the inside On interior On interior Total actual
Wall type resistance R surface R; surfaces and surfaces, soffits, one Req
window jambs partitions and
R slabs R;
1 3,368 2,320 1,490 1,267 0,804
2 2,368 3,134 1,414 1,154 0,717
3 0,788 0,858 1,641 0,525 0,475
4. CONCLUSIONS REFERENCES

According to the results of numerical analysis of
exterior walls with thermal inclusions, it can be
concluded that the determination of the reduced
heat transfer resistance of such structures by
approximate methods leads to unacceptable
errors affecting their operational reliability. The
actual heat transfer resistance of heterogeneous
external walls with windows and thermal
inclusions should be determined on the basis of
a numerical calculation of the three-dimensional
temperature field. Such calculation allows
considering all heat losses through the
enclosure: windows and their soffits, partitions
and floor structures adjacent to walls, as well as
heat conductive inclusions in the form of
brackets, anchors and other fastening elements,
which are "cold bridges" in complex facade
systems, which was confirmed by the present
research using the TEPL computing complex.
The verification of the TEPL computational
complex is confirmed by numerous studies of
the thermal efficiency of various enclosure
structures, the results of which were compared
with experimental data and the results of
numerical calculations in other computational
complexes [19, 20].
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BULK THEORY ELASTICITY FINITE ELEMENT BASED ON
PIECEWISE CONSTANT APPROXIMATIONS OF STRESSES

Yury Y. Tyukalov
Vyatka State University, Kirov, RUSSIA

Abstract. The solution of the volume theory elasticity problem was obtained on the basis of the additional
energy functional and the possible displacements principle. On the basis of the possible displacements’ principle,
equilibrium equations for grid nodes are compiled, which are added to the additional energy functional using
Lagrange multipliers. Linear functions are taken as possible displacements. The volumetric finite element based
on piecewise constant approximations of stresses is presented. The stress fields are continuous along finite
element boundaries and discontinuous inside ones. The calculation results of a cantilever beam and a bending
plate are presented. The obtained solutions are compared with the solutions by the finite element method in
displacements. The proposed finite element makes it possible to obtain more accurate stress values.

Keywords: finite element method, piecewise-constant stress approximation, bulk theory elasticity

KOHEYHBIA JIEMEHT JJ151 OFbEMHOHM TEOPUU
YIPYTOCTHU HA OCHOBE KYCOYHO NOCTOSIHHBIX
ANIITPOKCUMAIINA HANTIPSI)KEHUA.

10.A. Tokanoe

Bstckuit rocynapcTBeHHBIN yHUBEpCHUTET, I'. Kupos, POCCHU A

AnHotanusi. [lpencraBieH OOBCMHBI KOHEYHBIM 3JICMEHT, OCHOBAHHBI Ha KYCOYHO-IIOCTOSIHHBIX
ANMPOKCUMALIMAX HAMpsDKCHUH. PelieHne CTpouTcsi Ha OCHOBE (DYHKIMOHAJA JOTIOJHUTCIBLHON SHEPruM W
MPUHIMIIA BO3MOXKHBIX MepeMenieHnii. Ha ocHOBe mnpuHIMIA BO3MOKHBIX IE€PEMEUICHUN COCTaBJICHBI
YpaBHCHUS PaBHOBECHUS Y3JIOB CETKH, KOTOpPBIC JOOABISIFOTCA K (DYHKIIMOHATY JOMOJHUTEIBHON SHEPTHU IMPH
nmoMoInu MHouteneit Jlarpamka. B kauecTBe BO3MOXKHBIX MEPEMEIICHUI MPUHUMAKOTCS JIMHCHHBIC (DYHKITHH.
ITons HanpshkeHU HeNpepbIBHBI BAOJb TPAaHUI] KOHEYHBIX JJIEMEHTOB W DPAa3pbIBHBI BHYTPHU DJIEMEHTOB.
[IpuBeneHpl pe3ynpTaThl pacdyeTa KOHCOJMBHON Oalku W W3rnbaeMoil IUTacTHHBEL. [lodydeHHBIE peIIeHUs
CPaBHUBAIOTCSl C PEIICHUSMHU METOJOM KOHEYHBIX 3JIEMEHTOB B nNepeMeleHusX. [IpensokeHHblii KOHeUHbIN
JJIEMEHT MTO3BOJISICT MOMYYHUTh O0JIee TOYHBIC 3HAUCHUS HATIPSDKCHHH.

KaioueBble c10Ba: METO/1 KOHEUHBIX AJIEMEHTOB, IPUOIMKEHUE KyCOUHO-TTOCTOSTHHBIX HANPSHKEHHH,
o0beMHast TeOpusl yIIPyrocTu

INTRODUCTION

A large number of papers are devoted to the
development of the finite element method in
displacements. They present the variational
principles of finite element method and solution
algorithms [1]. Also, other numerical methods
are being developed. In particular, the method
of boundary elements [2] and collocation
method [3]. The finite element method in
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displacements has been widely used to calculate
structures for various purposes due to its
versatility. This method is well researched in
terms of convergence and accuracy of solutions.
An alternative approach based on stress
approximations is much less explored [4-5]. The
papers [6-16] propose finite elements based on
the approximation of stresses for solving
problems of the plane elasticity theory, plates
bending and rod systems. Currently, volumetric
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finite elements are increasingly used to calculate
such structures as slabs, shells and composite
structures [17-19], [20-22]. The development of
new volumetric finite elements is still relevant.
The purpose of this work is to develop a
volumetric finite element based on stress
approximation. Obtaining another approximate
solution, which alternative to the existing
approximate solutions, will allow one to obtain
a two-sided estimate of the exact solution.

METHODS

The solution to the bulk theory elasticity
problem will be built based on the additional
energy functional:

1
E(aj +ol +af)

(1)

IT =%IV —%(Gxﬁy +0.0, +Uy62) dv.

l 2 2 2
+E(Txy + 7., + Tyz)

E is the material elastic modulus; v 1s Poisson's
ratio, G=2(1+u)/E . We write the functional

(1) in matrix form:

m=1. j 6"E'edV,
2 Vv

T _
6—(0‘ o, o, T, T Tyz),

[ 1/E —Vv/E —v/E 0 0 0 |
—v/E 1/E —v/E 0 0 0
B ~v/E —-v/E 1/E 0 0 0
0 0 0 1/G 0 0
0 0 0 0 1/G 0

0 0 0 0 0 1/G|

(2)

To discrete the volume, we use the rectangular
parallelepiped finite elements. Let’s denote the
vector nodal unknown stresses vector as
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T f—
cm)de,k—(ax,k O, O.p Toi Tey ryz,k). 3)

Vector of finite element unknown stresses is

4

T (._T T T
Gel,k - (G Gnode,Z L Y )

node,l node,8

To simplify the notation, let’s introduce unit
step functions and diagonal matrices

h.
]‘3 b 2 V '
h (x,0.2) = (x,y,z) €V, CH - "
0, (x,y,2)2V,

)

Then the approximation matrix of stresses in the
finite element volume will have the simple form
(fig. 1b):

Z,=[H, H, L H], 6=Zgo,,. (6

Using (4-6), we express the finite element
additional energy in the following form:

Ihe = ka Teri (Zi Ex*Zi) OeredV.  (7)

The pliability matrix of the finite element is

Dy = ka ZYEZ1Zy av. (8)

The matrix has a simple block-diagonal form
[24]. From local matrices of finite elements are
formed global matrix D of whole system. The
functional (1) of whole system:

1
HzgchGV'

)

6, is global vector of the system unknown

stresses.
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a

Yury Y. Tyukalov

Figure 1. a) global and local coordinate systems; b) division of a finite element
into volumes with constant stresses

Based on the possible displacements’ principle,
we can compose the necessary equilibrium
equations of the grid nodes. Each node of finite
elements grid has three possible displacements
along the OX, OY, OZ axes of the global
coordinate system (Fig. 1). Approximations of
the possible displacements over the finite
element volume are the linear basis functions.

ou, =%(1+§éi)(1+nni)(l+wwi),

5vi:%(1+§§i)(1+;7;7i)(1+w/i), (10)

Sw, :é(1+féi)(l+f7ﬂ,»)(1+wwi)-

In (10), the local dimensionless node i
coordinates of the finite element, taking the
values -1 or 1. Dimensionless coordinates are
related to local coordinates x, y, z by known
expressions:

2x 2 2z
é":—)n:—y,v/:—.
a b c

(11)
Expressions  (10) correspond to  unit
displacement of node i and zero displacements
of other nodes of finite elements adjacent to
the considered node. For each of these finite
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elements, the considered node will have
different index values i in the range from 1 to
8. The index value corresponds to the ordinal
node number in the description of the finite
element (Fig. 1). The node i possible
displacement along the X axis causes the
following deformations in the finite elements
adjacent to the node:

Se :8(6ui):é‘,»(1+;7;7i)(1+w%)
' ox 4a ’
%:6(5%)Zni(lJréé")(l*'t”Wf), (12)
y 4b
s _0(9u;) _w, (1+&5)(1+mm,)
yxz 82 4c .

Other strains &,=¢, =y, =0. The possible

strain energy of finite element £ is the integral
over its volume.

SU;, = I” (0,06, + 0,0¢, +0.0¢, +0.06.
Ve (13)
+ rxyéyxy + ryzéyyz +7_0y_ )dxdyd:z.

Taking into account expressions (8) and (12),
(13) we obtain
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1< nn. Yy,
Ufk =— be| 1+—L || 1+—-2L .
e e e

J

<€) iy
L . 14
+77ac[1+ 5 J[lJr 2 jTXN (14)

nn, ¢,
+t//ab[l+ 5 j( 5 erz.j}'

Expression (14) can be represented in vector
form

5Uil,(x = Cll'{,xcel,k' (15)

Similar expressions can be written for possible
displacements of nodes along the axes Y and Z:
_ Ck

iy elk’

éU 6Uil,(z = Ctl'{,zcel,k' (16)

C;,, Ci of all finite
elements the "equilibrium" matrix C for all
system is formed. The matrix C rows number is
equal number of system nodes possible
displacements, and the columns number is equal
the total number of nodal unknown
displacements. The matrix has a band structure
of non-zero elements.

The work of concentrated external forces and
volume-distributed loads directed along the X

axis with a possible displacement oOu, is

From vectors C*

i,x?2

determined by the following expression:

oV,.,=F.0 ]ijj‘qf?uidxdydz. (17)
000

For the case of a uniformly distributed load

o, =P+ T dlabe=F, (9

k

Similarly, let's get
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‘ " (19)

The global load vector P is formed from P_,

i,x

P, P..

i,y?o i,z*

Let's the algebraic equations system

for the equilibrium of nodes in matrix form:

Co, +P =0. (20)

Using the Lagrange multipliers method, we add
the equilibrium equations to the functional (9):

21)

1 .
H=EG§D6V +w'(Co, +P) - min.

wis the nodes displacements vector. Equating
to zero the functional derivatives with respect to

6, and w we obtain the system of equations:

Do, +w' C=0
Gy W =5 (22)
Co, +P=0.

We express the vector g, from the first matrix
equation and put it into the second one. Then we
get

o, = —CTDtw,
K =-CTD1c, (24)
Kw = P.

K is the whole system stiffness matrix. That
matrix also has a band structure of non-zero
elements. The matrix D has a block-diagonal
structure and is inversed analytically. When
calculating the product C'D™'C, the band
structure of non-zero elements of the matrix C
is taken into account. Solving the equations
system, we determine the nodal displacements,
and then calculate the nodal stresses (24). Thus,
the stress fields are continuous along element
boundaries and discontinuous inside ones. On
the contrary, when using the finite element

171



method based on the  displacement
approximations, the stress fields are continuous
inside the finite elements and discontinuous
along their boundaries.

RESULTS AND DISCUSSIONS

To assess the accuracy of the proposed finite
elements in stresses, the calculations of the
cantilever beam and the hinged plate were
performed (Fig. 2). The beam length is 6m, the
section height and width are 1m. The plate length
and width are 2m. Plate thickness is 0.1m. The
material elasticity modulus is 1000000kN/m>.
Poisson's ratio is 0.25. The beam was calculated

Yury Y. Tyukalov

for unit force, which applied as uniformly
distributed tangential stress to its end. The plate
was designed for a uniformly distributed load of
10kN/m?*. Due to the symmetry of the plate, its
quarter was calculated under the appropriate
boundary conditions. For comparison, the beam
and plate were also calculated by the classical
finite element method based on displacement
approximations. The calculation results for

various finite element meshes are shown in Tables
1 and 2.

For the beam, Table 1 shows the free end
displacements and the stresses of the outermost
fiber in the pinch. For the plate, Table 2 shows
the center displacements and the stresses in the
outermost fiber in the center.

a)

b)

Figure 2. a) pinched beam; b) bending hinged plate

Table 1. Bending hinged plate

FEM grid FEM in displacements FEM in stresses
number of number of
Stress, Stress,
elements by elements by length W, mm N/m? W, mm N/m?
thickness (width)
2 4 2.18 148.9 9.15 830.3
2 10 6.39 447.5 9.29 934.8
4 15 7.18 751.6 8.42 1023.6
6 15 7.20 837.6 8.20 1044.9
Analytical decision in series 7.48 1062 7.48 1062
Table 2. Pinched beam
FEM grid FEM in displacements FEM in stresses
number of number of Stress
elements by elements by | w, mm Stress, kN/m?> W, mm N /m2’
length high (width)
5 2 0.539 10.25 1.287 39.20
10 4 0.756 22.30 0.978 35.92
15 6 0.819 27.29 0.921 36.80
20 8 0.843 2991 0.902 36.51
Analytical decision 0.864 36 0.864 36
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displacement
N
T
1

1 1
0 500 1000

number of elements

a)

120 T T

1000 /

stress

0 500 1000

number of elements

b)

Figure 3. Bending hinged plate. The red line is the solution of FEM in displacements, the
blue line is the solution of FEM in stresses, the green line is the exact solution
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Figure 4. Pinched beam. The red line is the solution of FEM in
displacements, the blue line is the solution of FEM in stresses, the green
line is the exact solution

The calculations results show that the proposed
finite element, based on the stresses
approximation, makes it possible to obtain, in
comparison with the traditional finite element,
more accurate stress values. In addition, the
displacements obtained by the proposed
method, when refining the finite elements mesh,
tend to exact values from above. Quite often,
the maximum stresses occur at the subject area
boundary, so the proposed method is preferable
in this case, since it allows us to calculate the
stresses directly at the points of boundary. The
above structural calculations confirm this. It is
known that when the finite elements mesh is

Volume 19, Issue 1, 2023

refined, the stresses in elements tend to constant
values. The using the piecewise constant
approximations of stresses makes it possible to
ensure this condition directly.

CONCLUSION

The volumetric finite element based on
piecewise constant approximations of stresses is
presented. The stress fields are continuous along
finite element boundaries and discontinuous
inside ones. The solution of the volume theory
elasticity problem was obtained on the basis of
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the additional energy functional and the possible
displacements principle. The proposed finite

element makes

it possible to obtain, in

comparison with the method of finite elements
in displacements, more accurate stress values.
The displacements obtained by the proposed
method, when refining the finite elements mesh,
tend to exact values from above.
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Abstracts. In the construction industry, cement concretes are the most widely used building material. New
generation materials with increased strength and durability are used in the construction of critical facilities.
Special requirements are imposed on such concretes to ensure their quality. The issues of control and quality of
powder-activated concretes of a new generation at the stage of preparation of their constituent components are
considered. Author made in the article the analysis of the classifier data for the developed system of quality
control (QC) based on Shewhart control charts. For implement an effective classification of critical situations we
justified target-conformity application of support vector. We accumulated the base of possible solutions in
special cases when process of cement production go out from control limits. For pro-programmatic
implementation of support vector we used library application LIBSVM. We described procedures for the
preparation of the accumulated data for training models of SVM. We determined optimal parameters of created
models nuclei to ensure accurate classification. We created SVM models for all monitored parameters. We
created HMI display effective solutions to prevent critical situations for the operator.

Keywords: Shewhart control charts, grinding of cement, statistical controllability, knowledge base,
quality control, support vector machine, classification, cross-validation

KOHTPOJIb KAYECTBA JTUCHEPCHbBIX KOMITIOHEHTOB
IHOPOHIKOBO-AKTUBUPOBAHHbBIX BETOHOB
C HOMOLIBIO KAPT LIYXAPTA

C.A. ®eoocun’, A.H. Kysenxoe ?, C.C. Moucees >,
H.H. Makcumoea *, H.B. Epogpecea ’, A.A. Canazuna’

! HanmoHaIbHBIA MCCIIEN0BaTENbCKIA MOpPIOBCKHI rOCYIapCTBEHHbINH yHIBepcnTeT M. H.I1. Orapésa,
r. Capanck, POCCUSA
2 LleHTp HAHOTEXHOJIOTHIT ¥ HaHOMaTepuanos PeciryGnukn Mopnosus, T. Caparck, POCCHS
3 [lerepbyprekas Llementras komnanwus, . Cankr-Ilerep6ypr, POCCUS
4 Ilen3eHCKHIi TOCYIAPCTBEHHBINH YHUBEPCHTET ApXUTEKTYPHI U CTPOUTENBCTBA, T. [lensa, POCCUS
3 HauroHanbHBIN HCCIEN0BATENBCKIIA MOCKOBCKAMN TOCYIapCTBEHHBIH CTPOUTENBHBIN YHUBEPCHUTET,
r. Mocksa, POCCHU

AnHoTanus. B crpouTensHON oTpacnu Hambosee NPUMEHSEMBIM CTPOUTENBHBIM MaTepHAIOM SBIISIOTCS
1eMeHTHbIe OeToHbI. [Ipn Bo3BeieHNH OTBETCTBEHHBIX 00BEKTOB NCIIONIB3YIOTCSl MaTepHalbl HOBOTO OKOJICHUS,
o0Jaaromye MOBBIIICHHBIMH OKA3aTEIIMU ITPOYHOCTH M JJOJTOBEYHOCTH. K TakuM OeToHaM NpeabsBIsIOTCS
ocoOble TpeOOBaHMS MO OOCCICUYCHHIO HMX KayecTBa. PaccMaTpHBalOTCsA BOIPOCHL KOHTPOJS KavyecTBa
MOPOLIKOBO-aKTHBUPOBAHHBIX OCTOHOB HOBOI'O IOKOJECHHWS Ha CTaJiM IOATOTOBKH HX COCTABJISIOIINX
KOMIIOHEHTOB. B pa0oTe BBHINONHEH aHalM3 NPUMEHUMOCTH KiaccH(HKaTopa IaHHBIX ISl pa3paboTaHHOI
nmoncucteMsl KoHTpoist kKadectBa (KK) ¢ wmcmomp3oBanmem koHTpomsHBIX KapT Ilyxapra (KKIL). [nsa
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ocymecTBieHUs A((GEKTUBHON KITaCCUPUKAIIMKA KPUTHICCKAX CHUTyallmid OOOCHOBaHA IIETIECOOOPa3HOCTH
MIPUMEHEHHUS METOJa OIOPHBIX BEKTOpoB — Support Vector Machine (SVM). Hakomnena 6a3a BO3MOMKHBIX
pemeHnit Uit 0coOBIX CITydaeB, COOTBETCTBYIOUIMX BBIXOAY IOKa3aTeseil mporecca MpOM3BOACTBA IIEMEHTa,
MPUTOTOBJICHUSI HAIMOJHUTENEH U 3aloJHMTENeH pPasIW4HbIX pa3MEpPHbIX YPOBHEH Ml IOPOIIKOBO-
aKTHBHUPOBAHHBIX OETOHOB3a KOHTPOJBHBIC MpeAeibl. s mporpaMMHON peannu3anuyd METOAa OMOPHBIX
BEeKTOpoB mpumMeHeHa O6ubmmoreka LIBSVM. IlonpobHO ommcaHBl MpOIEayphl MO TMOATOTOBKE HAKOTUICHHBIX
JaHHBIX At oOydenust mojeneid SVM. IlomoOpaHbl onTuMalbHbIe MapaMeTpbl sAep CO3JAaHHBIX MOJENEH,
o0ecreunBaroue TOYHOCTh Kiaccudukanuu. Co3nansl Mogenu SVM Ui BceX KOHTPOJIUPYEMBIX IIapaMeTpOB.
Pa3paboraH 4YejoBeKO-MalIMHHBIA HHTEpQeiic 0TOOpakeHUs MpeyiaraeMblx S(GQEKTUBHBIX pEIISHUH 110
MPEI0TBPALIEHUIO KPUTHUECKUX CUTYaluii, IpeHa3HaueHHBIH JJIs oTiepaTopa.

KaroueBble ci1oBa: KOHTPOJIbHBIC KaPThI H_IyxapTa, TIOMOJ IEMCHTA, CTATUCTUYCCKAs YIIPABISICMOCTD,
ba3a 3HaHHI7[, KOHTPOJIb Ka4€CTBa, METOA ONOPHBIX BEKTOPOB, KJ'IaCCI/I(i)I/IKaIII/ISI, NEPEKPECTHAA IPOBCPKaA

I. INTRODUCTION

Modern high quality concretes (HDC) classify a
wide range of concretes for different purposes:
High-strength (HPB, Hochfester Beton - HFB)
and ultra-high-strength (UHFB, Ultrahochfester
Beton - UHFB), self-compacting (SVB,
Selbstverdichtender Beton - SVB; Self
Compacting Concrete - SCC), highly corrosion-
resistant, Reaktionspulver Beton - RPB or
Reactive Powder Concrete - RPC and others [1,
2,3,4,5,6,7].

New generation concretes are used for the
construction of unique buildings and structures
[3, 8, 9], construction of bridges and roads [10,
11], and as a repair material [5, 12]. They are
based on new generation superplasticizers in
combination with new formulation of dry
components. Concretes are formed by
combining dispersed components of different
sizes, mutually reinforcing each other [13, 14].
For example, particles of smaller size than
cement granules fill in the spaces between
cement particles and depending on given
interaction mechanism in general polydisperse
modifier structure can be crystallization centers,
change plastic strength, etc. Fillers and fillers
with large sizes form a framework of material
with optimal packing of particles. In this case,
the pores between the granules are filled with
more ground particles.

Designing of multicomponent compositions of
new generation concretes should be performed
using the following basic formulation principles
[13, 15, 16, 17]: 1) mandatory use of rock flour
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with micrometer particle parameters as dispersed
fillers, which are rheologically active
components; 2) obligatory use of very fine-
grained quartz sand of fraction 0,16-0,63 mm
with fineness modulus less than 1.2, supporting
necessary rheological and structural condition of
water-disperse mixture and increasing weighing
ability of dispersion fine-grained system, which
prevents settling of coarse sand and crushed
stone at stratification of concrete mixture; 3) use
of reactive pozzolanic additives (microsilica,
dehydrated kaolin, etc.), binding hydrolysis of
fluidized sand and gravel of concrete mixes. 4)
the use of high-quality sand-fillers and crushed
stone with specially selected granulometry,
providing a high bulk density of the mixture of
aggregates; 5) very low ratio of water to the sum
of all the dry components in the concrete
mixture, not exceeding 0,07-0,08, and an
extremely high volume concentration of the solid
phase (not less than 80-85%); 6) mandatory use
of highly effective superplasticizers, providing
the diameter of the spread (of the cone
Hagerman) of cement suspensions and
suspensions of mixtures of cement with rock
flour (at a ratio of "cement : Stone meal" ratio
1:0,5+1:1) in the range of 260-350 mm at B/I]
(B/T) less than 0.18 (0.2); 7) for special
concretes using in the composition of the fillers
nano-sized (particles whose size in one direction
are at least 100 nm), polymineral composition
binders, activated components, and first of all
water mixing, as well as biocide additives.

Technological processing of powder-activated
concrete includes the following processes:
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preparation of components (cement, fillers and
aggregates, mixing water, modifying additives),
preparation  of  self-compacting  concrete
mixtures, product molding (shoeless or
formwork method), curing of products and
structures (various methods of heating, heat and
humidity treatment, etc.). All operations and
processes contribute to the quality of the
manufactured products. The quality of the
concrete constituents used is one of the most
important.

Currently, it is considered that the quality of
produced cement, fillers and aggregates of
different size levels largely determines the place
and role of the enterprise-producer in the
modern building materials market. Therefore,
introduction of quality control subsystems into
automated control systems (ACS) for
production of cement, fillers and aggregates of
different types is a relevant problem. For its
implementation it is necessary to solve two
interrelated subtasks. The first one is the
recognition (detection) of critical situations,
which caused a disruption in the technological
process (TP). The second one is the
identification of the critical situation itself for
subsequent correction of possible deviations in
the TP. A well-proven method of production
process control is the application of statistical
methods based on control charts. In contrast to
the methods using histograms and various types
of diagrams (scatter, Pareto, Ishikawa), control
charts allow forecasting changes in the
parameters of technological process. However,
the practical issues of wusing methods of
controlling production processes with the use of
control charts for the sphere of production of
construction materials remain insufficiently
disclosed. Therefore, in this article we attempt
to comprehensively study the specifics of the
application of quality control methods in the
production of cement, fillers and aggregates of
different dimensional level.

Purpose and objectives of the research

The research is aimed at improving the quality
of manufactured powder-activated concrete by
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applying a virtual analyzer built on the basis of
mathematical statistics methods and intelligent
technologies in the technological process for the
preparation of cement, fillers and aggregates of
different dimensional level ARS control.

Research Objectives:

1. Create an algorithm for technology of
powder-activated concrete on the basis of
literature analysis in the field of creating a new
generation of concrete and emphasize the
importance of quality control of preparation of
cement, fillers and aggregates.

2. To build a dynamic model of the
technological process with the use of regression
identification methods on the example of
Portland cement, taking into  account
technological processes of concrete components
preparation.

3. To develop the method of technological data
preparation  for statistical analysis and
mathematical models for evaluation of statistical
parameters of technological processes of
concrete components preparation for evaluation
of its statistical controllability

4. Create a virtual quality analyzer based on
Support Vector Machines (SVM) method u
Advanced Process Control (APC) system to
monitor and control the quality of manufactured
products and implement it in the APCS of
cement grinding and grinding of aggregates and
fillers of concrete.

II. METHODS

The technological process of concrete
production consists of several stages. In the first
stage, raw materials for the production of
cement, fillers and aggregates are extracted.
Then they are crushed in raw material mills to
prepare them for the next stage. The second
stage involves various types of activation of the
dispersed  components:  co-milling  with
plasticizers, heat treatment, etc. The most
energy-intensive process in this case is the
technology of cement production. The obtained
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raw components for the manufacture of cement
(limestone, clay and additives) are fed into
cement kilns, where the firing process takes
place. At the outlet of the kilns, the so-called
clinker is obtained, which in the next step is sent
together with the other additives to the grinding
shop. After passing through the cement mills,
the finished product, Portland cement, is
produced. It is the cement grinding process that
is the most important in terms of quality control.
The cement grinding process is monitored in a
special room equipped with several monitors, on
which the mnemonic diagrams of the
technological production are displayed. The
operator is able to control almost every stage of
the cement grinding process. He controls dosage
of clinker and additives, rotational speed of
separator rotor, fan speed of suction system
(thus he can change air rarefaction in the whole
grinding system). However, due to the large
amount of information loaded from the screens,
the operator is not always able to react promptly
to critical situations in the grinding process, and
in some cases cannot foresee the occurrence of
such situations.

The quality level of fillers and aggregates
preparation of different size also determines the
quality of concretes based on them. Continuous
planetary mills are used for preparation of
aggregates up to specific surface of 3000-5000
cm?/g. For fine-grained sand, filler sand, fine-
grained aggregates jaw and cone crushers are
used. Grinding of fine-grained materials is
possible with the use of various mills: ball,
vibratory, vario-planetary.

Practice shows that the optimal characteristics
for grinding dispersed materials are achieved by
grinding in a vario-planetary mill. This and the
fact that the dispersed constituents of concrete
have different grindability, makes the Vario
Planetary Mill the most suitable one. The
combinations of pressure, friction and impact
are controlled in the Vario Planetary Mill.

Filler grinding in a Vario Planetary Mill
promotes the formation of electron acceptor
centers in the particles. This has a positive effect
on the rheological characteristics of self-
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compacting concrete mixtures without the
additional consumption of mixing water and
superplasticizer.

It is effective to use for the manufacture of
powder-activated concrete as fillers and fine
aggregates the rock screening fractions < 5 mm,
which form multi-tonnage dumps and storages,
occupying large areas and disturbing the
ecological balance of regions [18]. To solve the
first of the problems mentioned in the
introduction (recognition of critical situations),
a well-proven quality control tool based on
Schuchart control charts (SCC) was chosen
[19]. The following is an example of research
related to quality control of Portland cement.
The use of SCC as part of the ACS can provide
detection of changes in the TP (including the
process going beyond the  statistical
controllability) even before it has reached a non-
emergency state [20, 21].

In [22] an experimental implementation of the
subsystem of monitoring and identification of
critical situations in the TP on the basis of
control data in JSC "Mordovcement",
Republic of Mordovia is described. Six
characteristics were selected for monitoring:
specific surface of cement (1); cement
grinding fineness, when sifting through sieve
No.008 (2); mass fraction in percentage of
sulfuric acid anhydride in cement (3); mass
fraction of opock in cement (4); mass fraction
of calcium oxide in cement (5); percentage of
moisture content in cement (6).

There are allowable limits for all these
parameters [23], exceeding which indicates the
presence of defects in the produced cement.

As a result of the research, an ACS subsystem
[22] was developed, which displays SCC in
real time. With the help of this subsystem the
operator can monitor graphs of change over
time of quantities determining cement quality
and, depending on the displayed information,
perform actions, which are recorded in the use
case diagram. There are several rules for
detecting loss of statistical controllability.
However, for the practical application of SCC
it 1s sufficient to use the first four rules - this
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reduces the probability of false positives [21].
A script was implemented in the C language
that monitors the "triggering" (execution) of
these four rules: one point corresponding to
the TP indicator exceeds the three-sigma
limits (1); at least two of three consecutive
points lying on one side of the center line
exceed the two-sigma limits (2); at least four
of five consecutive points lying on one side of
the center line exceed one sigma (3); at least
eight consecutive points lie on one side of the
center line (4).

During the three months of subsystem
testing, about 3,000 values were processed
for each monitored process parameter, i.c., a
total of about 10,000 values. During this
period of time, the SCC for all characteristics
of parameters revealed the loss of statistical
controllability for each of the above four
rules. All effective decisions taken by the
operator to return the TP to the state of
statistical ~ controllability, as well as
parameters of the production process
(temperature, separator rotation speed, etc.)
were entered into the knowledge base - to
form an expert evaluation for identifying the
causes of deviations from the TP. Thus, it
was possible to implement a classifier that
links the accumulated data in the knowledge
base with special events leading to the loss of
statistical controllability. In this case, the
values of parameters "1-6" are used as input
data. A promising solution for this problem is
the use of a classifier based on the SVM
reference vector method. The main idea of
this method is to translate the initial vectors
of controlled parameters (corresponding to
the actual sets of indicators for a certain
moment in time) into a space of higher
dimensionality and to search for a separating
hyperplane with the maximum gap between it
and two parallel hyperplanes built on both
sides of it (Fig. 1).
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Figure 1. Geometric representation of the SVM
vector reference method

Mathematically, the training sample of
controlled  parameters is  written  as
(X1, Y1)+ Xmy Ym), X €ERY y; € {=1,1}

[24, 25]. The reference vector method

constructs a classification function in the form:

F(x) = Siqn(<w, x> + b), (1)

where <,> is the scalar product, W is the

perpendicular to the separating hyperplane, and
b is equal modulo to the distance from the
hyperplane to the origin. In this case the objects
for which F' (x) =1, fall into one class, and the

objects with /' (x)z —1 fall into another class.
This function is used because any hyperplane
can be given in the form <w,x>+b=0 for

some W and (Fig. 7). It is necessary to choose
such and b, which maximize the distance to
each class. It can be shown that this distance is
equal to 1/ ||w|| . The problem of finding a 1/ ||w||
maximum is equivalent to the problem of

finding a minimum and is reduced to an
optimization problem:
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. 2
arqmin|w]

2
yi(<w,xl.> +b)2 Li=1,.,m. ©

It is a standard quadratic programming problem
and is solved analytically using Lagrange
multipliers. If there is no linear class
separability [24, 25], one should resort to
expanding the space by increasing its dimension
by choosing to map (p(x) vectors X into a new

space. This results in a new scalar product
function:

K(x,y)=o0(x)- (). 3)

The function K(x,y) is called the kernel. It

is the basic parameter for tuning the SVM
method. From the mathematical point of
view, any positively defined symmetric
function of two variables can serve as the
kernel. Positive definiteness is necessary so
that the corresponding Lagrange function in
the optimization problem is bounded from
below. Thus, the optimization problem would
be correctly defined. The accuracy of the
classifier depends, in particular, on the
choice of the kernel. In practice, the
following types of kernels are (are) used:

e Polynomial: k(x,x") = ({x,x’) + const)¢;

e radial basis function (the most common
type of kernel): k(x,x") = exp(—y||lx —
X [12);

e Gaussian radial basis function:
e—llx—x'[?/20%

k(x,x") =

e sigmoid:
0,c<O.

k(x,x") = tanh(k(x,x')} + ¢) ,k >

The software module for operation with
Schuchart maps, in the absence of statistical
controllability for a particular technological
parameter, sets the variable corresponding to
this parameter to unity. Thus, the cement
grinding quality control subsystem allows you
to identify for  which  technological
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characteristic a special case took place. The
SVM method is then applied. First, the
subsystem recognizes which of the four rules
the statistical controllability was lost, i.e., it
assigns the case to one of the four classes.
At the second stage SVM will determine
whether the process indicator (parameter) went
beyond statistical controllability by its upper or
lower boundary (limit), i.e. it will separate one
class from the other.

III. ALGORITHMIC AND SOFTWARE
IMPLEMENTATION OF THE PROPOSED
METHOD

As a tool for software implementation of this
method it was decided to use the freely
distributed library LIBSVM. To achieve the
most effective classification it is necessary to
perform actions for preparation of data sets and
search for the best kernel for them, namely to do
the following.
Convert the numerical data corresponding to the
TP out of statistical controllability to the format
of the information system using SVM:
— to perform data scaling in the range from
0to1;
- use the kernel
exp(—yllx —x'||*);
— use cross-validation to find the best
parameters C and y. The constant "C" is
a control parameter of the method. This
parameter allows to find a compromise
between maximizing the distance
between the two hyperplanes and
minimizing the total error; to use the
found values of C and y to train the
model in order to obtain a classifier for
a particular technological parameter; to
test the obtained classifier on a test
case.
All the accumulated data on the process exiting
the state of statistical controllability were
reduced to the LIBSVM format and procalated
in the range from 0 to 1 - to provide more
accurate model training (Fig. 2).

RBF: k(x,x') =
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11:0.3471 6:0.332117:0.3400
21:0.3465
22:0.3472 10:0.3521 18:0.3626
24:0.3621
33:0.3645 6:0.367817:0.3691
31:0.3699
42:0.3934 17:0.386522:0.3878
36:0.3812

Figure 2. Data fragment for training the SVM
model

The data format for LIBSVM is a string of the
form:: <label><index>: <value>. The parameter
<label> characterizes the class to which the
following values belong. At the first stage of
classification it is required to identify to which
of the four rules of loss of statistical
controllability a particular special case belongs.
Therefore the training (training) file must
contain values for the four classes. It should be
noted that in case of a loss of statistical
controllability by several rules simultaneously,
the highest priority is given to rule No.l, while
the lowest is given to rule No.4. The <index> :
<value> pair gives the characteristic of the value
of the controlled parameter. The <index>
parameter is an integer number starting with "1"
and increasing with each step. The <value>
parameter is a real number reflecting the value
of the selected characteristic, scaled from "0" to
"1,

When using the RBF kernel, at least two
coefficients are selected: the regularization
coefficient "C" and the kernel parameter "y".
Since it is impossible to assess a priori the
optimal value of these parameters by
mathematical methods, in practice we resort to
an empirical procedure - cross-validation (cross-
validation). The essence of this procedure is the
following: the range, within which the values of
parameters "C" and "y" will vary, and the
sampling step for it are set. As a result, we
obtain a "grid", whose nodes specify a set of
pairs of "C" and "y" values, among which it is
necessary to select the optimal one; for each
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", n

pair of "C" and "y" values, the training sample is
divided into n parts. One part is used for
training at given values of "C" and "y", and
another part is used for testing. This procedure
is repeated n times (to get more accurate result).
Finally, each of the n parts is used for testing;
then the values obtained are averaged. The
procedure is repeated for all values of
combinations of parameters "C" and "y".
Sometimes cross-validation with large step of
"C" and "y" changes is performed at first to
preliminarily localize the best solution. Then in
that interval (on that subinterval), where the best
results were achieved, cross-validation is carried
out again, but with a smaller step.

The disadvantage of this method of parameter
fitting is the high computational complexity
and, consequently, the long execution time.
After cross-validation, the best parameters "C"
and "y" for each case were found for each
classifier model using the LIBSVM library.
Four statistical metrics are introduced as part of
machine learning to evaluate the quality of the
classifier performance.

All samples for which the classifier gave an
answer can be divided into four groups: positive
results correctly found by the classifier as
positive (true positive); negative results
incorrectly found by the classifier as positive
(false positive); negative results correctly
defined by the classifier as negative (true
negative); positive results incorrectly found by
the classifier as negative (false negative).

On the basis of these four statistical metrics, the
LIBSVM library allocates the metric Accuracy
= (true positive + true negative) / (true positive
+ false negative + false positive + true
negative). In content terms, this corresponds to
the fraction (from "1") of correct classifier
responses among all responses. When testing
the trained SVM models on test data, this figure
did not fall below 96.875%.

In the process of grinding of cement, fillers and
aggregates, in case of loss of statistical
controllability by any technological parameter,
the subsystem retrieves the solution from the
knowledge base (formed on the basis of
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opinions of experts in the field of cement
production technology, preparation of fillers and
aggregates of various sizes) corresponding to
the choice of the classifier - this choice is made
in automatic mode. After that, the operator's
display shows advice on how to solve the
critical situation.

For all parameters of the technological process,
knowledge bases were formed in relation to the
effective solutions adopted (eight solutions were
entered in the base for each parameter). So, for
all six process parameters, 48 possible solutions
(subclasses) were identified for special cases.
Five SVM models were created for each of the
six process parameters. The first model
determines, when a critical situation occurs,
which of the four rules is triggered by the CCH.
Then, depending on the rule number, the
corresponding classifier (one of the four) is
selected. The selected classifier determines
whether the special case occurred at the upper or
lower limit, and associates it with the
corresponding solution in the knowledge base
(proposed solutions).

CONCLUSIONS

The issues of quality control of the
technological process of production of powder-
activated concrete of a new generation are
considered. In the course of this study, a
classifier based on the method of reference
vectors was introduced into the subsystem of
quality control of cement grinding, filler and
aggregate grinding using SCC. To implement
the classifier LIBSVM library was applied.
During the testing of the classifier the optimal
values of the settings of the SVM models were
selected. This allowed the share of correct
answers to be at least 96.875%. Improved using
the proposed classifier, the quality control

subsystem showed sufficient accuracy in
identifying critical situations and increased the
efficiency of operator actions aimed at

preventing such situations.
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MATHEMATICAL MODELING AND EXPERIMENTAL
INVESTIGATION OF THE PROCESS OF NON-STATIONARY
HEAT TRANSFER IN A BLOCK FOAM GLASS SAMPLE AT THE
ANNEALING STAGE

Sergey V. Fedosov !, Maxim O. Bakanov ?, Ilya A. Kuznetsov 2

' Moscow State University of Civil Engineering, Moscow, RUSSIA
2Ivanovo Fire Rescue Academy of State Firefighting Service of Ministry of Russian Federation for Civil Defense,
Emergencies and Elimination of Consequences of Natural Disasters, Ivanovo, RUSSIA

Abstract. The specifics of the technology for the production of block foam glass are presented, the results of
experimental studies of the properties of the material are presented, a method for improving production based on
mathematical modeling of heat transfer processes is proposed. It is shown that the processes of high-temperature
processing of foam glass make a key contribution to the formation of a high-quality porous structure, therefore,
this area of research needs the development of adequate methods for calculating the main macrophysical
parameters based on the theory of heat transfer. A technique for checking the adequacy of the mathematical
model of heat transfer is presented using the example of spontaneous cooling of a foam glass block. The entire
procedure for checking the adequacy of the mathematical model was carried out in three stages. At the first
stage, the degree of validation of the model is assessed, functional dependencies with the results of an
experimental study based on the Pearson determination coefficient. The main stage includes the evaluation of the
confidence intervals of the experimental data and the discussion of the convergence of the results of the
analytical calculation with the results of the experimental data. The final stage, at which a comprehensive
assessment of the adequacy of the mathematical model is given, includes both the results of the preparatory and
the main stages. The results of the study showed that it can be concluded that the calculated data have sufficient
convergence with the experimental data and indicate the adequacy of the developed mathematical model of heat
transfer.

Keywords: mathematical modeling, foam glass, raw mix, heat treatment, heat transfer, Pearson's criterion,
Student's criterion

MATEMATHUYECKOE MOJAEJIMPOBAHUE N
IKCIIEPUMEHTAJIBHOE UCCJIEJOBAHME INPOLUECCA
HECTAIIMOHAPHOI'O TEIIVIOHNEPEHOCA B OBPA3IE
BJIOYHOI'O HEHOCTEKJIA HA CTAAUU OT/KUT' A

C.B. ®eodocos ', M.O. Bakanos °, H.A. Ky3neyoe ?

! HanpoHansHblii HecieqoBaTenbeknii MOCKOBCKHIA FOCY IapCTBEHHBIN CTPOMTENBHBINA YHUBEPCHTET, I. Mocksa, POCCHS
2 MiBaHOBCKas noxkapHo-crnacaTenbnas akagemus I TIC MUC Poccun, r. MBanoso, POCCUSI

Annotanusi. llpencrasnena crenupuka TEXHOJOTMH IIPOW3BOJCTBA OJOYHOIO TMEHOCTEKIIA, IPHUBEACHBI
PEe3yJIbTaThl SKCIIEPUMEHTAIBHBIX HCCIICOBAHUI CBOMCTB MaTepHaia, Ipe/UIosKeH CIIoco0 COBEPIICHCTBOBAHMUS
MIPOM3BOJICTBA Ha OCHOBE MATEMaTHYECKOTO MOEIMPOBAHUS IMPOLECCOB Teruionepenoca. IlokasaHo, d9To
MIPOLIECCHl  BBICOKOTEMIIEPATYpHOH 0OpaOOTKM MEHOCTEKJA BHOCAT KIIOUEBOH BKJIaA B (OPMHUPOBAHHUE
Ka4eCTBEHHOH IOPHCTON CTPYKTYphl, MO3TOMY JaHHas 00JacTh HCCIENOBAaHMSA HYXIAeTcs B pa3paboTKe
a/IeKBaTHBIX METOJMK PacdyeTa OCHOBHBIX MakKpO(M3MYECKUX MapaMeTPOB Ha OCHOBE TEOPHM TEILIONEPEHOCA.
[IpencraBneHa MeTOAMKA IPOBEPKM AaJEKBATHOCTH MaTEeMAaTHYECKOW MOJENM TEeIUIONEpeHoca Ha IpHMepe
CaMOIIPOU3BOJIBLHOIO OCTBIBAHMUsI OJI0Ka MEHOCTEKIA. Bero mpolieiypy MpoBepKH a/leKBaTHOCTH MaTeMaTH4eCcKOn
MOJIEIN TPOBOIMIN B TpH dTama. Ha mepBoMm 3Tame MPOBOIUTCS OIICHKA CTENEHH BATUAALUMN MOJEIH,
(YHKIIMOHAJIBHBIX ~ 3aBUCHMOCTEH C  pe3yjbTaTaMH DKCIIEPUMEHTAJIBHOIO HCCIIEJOBAHUS Ha OCHOBE
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koxpdunmenta aerepmuHanu I[lupcona. OCHOBHOH STam BKIOYaeT B ce0s OICHKY JIOBEPUTEIHHBIX
HMHTEPBAJIOB SKCIICPHMEHTAJBHBIX JTaHHBIX M 00CY)XKICHHE CXOXKICHHUS Pe3yJIbTaTOB aHAMTHYECKOTO pacdyera ¢
pe3yJibTaTaMK KCIICPUMEHTAIBHBIX JaHHBIX. 3aKIIOUYUTEIBHBIN 3Tall, HA KOTOPOM JIaeTCsl KOMIUICKCHAsI OLICHKa
aJICKBATHOCTH MAaTeMaTHYeCKOW MOJeNH, BKIIOYaeT B ce0sl Kak pe3ysbTaTbl MOATOTOBHTEIBHOTO, TaK U
OCHOBHOI'O 3TamoB. Pe3ysibTaTbl HCCIEAOBAaHMSA IIOKA3AIM, YTO PACUYETHBIC NaHHBIE HMMEIOT JOCTATOYHYIO
CXOAMMOCTb C OKCIICPUMEHTAJIbHBIMUA JAaHHBIMH W CBUJCTEIBCTBYIOT 00 aJeKBaTHOCTH pa3paboTaHHOI

MaTeMaTHYECKON MOIeIN TCIIOMICPEHOCA.

KiroueBble cj10Ba: MaTeMaTHYECKOE MOAEIUPOBAHUE, IIEHOCTEKIIO, ChIPBEBAsi CMECh, TEPMHUUECKas 00padoTKa,
Terutonepenoc, kpurepuii [lupcona, xpurepuit CTeroneHTa

INTRODUCTION

The technology of foam glass production is
characterized by a long sequence of different
technological operations often complicated by
destructive factors. Therefore, the development,
analysis and implementation of advanced
technologies require a wide range of physico-
chemical and physico-technological studies to
obtain a final product with optimal operational

properties.

The crucial factor that determines the processes
of change in the foam glass structure is the

temperature-time mode of foaming and

holding

(annealing) of the material, which is also called
the mode of high-heat treatment [1-3]. In the
process of high-heat treatment of the raw
material mixture for foam glass production,
structural transformations are intensified, from
softening to reaching the level of glassy state of

the material. The necessity of

theory

development in this area is caused both by the

factors of development and improvement of
research methodology of foam glass technology
as well as by reduction of unit production cost
of finished products. It should be noted that
modeling of heat transfer processes as a result
of high temperature effect on the material plays
an important corrective role.

For production of foam glass nowadays, both
domestic raw materials and domestically
recycled materials are used. The use of waste
glass (recyclable sheet or industrial glass) solves
the problem of disposal of waste glass, which
contributes to solving a number of
environmental problems.

There are various technologies of foam glass
production, the most effective being the two-
stage powder technology [4,5] which was first
proposed by LIKitaygorodskiy and T.N.
Keshishyan [6].

The principal process diagram of block foam
glass production is presented in Figure 1 [7].
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Figure 1. Process flowchart for foam glass production under two-stage powder technology
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The operational sequence of the block foam
glass production by means of the two-stage
powder method is as follows: the feed raw
material mixture being in a mold is transported
into a lehr oven on ceramic rollers (Figure 2)
[8,9].

h -_‘u

Figure 2. Loading the raw Figure 3. Section 0 heating,
sintering, foaming and
stabilizing oven

material mixture into the
molds

The used molds are returned on the conveyor
belt to the stage of loading the raw material
mixture (Figure 5), and the extracted blocks are

Figure 5. Fragment of the conveyor belt

The powder method for foam glass production
is as follows: crushed and milled glass and gas-
forming agent (0.5-5% of glass weight) are
loaded into the forms, heated to thermal
decomposition temperature of gas-forming
agent and annealed [9,10].

While the temperature increases, the glass
particles are actively softened. For most types of
glass, the active softening stage begins at
temperatures of about 600°C [9,11]. The
viscosity values of the milled glass remain high
during this time. At further heating, thermal
decomposition of the gas-forming agent occurs,
and viscosity indices begin to decrease. Gases at
the beginning of thermal decomposition of gas-
forming agent form pores in the glass melt.
Such kinetics of the process leads to growth of
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In the first kiln (the section of thermal influence
on the raw material mixture), the raw material
mixture is heated, sintered, foamed and the
foamed glass-crystalline structure is stabilized
(Figure 3), then the foam glass blocks are
extracted from the molds (Figure 4).

Figure 4. Stage of extracting
the finished foam glass blocks
from molds

transported to the annealing furnace (the section
of thermal influence on foam glass) (Figure 6).

Figure 6. Fragment of a foam glass annealing

furnace

the pore diameter due to stretching of the glass
mass shell. When the given size is reached, the
heating process is stopped and the temperature
is reduced to stabilize the foam glass structure
[12,13].

When developing and improving the technology
of foam glass production with taking into
account the peculiarities of high-heat treatment
and time parameters of its production, our
researchers carry out their work in two main
directions. The first one is the experimental
determination of possible compositions of raw
material mixtures for production of foam glass
and selection of thermal treatment modes by
means of the method of correction of
quantitative parameters of raw material mixture
composition [14-20]. The second research
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direction is based on the development of
theoretical and numerical methods of modeling
of thermal processes occurring during foam
glass production [21-28]. The second direction
seems to be the most promising in terms of
research of foam glass production technology as
it allows us to reveal the regularities of material
structure formation as well as to take into
account the external and internal factors
contributing to optimization of the process of
foam glass production. However, it is worth
noting that it would be practically impossible to
develop any theoretical foundations without
having the results obtained by the researchers
applying the first experimental approach in their
works, so it is necessary that theory and practice
should exist in symbiotic relationship and
complement and confirm the results obtained.

Modeling of heat treatment processes is based
on the heat transfer theory, which allows us to
take into account the influence of macro-
physical parameters on each other. When
developing a mathematical model being able to
take into account changes in the physico-

Tix)

chemical properties of the raw charge, there
arise some difficulties that might require the use
of simplified (or approximate) mathematical
models of heat transfer [29-33].

The system of differential equations worked out
by A.V.Lykov and some physical concepts
developed by him with respect to the moisture
removal mechanism [34] constitute the
theoretical basis for studying the heat and mass
transfer processes occurring as a result of high-
temperature effect on materials.

Application of exact analytical methods for
solving nonlinear problems 1is practically
impossible ~ with  modern  methods  of
mathematical analysis, so numerical methods
are becoming more and more popular. Solutions
of partial differential equations are found using
computer programs. The approaches described
are applicable when the patterns of heat transfer
have already been established, so it is required
to obtain equations for simpler models, and, at
the first stages of modeling, it is advisable to set
boundary conditions and solve a plane problem
for one of the coordinates (Figure 7).
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Figure 7. Geometric model used for setting up a problem:
1 - metal wall of the mold; 2 - raw material mixture; 3 - heat source; d, L - thickness of the mold
wall and raw material mixture

Under these conditions, the boundary problem
of heat transfer in the raw material mixture

e ot(x,7) _J

placed in a metal mold is written as follows
[35]:

Gzt(x,r)_

; (1

loks
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where p, ¢, A are respectively: density, heat
capacity and thermal conductivity of the raw
material mixture.
- initial condition:

(2)

t(x,r)‘rzo = to(x);

- boundary conditions, respectively, of the first
and second kind:

r(v.Fo)=1-2 5 !

: sin[g (2n- 1)5}015 : exp{— é (2n -1y Fo} -

N | &
E

t(x,f)=ly—(lH—fo)-[

n=1

The main requirements for mathematical models
are adequacy, universality and efficiency.

A model is considered adequate if it reflects the
given properties with acceptable accuracy.
Accuracy is defined as a degree of coincidence
of values of output parameters of the model and
the object. Model accuracy is different in
different conditions of technological process
functioning. These conditions are characterized
by external parameters. In the space of external
parameters, it is necessary to identify the area of
model adequacy, where the error is less than the

specified  maximum  permissible  error.
Determining the area of model adequacy is a
complex procedure that requires large

computational efforts that rapidly increase with
increasing the dimensionality of the space of
external parameters. This problem can
considerably exceed by its volume the problem
of parametric optimization of the model itself,
so it may not be solved for newly designed
processes.
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€)
(4)

t(x, T)‘x=0 =t, s
ot(x,7)

Ly -y
ox L

x=—

2

To solve a boundary value thermal conductivity
problem, the Laplace transform method is used.
The final solution of the boundary heat
conduction problem is as follows:

7.2 - 1)5“{727(2” - l)x] eXp{— ”72 (2n—1)? Fo} 12y sinE (2n— 1)}} T &)-

n=1 0

(5)
We transform the equation (5) into a
dimensional form and obtain:
in| = (2n—1)x i (2n-17F.
sin 3 n—1)-x |-exp| Y n— o |+
s 72 o)
2(2n—1)-§}d§-exp —7(2;1—1) Fo |- (6)

During the simulation of temperature fields in a
foam glass block, the task of checking the
adequacy of the mathematical models developed
becomes many times more complicated due to
the influence of a wide range of factors both on
the simulated system and on the conditions of
full-scale test. The authors present a method of
research of developed mathematical model of
heat transfer on the surface of foam glass during
spontaneous cooling (annealing).

RESEARCH METHODS

For carrying out computational and full-scale
experiments, a foam glass block was removed
from the conveyor belt at the stage of extraction
of blocks from the molds (extraction station)
and placed on a pallet (in the air).

Figure 8 shows schematically the placement of
thermocouples in a foam glass block.
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Thereafter, we will consider the temperature
change at Points 1 and 2 that are the center and
surface of the foam glass block respectively, as
their location can give the closest possible

i

Figure 8. Distribution of thermocouples
on the block under study

description of the temperature change features
on the block interaction boundary, namely, the
surface of its sides and the center of the material

(Fig. 9).

|
|
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2 Lj
e L LT
ZJ2en
Figure 9. Distribution of thermocouples at
Points No.I and No.2 i.e. the center and the

surface of the foam block respectively
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Figure 10. Temperature values in the center and on the surface of the block

As shown in the graphs (Fig. 10), in the process
of spontaneous cooling of the foam glass block,
the temperature values at the surface and in the
center show similar dynamics with the presence
of a stable difference binding. This fact
indicates that there is a complex process of heat
transfer. The porous structure of the material
itself should also be considered as it contributes
to the retention of heat within the foam glass
block. The initial cooling conditions and
interaction of the outer boundaries of the foam
glass block with the surrounding air did not lead
to a sharp decrease in temperature at its borders
due to the closed pore structure, which can also

Volume 19, Issue 1, 2023

be said about the temperature indicators in the
center of the block.

To verify the adequacy of the mathematical
model, we calculate the temperature values in
the center and on the surface of the foam glass
block. For calculations, we use a model (6).

For implementation of numerical modeling, we
assume that the initial temperature of the foam
glass block is 600+10 °C. The surface
temperature (25+5°C) corresponds to the air
temperature in the shop at the time of the
experiment.

Calculations for the control point Nel are carried
out at a time of 1 minute, the calculated value of
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the Fourier number at this time is taken equal to
0.001. Based on the results of the calculations,
we plot the graphical dependence of the
temperature distribution in the foam glass block.
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| —2Fe=001 00y
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— o003 (S0 i)

—5Fo=0.04 (0

—6Fo0.055 (100min)

—TFo=0.07(130miz)

—$Fo0.1(1%0mi)

igure 11. Graph of temperature field
distribution on the surface of the foam glass at
its cooling, taking into account the data
obtained by a thermoelectric transducer at the
Control Point No.1

Calculations for Control Point No. 2 are carried
out at a time of 1 minute, the calculated value of
the Fourier number at this time is 0.005. The
difference of the Fourier number values
compared with the values for the surface is due
to the fact that the temperature gradient is
directed from the center not only in the direction
under consideration, but also in three other
directions, so unlike the parameters on the
surface, the temperature change rate at Control
Point No.2 will be higher. In our calculations,
we took it as being 3 times higher. Based on the
results of the calculations, we plot the graph of
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Figure 13. Diagram of changes in calculated
and experimental values of temperature when
cooling down the block at the Control Point for
the center within 190 min.
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For descriptive reasons, we build a general
functional dependence of the distribution of
temperature fields from 1 to 90 minutes
(Figure 11).
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Figure 12. Graph of temperature field
distribution in the center of the foam glass at its
cooling, taking into account the data obtained by

a thermoelectric transducer at the Control Point
No. 2

temperature distribution indicators for the foam
block (Figure 12).

As can be seen from the graphs of calculated
and experimental values of temperature changes
during cooling down of the block at the Control
Point at 2 cm from the surface during 190 min
(Fig. 13), the temperature dynamics is
nonlinear, indicating the presence of an area of
intense cooling and an area of temperature
stabilization. The most intensive cooling is
observed in the time intervals from 0 to 50
seconds, then a relative stabilization of the
temperature is observed.
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Figure 14. Diagram of changes in calculated
and experimental values of temperature when
cooling down the block at the Control Point for
the surface within 190 min.
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On the graphs of changes in calculated and
experimental values of temperature when
cooling down the block at the Control Point for
the center for 190 min (Fig. 14), the temperature
dynamics is also non-linear, indicating a
complex heat transfer in the center of the foam
glass block. Heat transfer by heat conduction
(pore walls) as well as by convection (gas phase
inside the pores) is observed. The key influence
on the peculiarities of heat transfer in the center
of the foam glass block is exerted by a closed
pore structure inside the material.

Assessment of mathematical model adequacy
includes preparatory, main and final stages.

At the preparatory stage, we evaluate the degree
of wvalidation of the model, functional
relationships  with the results of the
experimental study on the basis of the Pearson
determination coefficient.

The main stage includes the estimation of
confidence intervals of experimental data and a
discussion of the convergence of analytical
calculation results with the results of
experimental data.
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Figure 15. Comparison of calculated and
experimental values of temperature when
cooling down the block on the surface

The data presented in Figs. 15, 16 demonstrate
the following conclusions:

- the calculated model data are close in value to
the mean estimates of the experimental data and
are contained within the confidence interval
along the entire time axis;

- the maximum deviation of the calculated data
is observed at the beginning of the time axis,

Volume 19, Issue 1, 2023

The final stage which provides a comprehensive
assessment of the adequacy of the mathematical
model includes both the results of the
preparatory and main stages.

RESEARCH RESULTS

According to the data presented in Fig. 15, we
can draw the following conclusions:

- the calculated data for the model are close in
value to the mean estimates of the experimental
data and are contained within the confidence
interval along the entire time axis;

- the maximum deviation of the calculated data
is observed at the beginning and at the end of
the time axis, which demonstrates the correct
choice of the diffusion model of experimental
data;

- the deviation of the calculated data from the
experimental data is directed toward the upper
exact limit, which provides the necessary
margin for modeling the process of cooling the
foam glass block.

0 10 20 30 40 S0 60 70 20 S0 100 110 120 130 140 150 160 170 180 150 200
Bpeys, vom

Figure 16. Comparison of calculated and
experimental values of temperature when
cooling down the block in the center

which is similar to the results of the estimation
on the surface, also the data demonstrate the
correct choice of the dispersion model of the
experimental data;

- the deviation of the calculated data from the
experimental data is directed toward the upper
precise limit, which provides the necessary
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margin in modeling the cooling process of the
foam block.

CONCLUSIONS

A comprehensive assessment of the adequacy of
a model has been carried out on the basis of
processing the experimental data using

Sergey V. Fedosov, Maxim O. Bakanov, Ilya A. Kuznetsov

Pearson’s criterion and Student's criterion,
taking into account of scattering the data
relative to the center. The data for a
comprehensive assessment are presented in
Table 1.

To estimate the intervals in further engineering
calculations, it is necessary to take into account
the fact that the least upper bound (Tsup) is the
evaluation of the experimental study.

Table 1. Results of assessment of the adequacy of a mathematical model

STAGES OF ASSESSMENT OF THE ADEQUACY OF A MATHEMATICAL
Control points MODEL
for temperature , , Max.
Pearson’s Cr. |Student’s Cr., z, |Complex data error, .
measurements ) experimental .
R (P.k) Semax Conclusion
scatter, ATmax
2 P=0.2; k=19; Semax=52.82°C | ATma=70°C
on the surface R"=0.969 t =133 S.min=27.68 °C AT, =37 OC adequate
, 2 P=0.2;k=19; | Semax=63.91°C | ATpy.,=85°C
in the center R"=0.985 =133 S.min=33.50°C AT,y —44 OC adequate

Based on the data in Table 1, we can estimate
the actual experimental temperature-time scatter
by the formula Pempir=ATmax/Tmax:

— at Control Point No.1 of the foam glass block
P empir:A Tmax/T; max:O,13;

— at Control Point No. 2 of the foam block
Pempir:A Tmax/ Tmax = 0,14

The data obtained show the correct choice of the
confidence probability P=0.2 in estimating the
quantile of the Student’s t-distribution.

Taking into account Pearson’s criterion values
close to 1 and the maximum confidence
probability in calculating Student's criterion, we
can conclude that the calculated data have
sufficient convergence with the experimental
data and show the adequacy of the developed
mathematical model.

The developed mathematical model of heat
transfer at the stage of spontaneous cooling
down of foam glass blocks enables us to
conduct research of peculiarities of temperature
distribution of foam glass blocks and to estimate
convergence of functional dependence between
time and temperature at the given control points
according to the results of experimental data.
The conducted study of mathematical model
adequacy shows high convergence of the results
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of modeling and experimental measurements of
temperature values at the given points of
control. The obtained estimated values of
Pearson’s coefficient of determination - 0.969
for Control Point No. 1 and 0.985 for Control
Point No. 2 demonstrate the presence of a stable
functional relationship between the indicators of
temperature dynamics obtained from the
calculation of the mathematical model
developed, and the data obtained from the
experimental measurement of temperature using
the applicable means of control.
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INFINITESIMAL AND FINITE DEFORMATIONS IN THE POLAR

COORDINATE SYSTEM

Lyudmila Yu. Frishter
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Abstract: The deformation problem of elasticity theory with regard to nonlinear deformations is examined. The
expressions of deformations through displacements in the orthogonal curvilinear coordinate system are recorded.
The relations for finite deformations in cylindrical and polar coordinate systems are derived. Physical relations for
finite deformations and corresponding generalized stresses are recorded.

Keywords: small deformations, finite deformations, nonlinear continuum mechanics problem,
curvilinear orthogonal coordinate system, cylindrical coordinate system, polar coordinate system,
plane deformation, generalized stresses

BECKOHEYHO MAJIbIE H KOHEYHBIE TEQ@OPMALIUH
B TIOJIAPHOU CUCTEME KOOPAUHAT

JL.IO. ®puwimep

HanmonansHslil uccnenoBarensckuii MOCKOBCKHI TOCYapCTBEHHBIN CTPOUTENBbHBIN yHUBEpcHUTeT, I. Mocksa, POCCHUA

AnHoTtanusi: PaccmarpuBaercss aeopMalMoHHAs 33ja4a TEOPHUHM YHPYTOCTH C YYETOM HEJIMHEHHBIX
nedopmannii. 3aMCHIBAIOTCS BEIpayKeHNS eOopMaIiii uepe3 NepeMeIeHnsI B OPTOrOHAIbHON KPUBOJIMHEHHOMN
CHCTEME KOOpAWHAT. BBIBOAATCS COOTHOIIEHHS JAJIsi KOHEYHBIX IehopManuii B MUIMHIPUICCKON M MOJISPHOM
cHUCTEeMax KOOpAMHAT. 3amHChIBAlOTCS (PU3WUYECKHE COOTHOIIEHMS JUId KOHEUYHbIX Jedopmanumii u
COOTBETCTBYIOIINX 000OLICHHBIX HAIPSKESHUI.

KroueBble ci1oBa: Maibie qedopMaliii, KOHSUHbIE AehopMaliiy, HelTMHEHHAs 3a/1a4a MEXaHUKH CILIOIIHON CPeIpl,
KpUBOJIMHEHHAs! OPTOrOHAIbHAs CUCTEMa KOOPAMHAT, IMIIMHAPUYEcKasl cucTeMa KOOpAUHAT,
MOJISIPHASL CHCTEMa KOOPIWHAT, TUTOCKast eopManusi, 0000IICHHBIC HATIPSKCHUS

1. INTRODUCTION

This article examines the deformation problem.
The positions of medium points before and after
deformation are given. The change in the
position of the vector connecting two arbitrary
points of the medium, caused by the deformation
of the medium, is determined. The solution of the
problem does not depend on the assumptions
regarding the properties of the medium and is
solved geometrically, typically in the Cartesian
coordinate system [1-7]. The initial and final
positions of the medium points are defined by
projections on the Cartesian coordinate system
axes.

204

Problems with angular cutouts of the boundary,
with angular lines of the boundary at surface
intersections, with holes in the area for the case
of small deformations are considered in polar,
spherical or cylindrical coordinate systems. The
choice of some curvilinear orthogonal coordinate
system is determined by the formulation of the
problem. At the same time, the curvilinear
coordinate system is chosen so that the body
boundary is defined as a coordinate surface or
line.

The paper [8, 9] examines a surface with an
angular line formed by irregular points. In order
to study the peculiarities of the solution in the
vicinity of the boundary, a curvilinear coordinate

International Journal for Computational Civil and Structural Engineering
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system (P:9.5) is introduced. The elastic
problem in the vicinity of a point on the angle line
of the boundary of the area is reduced to the
solution of two problems: plane and antiplane
deformation.

Analytical and experimental calculation methods
[10-15] show that the investigation of the
solution of the general elliptic boundary value
problem in the vicinity of irregular boundary
points is reduced to the consideration of
boundary value problems for model regions:
wedge or cone.

In order to solve the elastic problem for regions
with an angular boundary cutout, it is convenient
for wedges and regions with a hole to apply a
particular kind of a curvilinear orthogonal
coordinate system, the polar system [12-15].
The derivation of relations for finite
deformations in the Cartesian coordinate system
is discussed in detail in [1-7], whereas it is not
given for the polar coordinate system.

Purpose of the work: to derive expressions for
finite deformations in cylindrical and polar
coordinate systems.

Objectives of the work: to obtain expressions for
finite deformations through displacements, to
record physical relations for finite deformations
and generalized stresses in the polar coordinate
system.

2. MODELING METHODS

2.1. Curvilinear orthogonal coordinate system
We consider the curvilinear orthogonal

aQ 052,

coordinate system !, % with the origin

point O, in which the unit vectors ki, ko, ks , lines

a, = const

b

tangent to coordinate lines

a, = const, a, = const

, are directed toward

a,o,,

increasing parameters 3. The directions

of vectors K1s k2, ks change when passing from

a,0,,a

one point to another. The 3 parameters
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are related to the Cartesian coordinates **>% of
an arbitrary point by the relations:
X = ji(apazaaz,)a y = f‘z(al’aZ’a3)’
z= 1[3((11’0‘2’0‘3)

(1)

The relations (1) are equivalent to the definition

of the vector R=R(a, 2, 2,) (fig. 1)

MO dR

o R+dR

Figure 1. Displacements of points M and N to
points M* and N* during deformation

The Lame parameters are described in the
following form:

loR| [(axY (o) (o)
i = + +

|8al.| o, oa, oa,
i=123

The position of the arbitrary point M before
deformation is determined by the radius vector

jé :ﬁ(alsazaas)

. (@

, where % — the orthogonal

curvilinear coordinates of the vector R . After the
deformation, the point M transitions to the point

M (fig. 1), which is defined by the radius
vector;

*

R :R+ﬁ:§+u1E+u2k—2+ull€

1,2,3

Uu.,i=

where are the projections of the

displacement vector Y on the axes of the local
trihedron plotted at point M.
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The pOlnt N(al + dal’ az + daz, a3 + d0£3)

to the deformation is defined by the vector

prior

§+ﬁ:§+zg—Rdai:§+ZHigdai
i 0Q, i

1

Following the deformation, the

N(a,+da,,a,+da,, o, +da,

point
) transitions to

the point NV ' (fig. 1), which is defined by the
radius vector in the following form:

R+dR'=R+u+dR+u)=

=E+Zt+zg—Rdai +Zaa—uda,.,
T 0, T 00

i

where % =tk +uyky +u ks

Given the differentiation of unit vectors i , We
obtain

dR* = [(1+ e )Hda, + (%e12 —w)H,do, + (%eu + a)z)Hldaz:|;l+
1 1 —
+ (Ee]2 +w,)H do, +(1+ey)H,da, + (Ee23 -w)Hda, K, +

+[(% e, —w,)Hda, + (% e+ o) H,do, +(1+ ezz)dea3:|;3

The expressions for G- i have the following
form:

1 Ou, 1 O0OH, 1 OH,
e,=— + u, + U,
H 0o, HH,Oa, HH, oa, ’
1 Ou, 1 OH, 1 0H,
e, =— + u, + u,
H, 0a, H,H, 0a, H,H, 0¢, ’
1 Ou, 1 0H, 1 OH,
ey =—" +

u, + U,
HH, 0a, H.H, 0a,
o o M 0 (u )\ H 0 [u
v H éa\ H,) H,oda, H,

o —o =t 0 [ | H 0 [u
BN H da\ Hy ) H, 8a,\ H,

2)

- H, Oa,
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H, 0 (u, | H; 0 [ u
6232632:?6_ — |\t |5 I
; O\ H,y H, 0a,\ H,

1 [ o 0
20, = ~ (Hu)-——(H
a)l [_12]{3 _aaz ( 3”3) aa3 ( 2u2):|
1 [ o 0
20, = —~ (Hu)———(H
=, _6a3( i) 6051( 3”3)}
1 [ o 0
20, = = (Hu)-—(H
s HH, _aal( 212 aaz( ‘”‘)}

We consider the relative elongation at the point
M as:

o _ds'—ds _|[MN|-|mN]
Wds T |MN]|

Given the designations of the elongation Eyw

VN —|1W|2

2

the difference ‘
as:

will be recorded

1
E,,(1+ EEMN)dsz =g Hlda' +e,H,da; +

+ve,Hida; + e, HH,doyda, +
+eH Hdada, +¢,,H,Hda,da,

& . .
where ¥ are the deformation components in the

curvilinear coordinate system !> 72° 73:

1 1 1
=€y +E|:6121 + (5612 + w3)2 +(5613 _w2)2j|

3

1 1
=€ +eu(§e12 _w3)+622(5612 + )+

1 1
+ (5@13 — (02)(5623 + C()l),...

&)

(cyclic permutation)
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2.2. Cylindrical coordinate system
We consider the cylindrical coordinate system:

X=rcosQ, y=rsm@, Z=Z = The curvilinear

coordinates are rewritten as:

H=ELGB=0 =2 The Lame parameters are:
H=1LH,=r,H,=1

. . eji, W .
Given the expressions Y’ ' in the form (2), we
obtain expressions for deformations in the
cylindrical coordinate system:

Ou, aul ou, ’ Ou, ’
g, = + N e
or or or or

& =l% ﬂ l[(1%+ﬂ)2+
o op r 2 rop r
10u, u,, ,10u,,
SO e 2%y
r a V) (]/ ) ]
au} 6”1 al/lz : au3 2
&y = + +| —=2| +| =
0z 0z Oz Oz
& _on & l%+a”1 l%_”—ZH
o r rdp or rép r
6u2 (1 6u2 1 )+ 1 6u3 6u3
6r ragp r1 rar 6(0 )
o O O | O Buy | Ou, Buy By Bu
or 0z Or 0z Or 0z Or 0z
823 =r%+l%+(l%_u_z) aul
aZ v a¢ 7 aQ) 7 aZ
L Lou, u 6u2 1 0u, du,
r op &z rdp oz

In the case of small deformations, the relations
(4) are recorded in the following form:

ou 16u u P
gllz_l 822 —2 4L 833 =&
or , rop r ’ oz
ou, u, 10u
oyl o 10U au o,
or r rop or oz
(5)
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2.3. Polar coordinate system

We consider the polar orthogonal coordinate
0{1=r’ a2=g0’ % =Z  The Lame
=,H,=r,H,=1

system:

parameters are: H,
A plane deformation state is assumed, and the
body points are displaced in planes perpendicular
to the OZ axis:

ul =ul(a15a2,0)’ u2 :uz(alaazao),

”3(051,05%0):0’ (6)

then, for % in the form (2), the following holds:

ey =¢,=0,e;=e;,=0,¢e; :0’ €33 :O,
The deformations and generalized stresses take

the following form:

533=0’ 513=831=O, £y =6,=0

% * * *
o,=0y,=0, 0,=0; =0.

(7)

In the polar coordinate system, the deformations
through displacements are recorded as:

Ou, 6141 ou, ’
&, = + +| =2
or or or

10u, u,
£, =——2+-"1+
rodp r
JUfrow, ) (low_w)
2(\r dp r rop r) |
(8)
_Ouy, _wy, 10w Ouflow u |,
P or r rop or\rép r
L Ou 10U, w )
or\rop r
The resulting deformations (8) contain

expressions for the case of small deformations:
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o= 10w u

oar % rop r
=%_u_z+l% |
o r rop

2.4. Relations between nonlinear strains and
generalized stresses

We assume, according to [1, 2], the same form of
recording the dependences between invariants of
tensors and deviators of strains and stresses in
geometrically linear media and the form of
recording the dependences for invariants of
tensors and deviators of nonlinear strains and
generalized stresses in nonlinear media. The
overall form of the nonlinear strain tensor:

S € &
T, =&, &, &y

&

&1 € &y

; €))

where %/ are nonlinear strains in the curvilinear
orthogonal coordinate system in the form (3) or
nonlinear strains in the cylindrical (4) or polar (8)
coordinate systems. The generalized stress tensor

corresponding to the tensor T is recorded as

follows:
* * *
0, O, Oy
* * *
TG* =0y Opn Oy
* * *
O3 O3 O

(10)

We assume [7, 4, 16] the measure of deviation of
isotropic material from the similarity principle
for stress and strain deviators (deviator similarity

phase) equal to zero: =0

For a geometrically linear continuous medium,
the relations for the stress and strain invariants
are recorded as follows:

o =3K(&,)-¢, T=3G(e,T)-T
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For a geometrically nonlinear continuous
medium, the relations for the stress and strain
invariants are recorded as follows:

o =3K (&,T) e, T =3G (&,)-T"

where € is the first invariant of the nonlinear

strain tensor (9), @ is the first invariant of the

T. .
generalized stress tensor ¢ (10), 7 is the
intensity of  generalized shear stresses
proportional to the second invariant of the

generalized stress deviator, /' " is the intensity of
nonlinear shear strains proportional to the second
invariant of the strain deviator. The error in
applying the similarity of the forms for recording
the relations between stresses and strains
depends on the adopted continuum model, the
type of the stress-strain state, and the level of
deformation development in the continuum.

Invariants K.G,o characterize  the
mechanical properties of the isotropic material.

The value K is referred to as the generalized
volume expansion modulus; it characterizes the
measure of resistance of the isotropic material to

*

volume changes. G s the generalized shear
modulus.

The physical relations for the plane deformation
state of the body [12] are recorded in the
following form:

* * 1 *
0,=2G y,+-0 0,
y y 3 ], (11)

~ 1
Vi =Ty~ 3%%

b

E=& Y&, +E=8,+E,, -
where 1“2 e 1“2 43 the first

invariant of the nonlinear strain tensor in the
form (9).
Let us record the expressions for the components

) . i i=12
of the strain tensor deviator Vippts J =4 3 :
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~ 1 -~ 1
Vi = 6 _5‘9: V2 :‘922_55’

~ 1 1
Vi3 =835 E= _5(511 +&5),

3
~ ~ 1
Yu=Vn=7&3=7¢&,=0
2 2 , (12)
~ ~ 1 1
7’23=732:E‘923:5‘932:O,
~ ~ 1 1
V12 =7/12:5€12 :5521

The expressions for the generalized stresses
given (12) are recorded as follows:

* * 1 1 *
o, =2G (&,1)(g, —§€)+§U

* * 1 1 *
0, =2G (&,1)(&,, —55) +§G

b

. i 1 I .
0, =2G (&,D)[-=(g,+&y)+—-0O

3 3 (13)
0., =2G 7., =0, 0,=2Gy, = 0,

* *

O, =0, = 2G*7~/12 = G*(g,r)glz ,

* * * *
o =0,,4+0,,+0 . . . .
where 1 2 33 is the first invariant
of generalized stresses.

Given the generalized modulus in the form:

" lo

K'(e,N)==-2
3¢

2

the physical relations for the generalized stresses
in a geometrically nonlinear continuum are
recorded as

o, =2G (&,1)(g, —%€)+K*(8,F) &

2

0, =2G (&,1)(e,, - %a) +K'(g,N) e

b

Oy = [K*(g,r)—gG*(g,r)] £ 14
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* * *
0,=0,=0C (591—1)512.

* * * *
o =0,4+0.,,+0 ., : . .
1 2 33 is the first invariant

E=&,1T&y,

Here,

of generalized stresses tensor (10),
is the first invariant of the nonlinear strain tensor
(9), the generalized mechanical properties

K (&,1),G (6.1)  that depend on the first
invariant of the nonlinear strain tensor € and the
nonlinear shear strain intensity:

2 2
I'= \/;\/(‘911 _522)2 +5121 +8222 +§5122

The expressions for finite deformations (8) and
generalized stresses (14) in the case of the plane
deformation state of a nonlinear continuum were
obtained for the formulation of the boundary
value problem for continuum mechanics in
consideration of geometric and physical
nonlinearity.

RESULTS

The expressions for finite deformations (4) in the
cylindrical coordinate system are obtained, the
expressions for finite deformations (8) for the
case of plane deformation in the polar coordinate
system are obtained, and the relations between
finite deformations and generalized stresses (14)
in the polar coordinate system are recorded.

DISCUSSION

The deformation expressions (5) for small
deformations in the polar coordinate system are
obtained by examining the displacements of the

minor area element ” ¥ 99 The application of
the classical approach for obtaining expressions
of finite deformations is complicated by taking
into account the rotation of the element,
including the radial displacements of points M
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and N prior to deformation to points M and N
post-deformation.

The known relations for finite deformations in
Cartesian coordinate system are also difficult to
translate into the polar coordinate system. When
considering the displacement field, the
displacement vector is projected to the axes of
the local trihedron plotted at the point M of
application of the displacement vector

u=uk +uk, +uk, k . )
1P BT W are the coordinate axis

orthodes. The direction of vectors ki changes
when passing from point to point, so the
projections on these axes change. The derivatives
Oki

oa, form a vector field. The differentiation rule
valid for the Cartesian coordinate system is
violated: the projection of the vector derivative

on the coordinate % is equal to the derivative of
its projection on this coordinate. Therefore, the
orthogonal curvilinear coordinate system is used
to derive expressions of finite deformations.
The generalized stresses differ from the real ones
by accounting for the change in the areas of the
faces of the oblique parallelepiped during the
deformation.

CONCLUSIONS

The expressions for nonlinear deformations (8)
and generalized stresses (14) in the case of the
plane deformation state of a nonlinear continuum
were obtained for the formulation of the
boundary value problem for continuum
mechanics in consideration of geometric and
physical nonlinearity.
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