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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
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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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DEFORMATION MODELING OF ROD STRUCTURES UNDER
KINEMATIC CONTROLLED ACTION

Peter P. Gaydzhurov ', Nadezhda G. Tsaritova ?

" Don State Technical University, Rostov-on-Don, RUSSIA
2 Platov South-Russian State Polytechnic University, Novocherkassk, RUSSIA

Abstract. Currently, transformable rod systems have found wide application in the designs of spacecraft panels
and as various stents in medicine. It is of some theoretical interest to extent the idea of geometric variability to
spatial rod systems of complex shape. The concept of kinematic shaping of a regular rod system from a flat to a
domed position is proposed. The finite element method in combination with the modified Lagrange method was
used for numerical implementation of this concept. To assess the level of deformed state of the rods of a modular
lattice, an energy criterion is proposed that allows determining the most loaded rods considering genetic nonline-
arity of the system.

Keywords: deformation modeling, rod system, finite element method, modified Lagrange method,
genetic nonlinearity
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ILIL I'aiioxncypos ', H.I'. Ilapumoea ?

! JloHCKOM rocy1apCTBEHHBII TEXHUUYECKUH YHUBEPCUTET, I'. PocToB-Ha-/{lony, POCCUA
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r. HoBouepxkacck, POCCHA

Annomayus. B HacTosmee BpeMs TpaHC(OPMHPYeMBbIe CTEP)KHEBBIE CHCTEMBI HAIUTH ITHPOKOE MPUMEHEHHE B
KOHCTPYKLMSIX MaHeJed KOCMMYECKHX amnmnaparoB MU MEIULMHE B BUJIE Pa3iIMYHbIX CcTeHTOB. [Ipencrasiser
OIIPE/ICJICHHbIH TEOPETUYECKUI HHTEpEeC pa3BUTh UACI0 T€OMETPUUYECKON M3MEHSIEMOCTH Ha IIPOCTPAHCTBEHHbIE
CTEp>KHEBbIE CUCTEMBI CI0XKHOU (opMel. IIpennaraercs KOHIENINS KHHEMaTHIeCKOro (hOPMOU3MEHEHUS Pery-
JIIPHOU CTEPXKHEBOM CHUCTEMBI U3 IJIOCKOTO B KyIOJIOOOpa3HOe MOJOoKeHHUe. [ YHCIIEHHON pealn3auuy Mpu-
MEHEH METOJl KOHEYHBIX 3JIEMEHTOB B COUCTAaHUM MOIUGUIMPOBAHHBIM MeToAoM Jlarpamka. [l OLEHKU ypOB-
Hs J1e()OPMHUPOBAHHOIO COCTOSIHUS CTEP)KHEH PETYJSIPHOM PELISCTKH € y4eTOM I'€HETHYEeCKOM HEIMHEHHOCTH
IIPENIOKEH SHEPreTUUECKUI KpUTEPUil, IO3BOJISIIOIIMN ONPEeNIUTh Hauboiee Harpy>KEHHbIE CTEPKHU.

Kniouesnie cnosa: ,He(l)OpMaHI/IOHHOG MOJCIUPOBAHUEC, CTCPIKHECBAsE CUCTEMA, MCTOA KOHCYHBIX 3JICMCHTOB,
MOﬂPI(bHHPIpOBaHHLIfI METO HarpaH)Ka, reHeTHU4ecKass HeJIMHEHHOCTh

INTRODUCTION

Deformation modeling appeared as one of the
directions of computer graphics, which allows
to convert the kinematics of a physically ob-
served object into virtual reality. The concept of
a deformable model is usually considered from
the point of view of mechanics of a deformable
solid. In accordance with this concept, it is con-

venient to describe the deformation process of
some continuum in Lagrangian coordinates. The
paradigm of the deformable model is a “snake”,
the shape and geometry of the “body” of which
depends on the displacements of key points [1,
2, 3]. Formally, a “snake” is a contour defined
parametrically, as a rule, by a cubic spline. The
technology of approximation of the initial con-
tour by a spline is based on the procedure of
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minimization of the functional associated with
the deformation energy of the contour within the
boundaries of the area surrounding each key
point (Fig. 1).

Cin Ciy Rt .
i- [ Key pomnt vicimity ¢;
Etjﬂgz‘:
NP
BT 77 Deformable
1-2” e model
Initial contour
Cita

Figure 1. Deformable “snake” model

Approximation of the initial contour with a
“snake”-type deformable model is widely used
in biomedical research such as “computed to-
mography”, as well as in applications of artifi-
cial intelligence to motion tracking and object
identification tasks.

Another approach to the construction of a geo-
metrically deformable model (GDM) is the con-
cept based on the expansion of a virtual thin-
walled balloon inside the boundaries of the
scanned object (Fig. 2). The GDM technology
uses the finite element method in the form of the
displacement method as a mathematical appa-
ratus. The balloon is modeled by momentless
three-node plate finite elements. The geometry
of the balloon at time ¢ is represented in para-
metric form [4, 5]:

R(u,v,t)= [z,//x (u,v,0),y ,(u,v,0),y_(u,v, t)} ,

where v, w,, y,. are approximating cubic

spline functions along the axes x, y, z; u, v are
dimensionless variables such that u €[0,1],

ve[O,l]. During the scanning of the internal

cavity of the object under study, each node of
the finite element model is attracted to a point of
the bounding contour in the normal direction
(Fig. 3). The current deformed state of the finite
element is fully determined by the metric tensor
[6,7, 8]
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g(R(u,v,t)) P

The fundamental theorem of the mechanics of a
deformable solid [9] stipulates that two bodies
in Euclidean space will have the same instanta-
neous shape, i.e., differ only in displacement as
a “rigid whole”, if their metric tensors are iden-
tical at time ¢.

Figure 2. Visualization of GDM technology [6]

Figure 3. Balloon model deformed by a point
force [7]

According to [6], the adaptation algorithm is
constructed in such a way that the following
condition is satisfied at each step in the nodes of
the finite element mesh:

C(xayaz):aoD(xayaZ)+a]1(x,y:Z)’ (1)

+a,T(x,y,z)20

where C(x,y,z) is a target function associated
with the current position of the model node
point; D(x,y,z) is the deformation potential
(monotonically decreasing or increasing func-
tion); I(x,y,z) is a constraint function “inform-

ing” a finite element mesh node that it can be in
contact with a voxel (an element of the object
image); C(x,y,z) is the topological information
function, preventing nodes of the finite element
model from penetrating the object boundary;
a,, a,, a, are weight factors. Condition (1)
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causes the model to deform until all vertices
reach the boundary of the scanned object.

Another direction of deformation modeling is the
analysis of the behavior of spatial rod structures
experiencing large linear and angular displace-
ments at small deformations during operation. In
this case, the numerical solution of the geometri-
cally nonlinear problem is based on the Newton-
Raphson iterative procedure and the method of
“corrective arcs”, the essence of which is the
adaptive adjustment of the loading step value
when approaching and after passing the bifurca-
tion point [9,10]. It should be noted that the cal-
culation of the rod system by the finite element
method (FEM), taking into account large dis-
placements, uses a tangent stiffness matrix. The
construction of this matrix is based on the mini-
mization of the strain energy potential [9]:

o’'U
oy’

Ay+8—U:P(e),
ay

where y, P are the vectors of displacements

and generalized external forces. The potential en-
ergy of a finite element (FE) can be represented as

1 ()
U==v"[k
Sy [£]y.

where [k](e) is the element stiffness matrix in
global axes. The paper [11] proposes to consider

the matrix elements [k](e) to be constant for

twice differentiation U .

As an illustration of the solution of such a problem
in the geometrically nonlinear formulation, we
have considered a test task from [9, 11]. A flexible
curvilinear bar of rectangular cross-section of 1x1
m with arch radius of 100 m at central angle of 45°
is rigidly fixed at the end (x =0, y =0,z =0). It is
subjected to bending out of the plane by a concen-
trated force Fz = 100 N. The coordinates of the free
end of the rod in the initial position are [70,71;
70,71; 0] m. Mechanical constants of the rod mate-
rial: modulus of elasticity £ = 10 MPa; Poisson's
ratio v = 0. Fig. 4 shows the results of the analysis

Peter P. Gaydzhurov, Nadezhda G. Tsaritova

performed using the nonlinear solver of the
ANSYS software [12]. The beam was divided into
16 spatial beam-type elements of BEAM4.

Q
. O

Figure 4. Results of analysis of a curved beam:

a - initial state of the beam; b - parameters of
ANSYS nonlinear solver, c - visualization of the
beam deformation relative to the initial position

The displacement coordinates of the load appli-
cation point were [46.84; 15.56; 53.66] m ac-
cording to [9, 11] and [46.9; 15.6; 53.6] m ac-
cording to the ANSYS solution. As can be seen,
the given displacement values are quite close.
The above presented concepts of deformation
modeling are highly specialized and cannot be
extended to the problems of structural mechan-
ics related to the study of kinematically trans-
formed rod systems. In this regard, the devel-
opment of a finite element modeling approach
for rod structures considering the structural
shape change of the initial geometry into some
structural state is an urgent problem.

MATERIALS AND METHODS

Let us investigate the regular rod systems shown
in the initial (undeformed) state in Fig. 5., tak-
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ing into account the controlled displacement of
contour nodes.

A distinctive feature of these computational
schemes from the one presented in [13] is the
presence of a nodal platform S modeled by rods
with an elastic modulus exceeding the elastic
modulus of the connecting rods by five orders
of magnitude. From the structural point of view,
the introduction of platforms S allows to con-
ventionally account for the nodal connections of
real rod systems. In the extracted fragments of
Fig. 5, the letters L and B denote the lattices
composed of hinged-rod (truss) and beam finite
elements, respectively. In both cases, the nodal
platforms S are modeled by almost non-
deformable beam FE.

Figure 5. Rod model in the initial state

To investigate the process of change of a rod
structure shape, we apply a modified Lagrange
method [14], the essence of which consists in a
discrete increment of displacements of contour
nodes and reconstruction of the finite element
mesh geometry in the current initial basis, tak-
ing into account the obtained nodal displace-
ments. In the literature on structural mechanics,
this type of nonlinearity is called genetic [15].
For program realization of this concept, we use
the APDL programming language [12], embed-
ded in the ANSYS Mechanical software pack-
age.

At kinematic quasi-static shape change, internal
forces caused by gravitational influence and
structural bonds will appear in the structure's
rods. To assess the level of deformed state of
the finite element model, we introduce an ener-
gy criterion, which for the adopted scheme of
rod discretization can be indirectly represented

Volume 20, Issue 3, 2024

in the form of longitudinal strain g=A///,

where A/ is the changes in the rod length; / is
the initial rod length.

RESEARCH RESULTS

First, as an object of study, consider a regular
rod system that is hexagonal in plan (Fig. 6).
The lengths of the rods forming the regular lat-
tice of the structure are 0.4 m. The radius of the
circumscribed circle of the platform S is 0.05 m.
The mechanical constants of the rods (alumi-
num alloy) are E = 7.2:10* MPa, v = 0.32, spe-
cific gravity = 2885 kg/m?>. The rods of the lat-
tice and platforms S have a tubular cross-section
with an outside diameter of 18 mm and a wall
thickness of 1.5 mm.

Fig. 7 shows the visualization of the first mode
of natural vibrations of the model for truss and
beam FEs. As can be seen, the regular lattice
modeled by truss FEs is kinematically variable,
since it allows rotation of rigid platforms.
Therefore, in the further study we will use only
truss FEs.

WAVAVAY,

5.05 M

<]
X
<}
%
@
| >
5
5
%

WVAVAVAVA!

Figure 6. Initial dimensions of the rod struc-
ture with hexagonal plan

It should be noted that the transformation pro-
cess will not lead to the expected lifting of the
rod lattice from the position when the coordi-

nates of all nodes z; = 0. Thus, is necessary to

“start” the transformation from a pre-prepared
dome-shaped geometry (Fig. 8). Let's take the

“starting” lifting height of Au_ =0.1 m.
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Figure 7. The first eigenmode:
a - truss FEs; b - bar FEs

Figure 8. “Start” position of the rod structure

Let us analyze the kinematic change for the
considered rod structure in the “starting” posi-
tion, with discrete displacement of contour
nodes in the direction of X and Y axes (Fig. 9).
We assume that the displacement steps and
are synchronous A and A equal to 0.01 m.

Figure 10 shows a visualization of the shape
of the structure after 50 steps. The lift of the
center point, when the transformation was
completed, was of fwar = 0.92 m. Changes
Al/1 in the rods of the lattice at discrete dis-
placements along the X and Y axes are plotted
in Fig. 11.

Au,y s Ay,

2 ST

/*Z}%;('{:‘}:r‘f’:;\;?(;\n
e e ,ﬁ\}x e

Aur ; : T
X S5 75¢ ?‘--_%'_"_t‘}( v

patieises
RS f%(‘ HK K
AVAYAS A

Figure 9. Discrete displacements along the X
and Y axes

B
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Figure 10. Visualization of a form change after
50 displacement steps along the X and Y axes
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Figure 11. Changes Al /1 in the rods at dis-

placement of contour nodes along X and Y axes

Fig. 11 shows that the rods adjacent to the con-
tour nodes will be the most stressed in this
transformation scheme. In natural terms, the ex-
treme value A//l =3.5 % corresponds to the
rod elongation A/ = 14 mm.

Fig. 12 shows the results of solving a similar
problem using the nonlinear solver of ANSYS
Mechanical. In this case, the “starting” position
of the lattice was also used and kinematic bound-
ary conditions in the form of displacements of
contour nodes equal to 0.5 m were set. The simu-
lation was performed taking into account large
displacements (Large Displacement Static).

By comparing the patterns of the lattice in the
deformed state shown in Figs. 10 and 12, we
establish their qualitative agreement.
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Figure 12. Results of the analysis using a non-
linear solver: u_ - vertical displacements; & —

longitudinal strain

At the same time, the value of the maximum
lift at one-step transformation is of fmax = 0.79
m, which is less than at discrete forming finax =
0.92 m. There is also a significant qualitative
and quantitative difference in the distribution
patterns of longitudinal strains in the lattice
rods. Moreover, at discrete shaping, the ex-
treme value exceeds by more than an order of
magnitude the similar value shown in Fig. 12.
Thus, the proposed method of discrete shaping
combined with step-by-step correction and re-
construction of the finite element mesh taking
into account the obtained nodal displacements
should be used when modeling the process of
transformation of the geometry of a regular lat-
tice system.

Let us consider the scheme of transformation
of the rod structure at discrete displacements
A_ =0.01 mm along the X axis only (Fig. 13).

Visualization of the lattice shape after 50
steps of transformation along X is shown in
Fig. 14.
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axis

Figure 14. Visualization of the shape change
after 50 displacement steps along the X-axis

In this case, the lift at the pole point, when the
transformation was completed, was 1.3 m. The
corresponding plots of longitudinal strain in the
rods are shown in Fig. 15.

Alll %
A% 257 -
251 .

20
15
10

20
15
10

001 2 3 4 xy ¥, M

Figure 15. Change Al/l in rods when contour
nodes are displaced along the X-axis

Comparing the dome shapes of the rod structure
under uniform compression along the X and Y
axes (Fig. 10) and compression only in the X
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direction (Fig. 14), we conclude that in the sec-
ond case there is a more pronounced roundness
of the surface. At the same time, the maximum
value of the ratio A/// in Fig. 15 is almost sev-
en times greater than the similar value presented
in the plots of Fig. 11.

Finally, let us perform deformation modeling of
a regular rod system with rectangular plan (Fig.
16). The design scheme for the transformation is
shown in Fig. 17. The step A along the X-axis

is assumed to be 0.05 m.

Figure 16. Initial dimensions of the rod rectan-
gular structure

Figure 17. “Start” position of the rod structure

The visualization of the lattice patterns after 50
and 100 transformation steps are shown in Fig-
ures 18 and 19, respectively.

AVAVAVAVAVAVAVAVAVAVAVAN

Figure 18. Visualization of the shape change
after 50 displacement steps along the X-axis
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The plots of changes A/// in the rods of the
lattice at 50 and 100 transformation steps are
presented in Fig. 20. As can be seen from the
plots in Figs. 11 and 20, the numerical values of
extreme longitudinal strains in the rods of the
considered hexagonal and rectangular regular
lattices at 50 transformation steps practically
coincide. In both schemes, the greatest longitu-
dinal tensile strains are experienced by the con-
tour nodes subjected to kinematic boundary
conditions.

VAW
=

Figure 19. Visualization of the shape change
after 100 displacement steps along the X-axis

It should be noted that the rectangular lattice
(Fig. 19) has the greatest ability to change its
shape; it practically rolls up into a “roll” at 100
transformation steps.

In order to investigate the influence of the
scheme of kinematic boundary conditions on the
transformation process of a rectangular lattice,
we consider a two-sided scheme of discrete dis-
placements at all nodes with coordinates x = 0
and x = 10.48 m. Visualization of the lattice pat-
tern after 50 steps at A_ = 0.5 m is shown in

Fig. 21.
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Figure 20. Plots of the change Al /1 in the rods at displacement of contour nodes along the X axis:
a- 50 steps; b - 100 steps
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Figure 21. Visualization of lattice change after
50 displacement steps along the X-axis at two-
sided discrete displacement

The plot of A//I for a two-sided discrete dis-
placement of the contour nodes is shown in Fig-
ure 22
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Figure 22. Plots of the change in the rods at a
two-sided discrete displacement

It can be seen from the graph in Fig. 22 that the
maximum tensile longitudinal strains at the two-

Volume 20, Issue 3, 2024

sided discrete displacement of the contour nodes
appear in the rods located in the kink areas.

CONCLUSIONS

1. A method of finite element modeling of trans-
formation of a regular rod system from a flat to
a dome-shaped state by discrete displacement of
contour nodes of the lattice is proposed.

2. As a criterion limiting the process of the
structure shape change, the values of longitudi-
nal strains of the rods are proposed to be used.
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CONTACT PROBLEM FOR A SPHERICAL SHELL SUPPORTED
ON TWO FLAT SURFACES

Alexey A. Kireenkov %, Grigory V. Fedotenkov>*
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Abstract: An effective numerical and analytical method is proposed for studying the force state inside the
contact spots of elastic composite spherical shells resting on two flat surfaces inclined at an angle to each other.
The method is based on constructing the influence function for the shell in an axisymmetric formulation,
followed by its expansion into a Fourier series using the Legendre and Gegenbauer polynomials. A resolving
system of equations for the corresponding coefficients is obtained. The developed methodology will allow for a
more correct study of the dynamics of various robotic systems, the main controlled elements of which are elastic
spherical shells that carry out complex kinematic movements on various surfaces. These systems, in particular,
include a “butterfly robot”, the main controlled element of which is a thin spherical shell, rolling with
simultaneous spinning and sliding along two parallel plates, as if on rails.

Keywords: spherical composite shell; contact problem; theory of the multicomponent anisotropic dry friction

KOHTAKTHAA 3AJAYA 1A CO®EPUYECKON OBFOJIOYKU,
OIIMPAIOIIENCSA HA IBE IIVIOCKHUE ITOBEPXHOCTH

A.A. Kupeenxos ', I'.B. ®edomenxoe >’

! UuctutyT npobnem mexanuku PAH um. A.1O. Uimmackoro, MocKOBCKHH (DM3MKO-TEXHMIECKHIA HHCTUTYT
(HaMOHABHBIN UCCIIEN0BATEIbCKHIH YHUBEpCUTET), I. MockBa, POCCH
2 HUU mexanuxu MI'Y umenu M.B. JlomoHocoBa, r. Mocksa, POCCUS
3 MOCKOBCKUIi aBHAIMOHHEINA HHCTUTYT (HAMOHAIBHBIN HCCIIeI0BaTeILCKUN yHIBEpCHTET), I. Mocksa, POCCU S

Pe3tome: Ilpemnoken 3QQEKTUBHBIA YHCICHHO-AaHAIUTHUSCKUNA METOJ| MCCIIEIOBAHHS CHIIOBOTO COCTOSHUS
BHYTpH IISITCH KOHTAKTa yNPYTUX KOMIO3UTHBIX CepHIecKuX 000I0UEK, ONMMPAIONINXCS Ha ABE HAKJIOHEHHBIC
MoJ] yIJIOM K JPYT JpyTy IJIOCKHE IOBEPXHOCTH. MeToJ| OCHOBaH Ha IMOCTPOSHHM (DYHKIUH BIUSHUS UL
000JI04YKH B OCECHMMETPHYHOI MMOCTAaHOBKE, C MOCIEIYIOUINM €€ pa3ioKeHneM B psia Pypbe MO MOIMHOMAM
Jlexxannpa wu [I'erenbayspa. Ilomydena paspemaromasi CUCTeMa YPaBHEHHH [UISI COOTBETCTBYIOIINX
koapdunmrenToB. PaspaboTanHass METOAMKA TIO3BOJIAT MPOBECTH Oo0jiee KOPPEKTHOE MCCIEIOBAHUS ITHHAMHKH
Ppa3IMYHbIX pO6OTOTeXHI/I‘IeCKI/IX CHUCTEM, OCHOBHBIMHU YIIPABJIACMBIMH 3JIEMCHTAMU KOTOPBIX ABJIAIOTCA YIIPYTHUC
cepuyeckue 000JOYKH, OCYLIECTBISIIONINE CIOKHBIE KHHEMATHYECKHE JIBWKEHHS TI0  Pa3IHuHbIM
noBepxHoCTsIM. K 49uCily 3TUX CHCTEM, B YaCTHOCTH, OTHOCHUTCSI «po0O0T-0abouKka», OCHOBHOW YIIPaBIISIEMBbIii
9JIEMEHT KOTOpOro, TOHKas cdepuueckas o000J0YKa, KaTsmascs C OJHOBPEMECHHBIM BEpYECHHEM U
MPOCKAIB3bIBAHUEM I10 JIBYM IapauIeIbHBIM [UIACTHHAM, KaK M0 PEeJIbCaM.

KaroueBble ciioBa: cq)epnquKaa KOMITIO3HUTHasA O6OHO‘IKa; KOHTaKTHasd 3aja4a,
TCOPUA MHOTOKOMIIOHCHTHOI'O aHU30TPOITHOT'O CYXOT'0 TPCHUSA

INTRODUCTION contact spots of elastic composite spherical
shells supported on two flat surfaces inclined at

The main goal of the proposed research is to an angle to each other.

develop the effective numerical and analytical The contact problem for a spherical shell resting

methods for studying the force state inside the on two flat surfaces is generated by the need for

24 International Journal for Computational Civil and Structural Engineering



Contact Problem for a Spherical Shell Supported on Two Flat Surfaces

a detailed study of the dynamics of various
robotic systems in order to construct more
effective control laws. The main controlled
elements of these systems are elastic spherical
shells that carry out complex kinematical
movements on various surfaces [1-29].

In the case of non-point contact of rubbing
bodies, the dynamics of the shells are
significantly influenced by the effects of
combined dry friction [1-29]. These effects arise
due to the nonlinear relationship of the
parameters describing the force state inside the
contact spot (components of force and moment
of friction) with kinematics parameters. To
determine this relationship and calculate the
coefficients of the so-called multicomponent
friction model, knowledge of the laws of
distribution of normal and tangential stresses
inside the contact patch is required, taking into
account the nature of the movement of the
objects under study.

The task becomes much more difficult if the
shell moves, contacting two surfaces at the same
time, as is the case with the so-called “butterfly
robot”. The main controlled element of the
“butterfly robot” is a thin spherical shell, rolling
with simultaneous spinning and sliding along
two parallel plates, as if on rails.

The first developed control algorithms neglected
the effects of combined dry friction under
conditions of complex kinematics, which leads
to their ineffectiveness for certain combinations
of kinematical parameters of shell motion. To
improve them, approximate models of dry
friction inside contact patches were developed,
under the assumption that an elastic ball is used
as a controlled element, which allows the use of
classical Hertz laws of distribution of normal
contact stresses. As a result, effective
approaches to constructing friction models for
such systems were developed, based on simple
asymptotic representations for distribution
functions inside contact patches.

The used methodology for constructing friction
models and determining their coefficients was
previously developed to study the complex
dynamics of pneumatic tires of various

Volume 20, Issue 3, 2024

structures. In accordance with this technique,
the distribution of normal pressure inside the
contact patch is approximated by a linear
approximation of the Taylor series expansion in
polar or Cartesian coordinates inside the contact
patch. In this case, the zero term of the
expansion, which makes the main contribution
to the calculation of the coefficients of friction
models, is a stationary distribution (state of
rest). The effectiveness of this approach made it
possible to apply it in the case where a
composite, spherical shell acts as the main
controlled element. At the same time, the
calculation of the stationary normal pressure
distribution was made under the assumption that
the shell is on a horizontal plane.

The presence of contact along two
symmetrically located, non-horizontal areas
significantly distinguishes the problem under
consideration from those studied in previous
works [30]. The normal reaction vector is no
longer oppositely directed to the gravity vector
(the weight of the shell), which, in turn, can lead
to a significant change in the shape of the
distribution of normal contact stresses inside the
contact spots.

STATEMENT OF THE PROBLEM AND
THE MAIN RESOLVING INTEGRAL
EQUATION

To It is considering the contact problem for a
spherical shell of the Timoshenko type [34, 35],
supported on two flat solid surfaces intersecting
at an opening angle o (Fig. 1). Here R and 4
are radius and shell thickness. It is assumed that
h<<R.

Let’s assume that the contact occurs under free
slip conditions.

During deformation, two contact surfaces Q, u

Q, are formed. The dimensions and positions

of their boundaries are unknown in advance and
must be determined in the process of solving the
problem. The purpose of the contact problem is
to determine contact pressures p, and p,,
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distributed respectively over the surfaces Q
and Q,.

Figure 1. Contact problem

This problem is spatial but with two planes of
symmetry: Oxz u Oyz (puc. 1). Consequently,

p, =P, =P, as well as the size and geometry of
the areas €, and Q, are coincide. This fact

makes it possible to reduce the dimension of the
problem and present it as a superposition of two
axisymmetric states with symmetry axes L, u

L, (Fig.2).

Figure 2. Superposition of axisymmetric states
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Let's associate with the shell a spherical
coordinate system with angles (pe[O, 271') and

,Be[O,;z] (Fig. 2). Further, when writing all

equations and relationships, the following
system of dimensionless quantities is used (if
the quantities are written in the same way, they
are indicated by the upper symbol «*», which is
omitted in the subsequent presentation):

LU, . p R
u :—’w :—’p = -,
R R A+2u h

) (1.1)
2 M 2 h k2—5
n = > )V T A2 -
A+2u 12R 6

where u, w are the tangential and normal
movements; y is the angle of rotation of the
normal to the median surface before the
deformation of the fiber due to shear
deformations; A, u are the Lame’s elastic
parameters of the shell material, p is the
normal pressure. Under these assumptions, the
dimensionless radius of the shell is 1.

Additionally, two local spherical coordinate
systems are introduced. Their center coincide
with the center of the shell, and the axes
relative to which the meridional angles are
counted coincide with the axes of symmetry

L, and L,. Point M(f,p) on the surface of a

sphere with coordinates f,¢, specified in the

main coordinate system is characterized by
meridional angles S and B, in additional

coordinate systems. The same point belongs
to the secant planes II, and II, with unit
normal vectors n, :(cosa,O,sina)T and

n, = (—cos a,0,sin a)T given in rectangular
Decaurt coordinates systems Oxyz (Fig. 3).

Then the connection of the angles S, = S, (5.¢)
and f3, = f3,(B,¢) with coordinates S,¢ are

determined from the condition of intersection of
the median surface of the shell with the planes
IT, and II,:
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[cos(a B,)—sin Bcos (p] cosa +

[sm(a B —cosﬂ}sina:O, B >0, (12
[cos(omt,ﬁ2 sinﬂcosw]cosoﬁ .
[sm a+p, —cosﬂ}sina:O, £, >0

Figure 3. Relation of coordinates of a point on
the shell surface

Thus, it is sufficient to construct a solution to
the axisymmetric contact problem for a shell
resting on a flat surface and being under the

. This

influence of a pressing force Q =—
2sina

solution depends only on the meridional angle
S (in the local coordinate systems f =/, or

B=5).
arbitrary point of the shell M (f,p) will

represent a superposition of two solutions
obtained from the solution of an axisymmetric
problem in which the meridional angles /S

Solving the original problem at an

should be replaced by angles S, and fS,,
connected with £ and ¢ by formulas (1.2). In
particular:

=w[B,(B.o)|+W[B,(B.9)] (13)
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where W (f) are the normal shell

displacements obtained from the solution of the
axisymmetric problem.

To solve the axisymmetric problem, we use a
system of equations for the shell that takes into
account the shear and rotational inertia of the
cross sections according to the hypotheses of
S.P. Tymoshenko [34, 35]:

LW+p=0, L=(L ) ,
; ( ")“ .14
W=(U,w,X),p=(0,p,0),

Coefficients in formulas (1.4) are determined by
the following formulas:

o 1
L,= +ct —+ 22—k ) ———,
oap? ctef op al ) sin” 3

Based on the principle of superposition [5, 31-
36], the following integral representation is

valid for normal W (f) displacements of the
shell:

~22[G, (5.£) p(£)de

0

w(p) (1.5)

where G, (f,£) is the influence function for
the shell, which is the solution to the problem of
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the effect of a single concentrated force on the
shell [31-36]:

LG+p=0,

; ¢ (1.6
G=(G,.G,.G,) , p=[0,8(B-¢),0] o

Taking into account the symmetry properties of
the problem, it is sufficient to determine the

distribution of contact pressure over the
domain, since in domain €2, the distribution

will be similar.
Using the influence function G, (,£), integral

representation (1.5) and formulas (1.2-1.3) it is
possible to construct the main resolving integral
equation of the contact problem:

2nTG(B,<p,&)p(i)di=W(B#P)a

G(B.9.€)=G,[B (B.9).6]+
+GW[BZ ,q)),é]

(1.7)

Displacement w(3,¢) at the area of contact Q,

are determined by the distance (taking into
account the sign) from the point M (x,,y,,z,)
at the sphere surface with coorinates:
x, =sin fcose, y,=sinfBsing, z,=cosf to
plane Q, (Fig.4): xcosa +zsina—1+w, =0

w(B,¢)=1-sin Bcospcosa —
—cos fsina —w,

(1.8)

w(p.o)

Figure 4. Determination of normal
displacements in the contact area

Thus, the main resolving integral equation of
the contact problem takes the form:
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27[G(B.0.5) p(£)dE =1-w, -
(1.9)

—sin fcos@cosa —cos fsina,
(ﬁ,go): 1—sin fcospcosa —

—cos fBsina—w, <0

This equation is a one-dimensional integral
equation with respect to the contact pressure

distribution function p(&). To solve it, we need
to determine the kernel G(f,p,&) of this

integral equation.

THE INFLUENCE FUNCTION FOR
SHELL

The influence function G, (3,&) for the shell in

the axisymmetric formulation is constructing
using Fourier series expansions in Legendre

P, (cos B) and Gegenbauer —sin BC* (cos 3)
polynomials [34]:

G, (%)

Gﬂ (5) C3/2 (cos ,3)

B

x—sin f3,

Wﬂcf] Z[

n=1

5(f-¢)) =

%:T (B—&)P,(cos f)sin fd =

0
_ 2n+l

] (cosf), (2.1)

P, (cos&)siné.

Substituting (2.1) into (1.6) taking into account
the known relations for Legendre and
Gegenbauer polynomials [35] leads to a system
of equations with respect to the coefficients of
the series (2.1):
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LG, +p,=0,L,

:(L"U)3><3’

G, =(G,.G,,.G,, )

p, =[0.3,(6).0] .
:n2(2_k2)_

12 =2(1—ﬂ2)+n2k2,

L, n(n+1),

B (2.2)
L =y2n(n+1)+n2k2,

Ly = 2(1-07 )+’ |n(n+1),
L, =—n'kn(n+1)-4(1-n’),
L, =—nk’n(n+1), L, =y"L
Ly ==Ky, Ly,

nl3»

= _Vianw

The coefficients of the series for the influence
function are finding from the solution of system
(2.2):

%(f)-%@(f),

0,[n(n+1)], 0, =0;[n(n+1)],
(1) (a0 20 +1(r7 1) )
0, (m)=kn’ly* (v’ =1)+ 271 x
(o 2)-20° (7 +1)27°
+7721[k2774 _((72 +1)k2 +27/2)4772 +

(4}/2k2 + 872 )} + 8774k2 (1 - 772)

(2.3)

Thus, the desired influence function is a series
(2.1) with coefficients determined by formula
(2.3).

RESOLVING SYSTEM OF EQUATIONS

The expansion of contact pressure p(f) in a

series in terms of Legendre polynomials has the
form:

Volume 20, Issue 3, 2024

=imem (cosf) (3.1)

Substituting representations (2.1), (2.2) and
(2.3) into equation (1.9), taking into account the
orthogonality property for Legendre
polynomials [31, 34] leads to the equation:

27[2%]9»1 {Pm [cos B (,8,(/))] +

3m

+P, [cos B, ([5’,(0)]} =1-w, - (3.2)

—sin fcospcosa —cos fsina

The solution to equation (3.2) can be obtained
by reducing it to a system of algebraic equations
for the coefficients p, .

CONCLUSIONS

An effective numerical and analytical method is
proposed for studying the force state inside the
contact spots of elastic composite spherical
shells supported on two flat surfaces inclined at
an angle to each other.

The method is based on constructing the
influence function for the shell in an
axisymmetric formulation, followed by its
expansion into a Fourier series using the
Legendre and Gegenbauer polynomials. A
resolving system of equations for the
corresponding coefficients is obtained.

The developed methodology will allow for a
more correct study of the dynamics of various
robotic systems, the main controlled elements of
which are elastic spherical shells that carry out
complex kinematical movements on various
surfaces. These systems, in particular, include a
“butterfly robot”, the main controlled element of
which is a thin spherical shell, rolling with
simultaneous spinning and sliding along two
parallel plates, as if on rails
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EVALUATE THE INFLUENCE OF CONCRETE STRENGTH ON
THE LEVEL OF CORROSION OF STEEL REINFORCEMENT IN
REINFORCED CONCRETE BEAM STRUCTURES, TAKING
INTO ACCOUNT THE APPLIED LOAD
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Ho Chi Minh City University of Transport, Ho Chi Minh City, VIETNAM

Abstract: In coastal areas, transportation infrastructure using reinforced concrete beam structures always works
in environmental conditions with high corrosive agents, under the effect of load, the level of corrosion of steel
reinforcement in the structure is high. The beam condition becomes more severe, which leads to a decrease in the
beam's bending resistance. The level of corrosion of steel reinforcement in reinforced concrete beam structures
depends on many influencing factors. These factors need to be seriously researched and evaluated to provide
early warning results for designer, construction worker, operater for exploit the project safely and effectively.
This article presents the results of research evaluating the influence of concrete strength on the level of corrosion
of steel reinforcement in reinforced concrete beam structures, often taking into account the effect of load causing
beam bending. Reinforced concrete beam samples were made with concrete at different strength levels: C30,
C40 and C50 MPa; Then it was loaded with a yoke system with a loading level equivalent to 0.8Pmax of the
destructive strength of the concrete sample. After the yokes were loaded, the beam samples were subjected to
accelerated corrosion testing in a highly concentrated salt water environment. concentration equivalent to 3.5%
NaCl for a period of 30 days, equivalent to an actual exploitation time of about 35 years. The corrosion rate of
steel reinforcement is increased by supplying direct current to create an electrolytic corrosion environment,
ensuring that the steel bars are corroded equivalent to the estimated calculated time. Beam samples after
accelerated corrosion testing were evaluated for damage in terms of reinforcement volume.

Keywords: Concrete strength, reinforced concrete structure, steel corrosion level, applied load

OLEHKA BJIMAHUA ITPOYHOCTU BETOHA HA YPOBEHb
KOPPO3UU CTAJIbBHOM APMATYPBI B )KEJIE30OBETOHHBIX
BAJIOUHBIX KOHCTPYKIMAX C YYETOM NPUJIOKEHHON

HAI'PY3KHU

Bo Ban Ham, Heyen Yone Tam

XOUMMHHCKUIN YHUBEPCUTET TpaHcnopTa, r. Xomumud, BBETHAM

AHHOTanusi: B mpuOpexHbIX paiioHaxX TPaHCMOpPTHAs MH(MPACTPYKTYpa C NPHUMEHEHHEM >KEIe300€TOHHBIX
0aJOYHBIX KOHCTPYKIMH Bcerja paboTaeT B YCIOBHSAX OKpY’Karolled Cpeibl C MOBBIILICHHBIM COIEPKaHUEM
arpecCHBHBIX areHTOB, MOJ JCHCTBHEM HAarpy3Kd ypOBEHb KOPPO3HM CTaJIbHOW apMaTypbl B KOHCTPYKLUH
yBennurBaeTcs. CocTosHuEe 0AJOUHBIX JIEMEHTOB CTAHOBUTCS OOJIee TSKEIBIM, YTO MPUBOJAUT K CHUIKEHHIO HX
CONPOTHUBJICHHSI N3THOY. YPOBEHb KOPPO3HH CTaJbHOW apMaTyphl B JKeJIe300€TOHHBIX 0ATOYHBIX KOHCTPYKIIMSIX
3aBHCHUT OT MHOTHX BIHSIONINX (AaKTOPoB. DTH (HAaKTOPhl HEOOXOJMMO CEPbE3HO U3y4aTh U OLEHUBATH C LEIIbIO
PaHHETO MPeIyNpPeXICHUS sl CTPOUTEINEH, MPOSKTUPOBIIMKOB M ONIEPATOPOB ISl o0ecIieueHns: Oe30nacHoN 1
3¢ PEeKTUBHOM SKCIUTyaTallMy MPOeKTa. B cTaThe MmpeAcTaBIeHb! Pe3yNIbTaThl NCCICIOBAHUI 0 OLICHKE BIMSHUS
MIPOYHOCTH OETOHA Ha ypOBEHb KOPPO3HH CTAIBHON apMaTypbl JKeJIe300€TOHHBIX OaJOYHBIX KOHCTPYKIHH C
Y4eTOM BJIMSHUS HArpy3KH, BBI3BIBAIONICH H3rHO OasouHBIX AmeMeHTOB. OOpasipl Kene300eTOHHBIX 0aloK
M3rOTaBIMBaINCh W3 OeroHa pasHon mpounoctu: C30, C40 m C50 Mlla; 3arem ero Harpyxaim cC
HCIOJIb30BaHUEM CHCTEMBI XOMYTOB C YPOBHEM Harpy3kH, SKBUBajIeHTHbIM 0,8Pmax pa3pymaromniei mpoyHocTu
oOpa3sia Oetona. [lociie HarpyxeHusi 00pasibl 0aT0YHBIX JIECMEHTOB B TeueHue 30 aHEil ObUTM MOJBEPrHYTHI
YCKOPEHHBIM HCIBITAHUSIM HAa KOPPO3UIO B BOJHOM Cpele C BbICOKOM KOHLICHTpaLMEW COJIM, SKBUBAJICHTHOU
3,5% NaCl, 4to cooTBeTCTBYyeT (JaKTHIECKOMY CPOKY OSKCILTyaTtanuu okosno 35 ser. CKOpocTh KOPpO3UH
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CTaJIbHOM apMaTypbl yBEJIMYMBAETCS 3a CYET

noJjaynu  MOCTOSAHHOI'O

Vo Van Nam, Nguyen Trong Tam

TOKa JJid CO3aaHusA Cpeabl

3J'IeKTp0J'IPITPI‘leCKOI>i KOppo3uu, 06ecnqu/IBa}0meI71 KOPPO3UI0 CTaJIbHBIX CTep)KHeﬁ B TCUCHHUC PACUCTHOI'O
BPCMCHHU. O6pasu1>1 Oaltlok Tmocie YCKOPCHHBIX KOPPO3MOHHBIX HCIBbITAaHUN OLICHUBAJIMCh Ha MNOPEAMET

TTOBPEXICHHUH 110 00BEMY apMHUPOBAHHSI.

Karouessie cioBa: [IpounocTs 6eToHa, jkes1e300eTOHHAsT KOHCTPYKIHS,
YPOBEHb KOPPO3UH CTAIIH, IPUIOKEHHAS HAarpy3Ka.

1. INTRODUCTION

The influence of the level of reinforcement
corrosion on the behavior of reinforced concrete
structures is an issue of great research interest in
the world [1-23]. Because this is the basis for
evaluating the load-bearing capacity of corroded
reinforced concrete constructions in strongly
aggressive environments such as sea areas and
polluted areas.

With steel reinforcement used in reinforced
concrete structures, the level of corrosion of the
steel reinforcement is greatly influenced by the
behavioral state and material structure of the
protective  concrete  layer.  When  the
reinforcement is still surrounded by solid
protective layers of concrete, the alkaline
environment in the concrete is high enough to
create a protective film for the reinforcement. If
this protective film is destroyed, the steel
reinforcement will corrode [6,7,8,11,12,22,23].
One of the important reasons why the passive
membrane is destroyed is the penetration of
chloride ions from the outside environment into
the position of the reinforcement. Micro cracks
that appear in the protective concrete layer will
facilitate chloride ions to penetrate faster,
putting the structure at risk of corrosion sooner
than expected [10,11,14,16]. Different types of
reinforced concrete structures are also studied,
in order to find differences in the design of
reinforced concrete structures. In 2016, a group
of authors from Cairo University, Egypt
published research results on the difference
between the corrosion process of steel
reinforcement on  prestressed  reinforced
concrete beams and this process on reinforced
concrete. Traditional steel, Behavior of corroded
bonded fully prestressed and conventional
concrete beams; Research results have shown

that the effect of corrosion due to aggressive
environments has a strong effect and quickly
reduces the bending resistance of conventional
reinforced concrete beam structures. This has
less impact on prestressed reinforced concrete
beam structures under the same experimental
environmental conditions. The team also
pointed out that the reason why prestressed
reinforced concrete is less affected is because
cracks in the concrete develop less. In addition,
high-strength steel is surrounded and protected
by concrete mortar and pipe, so it is difficult for
corrosive agents to come into contact to
promote the corrosion of steel reinforcement
[15]. Applying technology in building models to
decode the behavior of reinforced concrete
structures when the reinforcement is corroded
has also been widely deployed in recent times:
In 2018, an announcement by a research team
from Chalmers University of Technology by
using the finite element (FE) model to evaluate
the behavior of reinforced concrete beams
subject to steel bar corrosion. The research
results concluded that the corrosion process
changes the load-bearing cross section of the
beam. reinforcement, reducing the bond force
between concrete and reinforcement, thereby
affecting the load-bearing capacity of reinforced
concrete beams [17]. In 2020, a research team
from the University of Technical Education. Ho
Chi Minh City for proposing an algorithm and
developing an independent calculation program
to evaluate corrosion behavior affecting the
bending capacity of reinforced concrete
structures [18]. As stated, the material structure
is a factor that directly affects the level of
corrosion of steel reinforcement in reinforced
concrete structures, so the strength of the
concrete used to make beams - plays the role of
a protective concrete layer. Protection that
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prevents corrosive agents from coming into
contact with the reinforcement is a parameter
that needs to be evaluated and analyzed in
detail.

This study will clarify the influence of concrete
strength on the corrosion level of steel
reinforcement in reinforced concrete structures.
Reinforced concrete beam samples will be
tested for accelerated corrosion with different
loading levels before being immersed in a
corrosive environment. The corroded beam
samples were then evaluated for damage to the
steel reinforcement due to corrosion.

The results of this research will contribute to the
corrosion analysis of reinforced concrete

structures in practice, taking into account the
effects of load and environment; is the basis for
predicting the lifespan and operating capacity of
these structures.

2. EXPERIMENTAL PROGRAM

An experimental procedure was established to
collect data to serve the assessment and analysis
of the influence of concrete strength for making
reinforced concrete beams on the level of
corrosion of steel reinforcement in reinforced
concrete beam components considering to the
effect of load.

Fabrication of beam
samples

4-point bending determines

Loading beam samples

P, to damage the
sampleu

with load levels of 0.8P,,

Soak the samples for
30 days in NaCl
accelerated corrosion
medium
(5%0)

Pick up the samples soaked
for 30 days, remove the
protective concrete layer,
separate the cleaning steel
bar and weigh to determine
the mass.

Etermine the amount of]
wear by subtracting the
weight after soaking
from the initial steel

weight

Figure I. Procedure for performing the experiment

2.1. Materials for making samples
Concrete C30, C40, C50 has an expected

compressive strength at 28 days fc' of 30, 40
and 50 MPa, respectively. The mix composition
of concrete (mix batch Im3) is designed
according to ACI211.1-91 standard [13].

In there:

fc': Compressive strength of concrete.

C30, 40, 50: Concrete symbols with fc' are: 30,
40, 50 (MPa)

Volume 20, Issue 3, 2024

Table 1. Mix composition for Im3 of concrete

Type of Material type

concrete Stone Sand  Cement Watgr
(Kg) (Kg) (Kg) (lit)

C30 1060 848 395 170

C40 1087 625 407 175

C50 1164 773 453,5 195

Average compressive strength of concrete when
compressing and testing samples:

37



Table 2. Average compressive strength of concrete

Type of oY

concrete max (kN) f’c (MPa)

C30 302,5 38.6

€40 410,6 50,39

€50 5258 5832
In there:

f’c: Compressive strength of the sample

Steel used to make beams: D10, smooth round,
fy = 240 MPa. The steel bars are weighed to
determine their weight before making the beam
sample.

In there:

D10: Symbol of reinforcement diameter.

fy: Tensile strength of steel.

2.2. Fabrication of beam samples

The beam samples manufactured for experiments
have dimensions of 500x100x100 mm [13, 14,
16]. Quantity of 07 beams. In which: 01 beam
determined the bending resistance force BX_ . of
C30, 06 beam samples tested for accelerated
corrosion considering the influence of applied
load corresponding to 03 concrete levels C30, C40
and C50.

The number of beam samples for each concrete
level is made in reserve for the purpose of
providing compensation samples when unplanned
incidents occur during the testing process.

stainless sl\eel plate

500 —100—

Figure 2. Dimensions and structure of
experimental beams

Figure 3. Completed beam sample
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2.3. Accelerated corrosion experiment

The corrosive environment is simulated by a
concentrated NaCl solution (3,5%) combined with
creating an electrode that activates the electrolytic
corrosion environment, helping the corrosion
process progress faster. The current intensity
remains at 0.3A [11, 12, 14]. The corrosion rate
of reinforcement is increased by applying
electric current, ensuring that the reinforcement
is corroded to a maximum of 25% reduction in
diameter compared to the original within the
expected time.

Catot Anot
1 8]

NaCl (3.5%) NaCl (3.5%)

RC Beam

RC Beam

Connect stainless steel sheet
in Cl- migration step Connect stainless steel net
+ -
Connect rebar in
electrochemical

corrosion step

Concrete

Sponge

\

Stainless steel net

Figure 4. Description of Electrode Corrosion
Equipment

After being manufactured for 28 days, beam
samples will be loaded in pairs - 2 beams with a
load level of 0.8Pmax of sample C30 and
immersed in an accelerated corrosive
environment.

Figure 4. Loading beams for beam samples
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The duration of the accelerated corrosion
immersion test is specifically calculated based
on the theory of corrosion of steel reinforcement
in reinforced concrete structures.

The volume of steel consumed is related to the
magnitude of current in electrochemical
corrosion cells. Using Faraday's law to describe
the mass loss of steel due to corrosion:

M/oss = M(:orrit ( 1 )
zF

In there:

- Mioss is the loss of consumed steel volume (g);
- M is the atomic mass of Fe ion, M = 56 g/mol;
- z 1s the valence of Fe,

- F is Faraday's constant, F = 96,500 C/mol

- t is the corrosion time in seconds (s).
Corrosion current density icorr 1S defined as the
corrosion current per unit steel surface. If the
length unit Lo= 1 cm and the diameter unit d is

mm, a relationship between Icorr (A) and icorr
(LA/cm?) can be obtained as follows:
2

I/ =1><7rii x10-6=10"7xzdi

corr 1 O corr corr

The percentage loss of reinforcement mass is p,
we have the mass loss of reinforcement as:

: 3)

With ps=7.85g/cm® and Lo=1cm we get:

z(dY
M, =pM, =p—| — - =0.0616pd>
loss p s p4(10) pA p

4)
Combining equations (1), (4), with z = 2.5
(average value for Fe*" and Fe*"), the corrosion
time t in years is related to p and icorr (uA/cm?)
as after:

M _ 2.5% 96500 x 0.0616 pd” 2679929
Ml 56xxdi x107 x3600x24x365 i (5)
Liu and Weyers (1998) [12] proposed the following corrosion rate:
. 3006 ~0215
i,,, =0.926exp| 7.98+0.77711In(1.69C, )_T_ 0.000116R, +2.24¢ (6)

In there:

- icor is the corrosion rate (LA/cm?);

- Ct is the total chloride content at the depth of
the steel surface (kg/m> of concrete);

- T is the ambient temperature (K);

- Rc is the ohmic resistance of the concrete
cover layer (Q);

- t is the time since the start of corrosion (years);
Liu (1996) [11] established the regression
relationship between the ohmic resistance of
concrete Rc and the total chloride content for
field exposed samples as follows:

R, =exp[8.03-0.549In(1+1.69C,)|  (7)

Lopez et al [10] studied the relationships between
concrete resistance Rc and environmental relative

Volume 20, Issue 3, 2024

humidity (H) based on experimental results. They
give the following relationship:

—7.2548 [

R =90.357H 1+exp(5—501—-H)] (8)
In equation (6), C: total chloride content will
change over time, C: is based on Fick's second law
of diffusion (considering the initial chloride
concentration of concrete to be 0) as follows:

c 1
C(c,t)z{Cs [1—e;ff2—\/D_tj}xmxyc )

In there:

D - chloride diffusion coefficient in concrete;

Cs - chloride concentration on concrete surface;
¢ - Depth of the concrete layer protecting the
steel bar;
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t - time (t = ti+At);

Ye - the density of concrete.

The results of calculation and processing have
determined the time for soaking beam samples
in an accelerated corrosive environment with
the aim of creating a corrosion process for the
reinforcement sample reaching about 25% of
the initial reinforcement volume in a specific
time. Soak the sample for 30 consecutive days.
During the accelerated corrosion immersion
period, if an interruption occurs, the sample will
be soaked for a corresponding period of time.

Figure 5. Girder specimen in corrosive
environment

After soaking the beam samples for 30 days, they
will be salvaged, the protective concrete layer
will be removed, the steel bars will be removed
and the surrounding steel rust and concrete
adhering to the bars will be cleaned and then
weighed to determine mass.

Figure 6. Sample after immersion in accelerated
corrosive environment
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Figure 7. Steel reinforcement is corroded after
removing the concrete layer

Figure 8. Weigh the reinforcement sample to
determine the level of corrosion

3. RESULTS AND DISCUSSION

The mass of steel consumed by corrosion in the
accelerated corrosion test is calculated by the
difference in mass between the steel types
before and after the accelerated corrosion test.
In fact, the corroded steel reinforcement is not
balanced between sections. In this experiment,
iron ore can be pre-formed by loading, so the
mid-span  position is considered as a
representative disclosure in the steel corrosion
price war. These data are set up in tables to
conduct analysis and evaluation.

Table 3. Weight of corroded steel reinforcement
Initial volume Amount of Corrosion level

Sample of corroded steel of steel
symbol reinforcement reinforcement reinforcement
M; (2) Mioss(2) p (%)
C30 560 141.5 25.2
C40 572 1344 23,5
C50 568 130,07 22,9

International Journal for Computational Civil and Structural Engineering
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A relationship chart between the strength of
concrete for making reinforced concrete beams
and the level of corrosion of steel reinforcement
due to the influence of an environment
containing chloride ions is built on experimental
results of corroded beams in a corrosive
environment move fast.

Effect of concrete strength on the level of
corrosion of steel reinforcement

26

N
U
20
5
;
g

N
H

Corrosion level of steel
reinforcement (%)
N N
N w
..'-
%
)
o

25 30 35 40 45 50 55

Compressive strength of concrete(MPa)

Figure 9. Effect of concrete strength on the level
of corrosion of steel reinforcement after 35 years

Through the results of accelerated corrosion
testing (same soaking time) of reinforced
concrete beam samples with different strengths,
loaded with the same load level of 0.8Pmax of
sample C30, we see: Corrosion level
Reinforcement in reinforced concrete bridge
beam components is inversely proportional to
the strength of concrete used to make the beam.
When concrete strength increases, the level of
corrosion  of  reinforcement  decreases
specifically at 25% for C30 concrete and
approximately 23.5% for C40 concrete and 23%
for C50 concrete (same working conditions).
The slow decrease in the level of corrosion of
reinforcement in beam samples with increasing
strength is because the tensile strength of
concrete increases slowly with the grade of
concrete, so increasing the tensile capacity of
concrete protects the position. The grain under
the beam at the mid-span shear eye is
insignificant, thereby having little impact on the
ability of concrete to prevent crack development
at the tensile grain of the beam.

Volume 20, Issue 3, 2024

4. CONCLUDE

The influence of concrete strength is significant
on the level of corrosion of steel reinforcement
in bending reinforced concrete beam structures,
especially when reinforced concrete beams
work in environments containing chloride ion
corrosive agents;

The level of corrosion of steel reinforcement in
reinforced concrete beam structures, taking into
account the effect of load, is affected by many
factors: thickness of protective concrete layer,
temperature, humidity, ..., so it is necessary to
present detailed evaluation studies with full
parameters affecting the above process.
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DEFORMATION PROBLEM IN THE CASE OF PHASED
CONSTRUCTION OF A STORAGE DAM
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Abstract. This paper presents the results of numerical modeling of the joint filtration-deformation problem for
a storage dam taking into account its construction and filling of the pond bowl in 3 stages. Two variants of the
structure operation were considered: with the tubular drainage operating and excluded from operation.
According to the results of researches the stability of the structure and parameters of filtration regime were
evaluated. Recommendations on ensuring reliability and safety of the structure are formulated.

Keywords: numerical solution, finite element method, storage dam, filtration-deformation problem,
depression surface, slope stability

YUCJEHHOE PEHIEHUE OUJIbTPAIITMOHHO-
JAEO®OOPMAIIMOHHOMU 3AJAYMU ITPU ITOOTAITHOM
BO3BEJAEHUU JAMBbI HAKOIIUTEJIA

H.A. Anuckun, C.A. Cepzees, A.B. Cmynuesues, H.A. bokos

HarmmonansHbIi Hccae10BaTeNbCKUIT MOCKOBCKHH TOCYIapCTBEHHBIN CTponTeNnbHBIN yHIBepcuTeT» (HUY MI'CY),
. Mocksa, POCCHA

AnHoTauusi. B pganHON pabGoTe mnpeacTaBieHbl pe3yabTaThl UYHCICHHOTO MOJESIUPOBAHUS COBMECTHOM
(bunbTpaMoHHO-ePOPMALIMOHHOM 3a1a41 JUTs TaMObl HAKOTIMTESI C YIETOM €€ BO3BE/ICHNUS M HATTOJHEHHS Yalllu
HakomuTens B 3 3Tama. PaccmarpuBaioch Ba BapraHTa paboThl COOPYKEHUS: C NEHCTBYIONNM U NCKITIOYCHHBIM
u3 paboTel TpyOUaThIM ApeHaxeM. [1o pesyinbraTaM MccienoBaHui JaHa OlEHKA YCTOWYMBOCTH COOPYKEHHS U
napaMeTpoB (GuabTpanuoHHOro pexxuma. ChopMyIupoBaHbl PEKOMCHIAIIMKA MO OOCCICYCHUIO HAICKHOCTH W
0€30I1aCHOCTH COOPYKEHUSI.

KuroueBble cjioBa: 4yncieHHOE peHICHUC, MCTOJ KOHCUHBIX 3JICMCHTOB, ,uaM6a HaKOIIUTCJIA,
(I)I/IJ'H)TpaHI/IOHHO—Ile(l)OpMaHI/IOHHaH 3aja4a, 1eIpeCCuOHHas MOBCPXHOCTD, yCTOﬁ‘lHBOCTB OTKOCa

INTRODUCTION

For creation of accumulators of secondary material
resources (“tailings” in the process of ore dressing,
sludge in metallurgical production, fly ash in the
operation of thermal power plants), dams from
ground materials are used as enclosing structures.
Also, industrial wastes can be used as materials for
dam construction (as a rule, for building up the
primary dam of the accumulator) if their properties
allow it. As a rule, the construction of such storage
dams is carried out in stages with their gradual
filling. Such structures belong to hydraulic

Volume 20, Issue 3, 2024

engineering structures and are subject to the same
loads and impacts as earth dams. The peculiarity
for the considered case is the gradual formation of
stress-strain state of the erected soil massif. Also in
the process of erection there is a change in the
influence of water from the side of the storage bowl
and the weighting and hydrodynamic pressure in
the soil mass as a result of filtration flow.
Operability of such structures depends to a great
extent on the filtration regime. Certain
requirements are imposed on the position of the
depression curve, values of filtration flow rates,
velocities and gradients [1, 2]. The results of
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filtration calculations are necessary to assess the
filtration strength of dam soils, to calculate
transition zones and return filters, to calculate the
stress-strain state and stability of the slopes of the
earth dam.

One of the important structural elements of
storage dams are drains necessary for lowering of
the depressive surface position and organized
drainage of filtered water. During operation of
the structure, the drainage failure is possible,
which can be caused by its colmatization [3, 4].
In this case the depression surface in the
downstream prism of the dam rises, which can
lead to undesirable consequences: threat of
ground freezing in the zone of filtration flow
outlet to the downstream in winter period.

This paper presents the results of filtration and
deformation studies on a numerical model of a
storage dam being built up during operation.
Joint calculations of filtration, stress-strain state
and stability of the dam slopes were carried out
using the software package “PLAXIS 2D” based
on the finite element method [5]. The results
obtained made it possible to draw conclusions
about the reliability of the structure and propose
measures to improve its operation.

METHODS

The solution of this problem involves a joint
filtration problem and the problem of
determining the stress-strain state of the
gradually built-up body of the storage dam. At
each stage, the problem of unsteady filtration is
solved with determination of filtration regime

o [k 2] + 35 [kChm) 2] + 5

where k(hm) is the value of the filtration
conductivity function; hm is the filtration head
deficit (suction head); C(hm) is the slope of the
soil volumetric water saturation curve.

At present, filtration problems are mainly solved
using the finite element method (FEM) [8-13].
There are many program complexes (PCs) in

parameters necessary for calculation of the
stress-strain state: position of the depression
surface, values of filtration gradients and
filtration volume hydrodynamic load in the
design area.

In the most complicated cases, the filtration flow
can pass through areas with different degrees of
saturation of soil pores with water. This is the
case when the water level in front of the structure
changes in time. Then it is possible to
conditionally divide the design area into 2 zones
in which the filtration flow motion will be
described by different dependencies [6, 7].

The basic differential equation of filtration [7] is
used for the part of the design area of filtration,
where the filtration flow movement occurs in a
fully saturated water medium:

5 8he s[ snt] 5[ Sht] Sht ()
sx L X 8x sy LY &y sz % &y SSt

where h: = f (x, y, z, t) - head function in the
considered area, varying along coordinates x, y, z
and in time #; kx, ky, k- - filtration coefficients of
saturated soil in directions of axes x, y, z; Ss -
saturation of soil.

Saturation can be expressed as follows: Ss = yw
(mv+np), where pw - specific weight of water, » -
porosity, f - compressibility of water, my -
volumetric compressibility coefficient of the soil
of the filtration area.

Since water is not very compressible (f =4.7-10
7 kPa - for cases of filtration flows), we can take
Ss = yw'my in equation (1).

In the case when filtration in a region with
incompletely saturated ground pores with water is
considered, equation [7] is used for the solution:

Shpm 8hm

= kG2 D] =cthm)Z2 @

which the solution of the steady filtration
problem consists in solving the basic differential
equation of filtration theory (1) using known
boundary conditions. The position of the
depression surface is determined by an iterative
process.
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Many studies conducted in recent years [14-18]
have focused on the study of filtration processes,
in a nonstationary state in incompletely saturated
soils with a degree of water saturation Se< 0,8.
In this case, the complexity of the solution based
on differential equation (2) consists in
determining the parameters k(hm) and C(hm).

The model developed by Mualem in 1976 [19],
which describes how the water permeability and
water holding capacity of a soil depend on its
degree of water saturation, is one of the widely
used models in the field.

This model offers a relatively simple form for
calculating the filtration conductivity of
unsaturated soils. Additional research conducted
by Van Genuchten in 1980 [20] compared the
results based on Mualem's theory with direct
measurements for a variety of differently
characterized soils. The Van Genuchten model
offers a way to describe the filtration
characteristics for a wide range of soils,
expressed through the relationship between the
soil volumetric water saturation 6 and the head
deficit (suction head) 4 :

0,-6,

0=0 + [1+(ahm)"r )

)

where 6; — volume content of saturated water in
the soil pores; 6 - residual volume content of
water in the soil pores; /i - filtration head deficit
(suction head); o, n and m=1-1/n parameters of
soil property curves (determined as a result of
soil laboratory tests).

Filtration permeability of unsaturated soil is
determined in accordance with the Van
Genuchten model as follows:

K=k s i-a-stmyrfo @
where ks — filtration conductivity (filtration
coefficient) of saturated soil; Se — degree of soil
saturation, which is determined by dependence
[20]:

5, =+ Gan ", 5)
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Within the framework of this work, filtration
studies were performed using the “PLAXIS 2D”
software package based on the finite element
method. The filtration calculations module of this
complex “PlaxFlow” uses differential equations
of saturated and unsaturated filtration (1-2) for
solution. In the case of filtration in unsaturated
soils, the Van Genuchten model described above
(3-5) is used to determine the soil properties [20].
As a result of solving steady-state and transient
filtration problems, a picture of filtration
development in the dike and the foundation in the
process of stage-by-stage construction of the dike
and filling of the storage bowl was obtained. The
position of the depression surface, distribution of
heads, filtration gradients and velocities,
volumetric filtration hydrodynamic load were
determined for each stage.

Based on the obtained results of solving filtration
problems at each stage, the stress-strain state of
the dam and foundation was also evaluated and
critical slip surfaces with stability coefficients
were determined.

To solve the coupled filtration-deformation
problem, the Plaxis 2d software package uses the
calculation type “Fully coupled flow-
deformation” using equation [5]:

ﬂ
[lg —QH] [pl:v]Jr[g —05] ditw - G{qu]
dt

(6)

where K is the stiffness matrix; H is the
permeability matrix; O, C is the coupling matrix
and S the compressibility matrix; v is the
displacement value; pw is the pore pressure; g,
is the flow function at the model boundaries; f,,
is the loading vector; G is a vector that accounts
for the effect of gravity on the flow in the vertical
direction. This vector is part of the external flow.
On the basis of the joint unsteady deformation-
filtration calculation, the stability coefficient of
the upper slope of the dam was calculated.

To evaluate the stability of the slopes of the
investigated soil structures in the PC “PLAXIS
2D” the “Safety” calculation is used, in which
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the strength characteristics of the soils (angle
of internal friction, cohesion and shear
strength) are successively reduced until the
minimum value of the stability coefficient is
reached. The results of the stability calculation
are the determination of the possible shear
surface - the most weakened surface along
which failure is possible, and the calculated
stability coefficient. The possible shear surface
is characterized by the minimum possible
tangential stresses. The minimum design
stability factor is defined as the ratio of the
actual surface strength to the fracture strength.

RESEARCH OBJECT

Filtration and deformation studies have been
carried out in relation to the enclosing dam of a

NWL stage 3 753.5

Gravelly soil with sandy

tailings  storage facility  constructed to
accommodate and store residual products of
primary hydrometallurgical processing of ores. The
barrier dam is an earth hydraulic engineering
structure constructed by layer-by-layer backfilling
with subsequent rolling. The cross section of the
structure is shown in Figure 1. The maximum
height of the embankment is 36.5 m with a crest
elevation of 760 m, crest width of 13 m, and length
along the dam axis of 645.8 m. The top slope of the
dam is 1:3.0, the bottom slope is variable and is
1:2.5; 1:3.0. Berms 5 m wide are provided along
the entire height of the dike with a spacing of 10-
12.5 m. The thickness of the reclamation layers in
the bowl is 32 m, the bowl filling level is 753.5 m.
In the downstream prism of the dam, drainage is
provided to ensure that the depression curve near
the downstream slope is lowered below the
seasonal freezing level.

Crushed stone soil with a hard Slate of medium strength

Bl Disrbody L loam aggregate B Tailings &= sandy-clay aggregate fractured in places
Figure 1. Cross-sectional profile of the tailings dam barrier
Table 1. Characteristics of soils
Ne Filtration | Specific The angle | Strain Specific
. | Soil type coefficient | cohesion c, | of internal | modulus E, | gravity p,
m/day kPa friction ,° | kPa kn/m’
1 | Sandy loam (dam body) 0,025 20 25 33500 21,3
2 | Gravelly soil with sandy loam 0,08 16 33 29300 21
soil aggregate
3 | Crushed stone soil with a hard 0,09 15,0 20,3 30900 19,8
sandy-clay aggregate
4 | Slate of medium strength, 0,00075 6535 35 50000 24,7
fractured in places
5 | Tailings 0,003 21,1 19,5 7800 17,7

The volume of the technical reservoir at the
design filling at the last stage is 10 million m3.
The dam material is sandy loam. The base of

48

the dam is predominantly gravel with sandy
loam aggregate. There are interlayers of hard
sandy loam up to 3 meters thick. At a depth of
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more than 13 meters there is medium strength
shale, fractured in some places. Physical and
mechanical characteristics of the soils used in
the calculation are presented in Table 1.

Problem statement

The process of phased construction of the
storage dam to full height and filling of its bowl
in 3 stages was modeled (Fig.1). The time step
between the dam construction stages is 3 years.
The schedule of dam construction and filling of
the tailings storage facility is presented in
Figure 2.

At each step, after filling the corresponding stage
of the storage capacity, an unsteady filtration
problem was solved with the determination of
filtration flow parameters. The results of these
calculations were used in the calculation of the
stress-strain state and stability of the downstream
slope of the dam for this stage using the
calculation type “Fully coupled flow-
deformation” in the PC “PLAXIS 2D” [5].

h, m
761,00

756,00
751,00
746,00
741,00
736,00
731,00

726,00

721,00
0,00 1,00 2,00 3,00 4,00 500 600 7,00 800 9,00 10,00 11,00 12,00
t, years

———Filling of the tailings pond Dam construction

Figure 2. Schedule of dam construction and
filling of the tailings pond bow!

Within the framework of the work two design
cases were considered - the case of normal
drainage operation and the case of drainage
failure. The pipe drainage is located under the
downstream prism at a distance of 64.0 m from
the central axis of the dam (Fig. 1).

Volume 20, Issue 3, 2024

RESULTS

Filtration regime in case of full drainage
operability.

Results of calculations of filtration regime for
variant with full drainage operability are
presented in Fig. 3-4.

Figure 3 shows the positions of the depression
surface at the moments of time corresponding to
the end of the filling stages (3, 6 and 9 years after
the beginning of dam construction) and the
moments of time 20, 25 and 30 years after the
beginning of dam construction. It is possible to
note gradual, rather long saturation of dam soil
with water, which is caused by rather small value
of dam soil filtration coefficient (k = 0.025
m/day). In case of normally operating drainage
the soil of the downstream prism along the
downstream slope is in dry condition. At that, its
thickness up to the surface of the bottom slope all
along exceeds the frost depth, which will ensure
absence of ground freezing in winter period.
Figure 4 shows the distribution of filtration
gradients in the dam massif at the time of
stabilization of the filtration process (30 years
from the start of construction). The maximum
value of the gradient Jmax = 1.48 was obtained at
the outlet of the filtration flow into the drainage.
To exclude filtration deformations at the outlet of
filtration flow into drainage, this value should be
used for calculation of drainage return filter and
its device.

In accordance with the requirements to ensure the
filtration strength of the soil [1] the inequality
should be fulfilled:

Jest, m SJcr,m /yn (7)
Where Jes,, m - average design head gradient of
the seepage area; Jerm - critical head gradient
taken on the basis of laboratory studies of the
dam soil or recommendations [1]; y» -
reliability coefficient for the responsibility of
the structure.

In our considered case Jes;, m = 0,29, Jerm = 1,0
(according to [ 1] for sandy loam can be taken 2.0-
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1.0), y» =1,25 (1st class of responsibility). Thus,

the requirement (7) for this variant is fulfilled.

Results of filtration calculations of this variant
testify to favorable filtration regime of the
structure in case of proper operation of drainage.

Stage 1 (4 years) Stage 2 (8 years)

20 years 30 years

Stage 3 (12 years)

25 years

Figure 3: Position of the depression surface in the dam body in case of full operational
capability of the drainage based on the results of unsteady calculation of filtration (transient flow)
at stage filling and during the operation period
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Figure 4. Distribution of head gradients in case of full serviceability of drainage according
to results of unsteady filtration calculation (transient flow) at the moment of depression surface
stabilization (30 years)

Filtration mode in case of complete drainage
failure.

Drainage failure results in a significant increase
in the position of the depression surface near the
downstream slope of the dam (Figure 5-6). Over
a significant length of the downstream slope, the
distance from the slope surface to the

depressional surface is less than the freezing
depth. Operation of the structure under such
conditions will result in freezing of the ground
near the downslope slope and uplift of the
depressional surface. If the frozen slope thaws
in spring, it may lose its stability and collapse.

Stage 1 (4 years) Stage 2 (8 years)

20 years

Stage 3 (12 years) 30 years

25 years 40 years

Figure 5. Position of the depression surface in the dam body in case of drainage failure based on
the results of unsteady transient flow calculation during stage filling and operation period
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Figure 6. Distribution of head gradients in case of full serviceability of drainage according
to the results of unsteady filtration calculation (transient flow) at the moment of stabilization of
depressive surface (40 years)

Stabilization of dam soil saturation process
comes for this variant in 40 years after the
beginning of its construction. In order to ensure
normal operation of the structure in case of
drainage failure it is necessary to restore its
serviceability or to pile additional soil massif on
the part of the downstream slope, providing for
the device of external drainage with a return
filter. The value of maximum head gradient at the
outlet of filtration flow, obtained for this option
is equal to 1,67.

Requirements on average head gradient for this
variant are also fulfilled (Jess, » = 0,29).

Results of calculations of the stability of the
downstream slope of the dam.

Using the results of the unsteady filtration
calculations, the stability of the slopes of the dam

body was calculated for the moments of time 10,
15, 20, 25, 30, 35, 40 years since the operation of
the structure for each of the design cases. The
results are presented in Figure 7,8 and Table 2.
For the variant with serviceable drainage during
the operation period of the storage dam erected at
full height, there is a gradual decrease in the
stability coefficient over time from the value of
1.520 at the time of 10 years to the value of 1.351
at the time of 30 years, when the steady filtration
regime is reached. The decrease is caused by
gradual water saturation of the soil of the bottom
prism and increase of hydrodynamic filtration
force, which reduces the stability of the bottom
slope. For this variant the stability requirements
are fulfilled.

Table 2. Value of stability coefficients in unsteady filtration calculation.

760.0

1535
1

Ks=1.351

Calculation option Values of stability coefficients at service life
10 years | 15 years | 20 years | 25 years | 30 years | 35 years | 40 years
Operational drainage 1,520 1,406 1,383 1,369 1,351 1,351 1,351
Drainage failure 1,465 1,336 1,278 1,255 1,251 1,249 1,247
a) 0)

Figure 7. Slope shear surface: a - at the moment of stabilization of depression surface (30 years) in
the dam body in case of proper operation of drainage, Ks= 1,351, b - at the moment of stabilization
of depression surface (40 years) in the dam body in case of complete failure of drainage at non-
Stationary calculation of filtration, Ks= 1,247.
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1,35

Ks=125
125

12
10 20 30 40 50

t, years

—— Drainage failure —— Operational drainage —— Regulatolary value

Figure 8. Graph of time dependence of dam
slope stability coefficient in the process of
operation

In case of non-working drainage at operation of
the structure in time stability coefficient
decreases from the value 1,465 (at the moment of
time 10 years) to 1,249 - 1,247 (at moments of
time 35-40 years). These obtained values are less
than the normative stability coefficient Ks= 1,247
for this class of responsibility. Thus, operation of
storage dam in considered variant with non-
operating drainage is impossible.

RESULTS

Numerical solution of the joint filtration-
deformation problem for the tailings dam being
built up in stages is obtained. Two variants of the
structure operation are considered: in case of
normal operation of the pipe drainage and in case
of its inoperability. The results of numerical
investigations allowed to give an estimation of
serviceability and safety of the structure during
construction and operation.

Variant with working drainage satisfies all
requirements to the structure on providing
favorable filtration regime. In case of drainage
failure the depression surface rises to the surface
of the dam bottom slope, as a result of which the
requirement to prevent freezing of the dam soil
in winter period is not fulfilled.

Requirements on stability of the dam bottom
slope in case of drainage failure are also not
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fulfilled: the value of slope stability coefficient at
the moments of time 35-40 years is lower than
the required normative value.

According to the results of solution of the joint
deformation-filtration problem, it can be
concluded that it is necessary to use tubular
drainage or to change the design of the
downstream prism of the dam
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1. INTRODUCTION

NONLINEAR DYNAMIC ANALYSIS OF WIND ACTIONS
ON A CABLE-STAYED GLASS FACADE SYSTEM

Oleg S. Goryachevsky, Alexander M. Belostotsky
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents the results of a nonlinear dynamic analysis of wind actions on a cable-stayed
glass fagade. The wind impact was determined by a transient eddy-resolving numerical simulation using a
hybrid RANS-LES model SBES. The revealed dynamic response of the fagade system confirms the relevance
of dynamic calculations compared to simplified static approaches.

Keywords: computational fluid dynamics (CFD), wind action, wind response,
cable-stayed glass facade system, nonlinear dynamic analysis

HEJIMHEWHBIA TUHAMUWYECKH PACUET
BAHTOBOI'O CBETOIIPO3PAYHOI'O ®ACAIA
HA BETPOBBIE BO3JIENCTBUS

O.C. I'opaueeckuit, A.M. berocmoukuii

HannonanbeHeli necaenoBaTesnbekuil MOCKOBCKHI TOCYIapCTBEHHBINA CTPOUTENBHBIN YHUBEPCUTET,
r. Mocksa, POCCU

AunHOTauusi: B crarbe mnpeacraBieHbl pe3ysNbTaThl HETUHEHHOrO0 JUHAMUYECKOTO pacueTa BaHTOBOTO
CBETOIPO3pavHOro (acaga Ha BETPOBOE BO3JACUCTBHE. BeTpoBoe BO3/ciicTBHE OBLIO OMPEICIICHO B PE3yJIbTaTe
YHCJICHHOTO MOJCIMPOBAHUS B HECTAIIMOHAPHON BUXpepa3pellaroleii MOCTAHOBKE MO THOPHIHOW MOJICIU
SBES. BrIsBICHHBIH AHHAMHYCCKUN OTKIMK (hacaJHOW CUCTEMBI MOITBEPKAACT aKTyallbHOCTh TUHAMUYCCKUX
pAacdYeTOB MO CPAaBHEHHIO C YIIPOIICHHBIMHU CTATHYCCKIUMH MOIX0IaMHU.

KirodeBble c10Ba: BHIUNCINTENbHAS THAPOANHAMIKA, BETPOBOE BO3/CHCTBHE, OTKINK HA BETPOBOE BO3/ICHCTBIE,
BaHTOBBII CBETONPO3PAYHBIN (acaa, HeNMHEWHBIN TMHAMIYCCKIN aHaJII3

determining wind loads for

non-typical

The widespread use of complex and costly facade
systems in modern construction challenges
engineers to correctly calculate their robustness,
stiffness and stability. The situation becomes even
more complicated if the fagade structures are
flexible (possessing low eigenfrequencies) and
their mechanical behaviour is significantly non-
linear; for instance, cable-stayed glass facades
(CSGF), Fig. 1.

As a rule, wind loads are the most important for
fagade structures. Physical modelling utilising
wind tunnels (PM) is currently the most
common and well-studied method for

structures. Along with its advantages, PM has a
number of disadvantages, among which are the
reduced scale of the models, limited
consideration of the surrounding buildings and
terrain, measurement of the required parameters
in a small number of points (usually a few
dozen).

In the last 30 years, interest in numerical
modelling of wind loads (NM) has grown
significantly [1,2]. NM has almost unlimited
possibilities to take into account surrounding
buildings, topography, climatic effects and a
number of other factors, allows obtaining results
in millions of points, processing and visualising
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them freely. High computational complexity
and use of simplifying hypotheses that reduce
accuracy have for a long time restrained the
introduction of NM in construction practice
[3,4]. However, the development of
computational techniques, turbulence models,
numerical methods and software currently
allows full use of NM as a tool for determining
wind actions [5,6]. Today, NM is implemented
in foreign [7,8] and Russian regulatory

documents [9,10], and is actively used in many
construction companies.

(b) interior view

Figure 1. Beijing Poly Plaza Hotel, China

Volume 20, Issue 3, 2024

The research on a CSGEF’s stress-strain state
started in the 2000s. Let us highlight the main
ones in chronological order (2009-2023).

In [11], Feng et al. found that glazing elements
increase the fagade stiffness up to 30% and the
damping performance from 0.1% to 3.5-4.5%
compared to an unglazed cable network. In [12]
Feng, based on the nonlinear differential
equation of vibration, analysed the response
spectra to seismic load. It was found that the
influence of nonlinearities decreases when the
natural frequencies of vibration increase. In
[13], Feng experimentally and numerically
(using ANSYS Mechanical) revealed a
significant difference in the glazing’s stress-
strain state when using spiders and clamping
plates.

Amadio and Bedon investigated the potential of
elastic-plastic dampers to reduce the response to
blast effects on the basis of dynamic analysis
[14,15]. It was found that cables are the most
vulnerable to blast effects, and the use of
dampers can reduce the maximum forces in
them while maintaining flexures.

The most extensive study of CSGFs is done in
Yussof's thesis [16]. In his work, an overview of
the application, implementation and types of
CSGFs is presented. A set of experimental and
parametric numerical studies in Simulia
ABAQUS are carried out. Static load, impact
load on the glass and cable removal are
considered.

In [17], Wang experimentally and numerically
investigated the dynamic behaviour of CSGFs.
Several first eigenfrequencies and modes, as
well as damping coefficients, were determined.
It was found that the sealant has almost no
effect on the vibrations and can be disregarded.
The study by Xiang [18] focuses on evaluating
the effect of the building load-bearing system on
the response of a CSGF to seismic loading.

In 2023, numerical studies of wind actions on
CSGFs in a direct dynamic formulation
appeared. In [19], Rizzo used wind pressures
obtained in a wind tunnel, while in [20] Zhou
generated synthetic wind loads using a random
Gaussian process model. Rizzo's study focused
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mainly on modelling, while Zhou's study
focused on finding simplified mathematical
models. Zhou also showed that the behaviour of
a CSGF is reliably described by thin membrane
theory when the cables are dense.

Among the published studies of CSGFs, no
papers were found in which wind loads were
determined on the basis of NM. Thus, the
choice of NM for determining wind loads
determines the scientific novelty of the paper.

2. METHODOLOGY AND OBJECT

2.1 Object and task description

The object is a CSGF of an office building (Fig. 2).
The building is being constructed on the territory of
the new modern town of Rublevo-Arkhangelskoye
in the western part of Moscow (Fig. 3).

U s

T T
T
b1 L P

Figure 3. Render of Rublevo-Arkhangelskoye

Oleg S. Goryachevsky, Alexander M. Belostotsky

The polygonal in plan building is 122 m long,
58 m wide and 34 m tall. The maximum height
of the CSGF is 19.34 m, and the minimum
height is 2.99 m.

In a structural sense, the facade consists of:

e vertical pre-stressed load-bearing steel cables
with a diameter of 30 mm;

e single glazing units with maximum
dimensions of 2880 x 1480(h) mm and a total
glass thickness of 28 mm;

e cable attachment assemblies to glass panes
(spiders);

e cable attachment assemblies to reinforced
concrete and steel structures.

According to SP 20.13330, the construction site
is located in wind zone I (wo = 230 Pa), terrain
type C.

Among the loads, dead weight, internal and
external wind loads were taken into account.
The internal wind pressure was calculated
according to paragraph B.1.9 of SP 20.13330,
and the external wind pressure was calculated
on the basis of PM.

Cable pretension is set from 5 to 20 tf (higher in
areas of maximum flexure).

The stress-strain state received was assessed
according to the following criteria:

e relative flexures of cables (< 1/200 length,
demanded by SP 20.13330);

e relative flexures of insulating glass units
(< 1/250, which is equal to 5.92 mm, demanded
by GOST 24866-2014);

e maximum forces in cables (< Ran = 40.76 tf,
demanded by SP 16.13330).

A computationally economical methodology
was used to determine the wind loads on the
facade:

1. Initially, hazardous wind directions were
determined by steady-state RANS simulations
(SST k- model);

2. For the identified hazardous wind directions,
the refined values of peak wind pressures and
pressure time series for each glazing element
were determined based by transient simulations
(using a hybrid RANS-LES model SBES).
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The dynamic stress-strain state of the facade
system was then analysed, taking into account
cable pretension, damping and geometric
nonlinearity from time-dependent wind pressures.

2.2 CFD model description

NM of the wind actions was carried out in
ANSYS Fluent using the finite volume (FV)
method. The geometrical model of the building
is shown in Fig. 4. Different polyhexagonal
meshes were used for steady-state and transient
simulations (Figs. 5-6).

The modelling was carried out at a geometric
scale of 1:100 (integral loads were scaled during
processing).

Figure 4. Calculation area near the GSCF

Figure 5. Mesh for RANS (10.2m cells)

Figure 6. Mesh for SBES (9.2-9.5m cells)
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Steady-state ~ (RANS)  simulations  were
performed using the SST k-o turbulence model
[21].

Transient simulations were performed using a
hybrid RANS-LES model SBES [22]. The
RANS model SST k-o in the near-wall and
vortex-free zones and the LES model WALE
[23] in the other regions were coupled (mixed).
The hybrid SBES model is based on spatial
mixing of turbulent viscosity:

SBES RANS LES
Vo = foesVe + FopesVe (1)

RAN.
where v“*"

is the turbulent viscosity of RANS
(determined by the Boussinesq

hypothesis);vaS is the subgrid viscosity of

models

LES models; fspes is a special function
providing the transition between LES and
RANS zones (shielding function).

For steady-state simulations, the Coupled
pressure-velocity solver was used. For
transient  simulations, the  segregated
SIMPLEC solver was used.

Spatial numerical discretisation schemes over
space were applied [24]:

e (RANS) Second Order Upwind for the
momentum equation;

e (SBES) Bounded Central Differencing for
the momentum equation (coefficient 0.75);

e Second Order Upwind for the turbulent
transport equations;

e Second Order Upwind for the interpolation
of pressures;

e L[east Squares Method to
gradients in the centroids of FVs.
Time integration for SBES was performed using
Bounded Second Order Implicit scheme. The
time step Az = 0.0002 s (physical 0.02 s).

The following boundary conditions for the
computational domain were applied:

1.The velocity profile at the inlet: U(z), taken
from the building code;

2. Turbulence intensity 1% (total turbulence
is modelled directly by the flow moving
through the surrounding buildings);
3.Backflow pressure at the outlet: p=0 ;

calculate
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4 Free slip wall conditions were set for the
lateral and upper boundaries;
5.No-slip wall conditions were set for the
ground and building surfaces.

2.3 Peak wind load calculation

RANS simulations were performed for 36
wind directions (in 10° increments), and
transient simulations were performed only for
the identified hazardous directions.

Peak wind pressures pe+() from RANS
simulations were estimated using a semi-
empirical model [25]:

P..=0p+0,0,;

2
pP..=Ap—0_,; @)
o, =(21, +1} ) Ap;
3
]U — pair]_c , ( )
3|Ap
where 6+ = 0.5, 0- = 1.5 are calibration

coefficients; & is the turbulent kinetic energy
near the wall, Ap is the mean pressure at the

wall.

The accuracy of the (2-3) model is sufficient
to identify the hazardous wind directions.
Based on (2-3), the peak integral wind loads on
each of the 3 sides of the fagade were calculated:

F:1,+(—) = J.we,+(—)dS =
N

4)
=V, (1+¢) _[ Pes(9S,

where § is the area of the facade side (one of
three); { = 1.31 is wind pressure pulsation
coefficient for terrain type C; vi) =
0.75(0.65) 1is correlation coefficient (both
taken from SP 20.13330).

For RANS simulations, 450 iterations with
stepwise relaxation enhancement were calculated.
Based on the results of transient simulations,
integral values of peak wind loads and peak
pressures on glazing elements were determined,
which were further used in static calculations:
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F . = maxjAp(t/.)dS;
, i :

5
F = mjnjAp(zj)dS; ©)

n,

1
Worr =5 j Ap(t,)dS; ©6)

where S is the area of the fagcade side / glazing
element; # is the j-th physical timestep; # is
the k-th timestep at which the maximum of
integral forces (5) is achieved for the facade
side on which the corresponding glazing
element is located.

Formulas (5-6) do not contain pulsation and
pressure correlation coefficients because the
corresponding effects are modelled directly.
The total physical time during transient
simulations was 5.2-5.7 s (~2.7-10* time steps,
real-scale 7.8-8.5 min). During the post-
processing, the first 0.5 s were discarded.

2.4 FEM model description

Stress-strain state calculations of the GSCF were
carried out in the ANSYS Mechanical using the
following finite element types: SHELL181 (for
glazing elements), LINKI180 (for cables),
BEAMI188 (for columns, spiders and door
frames), MASS21 (to simulate the mass of the
non-load-bearing part of spiders and luminaires).
The total dimensionality of the finite element
model (Figs. 7-8) is 57440 nodes / 52925 FEs /
~334000 variables.

Figure 7. FEM model - general view
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coupled nodes

Figure 8. FEM model - cable and glass
connection diagram

Columns and cables are fixed in all degrees of
freedom at the points of attachment to the
load-bearing structures of the building. The
windows are attached using roller supports
(free in the facade plane) at the upper and
lower facade marks, except for the corner
points of each window, which are attached
using hinged supports.

All calculations were carried out in a
geometrically nonlinear formulation taking
into account cable pretension.

For dynamic calculations, the time step was set
to Az=0.01 s (see Section 3.2).

Numerical Newton-Raphson method was used
for resolving the nonlinearity and Newmark
method was used for time integration.
Damping was accounted for by the Rayleigh
hypothesis with a damping coefficient in
fractions of the critical £ = 0.035 [11].

3. RESULTS AND DISCUSSION

3.1 Peak wind load results

The analysis of peak values of integral loads
(Fig. 9) obtained from the static simulations
revealed 4 hazardous wind directions: 130°,
200°, 230° and 310°. For each of these
directions, a refined transient simulation was
carried out (Table 1).

It should be clarified that the loads given in
Table 1 do not take into account the dynamic
response of the structure.
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Figure 9. Pie chart of Fn [kN] obtained
in the steady simulations

Table 1. Peak wind loads on the facade sides

Wind F, , kN
attack | Simulation If o 3f
angle, °
130 SST 55.1 -25.8 | -99.3
SBES 54.8 -64.5 -105
200 SST -98.1 -67.9 | -81.9
SBES -66.8 -69.8 | -71.0
230 SST -118.0 -58.6 | -80.2
SBES -70.5 -52.3 | -69.0
310 SST -105 -67.4 | -87.4
SBES -75.2 -54.2 | -60.9

Examples of the resulting time series and
spectra are shown in Figs. 10-13.

60

Fn, kN

L
200 250

ts

11—, 3f

L
350

L
450

Figure 10. Steady-state fluctuations of integral
wind loads on the facade sides, kN (130°)
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Figure 11. Steady-state wind pressure
Sfluctuations for 4 characteristic glazing
elements, Pa (130°)

T T T T T T T
[—11f.
——2f.

102F =3t |

. . . | . . -
005 0.1 02 05 it 2 3 45
f, Hz

Figure 12. Power spectral power density of
integral wind loads on facade sides, kN° /Hz
(130°)
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Figure 13. Pressure power spectral power
density for 4 characteristic glazing elements,
Pa’ /Hz (130°)

Analysis of the peak integral wind loads show
that the wind loads obtained through the
transient simulations may differ significantly
from the RANS approach.
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Analysis of time series and spectra of wind
loads shows significant fluctuations of wind
loads in a wide frequency range. This
corresponds to the physical nature of the
phenomenon and can potentially lead to
resonant vibrations of flexible structures.
Examples of velocity and pressure distributions
in a horizontal section at a height of 15 m are
shown in Figs. 14-15. Fig. 16 shows the
pressure distributions over the fagade surface.

(a)
SST:

(b)
SBES:

(d)
SBES:

Vi)

Figure 14. Instantaneous, mean and standard
deviation values of velocity [m/s] in
horizontal section, 130°
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3.2 Modal analysis results

To determine the time step required for transient
calculations, the modes and eigenfrequencies
were initially analysed (Fig. 17).

Starting from 18 Hz, only the highest modes
of individual glazing elements are observed,
and it makes no practical sense to take them
into account. Therefore, the timestep Az = 0.01
s is chosen, which corresponds to ~6 steps for
the smallest considered eigenfrequency (1/18.0
Hz =0.056 s, 308th form)
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o

(c)f; = 1.183 Hz (d) fro = 3.101 Hz

(d) fi17 = 10.026 Hz (e) fios = 18.049 Hz

Figure 17. Characteristic frequencies and

modes

3.3 Stress-strain state results
Figs. 18-20 show the maximum values of the
flexures of the glazing elements and cables and

(a) f1 = 1.053 Hz (b) f>=1.178 Hz the forces in the cables over time. Figs. 21-23
show corresponding examples of time series.
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Figure 23. Forces in a characteristic
cable, tf (200°)
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Analysis of the results in Figs. 18-23 show that:
1. High-frequency resonance effects are
periodically manifested under wind actions.

2. Presence of significant dynamic effects is
revealed: flexures of glazing elements increased
up to 2 times, flexures of cables to 40%, forces
in cables to 40%.

3. The cable strength and facade stiffness do not
exceed the criterion values even from the
refined dynamic analysis.

3. CONCLUSIONS

The approach to the stress-strain state
calculation of cable-stayed glass facades
presented in this paper can be applied to any
flexible structures.

It is shown that the application of nonlinear
dynamic calculations allows to take into account
the dynamic response to wind actions, which is
the main one for flexible fagade structures.
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Numerical modelling of wind actions using LES
turbulence model is a very costly approach and
is often unavailable. Application of RANS
models together with empirical methods
(formulae 2-3) to determine hazardous wind
directions and selective application of hybrid
RANS-LES methods to determine design wind
loads can reduce modelling time by orders of
magnitude.
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AN INNOVATIVE HYBRID MACHINE LEARNING
TECHNIQUES FOR PREDICTING CONSTRUCTION COST
ESTIMATES

Kittisak Lathong, Kittipol Wisaeng
Mahasarakham Business School, Mahasarakham University, Mahasarakham, THAILAND

Abstract: The importance of precise cost estimations in construction investment sector cannot be overstated,
serving as the cornerstone for crucial investment decisions. Unfortunately, inaccurate estimations often lead to
significant losses due to flawed investment objectives. Consequently, the pursuit of an effective investment
decision support system has become a paramount research focus, aiming to aid construction investors in making
informed and timely choices. This study focuses on a novel hybrid machine learning (HML) approach,
amalgamating various base models such as artificial neural networks (ANNs), support vector machines (SVMs),
multiple linear regression (MLR), decision trees (DTs) and random forest (RF) to construct a sophisticated
construction cost forecasting model. Remarkably, empirical findings demonstrate the exceptional accuracy of the
hybrid ANN-DT model, reaching an impressive 92.1% and surpassing individual models. This breakthrough
holds the promise of substantial advantages and increased profitability within the construction industry,
particularly benefitting professionals in civil engineering, architecture, and construction investing. By combining
the predictive strength of ANNs with the transparent decision rules of DTs, this hybrid model effectively
addresses the industry's need for precise predictions and understandable forecasting methodologies, representing
a significant advancement in enhancing informed decision-making processes within the construction domain.

Keywords: construction cost estimation, machine learning, hybrid learning model, residential buildings

NMHHOBAIIMOHHBIE 'MBPU/IHBIE METO/Ibl MAHIMHHOI'O
OBYYEHUA JJI5 ITPOT'HO3UPOBAHUA CTOUMOCTHU
CTPOUTEJIBCTBA

K. Jlamone, K. Bucene
busnec-mkona MaxacapakxaM, YHuBepcuter Maxacapakxam, Maxacapaxkxam, TAWJTAHJT

AnHotamusi: CIOXHO TIEPEOICHUTh BAYKHOCTh TOYHOW OIIEHKH 3aTpaT B cepe WHBECTHUIMH B CTPOHTEIBCTBE,
MOCKOJIBKY A3TO CIYKHT KPacyrojdbHBIM KaMHEM ISl TPUHATHA BaKHEHIINX WHBECTHIMOHHBIX perreHnid. K
COKAJICHUIO, HETOUHBIC OIIEHKHM YacTO MPHUBOMAT K 3HAYUTEIBHBIM YOBITKAM M3-3a HEBEPHBIX HHBECTHLIMOHHBIX
neneit. Iloatomy cozmanue 3(h(hEKTUBHONW CHCTEMbI TMOJUIEPKKH TPUHATHS WHBECTUIIMOHHBIX PEIICHUH CTallo
TIEPBOCTEIIEHHBIM HAIIPABJICHUEM HCCIEIOBAHUNA, MPH3BAaHHBIX IIOMOYb HHBECTOPAM B CTPOUTENBCTBO CIETATh
00OCHOBAaHHBIII M CBOEBPEMEHHBIH BbIOOp. JlaHHOE HCCiIenoBaHKME TOCBSIIEHO HOBOMY THOPUIHOMY MOIXOIY
mammHHOro oOyuenust (HML), oObenumstomeMy pasianyHble 0Oa30Bble MOJENH, TaKHe KaK HCKYCCTBEHHBIC
Heliponnble cetn (ANN), MammHbl BeKTOpoB mojyiepkkn (SVM), MHO)kecTBeHHasi nnHelHas perpeccus (MLR),
nepeBbst pemennid (DT) u cywaiineiii iec (RF), 1yt mocTpoeHUsT CITIOKHONW MOJIEIH MIPOTHO3UPOBAHMST CTOUMOCTH
CTpoOMTENbCTBA. [IpUMedaTenbHO, YTO HMIUPHUYECKUE PE3YNbTaThl JEMOHCTPUPYIOT HCKIIIOUYUTENBHYH) TOYHOCTD
rudpuaHoi Mogenmn ANN-DT, nocrurarontyto Bnevamironmx 92,1% M npeBOCXOISIIYIO OT/IEIbHBIE MOJEIH. DTO
o0eIaeT CyIIeCTBCHHBIC TPEUMYINECTBA U TOBBIIICHHE PEHTA0CTFHOCTH B CTPOHUTEIBHON OTPAciy, 4To OyaeT
TIOJIE3HBIM ISl CTICIMAICTOB B OOJIACTH TPaKTAHCKOTO CTPOHTEIBCTBA, APXUTEKTYPhl M WHBECTUPOBAHUS B
ctpourenbeTBo. Coueras mpeackasarenbHyo ciny ANN ¢ mpo3pauHbIMU IpaBUiIaM MpuHATHA pemernii DT, ata
rudpuaHas mojenb 3(P(GEKTHBHO YIOBIETBOPSET MOTPEOHOCTH OTPAcAM B TOYHBIX IIPOTHO3aX M TTOHSTHBIX
METOJIOJIOTHSX IPOTHO3MPOBAHUS, MPEACTABIIA €000 3HAUMTENBHOE JOCTIDKEHHWE B YIIyUIICHHH IIPOIECCOB
TIPUHSTHSI 0OOCHOBAHHBIX PELIIEHUH B CTPOUTENBHOM chepe.

KaroueBble ci10Ba: olieHKa CTOMMOCTH CTPOUTENHCTBA, MATMHHOE 00yUYeHUe, THOPH/IHAST MOJIENb 00yUeHHS,
KHJIBIE 3[JaHUS

Volume 20, Issue 3, 2024 69



1. INTRODUCTION

Precisely estimating the construction cost of
residential buildings through machine learning
harnesses the real estate landscape of Thailand.
The importance of residential living or housing
structures within the flat-building paradigm is
crucial to human life, representing a
fundamental aspect of human shelter. The
burgeoning real estate sector in Thailand has
seen a significant surge in construction, notably
following the COVID-19 situation that impacted
the country and the globe, resulting in economic
slowdowns. However, the current market
dynamics present challenges in accurately
appraising property values. In this context, the
assessment process of property valuation is
transitioning from traditional methodologies to
predictive machine learning techniques.

The cost estimation method [1] serves as a
fundamental  cornerstone in  engineering
endeavors associated with entire projects. It
exerts significant influence across various
aspects, encompassing planning, project
feasibility studies, bidding, design, construction
management, and cost control. The outcomes of
such estimations play a crucial role in assisting
project planners and stakeholders in evaluating
project feasibility and efficiently managing
costs within the intricate scope of detailed
project design. Given the inherent scarcity of
data available for comprehensive project
coverage in the initial phases, construction
managers rely extensively on their experience to
conduct these estimations. This practice greatly
facilitates accurate project cost estimation,
offering enhanced convenience in project cost
evaluations [2]. Comprehensive cost estimation
entails complex  assessments  involving
materials, overhead costs, labor quantities,
space, public utilities, sales considerations,
temporary parameters, and arrays of associated
costs all encapsulated within the project's
structural framework and timeline.

Preliminary or rough construction cost
estimation entails an initial approximation of
project expenses, even as the finer details of the
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components remain incompletely delineated.
The accuracy of this preliminary estimate is
reliant upon the estimator's expertise and may
incorporate pertinent data extrapolated from
analogous completed undertakings. This
estimation process commonly manifests a range
of variability, typically spanning between 10%
and 30% [3], [4], as depicted in Fig. 1.
However, Kawee Wangnivejankul [4] posits
that this variability may potentially extend up to
50%, thereby introducing an elevated level of
risk into the construction undertaking.
Consequently, prudent consideration should be
accorded to potentially circumventing the
preliminary estimation process when feasible,
given its propensity to exert a significant
influence on the inherent risk profile associated
with the construction endeavor. The process of
detailed construction cost estimation becomes
tenable when equipped with a comprehensive
and exhaustive design schema. This entails an
intricate dissection of construction materials
into quantifiable units, subsequently affording
the quantification of costs spanning materials,
labor, machinery, operations, profit margins, tax
implications, and financial interests, among
other factors.

Empirical cost models rely on statistical analysis
and historical data curve-fitting, predominantly
using capacity as the primary variable.
Concurrently, cost estimation by area or volume
entails computing project expenses based on the
dimensions of a structure or material,
encompassing surface area (in square footage) or
volume (in cubic meters) considerations. Area-
based estimation involves multiplying the cost per
unit area by the total area, while volume-based
estimation multiplies the cost per unit volume by
the total required volume. These widely employed
methods in construction facilitate precise
budgeting and planning for various development
projects, particularly for materials like concrete,
paint, and roofing. Parametric models leverage
multiple variables, often employing empirical or
hybrid empirical/factored approaches, providing
tailored specificity for different applications
compared to typical parametric or factored cost
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models. Factored cost models, commonly utilized
in water treatment and oil and gas sectors, rely on
capital cost estimates for major equipment and
incorporate factors for the remaining capital costs,
usually requiring design development and vendor
quotations. Material take-off, employed post-
significant design activity, involves tallying
components and furnishing material schedules,
along with cost quotations for each line item.
While highly accurate, this method necessitates a
well-developed design [5]. Empirical and
parametric models are predominantly favored in
the early stages of development, with the
Association for the Advancement of Cost
Engineering (AACE) [6] offering guidelines on
estimate accuracy at various project stages. Figure
1 outlines estimate uncertainty and the typical
level of design detail provided.

The utilization of advanced machine learning and
regression techniques enhances the capability to
predict property values of flat-building structures,
depending on influential factors within diverse
market domains. This study explores innovative
decision tree algorithm models, which are

Empirical or Rough

Cost Estimation Parametric

Material Take Off (MTO)

unsupervised learning paradigms that function
without stringent parameter dependence. These
algorithms serve for both classification and
regression analysis, synthesizing the core
principles of decision-making algorithms [7]
derived from the inherent nature of data. The
overarching objective is to construct an efficient
model capable of expertly predicting target
variable values. Machine learning (ML) has found
widespread applications across various industrial
and business sectors. ML technology has
undergone extensive development, expanding
predictive capabilities in diverse applications. The
intriguing study illustrates the efficacy of ML
methods in forecasting or classifying various
factors, such as interest rates and real estate prices
within specified contexts. Construction cost
estimation stands as a pivotal issue under scrutiny,
featuring a comprehensive and intricately detailed
examination of ML capabilities. Furthermore,
construction cost projections pose nonlinear
challenges influenced by various construction
years and features, both direct and indirect.
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Figure 1. The relationship between construction cost estimate accuracy, the time allocated for
estimation, and the project's developmental stage
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Machine learning (ML) is a subset of artificial
intelligence (AI) that collaborates with
algorithms and technologies to extract valuable
insights from data. ML is suitable for
calculations associated with data because it
cannot  process data  efficiently and
independently without ML. Hence, the reliance
on algorithms enabling ML to be a predictive
algorithm capable of quantitatively processing
data for predictions, as stated by Xu et al. [8].
ML has significantly transformed various
industries and emerged as a powerful tool in the
construction sector, automating processes. ML
technology is crucial for processing vast
amounts of data, saving time, and enhancing
processing resource efficiency. Moreover, it
may be particularly suitable for the construction
industry in predicting financial costs and time,
achieving optimal efficiency [9].

Within the realm of construction cost
estimation, Tayefeh Hashemi et al. [10]
conducted an in-depth analysis of research
papers over a span of 30 years, from 1985 to
2020. These papers aimed to apply ML
techniques for cost estimation in construction
projects. The overarching goal of these studies
was to develop predictive models capable of
accurately estimating costs, especially before
bidding, facilitating informed decision-making
by project managers based on project data.
Notably, widely used ML techniques have been
employed in reviewed literature, including
Artificial Neural Networks (ANN), Regression
Analysis (RA), Case-Based Reasoning (CBR),
and Support Vector Machines (SVM). This
analysis aligns with the findings of Elfaki et al.
[11] in their survey of construction cost
estimation over the past decade, emphasizing
the enduring prominence of classic ML
techniques, particularly ANN and SVM, within
the field.

The several research studies have illuminated
the complexity and significance inherent in
predicting real estate prices, acknowledging the
diverse factors that wield influence within the
housing market. Sifei Lu et al. [12] underscored
the necessity for refined methodologies
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extending beyond the conventional House Price
Index. Their emphasis lay in accurately
predicting individual house prices, considering a
spectrum of factors like location, house type,
size, construction year, and local amenities.
They proposed a hybrid Lasso and Gradient
Boosting regression model, showcased by its
exceptional performance in the Kaggle
Challenge "House Prices: Advanced Regression
Techniques," ranking among the top 1% among
all participants, signifying promising predictive
capabilities.

Sruthi Chiramel et al. [13] recognized the
challenges faced by homebuyers due to inflation
and escalating housing prices. Their study
aimed to predict house prices in lowa, USA,
utilizing regression analysis and various
explanatory  variables. It detailed the
effectiveness of models like Linear Regression
and Ridge Regularization, emphasizing their
significance in employing machine learning
techniques for addressing house price prediction
challenges.

On a different note, Gergo Pinter et al. [14]
introduced a pioneering machine learning
approach that employed Call Detail Records

(CDR) to investigate how  mobility
characteristics influence real estate price
prediction. Utilizing Al and fundamental

mobility entropy factors linked to dwellers’ and
workers’ attributes, their model, employing a
multi-layered perceptron (MLP) with particle
swarm optimization (PSO), revealed substantial
correlations between mobility factors and real
estate prices. Similarly, Choujun Zhan et al.
[15] highlighted the crucial role of accurate
house price prediction models in shaping
national real estate policies. Their research
introduced a framework leveraging Hybrid
Bayesian  Optimization (HBO)  models,
including Stacking (HBOS), Bagging (HBOB),
and Transformer (HBOT), aiming to enhance
forecasting performance through
hyperparameter tuning. A comparative analysis
against benchmark models underscored the
superior predictive performance of HBOS
models, supported by a comprehensive multi-
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source dataset encompassing Hong Kong real
estate transactions from 1996 to 2021.

Despite the notable predictive capabilities of
classical models utilized in previous research,
attempts to enhance their efficiency have fallen
short. In contrast, ML models have
demonstrated varying degrees of effectiveness,
particularly in real estate valuation and
prediction within the residential domain, relying
predominantly on readily available ML
methodologies. However, existing literature has
primarily focused on evaluating value and
forecasting real estate using foundational ML
techniques, overlooking the significance of
integrating hybrid machine learning models
derived from general-purpose models to
streamline and elevate work practices.
Presently, predictive models using ML for
construction cost estimation in Thailand are
gaining attention, albeit predominantly relying
on widely used basic learning techniques. The
implementation of hybrid learning methods

lacks comprehensive comparative
demonstrations, a crucial aspect within the
learning  domain. This knowledge gap

necessitates the refinement of ML models for
precise real estate price forecasting. Current
studies endeavor to bridge these gaps
comprehensively and address these challenges.
The aforementioned issues arise when business
owners, project managers, or homeowners seek
precise and detailed construction  cost
estimations, which consume considerable time
and often require the involvement of engineers,
architects, or estimators. Developing predictive
models for flat-house construction cost
estimation using cutting-edge ML techniques
proves beneficial. This Al technique facilitates
automated computer learning, enabling direct
cost predictions from household area data,
reducing the necessity for human intervention in
the design process. Simultaneously, it maintains
cost estimates closely aligned with traditional
estimation methods

This research aims to achieve the objective of
proposing innovative directions for low-rise
building construction cost estimation using

Volume 20, Issue 3, 2024

hybrid machine mearning (HML) techniques.
The study endeavors to comprehensively
compare the performance among various HML.
Upon attaining these objectives, the study
intends to present valuable insights into
residential price estimations, aiming to enhance
the accuracy and efficiency of real estate
forecasts within the housing market ultimately.
These advancements provide invaluable insights
and tools for scholars, practitioners, engineers,
architects, and investors aiming to gain a deeper
comprehension of housing market dynamics.
This deeper understanding enables more
accurate predictions of market trends.

The remaining sections of this paper adhere to a
structured framework. Section 2 provides an
overview of the dataset and hybrid machine
learning methodologies. Section 3 presents the
empirical findings, culminating in Section 4, the
conclusion.

2. METHODS

In this section, the dataset description for house
price forecasting is defined. Following this, a
data pre-processing method is proposed for
house price prediction utilizing individual
machine learning models and hybrid machine
learning techniques. Within this framework, the
analysis focuses on assessing the performance
enhancement of 10 hybrid models for house
price forecasting, evaluated using 8 measures to
gauge predictive accuracy.

2.1. Dataset

The proposed model was applied using a dataset
obtained from the Bureau of Public Works in
Bangkok, focusing on low-rise housing and
their corresponding prices. This dataset includes
15 key features defining different aspects of the
low-rise  buildings: construction cost (y),
number of stories (x1), total usable area
covering all floors (x2), area dedicated to
bedrooms (x3), allocated bathroom area (x4),
space for living rooms or restrooms (x5),
kitchen and dining area (x6), laundry facilities
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area (x7), balcony area (x8), space for stairs and
corridors (x9), areas covered by roofing (x10,
x11), parking area (x12), overall building height
(x13), roof height (x14), and average floor
height (x15). These features collectively
describe various physical and functional
attributes of the low-rise structures, forming the
basis for the predictive model's analysis.

2.2. Data analysis
In this study, we conducted a comparative
analysis of various HML algorithms like ANN,
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SVM, MLR, DT, and RF to predict construction
costs for low-rise building projects. The aim
was to identify the most precise and dependable
method for estimating construction expenses.
The dataset used in this analysis includes
information on low-rise housing and their
corresponding prices obtained from the Bureau
of Public Works in Bangkok. It comprises 120
samples and encompasses 15 distinct attributes.
Statistical measures of the dataset, including
minimum, mean, maximum, and standard
deviation, are visually represented in Figure 2.
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Figure 2. Visualization of the dataset

2.3. Data pre-processing

The meticulous data preprocessing steps
involved managing missing data and precise
segmentation into training and testing sets. The
initial focus in predicting low-rise building
prices was on selecting high-quality datasets
sourced meticulously from reliable sources.
These datasets encompass features like room
area, building height, and amenities, all
influential in determining the prices of low-rise

buildings. Ultimately, the dataset was split into
training, validation, and testing sets, facilitating
model evaluation, training, hyperparameter fine-
tuning, and accurate performance assessment.

2.4. Machine learning techniques base model
ML algorithms excel in modeling intricate and
ambiguous systems, even when nonlinear
relationships are unknown. In this study, five
distinguished ML algorithms, namely ANNS,
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SVMs, MLR, DT, and RF, are employed to
create the proposed models. Leveraging these
diverse algorithms enhances the predictive
power of the approach. Additionally, detailed
explanations of the design parameters for each
algorithm are provided. The workflow process
of the fundamental base ML is depicted in
Figure 3.

Artificial Neural Networks (ANN) are a class of
machine learning algorithms inspired by the
human brain's neural structure. Comprising
interconnected nodes (neurons) arranged in
layers, ANNs are capable of learning complex
patterns and relationships in data. They operate
by receiving input data, processing it through
these interconnected layers, and producing an
output [14, 16].

Support Vector Machines (SVM) are supervised
learning models used for classification and
regression tasks. SVMs classify data by finding
the optimal hyperplane that best separates
different classes in a dataset [17]. They work
well in both linearly and non-linearly separable
datasets by transforming input data into higher
dimensions to find an optimal boundary.
Multiple Linear Regression (MLR) is a
statistical method used for modeling the
relationship between a dependent variable and
multiple independent variables [18]. It extends
simple linear regression by accommodating
more than one predictor variable, predicting a
continuous output by estimating the coefficients
of each predictor variable.

Decision Trees (DT) are tree-like structures
used for both classification and regression tasks.
They make decisions by splitting the dataset
based on feature values, creating a tree structure
of if-else decision nodes that lead to leaf nodes
providing predictions [19].

Random Forest (RF) is an ensemble learning
technique based on the concept of constructing
multiple decision trees. It builds multiple trees
and merges their predictions to improve
accuracy and prevent overfitting by aggregating
the predictions from various trees. Random
forests are versatile and suitable for
classification and regression problems [20].
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Figure 3. The classic base ML work flow

2.5. Hybrid machine learning model

Hybrid machine learning (HML) represents an
innovative technique in machine learning where
multiple models are amalgamated to enhance
predictive accuracy, robustness, and
generalization compared to employing a single
model. Each hybrid method incorporates a
distinct strategy to combine predictions from
individual base models, employing various
techniques. The workflow of HML is illustrated
in Figure 4.

In the realm of predictive modeling, the quest
for accuracy and robustness drives innovation.
Recent advancements have shown that
combining distinct machine learning algorithms
into a hybrid model can significantly improve
predictive performance. This study delves into
the synthesis of hybrid models, each integrating
two distinguished algorithms - an approach that
has exhibited promising results in enhancing
predictive power across various domains.
Utilize a diverse set of ten hybrid models,
including combinations like ANN-SVM, ANN-
MLR, ANN-DT, ANN-RF, SVM-MLR, SVM-
DT, SVM-RF, MLR-DT, MLR-RF, and DT-RF.
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ANN-SVM, the fusion of ANN and SVM aims
to leverage the strength of both models. ANN,
known for its ability to learn complex
relationships in data, is combined with SVM,
revered for its robustness in handling non-linear
data. By merging ANN's capacity to
comprehend intricate patterns with SVM's
proficiency in handling high-dimensional
datasets, the hybrid model offers a formidable
approach to prediction tasks, effectively
capturing  nuanced  relationships  while
maintaining resilience against overfitting.
ANN-RF, the hybridization of RF with ANN
capitalizes on the strengths of both models. RF,
a robust ensemble technique, brings its prowess
in handling high-dimensional data and
mitigating overfitting. By combining it with
ANN's proficiency in learning complex
relationships, this hybrid model endeavors to
achieve improved generalization and predictive
accuracy. The integration aims to refine
predictions by mitigating biases from individual
models, thus enhancing overall predictive
performance.

ANN-DT, the fusion of ANN and DT seeks to
leverage ANN's capacity for learning complex
relationships and DT's interpretability and
handling of non-linearities. By combining
ANN's deep learning capabilities with DT's tree-
based structure, this hybrid approach aims to
capture intricate patterns while ensuring
transparency and ease of interpretation in the
decision-making process.

ANN-MLR, the amalgamation of ANN with
MLR attempts to amalgamate ANN's ability to
capture complex data patterns with MLR's
simplicity in handling linear relationships. This
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union endeavors to exploit ANN's proficiency in
learning intricate features while augmenting it
with the interpretability and clarity of linear
relationships provided by MLR, creating a
balanced predictive model.

SVM-MLR, the coupling of SVM and MLR
strives to unite SVM's robustness in handling
complex data structures and MLR's capacity for
understanding linear relationships. By merging
the strengths of SVM's effective classification
boundaries  with MLR's  straightforward
interpretation, this hybrid approach aims to
create a model that adeptly navigates both linear
and non-linear aspects in data.

SVM-DT, the fusion of SVM and DT
capitalizes on SVM's ability to handle high-
dimensional data and DT's interpretability in
handling complex decision boundaries. This
pairing aims to amalgamate SVM's resilience
against overfitting with DT's capacity to
partition data into smaller subsets, providing a
model capable of handling complex data
structures while retaining interpretability.
SVM-RF, the fusion of SVM with RF aims to
merge SVM's ability to handle high-dimensional
data and RF's ensemble-based learning. By
combining SVM's robustness in creating effective
decision boundaries with RF's ensemble of diverse
decision trees, this hybrid model aspires to
enhance predictive performance by leveraging the
strengths of both algorithms.

MLR-DT, a fundamental tool for understanding
linear relationships, is coupled with DT, famed
for its interpretability and non-parametric
nature. The combination aims to harness the
interpretive simplicity of linear regression while
augmenting it with DT's capability to handle
non-linearities and interactions within the data.
This amalgamation promises a balanced model
that navigates both linear and non-linear
aspects, providing a comprehensive view of the
predictive landscape.

MLR-RF, the fusion of MLR with RF seeks to
unify MLR's ability to model linear
relationships with RF's ensemble-based learning
approach. MLR, known for its simplicity and
interpretability in modeling linear relationships,
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is combined with RF's ensemble of decision
trees, which excels in capturing complex
nonlinearities and interactions within data. This
amalgamation aims to create a hybrid model
that harmonizes the interpretability of linear
regression with the predictive power of
ensemble-based learning.

DT-RF, the fusion of DT with RF seeks to
combine DT's tree-based structure and
interpretability with RF's ensemble learning
approach. This hybridization aims to leverage the
interpretability and ease of understanding
provided by DT while harnessing the robustness
and predictive power of RF's ensemble learning,
potentially enhancing overall model performance.
In conclusion, the amalgamation of these
leading machine learning algorithms into hybrid
models presents a compelling approach to
enhancing  predictive  capabilities. ~ The
combinations offer complementary strengths,
effectively addressing various complexities
inherent in diverse datasets. The pursuit of
hybrid models, combining two powerful
algorithms at a time, marks a significant stride
toward achieving more accurate and resilient
predictive models in the architecture of machine
learning.

2.6. Performance measure

Mean Absolute Error (MAE) is the average of
the absolute differences between the predicted
and actual values. It measures the average
magnitude of errors without considering their
direction [19].

Mean Squared Error (MSE) is a measure of the
average squared difference between the actual
and predicted values [19]. It squares the
difference between predicted and actual values
for each data point, sums those squares, and
then divides by the number of data points (or
samples). It penalizes larger errors heavily due
to the squaring effect.

Root Mean Squared Error (RMSE) is the square
root of the MSE. It provides an interpretable
metric in the same units as the target variable
[13]. RMSE is more sensitive to outliers
compared to MAE.
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R-squared (R2) represents the proportion of
variance in the dependent variable that is
predictable from the independent variables in
the model. It ranges from O to 1, with higher
values indicating a better fit of the model to the
data [18, 21].

Mean Absolute Deviation (MAD) calculates the
mean of the absolute deviations between predicted
and actual values. It measures the average
difference between predicted and actual values.
Mean Absolute Percentage Error (MAPE)
computes the average percentage difference
between predicted and actual values. It's useful
for understanding the relative error between
predictions and true values [19].

Root Mean Squared Logarithmic Error
(RMSLE) calculates the average difference of
the logarithmic values of predicted and actual
values. It's commonly used when the target
variable has a wide range of values [20].
Adjusted R-squared (R2 Adjusted). Adjusted is
a modified version of R2 that adjusts for the
number of predictors in the model. It penalizes
the addition of unnecessary predictors that do
not improve the model significantly.

The predictive performance of the model is
assessed using eight evaluation measures,
defined as follows

1
MAE = W = ‘yi(pred) _yi(actual) (1)
1 & 2
MSE = N 2 (yi(pred) _yi(actual)) (2)
1 2
RMSE = N;(yi(pred) - yi(actua/)) (3)
R2 _ 1_ Z(yi(pred) _yi(aalual) )2 4
- z( _ )2 ( )
Yy i(average) Yy i(actual)
1 N .
AMD = Nzl medlann (yi(actual) - yi(pred) ) (5)
1 N |y[(acmal) - yi(pred)
MAPE =3 -, ] (6)
i=1 maX(T, |yi(az‘fual)
1 N
RMSLE = \/N Z (log,(1+ yi(am‘ual)) —log, (1+ Yitored) )’ (7)
i=1
_ (1-R*)(n-1)
Rjd/’u.vted - 1 - {ﬁ (8)
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where yi(actual) is the actual low-rise building
construction cost, yi(pred) is the predicted low-
rise building construction cost, yi(average) is
the average low-rise building construction cost,
N is the total number of observations, m is the
number of sample features and 1 is an arbitrarily
small but strictly positive number to avoid
undefined results [15, 18].

The success of predicting construction cost
estimation relies significantly on selecting the
most fitting algorithm. The evaluation of
various algorithms is carried out meticulously,
employing pertinent assessment metrics like R2,
MSE, or MAE on the validation dataset. The
algorithm that displays exceptional predictive
capabilities and robust generalization becomes
the chosen prediction model. Overall, these
methodologies span crucial phases from data
selection and preprocessing to model training
and  algorithm  selection, providing a
comprehensive solution for low-rise building
price prediction. This systematic approach
enables real estate professionals, investors, and
analysts to make well-informed decisions
backed by accurate predictions of low-rise
building prices.

3. RESULT AND DISCUSSION

In this section, we delve deeply into the
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development and training of machine learning
hybrid models, utilizing a pre-processed dataset.
The focal point lies in presenting a
comprehensive comparative analysis of the
performance of all ten hybrid machine learning
algorithms. This comprehensive analysis
encapsulates an all-encompassing parameter

tuning process aimed at bolstering the
robustness in  performance  evaluation.
Furthermore, = employing  10-fold  cross-

validation enhances the reliability of this
performance assessment.

The primary objective of this study is to forecast
low-rise building construction costs utilizing the
advantages of ten sets of hybrid machine
learning models. To measure their efficacy, we
employed eight distinct statistical metrics, as
detailed in Table 1, aiming to assess the
accuracy of each model in estimating the
housing construction costs in Thailand. As
indicated in Table 1, the ANN-DT model
emerged as the most prominent hybrid model,
exhibiting an impressive accuracy of 0.921.
Following closely, the ANN-MLR showcased a
commendable accuracy of 0.916, while both the

ANN-RT and MLR-DT  demonstrated
accuracies of 0.907. Conversely, the models
utilizing the SVM algorithms displayed

relatively lower accuracies, especially the SVM-
RF model, registering the lowest accuracy at
0.696.

outcomes derived from the meticulous
Table 1. The summary of the HML algorithms performance
No. Model R2 |R2 Adj MSE RMSE MAE MAD MAPE | RMSLE
1 | ANN-SVM [0.804| 0.713 | 85611185529 {292593.89| 195276.88 | 195276.88 | 0.18 0.24
2 | ANN-MLR [0.916| 0.877 | 36642276522 |191421.72| 135165.07 | 135165.07 | 0.10 0.13
3 ANN-DT [0.921| 0.885 | 34164053244 |184835.21 | 125468.65 | 125468.65 | 0.11 0.15
4 ANN-RF [0.905| 0.861 | 41433259536 |203551.61| 137532.68 | 137532.68 | 0.11 0.15
5 | SVM-MLR |0.753| 0.637 |108144129649|328852.75| 198573.01 | 198573.01 | 0.16 0.21
6 SVM-DT [0.759| 0.646 [105538683718|324867.18| 192032.70 | 192032.70 | 0.18 0.24
7 SVM-RF |0.696| 0.554 |132884310435|364533.00| 211720.14 | 211720.14 | 0.18 0.25
8 MLR-DT [0.907| 0.864 | 40622706349 |201550.75| 126171.77 | 126171.77 | 0.09 0.12
9 MLR-RF [0.875| 0.816 | 54831353216 |234160.96| 143613.72 | 143613.72 | 0.09 0.12
10 DT-RF |0.868| 0.807 | 57601528945 [240003.19| 138988.05 | 138988.05 | 0.11 0.16
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Consequently, these research findings enable us
to draw two significant conclusions. Firstly, the
ANN-DT model outperforms all other models,
consistently securing the top rank across almost
all eight-evaluation metrics. This indicates that
ANN-DT demonstrates increased stability and
superior overall performance within the housing
price dataset. Secondly, these findings suggest
that the ANN-DT hybrid model is the most
suitable for estimating low-rise building
construction costs in Thailand, surpassing other
hybrid learning models.

The comparison of accuracy performance
among the 10 hybrid machine learning models
is depicted in Figure 5. This representation
illustrates their effectiveness in predicting the
construction cost of low-rise residential
buildings, showcasing varying predictive
capabilities. However, aiming for predictions
with an error rate of less than 10 percent,
aligned with AACE's recommendations for
finished design and model approximation,
reveals only 4 models that meet this criterion.
These models consist of ANN-DT, ANN-MLR,
ANN-RF, and MLR-DT.

HML Model Comparison
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Figure 5. Comparison of accuracy among the HML models

In summary, the research involved evaluating
predictions made by 10 hybrid machine learning
models employing diverse methodologies to
forecast the prices of low-rise buildings. The
findings emphasize the exceptional performance
of ANN-DT, positioning it as an appealing
choice for practical applications in this domain.
Furthermore, models such as ANN-MLR, ANN-
RF, and MLR-DT demonstrate outstanding
accuracy, surpassing acceptable standards for
estimating construction costs follow the AACE
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recommended. This substantiates their standing
as valuable options worthy of consideration.

4. CONCLUSION

In conclusion, this study harnessed the
predictive potential of ten HML models to
anticipate low-rise building construction cost.
Predicting construction costs for residential
housing holds significant importance within the
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economic landscape. Extensive research has
explored machine learning applications in
modeling house price predictions. However, this
study encounters specific limitations. Firstly,
diverse machine learning models exhibit distinct
strengths and weaknesses, and a model's
performance in a specific metric or dataset
doesn't ensure universal efficacy. Secondly,
enhancing machine learning model performance
heavily relies on hyperparameters, posing
challenges in optimizing models through
traditional grid or random search methods.

To address prevailing challenges in current
house  price  prediction  methodologies,
characterized by high similarity in price trends
across different regions, this study introduces a
comprehensive and innovative framework for
accurate house price forecasting. Initially, basic
models including ANN, SVM, MLR, DT, and
RF were utilized to develop ten hybrid machine
learning models incorporating techniques such
as ANN-SVM, ANN-MLR, ANN-DT, ANN-
RF, SVM-MLR, SVM-DT, SVM-RF, MLR-
DT, and DT-RF. Next, eight evaluation metrics
including MSE, RMSE, MAE, R2, MAD,
MAPE, R2adjusted, RMSLE were employed
to analyze and compare the performance of
these models.

The findings pinpointed the remarkable
accuracy of ANN-DT with a high score of 0.921
among all tested models. This hybrid technique
amalgamated expertise from different models,
showcasing outstanding results. Additionally,
ANN-MLR, ANN-DT, and MLR-DT
demonstrated competitive accuracy, scoring
0.916, 0.907, and 0.904, respectively. These
outcomes underscore significant performance
enhancements  achievable through  mass
techniques compared to details designing and
tweaking models to limit deviations to under
10%, as recommended by AACE.

The study contributes valuable insights
applicable to both academia and industry,
particularly in refining house price prediction
accuracy. It represents a significant stride in real
estate market research by addressing existing
limitations and establishing a foundational
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methodological framework for future house
price prediction studies. Although this study
demands substantial computational resources,
future endeavors aim to explore more efficient
model architectures, optimization techniques,
and increased data utilization. Further research
will encompass three facets: integrating a multi-
source data fusion framework, employing
diverse datasets for comprehensive model
performance assessment, and exploring factors
influencing real estate values to provide policy
recommendations.
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DIAGNOSTICS AND RENOVATION METHODS FOR STEEL
PIPELINES

Viadimir A. Orlov, Sergey P. Zotkin, Dmitry V. Podolyan
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Abstract. The article explores the analytical challenges and potential applications of diagnostic equipment and
tools for cost-effective restoration of aging pressure pipeline systems at minimum costs for water transportation.
The study focuses on a section of a water supply network made of steel pipes that requires repair and restoration
due to corrosion damage and wall thinning.

The paper presents an analysis of effective non-destructive pipeline diagnostic methods, details the design and
technical specifications of the domestic diagnostic system HeatScan. Provided are sample magnetograms that
indicate defect zones and the absolute residual wall thickness at the defect locations. The benefits of the
HeatScan system over the Inspector Systems flaw detector are also shown.

To identify the most cost-effective pipeline repair method, three alternative technologies for inserting polymer
pipes into the existing pipeline are considered, along with a calculation of the energy consumption for water
transportation. It is noted that the most cost-efficient repair method could be the Swagelining technology, which
involves pre-compressing the polymer pipe with the subsequent straightening. Information on the return-on-
investment period for the diagnostic system when used in pipeline restoration projects is provided.

Keywords: pipelines, diagnostics, repair methods, energy consumption, return on investment period

JAUATHOCTHUKA CTAJIBHBIX TPYBOITPOBO/J0B U METO/1bI
NX PEHOBAIINNA

B.A. Opnos, C.II. 3omxun, /I.B. Ilooonan

HarmonaneHeIl MccaenoBaTenbckuii MOCKOBCKHI TOCYJAPCTBCHHBIN CTpouTeNbHbIH yHUBepcuTeT (HUY MI'CY),
r. Mocksa, POCCH

AHHOTanus. B cTaTthe paccMaTpHBaIOTCs MOUCKOBBIE 3a1a41 AHATM3a U BO3MOYKHOTO HCIIONIB30BaHMUs 000PYIOBAHUS 1
TPHOOPHON 0a3bl 1O WATHOCTHKE [UTSI PEIICHMS] BOIMPOCOB S(PQPEKTUBHON PEKOHCTPYKIMHM BETXMX HAMOPHBIX
TPYOOIPOBOAHBIX CeTel P MUHUMAJIBHBIX JICHEKHBIX 3aTpaTax Ha TPAHCTIOPTHPOBKY BOAIBL. OOBEKTOM HUCCIICOBAaHHH
SIBIISIETCSI Y4acTOK CTaJIbHOM BOJOMPOBOIHOM CETH, KOTOPBIH TOJJIEKUT PEMOHTHO-BOCCTAHOBUTEIILHBIM OIEpaIisiM B
CBSI3H C HATMYKEM JIe(DEKTOB B BUJIC KOPPO3MOHHBIX MOBPEKICHUN U YTOHEHHSI CTEHOK.

[Mpencrasnen aHanu3 3pHEKTUBHBIX METOOB JIMArHOCTHKY TPYOOIIPOBOIOB METOIaMH HEpa3pyIIAOIIEro KOHTPOJIS,
olycaHa KOHCTPYKIMSI W TIPUBEACHBI TEXHWYECKUE XapaKTEPUCTHKU W Pe3yJbTaTbl pabOT OTEUECTBEHHOIO
Jmartocruyeckoro komruiekca HeatScan. IpuBenensl 00pasipl MarHUTOrpaMM, CBHJICTEIBCTBYIONIMX O HAJIWYUN
Je(eKTHBIX 30H W aOCOJIOTHBIX BEJIMYMH OCTaTOYHOW TONIIMHBI CTEHOK B Mectax jaedextoB. [lpencrapieHs!
npenmymiecTBa Komruiekca HeatScan ro cpaBaenuro ¢ nedexrockoriom Inspector Systems.

B memsix BeisBACHWS HauOojee SKOHOMHYHOTO METOJA pEMOHTa TPyOONpOBOJa PacCMOTPEHBI TpU
QIIbTEPHATHBHBIC TEXHOJOTHH MPOTSATUBAHMS B CTApblil TPyOONIPOBOJ MOJIMMEPHBIX TPYyO W NPOBEICH pacyeT
NOTpeOIeHHs HJICKTPOIHEPTUHM Ha TPAHCIIOPTUPOBKY BOABL. BEISABIEHO, 4TO Hanbojee SKOHOMHUYHBIM METOJIOM
pPEMOHTa, MOXET CIY)KUThb HPUMCHEHHE TEXHOJOTHU MPEeIBAPHTEIBHOTO CXKATHA IOJIUMEPHOH TpyOBl M
nociueaymromero pacnpavmieHus Swagelining. [IpencraBieHsl JaHHBIC O CPOKE OKYIIaéMOCTH AUArHOCTHYECKOTo
KOMILIEKCa [IPH €r0 MCIOIb30BAHUH Ha JMHEHHBIX 00BbEKTaX PeKOHCTPYKIIUH TPYOOIIPOBOIOB.

KaioueBbie c10Ba: TpyOOIPOBOJIbI, THATHOCTHKA, METOJIbI PEMOHTA, YHEProNOTpedIeHHE, CPOK OKYTAeMOCTH

INTRODUCTION and rural pipeline infrastructure are tasked with

maintaining efficient operation of utility
Organizations and enterprises involved in networks. This is achieved through extensive
construction, repair, and modernization of urban  use of diagnostic systems to assess the technical
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condition of specific sections of underground
pipelines, including culvert crossings, and to
select the optimal repair method for these
networks [1].

Particular emphasis is placed on conducting
diagnostics under challenging conditions (for
instance, in wells where pipeline access is
difficult), during emergency excavations
requiring prompt measurements, and when
laying steel pipelines in urban areas with
uniform and non-uniform layers of backfill soil,
where steel degradation may occur, etc. [2]. The
primary objective of diagnosing pressure
pipelines is to promptly identify any operational
failures and minimize the impact in an
emergency. It is necessary to consider such
factors as the type and parameters of defects, the
actual thickness of the pipe wall after prolonged
use, and the residual life of steel pipelines. The
concluding phase of pipeline network
restoration programs involves selecting the most
urgent reconstruction project and the best
method of pipeline restoration, focusing on
trenchless repair technologies, i.e., without
excavation work (with or without access inside

the pipeline).
The modernization of diagnostic work on aging
operational sections of water supply and

drainage networks, including culverts, should be
carried out by using (or purchasing) new
process equipment and its subsequent testing.
This requires a thorough analysis of the market
for diagnostic devices, up-to-date regulatory and
technical documentation, scientific literature, as
well as information available on the official

websites of companies that manufacture
equipment for inspecting and repairing
underwater pipeline crossings and offer

diagnostic, installation, and repair services for
such facilities [3].

Comprehensive diagnostics of underwater
pipeline crossings can be categorized as either
external or internal. External diagnostics
involve locating the pipeline, inspecting its
surface (either wvisually or with simple
measuring tools), instrumentally examining the
pipeline surface and insulation, and monitoring
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channel processes. Internal diagnostics are
carried out by putting instruments and devices
inside the pipeline to assess its technical
condition. The surface and internal examination
of underwater pipeline crossings is conducted
using  non-destructive  testing  methods:
magnetographic, ultrasonic, electromagnetic,
and radiographic [4].

Several non-destructive testing methods can be
used to assess the technical condition and
position of underwater pipeline crossings
relative to the seabed profile, according to an
analysis of the diagnostic equipment used [5, 6]:
1) Magnetographic methods (based on recording
changes in magnetic field lines in the zone of
pipe wall and insulation defects).

2) Ultrasonic methods (based on changes in the
reflection of ultra-short sound waves in the zone
of pipe defects).

3) Electromagnetic = methods  (similar  to
magnetographic ones, but involve the use of
electromagnetic sensors rather than magnetite
Sensors).

4) Radiographic methods (based on the use of y-
radiation).

There are two primary categories of methods for
inspecting pipelines using electromagnetic
phenomena [7, 8]:

- methods that measure the electromagnetic
fields generated by the pipelines themselves;
these methods are based on measurements of the
fields created by the pipelines, and

- methods for measuring electromagnetic fields
induced on the pipeline using specialized
systems and devices.

Several other methods have been utilized for
detecting leaks from underwater pipeline
crossings, such as analyzing pressure diagrams
along the pipeline's length at its initial and final
points, as well as optical methods that involve
introducing a fluorescent dye into the pumped
medium and subsequently detecting it under a
certain light spectrum above the pipeline's
location [9-13].

Acoustic methods, which are based on recording
sound signals arising from liquid turbulence
when it flows into a low-pressure space [14,
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15], and physical methods, which use measuring
devices to track pressure levels and flow in the
pipeline system [16], are also utilized.

It's crucial to note that in Russia, there is no
approved regulatory and technical
documentation  governing the inspection
procedures for underwater water supply and
sewerage culverts. Existing regulations, such as
SP 272.1325800.20161, are centered around
visual diagnostic methods for drainage systems,
as well as methodological guidelines for
assessing the technical state of other systems
like heating, hot water, cold water, and
wastewater disposal.

The external inspection of underwater pipelines
involves monitoring parameters such as pipeline
shape, characteristics of the water body's bottom
beneath the pipeline, thickness of the soil layer
covering the pipeline, condition of corrosion
protection, overall technical state of the
pipeline, and geotechnical properties of the
surrounding soil.

Inline diagnostics of such structures are
typically conducted in several stages. First, the
internal cavity of the diagnostic area is cleaned
to a level mandated by regulatory and technical
documentation. This is followed by the
deployment of special profile-measuring and
defect-detecting devices (including robotic
devices), with a subsequent prompt analysis of
the gathered data. Then, a stress-corrosion
device is deployed. Finally, a comprehensive
analysis of the diagnostic study results is
conducted and documented in specific reports.
Inline inspection makes it possible to monitor
parameters such as pipe geometry alterations,
metal loss due to corrosion, presence of cracks
and erosion, as well as pipeline profile, including
shifts in plan or elevation caused by soil erosion.
Russian scientists are working on innovative
instrument systems that facilitate diagnostic
studies of underwater culverts. Specifically, a
method [17] for evaluating the technical condition
of underwater utilities has been developed that
makes it possible to promptly obtain real-time
information about the object's condition, even as
the vessel is passing over the pipeline being
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diagnosed. This method employs hydroacoustic
tools to measure seabed topography and assess the
technical condition of the pipeline, including the
state of 1its insulation coating, based on
electromagnetic field parameters.

The paper [18] showcases the successful use of
the long-wave ultrasound system Wavemaker
developed by Guided Ultrasonics Ltd. from the
UK for diagnosing and monitoring hard-to-reach
pipelines. One of the key benefits of the
Wavemaker system 1is its ability to gather data
on the condition of a pipeline up to 50 meters
long by installing a special ring with
piezoelectric transducers at a single network
point, eliminating the need to move it along the
entire pipeline length. The system package
comprises a control unit and WavePro software
for a personal computer. The system can
identify zones of crack formation, corrosion,
and mechanical damage with metal loss of up to
5%, as well as welded joint defects. A
significant advantage of this system 1is that
there's no need to strip all insulation from the
pipeline, as it is enough to strip it only at the
ring's installation point. The existence of flange
connections does not impact the effectiveness of
the diagnostics. The manufacturer also offers
various types of fastening ring transducers for
ultrasonic scanning.

Russian organizations engaged in the operation
and examination of underwater pipeline crossings
have gained positive experience using domestic
electronic information systems (IS "Duker" and
IS "Duker 2.0") [19]. These systems not only store
and organize information about the facility but
also provide a comprehensive assessment of the
technical condition of underwater crossings, and
generate report documentation, including data
visualization.

Currently, the diagnostics of underwater gas and
oil pipelines are performed using advanced and
highly precise equipment, including multibeam
and narrow-beam echosounders, hydroacoustic
(ultrasonic) profilers, side- and circular-scan
sonars, devices for measuring water flow
direction and speed, as well as satellite
navigation systems [20-22].
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Side-scan sonars are advised for use in deep waters
and large water bodies. Conversely, 360-degree
sonars are suitable for use in areas with limited
depth and confined spaces. Side-scan sonars
generate ultrasonic pulses directed at the seabed at
a sharp angle and then record the reflected signals.
There are analog and digital versions of sonars,
with the latter considered more advanced.

For specialists working in construction and
pipeline maintenance, where precise location
and depth of underground objects is crucial,
radio telescopes like the Radiodetection
RDS8100 [23, 24] are an essential tool.

Pipeline swabs (also known as smart pigs) have
gained popularity for in-line diagnostics of gas
and oil pipelines [25]. These devices provide
simultaneous information about the pipeline's
spatial configuration, the geometry of the pipe
walls, and allow for monitoring of the network's
technical condition through integrated non-
destructive testing systems (typically of
magnetic or ultrasonic types).

A detailed description of these devices'
functions and their application in design
solutions can be found in the article [26].

METHODS AND MATERIALS.

To choose the optimal diagnostic complex
design, we studied the main types of products
offered by both Russian and international
manufacturers for the diagnostics and repair of
water supply and sewerage pipelines. As a result
of collection, processing, and analysis of
information, it was proposed to use Russian-
made equipment, specifically the HeatScan
diagnostic complex from the Russian company
Octanta. The study was carried out with the
direct participation of representatives from JSC
Mosvodokanal.

The HeatScan complex 1is designed for
measuring pipeline wall thickness in zones of
area thinning and for detecting defects during
continuous in-line diagnostics of steel pipelines
using a magnetic inspection method (Figure 1).
No prior preparation of the pipe is required. The
diagnostic robot in the complex is equipped
with six tracks, enabling it to traverse areas with
large deposits on the pipeline walls, and can
monitor the condition of metal through a deposit
layer up to 30 mm thick.

Figure 1. HeatScan robot
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The robot is operated by a technician inside
the autolaboratory, which is a mobile control
panel for the complex, located near the robot's
pipe entry point. The robot is loaded into the
pipe through a 600x600 mm process cut,

Vladimir A. Orlov, Sergey P. Zotkin, Dmitry V. Podolyan

either inside a heat recovery chamber or at
pipeline pits.

Table 1 summarizes the robot's
capabilities for pipeline diagnostics.

technical

Table 1. Technical specifications and capabilities of the HeatScan complex.

Range of inspected pipe diameters, mm 400-1600
Range of pipe wall thickness, mm 3-16
Length of inspection, m 500

mm

Thickness of deposits on the pipe's inner surface,

15 (up to 30 with reduced sensitivity)

Size of detected/measured defects, mm

- a through defect of 6 mm diameter

Performance, m/h

no less than 100

Number of branches passed, pcs 2
Passing through tees yes
Measurement error from the remaining wall | 20
thickness in the defect zone, %

Relative humidity, % 100%
Range of working temperatures, °C 0-70

Presented below are the additional technical
specifications for the HeatScan diagnostic
system (KMBT/I-01), which has wvalid
calibration certificates:

- manufactured in 2018 by NPO Oktanta LLC in
the Russian Federation,

- equipped with programs for remote control,
data processing, and pipeline technical
condition report generation, including defect
coordinates (MFC control),

- design type: portable,

- performance: no less than 100 m/h;

- voltage: 220 V, 50 Hz,

- power consumption: no more than 1 kVA.

RESULTS

Experimental studies of the HeatScan diagnostic
system efficiency for in-pipe diagnostics were
carried out at the Mosvodokanal JSC facility.

The diagnosed facility was a 158.4 m long steel
pressure pipeline for process water (Figure 2).
Pipeline design parameters: outer diameter
500 mm, wall thickness 10 mm. The diagram in
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Figure 3 illustrates the coding of loading points
and travel routes (No.1 and No.2) as an
example.

Figure 3 also shows the points where hydraulic
tests were conducted and the locations of
vertical attachments (risers).

Figure 2. The pipeline's location
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Figure 3. Loading point and travel routes

The magnetic inspection revealed critical
defects that are detailed in Tables 2 and Table 3.
The process of recording and coding the
inspection results involved documenting the
travel distance covered by the diagnostic
system (m), as well as the angular coordinates

of points within the pipeline's circumference
(degrees). Measurements were taken from the
cross-sections of the pipeline for each of the two
routes. The angular coordinate was measured
counterclockwise, with the top of the pipe
circumference taken as zero.

Table 2. Indicators at outer diameter of a new pipeline di=1000 mm

Route Zone Distances and  angular | Minimum remaining | Comments
number | number | coordinates of points along | wall thickness, mm
the pipeline's circumference
meters/degrees
1 1 15.6/186 5.5 -
38/261 3.7 -
38/13 6.3 -
42.5/149 3.8 -
3 42.8/233 3.7 -
43.1/163 5.1 -
48.2/219 2.5 Corrosion area
48.4/123 <1 with
4 48.2/204 <1 spot
2 48.6/196 <1 thinning
49.2/179 <1 and substantial
49.1/135 <1 defect area
5 51.9/195 3.7 -
51.6/52 4.0 -
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Table 3. Experimental data for the second route (zones 6-9)

Route Zone Distances and angular | Minimum remaining | Comments
number number coordinates of points along | wall thickness, mm
the pipeline's circumference
meters/degrees
2 6 61.1/261 3.9 -
79.7/167 29 -
7 80.2/85 3.5 -
80.5/191 3.6 -
8 84.4/204 3.2 -
9 118.3/244 5.4 -

Below are selected magnetograms of
defective zones with the most significant
defects (see Figures 4 and 5).

IIIIIi’!IﬂIII :

Figure 4. Illustration of defects and their areas on route 2 (Zone 4)

Figure 5. lllustration of defects and their areas on route 2 (Zones 7 and 8)
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Thus, as the magnetograms indicate, the most
defective zones for the earliest pipeline failure
are the coordinates of 5 points along route 2
(zone number 4), which have a bright trace and,
accordingly, the minimum values of the residual
wall thickness (less than 1 mm), which is less
than 10% of the original wall thickness and it
indicates the exhaustion of the pipeline's
resource. Thus, the wide and bright trace on the
magnetogram of Figure 4 indicates the need to
replace the dilapidated pipeline as soon as
possible or reconstruct it using appropriate
methods. In turn, Figure 5 shows only minor
small traces, for example, from 3.7 to 6.3 mm
(zones 1, 2 and 3 along route 1), which allows
us to assess the condition of the pipeline as
satisfactory at this point in time. As for the data
on route 2 (zone numbers 6-9), the so-called
"average values" of the residual wall thickness
are observed here. In this case, the technical
condition of the pipeline should be considered
as potential for reconstruction.

When comparing the diagnostic results of the
HeatScan system with those of the Inspector
Systems flaw detector, which was also tested at
the research site as an alternative device for
assessing pipeline condition, it is clear that
HeatScan is superior. Specifically, for larger
defect areas, the differential signal from the
Inspector Systems flaw detector showed quite
low values that did not accurately represent the
actual corrosion zone.

Regarding the restoration methods, the most
suitable solution for a timely repair could be
pulling new polymer pipes inside the old steel
pipeline, which has an inner diameter of
480 mm, using the appropriate technologies
[27], 1.e.:

- A deformed U-shaped pipe with an outer
diameter of 450 mm, an inner diameter of
428 mm (SDR 41), and a wall thickness of
11 mm.

- A pipe pre-compressed using Swagelining
technology with an outer diameter of 500 mm,
an inner diameter of 454.32 mm (SDR 41) after
straightening, and a new wall thickness of
12.84 mm.

Volume 20, Issue 3, 2024

- A Primus Line hose with an outer diameter of
450 mm, an inner diameter of 437 mm, and a
wall thickness of 6.5 mm.
It's important to note that there will be no
significant  alterations in the hydraulic
characteristics of the pipeline when using the
repair methods presented, as the hydraulic
friction coefficient £ of new pipes is
considerably lower than that of old steel ones.
The optimal choice among the technologies
presented above is determined by calculating
the annual energy savings AE1» for each unit
length of the restored pipeline. The energy
calculation is performed using the following
formulas (1 and 2) [28].
AE1n=[9.81-0%(4s- An)-24-3651m, (1)
where AEim is the amount of electricity saved,
kWh/year; Q is the flow rate of water supplied
by the pipeline, m%s; As and A, are the
resistivity coefficients of the old and new pipes,
respectively; mp is the efficiency factor of the
pumping unit; 24 is the number of pump
operating hours per day, h; 365 is the number of
days in a year.

-5.7276

-5.1359
As =0.0017d ,  An=0.0004d

)
where d is the inner diameter of the pipeline, m.

In the calculations, it was assumed that the flow
rate of transported water (0=0.23 m’/s, the
efficiency factor of the pumping unit n, =0.9,
the inner diameter of the old pipeline /=480 mm
and the new diameters d of polymer pipes when
using the relevant renovation technologies were
438, 454.32 and 437 mm.

Therefore, by substituting the initial data into
formulas (1 and 2), the following energy saving
values are obtained for water transportation
through the pipeline after its restoration using:

— a deformed U-shaped pipe
-5.1359
AEm = [9.81-0.23%(0.0017-0.48 -

-5.7276
0.0004-0.428 ):24-365] / 0.9 = 25.644 kWh
per year per each meter of pipeline length
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— a precompressed pipe
-5.1359
AEm = [9.81-0.23%0.0017-0.48 -

-5.7276
0.0004-0.45432 ):24:365] /09 =
43.015 kWh per year per each meter of pipeline
length

—a hose
-5.1359
AE1m = [9.81-0.233(0.0017-0.48 -

-5.7276
0.0004-0.437 ):24:365]/ 0.9 = 32.386 kWh
per year for each meter of pipeline length

Therefore, the maximum energy saving
potential during water transportation through the
restored pipeline will be achieved by utilizing
the Swagelining technology. In this scenario, the
average energy savings will be 25-40% higher
than when using the previously discussed
alternative repair technologies.

The expected savings of water supply network

operating  organizations  purchasing  the
HeatScan  diagnostic  complex (KMBT-01)
amounts to 46.0 million rubles. When

purchasing the complex, it is highly desirable
that the equipment's return on investment period
does not exceed one year. Therefore, relevant
market research was conducted, specifically
analyzing the potential use of the complex for
diagnosing steel pipeline networks in the area
serviced by Mosvodokanal JSC.

Concerning the return on investment period, a
preliminary calculation was made, based on the
length of steel networks that need diagnosing,
with the condition that the cost of the HeatScan
complex is not exceeded.

Based on the budget data incorporated into the
automated "Stroyinformresurs" program and the
current prices for 2023, diagnosing (video
inspection of a steel pipeline 158.4 m long and
500 mm in diameter with preliminary washing
and drying operations) costs 81,346.73 rubles.
To achieve the desired return on investment
period for diagnostic equipment using the
HeatScan complex and implementing the
aforementioned restoration technologies, the
total length of steel pipeline networks diagnosed
annually should not exceed
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89 km (0.1584 x 46,000,000 / 81,346.73). This
figure falls within the range of annual diagnostic
and pipeline restoration targets set by
Mosvodokanal JSC.

CONCLUSIONS

1. Following an analysis of advanced diagnostic
tools for assessing the condition of pressurized
steel pipelines, Russian-made equipment — the
HeatScan diagnostic complex — was identified
and tested on an actual site.

2.Based on the results obtained from the
operation of the HeatScan diagnostic complex,
which identifies the locations and nature of steel
pipeline defects, three trenchless repair
technologies were suggested as alternative
renovation options, which involve pulling new
polyethylene pipes into the existing pipeline.

3. The calculations showed that the most
significant economic benefit in terms of energy
savings for water transportation through the
pipeline post-restoration was achieved when
using Swagelining technology.

4. An estimate has been made of the length of
pipeline networks that can be diagnosed to ensure
a return on investment for the diagnostic complex.
5. The main directions for the implementation of
the results of the conducted research may be the
widespread use in the practice of water utilities of
the described in-line diagnostic complexes and
alternative options for the reconstruction of
pressure pipelines of water supply systems that
ensure the effect of energy saving.
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RATIONAL DESIGN OF
NONLINEAR-DEFORMABLE STRUCTURALLY
HETEROGENEOUS ELEMENTS OF STRUCTURES

Andrey V. Mishchenko ', Maxim S. Veshkin ', Vladimir L. Mondrus ?,

Leonid Yu. Stupishin 2

! Novosibirsk State University of Architecture and Civil Engineering (Sibstrin), Novosibirsk, RUSSIA
2 National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The article deals with the problem of rational design of a nonlinearly deformable heterogeneous com-
posite Timoshenko rod under force impact. The rod has a structure that is symmetrical relative to the force plane,
formed by the connection of quasi-homogeneous parts (phases, layers) with different physical properties, taking
any geometric shape in space. The structural materials that form the rod have nonlinear elastic properties. To de-
scribe the main component of the stress tensor — the normal stress in the longitudinal direction — in each phase,
the same type of approximation by entire rational polynomials is taken depending on the deformation. On their
basis, compact nonlinear equations were obtained that connect integral forces with generalized deformations of
the axial line of the rod. In this system, the rigidity characteristics of higher exponent are figured as coefficients.
Nonlinear equilibrium conditions written for the case of large displacements and rotation angles in combination
with linear kinematic relations are resolved in the form of the initial parameter method.

Based on the strength condition written in the form of a quasi-uniaxial criterion, the designing criterion is formu-
lated for the heterogeneous rod. This criterion is continuous along the longitudinal coordinates and it is discrete
along the transverse coordinates. A two-stage algorithm is developed to solve the design problem of the rational
design of a nonlinearly deformable layered rod. It makes it possible to identify the geometric functions of the
longitudinal profiling of the rod layers presented in a discrete form. Resolution relations were obtained to find
the functions of the width and height of the profiled layers.

Numerical results are presented to solve the design problem of calculating a compressed-bent I-section rod, in
which the flanges and I-beam webs were made of various materials. The presence of geometric restrictions on
variable values from below ensured non-degeneracy of the flanges at the pre-support areas. The three character-
istic areas were detected in the rod with the implementation of the calculated continuous criterion in the form of
two-, one- and zero-point conditions along the transverse coordinate. It is shown that the consideration of the
shear stresses in the rod of this flexibility is not relevant.

Keywords: layered rod, physical nonlinearity, geometric nonlinearity, continuous criterion of strength,
rational design

PAIITUOHAJIbHOE IIPOEKTUPOBAHHUE
HEJIMHEWHO-AE®@OPMUPYEMbBIX CTPYKTYPHO-
HEOJHOPOJAHBIX DJIEMEHTOB KOHCTPYKLIUU

A.B. Muwenxo', M.C. Bewxun’, B.JI. Mouopyc?, JI.IO. Cmynuwun?

! HoBocrOUpCKHii rocy1apCTBEHHBIN apXUTEKTYPHO-CTPORTEIBHEI yHuBepenteT (Cuderpun), r. HoBocubupek, POCCUS
2 HaumoHaIbHBIA MCCIET0BATENLCKIMH MOCKOBCKUH TOCYIapCTBEHHBII CTPOUTENLHBIN YHUBEPCHUTET, T. MOCKBa,
POCCHUA

Annotanmsi: PaccmarpuBaercs 3aj1aua palioHaabHOTO NPOSKTUPOBAHHS HEJIMHEHHO 1e(OPMUPYEMOro HEo/-
HOPOJHOTO COCTaBHOTO CTep:KHA THMOIIEHKO MPU CHUIOBOM BO3aeHcTBUH. CTepKeHb UMEET CTPYKTYpY, CHUM-
METPUYHYIO OTHOCHTEJIFHO CHJIOBOH IUIOCKOCTH, OOpa30BaHHYIO COCAMHEHHWEM DA3IMYHBIX MO (U3MYECKUM
CBOWCTBaM KBa3MOAHOPOAHBIX yacTell ((pasz, cioes), MPUHUMAIONINX B IPOCTPAHCTBE MPOU3BOJIBHYIO F€OMETPHU-
yeckyro (opmy. KoHcTpykimoHHBIE MaTepHaibl, 00pasyroliye CTepeHb, 00JagaloT HEIMHEHHO-YIpPyTrUMHU
cBoiicTBamu. JIst onMcaHnsl OCHOBHON KOMIOHEHTHI TEH30pa HAIPSHKEHWH — HOPMAIBHOTO HANpPsHKEHUS TPO-
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JIOJTBHOTO HAITPaBJICHUsS, B KQKIO0H (pase MPUHATH OJHOTHUITHBIC ANINPOKCHMAIINH HEIBIMI PAllHOHAIBHBIM I0O-
JMHOMAaMH B 3aBHCHUMOCTH OT Jaedopmanni. Ha nx oCHOBE MOSMydeHBI KOMITAKTHBIC HEIWHEWHBIC ypaBHEHHS,
CBSI3BIBAIOIINE MHTETPAIBHBIC YCHINS ¢ 0000ImeHHbIMH neopManusiMi OCeBOW JIMHUM CTEpXHS. B kadecTse
K03 GUIMEHTOB B JaHHOU cucTeMe (QUTYPUPYIOT XKECTKOCTHBIE XapaKTEePUCTUKH BBICILIMX HOPSIKOB.
Henuneiinble ycnoBusi paBHOBECHS], 3alIMCAHHBIE JUIS CTy4ast OOJBIINX MEPEMEIEHHUN U YTIITIOB IOBOPOTA B COYETA-
HHU C JIMHEWHBIMYA KMHEMaTHYECKUMH COOTHOIICHUSIMU pa3pelieHbl B (JOpME METO/1a HaYaIbHbBIX TapaMETPOB.

Ha ocHoBe ycloBHs NPOYHOCTH, 3aMHCAHHOTO B (DOpME KBA3HOZHOOCHOIO KPHUTEPHs, IJIsI HEOJHOPOIHOIO
CTEpIKHsI COPMYJIMPOBAH TPOSKTHBIM KPUTEPUH — HEMPEPBIBHBIN 10 MMPOIOJIBHON U AMCKPETHBIN 110 Iolepey-
HOU KoopanHaTaM. Pa3paboTaH ABYXSTAlHBIA aJrOPUTM pEIIeHHUs IPOSKTHON 3a/1a4M pallMOHAIbHOTO MPOECKTH-
pOBaHMS HEIMHEHHO Ae(OopMHPYEMOTro CIOUCTOro cTepikHs. OH MO3BOJISET BBISBISTH IPEJICTABICHHbBIC B JIUC-
KpeTHOH (popme reomerpudeckne (GYHKIMH MPOAOJIFHOrO Npo(UIMpoBanus ciioeB crepxkus. [lomyuenst paspe-
IAIOINE COOTHOMICHUS [Tl HAXOKICHUS (DYHKIMI MIMPHUHBI U BHICOTHI TPOPUINPYEMBIX CIIOEB.

IIpuBeaeHb! YMCAEHHBIE PE3YILTATHI PEIICHHUS IPOEKTHON 3aa4l pacdeTa CKaTO-U30THYTOrO CTEPIKHS JABYTaB-
POBOTO CEUCHMsI, B KOTOPOM TIOJIKM M CTEHKA JIByTaBpa OBIIM BBINOJHEHB! N3 PA3IMYHBIX MaTepuanos. Hamame
TeOMETPUYECKIX OIPAaHNYEHUN Ha BApbUPYEMbIE BEIMUYMHBI CHU3Y 00ECIIeUnBaIO HEBBIPOXKICHHUE MIOJIOK B IIPHU-
OTIOPHBIX 00JacTsAX. B cTepkHE OBITIO BBIBIEHO TPH XaPAKTEPHBIX yUaCTKa C BHINOJHEHHEM PAacueTHOTO Herpe-
PBIBHOTO KpHUTEpPHUs B GOPME BYX-, OJHO- ¥ HyJIBTOYETHOIO YCJIOBHS TI0 MomepeyHoil koopauHare. [TokasaHo,
YTO B CTEPXKHE JAHHOW I'MOKOCTH Y4eT KacaTelIbHbIX HANPSUKEHUH He SIBIISETCS aKTyaIbHbBIM.

KawueBble c10Ba: CIIOUCTBIN CTEPIKEHB, (PU3MUECKasi HETMHEHHOCTD, TeOMETPUYECCKast HEIMHEHHOCTb,
HEIpepbIBHBIA KPUTEPUI MPOUYHOCTH, PALIMOHAILHOE IPOSKTUPOBAHHE

INTRODUCTION

Bearing structures used in construction, as a
rule, experience complex thermal power and
kinematic effects. The effective consideration of
the operational requirements for structures cur-
rently dictates the use of new approaches and
principles of mathematical modeling. Among
them, we highlight the more significant ones,
which allow radically increasing the perfor-
mance of the structures. They are: 1). The prin-
ciple of structural heterogeneity of the designed
system, according to which the system is
formed of parts (elements, blocks, layers, phas-
es, etc.) made of various materials combined
into a single structure. 2). The principle of ra-
tional geometric profiling of the system ele-
ments, as a result of which it acquires a calcu-
lated configuration (geometric, physical, struc-
tural). The combined use of these two principles
allows us to create structural systems with a
stress-strain state adapted to external impacts,
and, as a result, to ensure regulatory require-
ments in the best possible way.

A large number of works known in the literature
are devoted to the calculation of various hetero-
geneous structural systems, considering their
physical structure (discrete- and dispersive-
heterogeneous, reinforced, layered), structural

purpose, physical features of the materials de-
formation, the nature of external impacts [1, 2],
the differences in calculation approaches, hy-
potheses, and research methods. In most works,
when solving the direct problems of stress-strain
state calculation, the universal finite element
method is used [3, 4, 5, 6, 7, 8, 9]. At the same
time, analysis methods without the use of dis-
cretization procedures are also used to perform
research tasks.

For example, [10] discusses the construction of
an improved analysis of layered composites us-
ing a variation approach, considering piecewise
linear displacements and shear effects. In the
work [8], a layer-by-layer trigonometric approx-
imation of shear deformations was performed
with the satisfaction of the defining physical
relations. The proposals to refine the Tymo-
shenko shear model are proposed in [6, 11]. The
methods to homogenize the heterogeneous
structures are also widely used [3, 4]. The mod-
el of the parametric method of cells, based on
the theory of zigzag distributions of displace-
ments by the thickness coordinate, was used in
[12] in combination with spline approximations.
Modern materials from which composite sys-
tems are made often have nonlinear deformation
properties. In order to take into account such
effects, the work [13] proposes a universal
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method for their description and the formation
of physical correlations in heterogeneous rods.
The methods of inverse problems - optimal and
rational design - are of a particular interest in
the structure design. They are rather complex in
combination with the above-mentioned princi-
ples of mathematical modeling for heterogene-
ous designs. They are covered extremely insuf-
ficiently in the literature. In this direction, there
is a number of works devoted to the search for
rational geometry of elements in wooden [14]
and concrete [15, 16] structures based on the
strength criterion. In the works [17, 18, 19] an
energy approach was used to assess the efficien-
cy of the configuration and the internal structure
of the construction. The possibilities to signifi-
cantly increase the strength and rigidity of het-
erogeneous structures are presented in sources
[7, 20, 21], and in work [22] an effective meth-
od based on a gradient reinforcement scheme is
proposed for a hybrid heterogeneous rod.

It should be noted that the studies devoted to the
comprehensive consideration of the above men-
tioned principles of modeling profiled heteroge-
neous rod elements of the structures are not pre-
sented in the literature.

MATERIALS AND METHODS OF THE
RESEARCH

1. Mathematical model of a heterogeneous
rod

The heterogeneous rod has a structure formed
by the connection of quasi-uniform parts (phas-
es) of finite sizes, different in physical proper-
ties, which takes a variety of geometric shapes
in space (Fig. 1). With the use of certain techno-
logical methods, the phases are combined into a
single heterogeneous structure. The rod can be a
part of the rod system or be an independent
structural element.

In the local coordinate system xyz, the longitu-
dinal axis of the s-phase rod is aligned with the
x axis, and the structure has symmetry proper-
ties relative to the xy plane, in which the rod ex-
periences a straight longitudinal-transverse

Volume 20, Issue 3, 2024

bend. A straight line having a arbitrary refer-
ence to the physical structure specified in a spe-
cific calculation is taken as the geometric axis
of the rod [13].

a)
A
y
k=s
——
k=1
b) ©)
y y
omo k=s
4
elle) k=1 hy
z 1
N y -
bi(x,y)

Figure 1. Heterogeneous rod scheme.
a — front projection of the rod in the plane xy,
b, ¢ — variants of the rod cross section

We assume that the following restrictions are
met with respect to the physical and geometric
parameters of the rod:

1). Rod is thin (2/1<1/10) and submits to the

hypotheses of S.P. Timoshenko. The validity of
it is confirmed by numerical analysis [23].
2). Structural materials that form the phases of
the rod have nonlinear elastic properties de-
scribed under single-axis stress state in the
framework of the deformation theory of plastici-
ty by finite dependences of the form
o, =0,(¢), (k<[l,s]), which bind the defor-

mation €=¢_ and conditional stress o, =c_,

in the material of the k -phase under single-axis
stress state. The physical parameters of these
dependencies for different materials have values
of the same order. 3). When forming the calcu-
lated dependencies, the deformations are con-
sidered small, and the displacements are consid-
ered large values, keeping to the relations

e U1, v/, sin016, cosOI1.
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The dependences for values of longitudinal &
and transverse €, deformations, shear strain
¥,.» longitudinal » and transverse v displace-

ments of the reference axis points, the angles of
rotation of cross sections 0 we present in the
form

u(x,y)=u, =0y, v(x)=v,

e (x,y)=¢g,-ky, &,(x,y)=0, (1)
av
ny(an):d—;_e=Yo(x),

_ du, _do
gy(x) = ok K(x)_dx’
where u,(x), v,(x) — displacement of the

points of the geometric axis in the direction of
the axes x, y; ¢€,(x), k(x) — deformation and

curvature of the axis of the rod; y,(x) — shear
strain averaged along the y coordinate.

2. Physical dependencies

The expressions for integral force factors and
differential equations of equilibrium of the rod
are written in the form

[V, M,0](0 = X [0, -0y, a4, @)

k=1 A,
dN do dM
_— , —/— = , —— = —+ L
dc g T T Q+m

— are the distributed forces

Here g¢q_, q,, m,
acting in the direction of the x, y and the mo-
ment in the xy plane; 4, — the square of the k-
phase in the normal section.

The main component of the stress tensor for the
k- phase under force action is represented in the

form of decomposition

,
k + + + 2 + i
o\ (e) = Prot Pri® +p1:r,28 ... = zpk,igl ,(3)
i=0

100

with the specified parameters p.,, p,, for the

tensile and compression areas.

The advantage of taking power functions in (3)
is that the first three of them with numbers
i=0,1,2,... are traditionally used in various

theories and have a definite physical meaning.
The following allow you to refine the approxi-
mations of phase material diagrams. As special
cases, the calculation model (3) describes: rigid
plastic, linearly elastic, including - multi-
module deformation.

When holding in (3) linear and quadratic terms,
the power dependence of F.I. Gerstner,
o = Ee+ pe’, used in [14] for the calculation of

wooden frames with shifted centers of cross sec-
tions, as well as in the calculations of concrete
elements and structures, is obtained, generalized
to the case of difference resistance of materials
[15, 16].

If the material deformation law can be approxi-
mated by an odd function, in (3) it is advisable
to hold only terms with odd indices, thereby
eliminating the need for special detection of the
position of the neutral axis. Acceptance in (3)
members with numbers gives the dependencies
of A.R. Rzhanitsyn, P.A. Lukash.

Using stress approximations "' (g) the Ilyush-
in function ®, used in nonlinear calculations

can be found, which is entered based on the ex-
pression

chk)(g) =Ee(l-w,). 4)

Given that p;, = E; we receive

o (e)=1-) p,;,» e,

i=1 Pr1

Substituting stresses (3) into the first two equa-
tions (2) when considering kinematic hypotheses
(1), gives a system of nonlinear equations that
connects the longitudinal force and the bending
moment with generalized deformations g, «
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ii(_l)j ¢;D;e, 'k’ =N,

i=0 j=0

—ii(—l)’ cyDU+lsf]’-’Kj =M.

i=0 j=0

)

Coefficients in (5) are integral stiffness charac-
teristics of a cross section of nonlinear elastic
materials of i-physical and j-geometric order.

D=2 p[[yda=2.DP.  ©

Numerical coefficients ¢,; (j=0,...,i) —are the

Newton binomiall coefficients (a + b)’ .

Calculating rigidity of the k -phase D, in (6) it
1s necessary to perform an additional height
breakdown A4, =h +h, at the intersection of

the layer with the neutral axis on the areas with
the same deformation sign

D =p;. I b, (x, y)y'dy + py.; I b (x,y)y'dy.

e e

The system of physical equations (5) is a gener-
alization of known classical cases. Thus, when
r =0, the equations contain rigidity

Dy, = Z(ici,sAk) , Dy = Z(igi,sSk)
k=1 k=1

and describe the limit states of the layered sec-
tion made of rigid plastic materials.

When holding in (3) linear members, the system
(5) becomes quasi-linear with rigidity character-
istics of the heterogeneous section from linearly
elastic different-module materials

D10 :ZEkiAk > D11 = ZEkiSk >
k=1 k=1

D,=YEI.

k=1
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If you additionally perform reduction to the cen-
tral axes (which gives Ds = 0, but it is not advis-
able when you solve inverse problems of the
design type), we get the solution of
S.P. Timoshenko.
Depending on the properties of phase materials,
different (not necessarily sequential) sets of
homogeneous blocks can be used in (5).
When organizing numerical procedures in itera-
tive algorithms, physical dependencies (3) are
presented in quasi-linear form
K (ey— 7

o, (e)=E(e)-¢ (7
with variable secant elastic module depending
on the deformation

E(e)=2 pie ™. (8)
i=0

Applying expression (7) for forces (2) gives the
system of quasi-linear equations

Deg,—Dxk=N,
{ A%0 S (9)

-Dee,—D,x =M,

with functional secant stiffness characteristics D

[EA,ES,EJ(x,s)z

roi-1

=33 (e, [Dl.j,Dl.jH, sz} £

i=1 j=0

depending on generalized deformations ¢, «.

In expressions (10) higher-exponent characteris-
tics are used (6).
For odd approximation

o = D€ + pis€ stiffness expressions (10)
take the form

cubic

D, =Dy, +¢,Dy, —2g,kD;, + KD,
Dy =Dy, +€,D,, —2g,kDy, +k°Dy;, (11)
, =D, +&,Dy, —2e,kD;; + k°D,,.
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3. Shear stress

Obtaining shear stresses under equilibrium con-
ditions, with non-linear dependencies (3), is a
laborious procedure that is not advisable for
secondary stress components of energy signifi-
cance. More efficient and consistent with the
initial assumptions is an alternative approach
based on the equilibrium condition of the upper
displaced part of ye[y,y ] the rod element

with a length of dx
(k)(x y) —

Yy (%) (12)
S i{ J ca(x,y)b(x,y)dyj

bk(xay) ax y

We approximate the linear shear force (deriva-
tive of the integral in (12)) in the form

aNSEC (x, y)

)LL)

(13)

using a dimensionless function of the transverse
distribution of shear forces f.(y), that satisfies

the boundary conditions f. (y,)= f.(»,,,)=0.
The parametert,(x) characterizes the longitu-
dinal distribution of shear forces, and b, is a

geometric parameter. Combining (12), (13), ex-
cluding the parameter t, using condition (2) we

obtain the formula of the shear stress

T (x,3) =

o) fi») . _7f
h(ry) F F= [ fdv.(14)

T Y

In heterogeneous structures which have frag-
ments of Z-layering (Fig. 2), for which lines
y(z) =const cross different phases, the formula

(14) should be improved by introducing the
shear stiffness coefficient at the y level

G, (»,2)
ZG (3,2)0,(»)

k.(y,z)

102

Here, the summation is performed on the phases
crossed by the line y(z)=const. Assuming, in

accordance with the accepted hypotheses, the
constancy of shears (1), we obtain shear stresses
in Z-layered structures

0(x) /. (») G, (y,2) _
Fo 2G,(n.2)b(x.y)

(k)(x ysz) -

Z-ﬁ-l \\ _,/
| _/

R )

Figure 2. Cross-layered structure with Z-
layered fragment

When the shear stiffness of the section is found,
we assume the equivalence of the Ilyushin func-
tions in the dependencies (4) and in the law for
shear stresses, by

T =G (-,

The increment of the elastic deformation energy
in the heterogeneous section during the shear is
presented in two forms: through the integral

force O and stress 1

ONy, = ZH Ay dA.

klAk

(15)

Here Ay, :AQ/EQ(y) is the deformation in-

crement of the average shear in the Timoshenko

rod, 5Q is section shear stiffness,

Ay, (x,») =AY /G, /(1-®,) — shear strain
increment at a heterogeneous section point.

Substituting stress (14) into (15), we obtain var-
iable secant shear stiffness
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D, = : :

9 s Vesl fz
—r
;;[ b,G,(1-o,) g

(16)

with which the third physical relation is recorded

EQV() =0, (17)
complements the system of equations (5), and
binds shear strain y, with transverse force Q.

4. Relations for internal forces and displace-
ments

The differential equations of equilibrium of the
rod in the deformed state are

N'+(00) =—q,, 5
O-ONY =g, (V==

X
M =Q+m_,

Their integration considering small values of the
first order when the following conditions are
satisfied

N(O):No_Qoe()a Q(O):Qo"'Noeo’
M(0) = M,

gives the expressions of internal force factors in
the form of the initial parameters method. Ap-
plying the method of iterative refinement, we
write them for the 7-step in the form

N[f](x) — N([)f] _ ([]t]e[f—l] _F;c _e[f—l]Fy _

—]C. q.dx—0!'™" I q,dx,

Xgx Xy

0" = NI+ 01~ 0 F, + F, -

—_gi1 ]ﬁ g.dx+ j‘- q,dx, (18)

q- qy

Volume 20, Issue 3, 2024

X
M (x)= MY+ NW + Oy + M+ I m_dx +

"m

+F,(x=x; )= F [V (x) vt ()]

~[ . @D () - I@)dE+ [ g, (E)x-E)dE,

In case there are several similar loads on the
rod, in (18) several terms of the corresponding
type should be used. The differentiation of the
influence areas of loads is completed with the
use of the Heaviside step function (to reduce the
entry not specified in (18)).

The determination of displacements is per-
formed using quasi-linear equations (9). Ex-
pressing from (9), (17) generalized defor-
mations through secant section pliability

5 _ 1 =~ Dy
“ D,-D!/D,” * D,D,~D;’
- 1 1
8 == — — ,8 e r— 19
" D,-D;/D,” ° D, (19

and substituting them into kinematic dependen-
cies (1), we obtain the angle of rotation and dis-
placements at 7-step

01(x) =01 + j SNy + j U1 MUy |
0 0
u () =)+ [ 8 N + [ 85 MM, (20)
0 0
W) =vi"+ 0l x + JIS[S’_I]N[’_I]dxdx +
00
+ [ [ M e + [ 815 1O ek,
00 0

Substituting here the internal forces (18) gives
the final expressions of displacements (they are
not given here), which depend on the initial pa-

rameters N\, O\, MM, i, 07, v, loads,
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secant pliability (19) and displacements in the
previous step.

Initial parameters are from six boundary condi-
tions

N[t](x*) + 9[171]()(,'* )Q[Z](-x*) = iEc* s
0 (x )N () - Q" (x.) = FF,.,

MY (x,)=+m.., (21)
when recording which the upper signs are used
on the left end, and the lower signs on the right.

5. Rational design of layered rod based on
continuous strength criterion
In a cross-layered rod at a given force effect, it
is required to determine a particular set of geo-
metric functions from the full set

r(x), relbh], (k=1,..,s), (22)
internal force factors (18) and displacements
(20), satistying boundary conditions (21). In
addition, geometric functions must satisfy the
constraints

n2r., relbh]. (23)

The strength condition of the material of the .-
layer with the calculated resistance R, is pre-

sented in the form

1+¢, > 1=,
qucx +Bk’tyx +T

Presenting stresses 6 and R, with the use of

<R;.

o

X

(7) through secant moduli of elasticity

(k)
= c = R
E(e)=——, E,((g)= (kk) ’
€ 8adm

(24)

we obtain the strength condition recorded
through the deformation

(0 ) gh)®

sgn(gx)sx(x’y)<ut Ms adm ’(kzl""’

s). (25)
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(k)x

adm

Here ¢ is allowable deformation levels of the

material of the k-layer under tensile and com-
pression;

i) =

L (1+¢k\/ (I)kBk[ Ri’y)j d)k_l (26)

u (e, p) e (017~

the coefficient considering the decrease of the
allowable material deformation &%) at shear

stresses; and

(k)x
k(gadm )

Ek(g)

(k)(

V)= €1 - @7

the coefficient reflecting non-linearity of stress
function o (¢), recorded through secant moduli

of elasticity at finite (limit) and current points
(24).

Based on the strength condition for the biaxial
stress state (25), determine the continuous mul-
tipoint design criterion (CDC) of the heteroge-
neous non-linearly deformed the s-phase rod.
Definition. The generalized limit state in the
area of heterogeneous nonlinear elastic rod that
occupies the space X, 7Y, is realized if condition
(25) is performed in the form of the strict

equality

sgn(e, e, (x) —wk(x)y]=puel

xeX, y=§,..,§, =Ye¥

continuously along the longitudinal coordinate
x € X, in discrete number of levels n, along

transverse coordinate y =¢,...,§, =Y. €Y. For

all other points x € X', y ¢ Y. condition (25) is
real in the form of inequality.

The multiplicity Y. in the cross-layered struc-
tures is typically formed from the layer interfac-
es J,...,V,, - The multiplicity of the criterion
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n, depending on the conditions of the problem,

takes values from 1 to s+1, while the criterion
is referred to as n, - point CDC. In general, to
satisfy these equalities, except for the varying
geometric functions, requires a change in the
physical structure of the rod. For fixed-structure
rods, the maximum multiplicity 7, is two.

Application s+1- and s - point criterion. As
s+1 variable parameters (22) we take the width
of external layers b, b, and the height /, of all,

—Lk,+1,..s). The
height 4, and width of the inner layers are set.

except one, layers (k =1,..,k,

According to CDC we compose a system
n,=s+1 of equations (23), for certainty, con-

sidering the case of different-valued defor-
mations in the section with a change of sign
within the layer £,

(1) ) (l)Jr
r Ha adm >

gy(x) —x(x)y, =

k). (k) (ko )+
gy(x)— K(X)J’k _+H(O)H£O) idiﬁ 5

(ko) (ko) (ko )F

(28)
SO(X) K(x)yk +1 _+u l’ls adm H

go(x) —Kk(x)y,,, =F ui”ui” G

Here, with positive (negative) curvature, the up-
per (lower) signs are taken. The relationships
for other types of strain distribution are also
written analogically. With unambiguous distri-
butions k, and k,+1 both equations are re-

placed by one, and the criterion becomes the s-
point. At the same time, the height of one of the
layers is excluded from the variable parameter.

The solution of the problem will be performed
with phased accounting of the values of the co-
efficients p’(x,y), u*’(x,y) at the computa-

tional points. At the first stage, their values are
taken equal to one.
» Using k, and k,+1 the equations of the sys-

tem (28), we determine the curvature and de-
formation

Volume 20, Issue 3, 2024

(ko) (ko) (ko)+ (ko) (ko) (ko)+

K. (X) _ +M “s a mh l’t “s adm ,
§ (29)
(ko) (ko) (k)f (ko) (k) (ko)F
l"l ! He ! ad(;n yk0+1 He ’ He ! ad(;n yko
Epr = 7

ko

Then, using the remaining equations, we find
(s — 1) of the desired heights

(ko) (ko) (k+1)+ (ko) (ko) (k)+
]’l uougo adm uouen adm
K+l 4
K
k=ky,...,5-1,

(ko) (ko) (K 1)+ (ko) , (ko) (k)+
]’l Mousogdm “Ouso adm
k—1 s

_ .

k=ky,.2.

(30)

If received A, <0 we need to change the physi-

cal structure of the package or reduce the multi-

plicity of the criterion.

» The internal force factors at the #-step in the
design area are written in the form (18), and the
functions of displacements and rotation angles,
assuming g, = £y, K = K,, in the form

J.so*dx 0'(x)=0," +_[K[’

ul(x) = u,"
X X X

W) =v T +0,x+ J.de. klldx - Q, _[8 el —
0 0 0

—F, i S[Q’_l]dx— jﬁ S[é_” jﬁ g dxdx .

Xry Xq,, q

= Physical relations (5), when substituting limit
generalized deformations (29), give a system of
equations to determine the two remaining varia-
ble parameters

1> 5o

VY, (M, &y, %, b,b,,h,.

1> 5o

wh,x)=0, G1)

Y (N, K, 0,0, hy,.
h,x)=0.
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= Calculation of stiffness characteristics D > Dy,
D, (10), D, , shear (14) and normal stresses

o (6,3 = X pi 20 (0) - k(T

= Verification of constraint (23) and criteria
to achieve the required accuracy of calculations.
Application of two-point criterion. As varia-
ble parameters, any two geometric functions
from set (22) are accepted. In this case, a two-
point CDC and a system (23) are used in the
form of two equations recorded for the two
§,,&, = Y. most dangerous levels

- (k) (k) o (K)x
Eor K = iur He €agm > (32)
l':&l’ gZ’ XEX*, yiEY;.

The difference between two-point setting is the
ability to perform the solution for any given
physical structure of the layered package.

After determination of limit deformation and
curvature from (32), further steps bypassing
(30), are performed similarly to the procedure
for multipoint criterion.

The obtained solution is realized if the obtained
geometric functions continuously along the x
coordinate satisfy the problem constraints (23).
Otherwise, we need to decrease the multiplicity
and switch to the single-point criterion (n, =1).

Then, for the corresponding function (for exam-
ple, the first one), the equality is assumed

’;kl(x):rmin (33)
with simultaneous setting of deformation
k k) (k)*
g, (1) =20 Velg (34)

Substituting (33), (34) into (31) gives a mixed
system of resolving equations for the geometric
function 7 (x) and deformation ¢, (x):

106

Wy(N,g . o, ,X) =0,
\PM(Miasj,gl >r,',k2 7x) =0.

If the two constraints cannot be satisfied (23), a
zero-point (n, =0) inequality criterion (25) is
applied at the area. Taking in this case for the
desired geometric equality functions

}/;,kl (x) = rmin s }/;,kz (x) = rmin s

we have a direct formulation of the problem.

Scheme to solve the problem of rational de-
sign. Using preliminary information about the
stress-strain state of the rod, we will select sec-
tions in it (with indefinite boundaries) with the
implementation of CDC of various degrees of
multiplicity. Then we add to them the areas with
the same laws of effort. The total number of ar-
eas is denoted by n,. For each of them, based

on (18), (20), we compose expressions of efforts
and displacements containing constants N,

Qo> My, uy, 0,4, vy (i=1,..,n,). Secant
pliability (19) and displacements in the right
parts should be considered known according to
the calculation results at the previous step.

To determine 6n, the constant, n n, of variable

functions and n, —1 boundaries of the areas, we

will form groups of conditions. The first group
of conditions, a total number 7n, -1, is invari-

ant to the type of the design criterion and con-
sists of six boundary conditions for the rod as a
whole (21) and 6(n, —1) conditions for the con-

jugation of power and kinematic functions at the
boundaries of the areas. This group of condi-
tions is supplemented, formed on the basis of
constraints (23), n, —1 equation to define x, —

boundaries of the area,

r(x,)=r i=L..,n,—-1, relbh].

min °

The second group of n n, conditions depending

on the accepted design criterion, is represented
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by n, equations (23), (31) for each of n, design

arcas.

6. Forms of resolving equations

Varying the width of the layers. The desired
functions of the width of two layers with num-
bers k,, k, we set in the form

b (x, )= bl (x) B (y), (k=k.ky)

with the desired layer width function 5 (x) and

the defined dimensionless transverse profiling
function b ().

The resolution system (31), derived from the
physical equalities (9), takes the form

Puib +9ib;, = ¢(x), 35)
(lebx 'szsz =@,(x),
ZZ( I)JCUSO* /Dl(/j) ,

i=1 j=0

ZZ( 1),01180*JK/D;(/;2)7

i=l j=0

_ (k)
- _ZZ( 1)/01180*JKJD1 j+l 2

1110

k.
= _ZZ( 1)IchSO*JKJD1(JZ+)] s

i=l j=0
=N- ZZ( e, &0'x!DY,
i=l j=0
(0)
M+ZZ( e, &.'xiDY),,
i=l j=0

DY(x)= Y, pk,be(x y)y'dy.

ketk, k, h,

Varying the height of the layers. When varying
the heights 7, (x), A, (x) of the numbered layers

k,, k, we obtain a non-linear system of resolu-

tion equalities (31) of degree n, +1, where n, —

Volume 20, Issue 3, 2024

is the highest geometric order of the stiffness
characteristic (6). Matrix of Jacobi, used in solv-
ing system (31) has components

L3Sy S

i=0 j=0
ZZ( )/+l ¢ a}z;ﬂ SO*JK*, (36)
[ i=0 j=0
(I=k,k,)

oD, W O -
a—h;=zp 6/]; b, (6, Ve ) Vi _a_h];bk(x>yk)yli :

Depending on the number of the variable layer
and the position of the reference surface, we
have derivatives 0y, / 0h, =—1,0,1. For example,

for a three-layer section that has the dimensions of
rectangular sections of layers: b,(x), #h(x)

( £=1,2,3), of which all functions are defined,

and A4, (x) and h,(x) are to be determined, taking

on the basis of (3) the quadratic law, binding the
reference surface to the middle of the inner layer,
we obtain

[ Vs V25 V3o Val =
=[-h, —0,5h,;-0,5h,;0,5h,;0,5h, + h, ]

0
a—hl[yl,yz,yg,m =[-1;0;0;0],

0
[DIO’DII’DIZ](X) = pllbl[l’ylﬁylz]a

0
a—hs[yl,yz,yg,yd =[0;0;0;1],

0
7[D10’D11’D12](x) = p31b3[1,y4,yf],

3

0
87[D20’D21’D22’D23](x) = p12b1[1>J’1aJ’12aJ’13] )
1

0
J[Dzo’DzlaDzz](x) = p32b3[1,y4,)’§] .
3

Thus we obtain the components of Matrix of Ja-
cobi (36)
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oY

8—N = pb (e — Ky + poby (0. — K*Yl)z s
hy

oY

—X = Dyibs(8gx — 1. Y,) + Py (g — KLY, )2 )
Oh,

RESULTS AND DISCUSSION

Fig. 3 shows the design scheme of the com-
pressed-bent rod. We assume that initially the
rod was homogeneous, it had a prismatic shape

oV, by (Eor —K03) = Dby (600 — K3 ) with a rectangular cross section. Then, in order
oh, = PO e TR T PO B TN increase the bearing capacity, it was strength-
oy ened by adding two outer plates made of anoth-
M = p by, (8g —K.V,) — Pubsy, (€ —K.y,)*.  er (stronger) material. As a result, the rod took
Ohy the form of a heterogeneous I-beam.
a) b)
b
y q 1o
F i ;%
< 0.5h> z
7@% 7 0.5h; I~ 2
X / h; m\ 1
) b,
Figure 3. Design scheme of the compressed-bent rod (a),; cross section (b)
Table. Data on the geometric and physical parameters of the layered rod
Type of the Pi1 Pi3 * b hi
k material hPa hPa Eadm mm mm
1 1 22 -162000 0,0053 bi(x) 10
2 11 -105000 0,0045 50 300
3 1 22 -162000 0,0053 bi1(x) 10

It is required, at given loads, structure and mate-
rials, to perform rational profiling of the width
b(x), by(x) of the outer layers using two-point

strength criterion (32) and the satisfaction of
limitations (23): b(x)=b by(x)=b,,, . Min-

imum values of the width are defined b, =b,.
The rod with the length /=6 m is loaded with
axial force F'=60kN and transverse load of

variable intensity ¢ =18sin(mx//) kN/m. The y

axis is compatible with the force plane, and the
x axis is compatible with the center axis of the
inner (k=2) layer. The diagrams of material
deformation of I-beam elements are represented
by identical symmetric cubic dependencies

o = Pi€ + pkﬁs3 (3) with two parameters.

X
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Table shows the physical and geometric param-
eters of the three layers, fig. 4 shows the ap-
proximations of the function o(g) with the limit

points marked.
The stress-strain state functions of the rod are rep-
resented in discrete form at m = 21 design points

®e[N,0,M,0,v,¢,,x,b].

The solution of the design problem is possible
to comply on the basis of a two-stage algorithm.
The first stage is to solve the direct problem on
the basis of physical and geometric nonlinearity
with fixed design parameters — discrete functions
b1, b3. At this stage, secant stiffness characteristics
(11), which depend on generalized deformations
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and internal forces, are specified iteratively. The
latter depends on movements and rotation angles.

g, Mlla
120 I

—_k=1

’
’
Fd ———
_ ”
e ¢ = 2 ,/(J,
80 - v
’4
"
-

-

0 €
0 0.002 0.004 0.006 0.008

Figure 4. Graphs c (g) for the material
of the I-beam flange (k = 1) and the wall (k = 2)

Considering boundary conditions

Ny=—F, 0,=%L -0,
T

using expressions (18) for #1-step we obtain the
calculated expressions of internal forces

NU(x)=-F —q—ole["_” cos%,
T

0"(x) =q7()lcos%—F9[’1” , (37)

_ I> . mx
MU (x) = —Fyli +—q°2 sin—
T

At the second stage (design stage) solution of the
system of equations (35) the discrete design func-
tions are obtained b1, b3 considering the calculated
(32) on the limit values of generalized defor-
mations €, K.. At this stage, the internal forces

are taken from the previous stage. Further, the
constraints (23) are checked and, if they are vio-
lated for one or (and) another parameter in the in-
terval x € X, the equality is accepted b, ; =b,

(k=1,3; jeX,). The final check of the calcula-

tion is the control of accuracy achievement of iter-
ative calculation of the required parameters values
of the width of the layers b1, b3,.
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Initially, the calculation was performed without
considering the influence of shear stresses of
(32) W =u® =1. According to the specified
(k)

adm
limit deformations is formed (fig. 5). It shows
the limit line of deformations &.(y)=¢y —K.y,

it has internal contacts with the polygon at two
points y. =y,, y. =, located in the second

limit deformations ¢’ (Table) the polygon of

layer. The coordinates of the layer boundaries
are indicated by y; (j = 1,...,4). In this problem,
the limit state regulates the inner layer. External
layers (k= 1, k = 3) are in the pre-limit state.

Under the accuracy equal to 0.01, the computa-
tional procedure required # =4-+7 refinement

iterations at the first stage and ¢z, =5 at the sec-

ond stage.

The influence of geometric nonlinearity due to the
presence of interchange in the force formulas (37),
led to an increase in the bending moment by
11.3% in the middle of the span and a shear force
by 12.0% in the support sections. Physical nonlin-
earity caused a decrease in secant stiffness charac-

teristics D,, Dy, D, (11) in relation to the stiff-
ness of linear theory D, , Dy, D, by values 9.1;
16.0; 14.1% respectively in section x = //2.

¥, M

02 -
S— |

01Hlx=0

1,58<x< 4,42 ] .

Lo, 7
0,006 -p,00a -0,002 0,002 0,00 0,006
0,1
-
e*

02 1
Figure 5. Polygon of limit deformations of the
three-layer section with deformation curves g(y)

The calculated width profiles of the outer layers
b,(x), by(x) are shown in Fig. 6. In the middle

part of the rod (1.58 < x <4.42) under the action
of large bending moments, both limits (23):
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b, 20.05 m, b, 20.05 m, were performed and the

criterion (32) was implemented in the form of two-
point (ny = 2).

The decrease of the bending moments observed at
the approach to the support led to the decrease of
the calculated width of the layers. And, on two
symmetric areas 0.93 <x <1.58, 442 <x<5.07

were obtained 5, <0.05 M, that demanded the

acceptance of 5, =0.05 m. Further, this situation

was in addition shown also for width of the upper
layer on two pre-support areas 0<x<0.93,
507<x<6. At these areas, it was accepted
b, = b, =0.05 m. m. These areas with the indica-

tion of the multiplicity degree of the strength crite-
rion is shown in Fig. 6.
Figure 5 shows deformation lines €(y) in sections

x=0;0.6;1.2 and on the area 1.58<x<4.42.
The entire middle area 1.58 < x <4.42 is charac-
terized by invariant deformation distribution with
fulfillment of the two-point strength criterion. The
line for section x=1.2 reflects one-point, and for
sections x = 0; 0.6 reflects zero-point criteria.

Fig. 7 shows the curves of normal stresses
6 (x,y), calculated in the cross sections of the

rod with coordinates x=0;0.6;1.2 and in the

design area 1.58<x<4.42. The curves have a
nonlinear character, as the stresses increase, the
degree of nonlinearity increases. This is clearly
visible in the area of the second layer
—0.15< y £0.15. Nonlinearity is also manifested

in the outer layers, but due to their low height, it is
less noticeable. To illustrate the nonlinearity of
stress laws in the outer layers, the sections of the
curves are formally continued beyond these layers
and are shown in dotted lines.

b, m

At the boundaries of the layers, when the physical
parameters of the materials are changed p,,, p;;

(Table), according to the formula (3), breaks are
observed at the curves o (). At all points of the

heterogeneous rod volume, the strength limit is per-

s20(5,) 0 (5, ) SR RORYE

which the design stress are found according to the
laws specified for stresses (Fig. 4) and the values of
limit deformations (Table): R“=* =+92.5 mPa,

RY¥=2* = +40.0 mPa. In accordance with the two-

point criterion of strength at the design area
1.58<x<4.42 in two levels according to the y
coordinate, the continuous equality of stresses is
realized

formed in

6P (x;-0.15) =40 mPa,
¥ (x;+0.15) = -40 mPa.

The analysis of the stress state showed that for the
heterogeneous rod at a) a specified ratio of geo-
metric parameters [/ (h +h, +h,)=18.75 and
b) specified loads, the consideration of shear
stresses and shear deformations is not relevant. In
support of this, Fig. 7 shows the curve of shear
stress (14), that acts in the support section of the
rod with the greatest shear force, as well as the
analysis of the coefficient p_(x,y;) (26) is per-

formed in the criterion (32). When calculating it,
according to Mises’ theory, it was admitted ¢, =1,

B, = 3. For the calculated level y = y3 the function

is obtained u”(x;0.15) (Fig. 8). Its accounting

makes amendments to the results of the calcula-
tion less than 0.03 %, which indicates the validity

of the assumption u*’ =1.

0 1 2

1 0

Figure 6. Design profiling of the external layers width bi, b3 by two-point strength criterion

110

International Journal for Computational Civil and Structural Engineering



Rational Design of Nonlinear-Deformable Structurally Heterogene-ous Elements of Structures

0,2 0.2 0,2
/ N 01 T, MIla
o, MIla
0
-100 100 50 N\, S0 100 2 | 4
cT1,58<x<4,42
31 \:‘ 3 0,1
x=1,2 | NN
-0,2 -0,2 -0,2

Figure 7. Curves of normal stresses G (x,y) in the cross sections of the rod with coordinates
x=0;0.6;1.2 (m) and in the design area 1.58 < x <4.42 (m).
Curve t,.(0,y) in the support section of the rod at Q =Q, ..
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Figure 8. Graph of a correction factor change | (x,y,) to consider the shear stresses in the

strength criterion

In other cases, the consideration of shear stresses
and shear deformations can be completed accord-
ing to the algorithm described above. Such cases
are characterized by: a) the specifics of loading,
if there are areas with a dangerous combination
of several conditions, including shear forces, in
the design areas; b) the consideration of rods of
relatively shorter length, which will lead to an
increase in the relative contribution of shear
stresses in the strength criterion; c) the structure
of the rod sections that has local thin-walled are-
as with significant shear stresses.

CONCLUSION

The developed method allows solving design
nonlinear problems for heterogeneous rods

Volume 20, Issue 3, 2024

with finding a rational profile (geometric con-
figuration) of the rod layers. A computationally
convenient formulation of physical dependen-
cies in combination with an iterative method to
clarify the functions of internal forces and dis-
placements makes it possible to reduce the
complexity in the problem solution of rational
design of a nonlinearly deformable heteroge-
neous rod, i.e. a structural element of engineer-
ing structure.

The developed design can be used to solve
problems of strengthening structures by adding
external layers-plates to the elements of the ini-
tial system, which has the configuration and lo-
cation determined by the solution of the oppo-
site problem based on specified requirements
for strength, rigidity and others.
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MODEL OF CAKE FILTRATION IN POROUS MEDIUM

Liudmila I. Kuzmina ', Yuri V. Osipov *?
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Abstract: Strengthening of loose soil and creation of water-resistant underground walls are associated with
filtration of small particles in a porous medium. Liquid solution pumped into a well under pressure spreads
through hollow channels and strengthens the soil upon hardening. Many porous filters retain particles near the
entrance. The particles deposited on the filter surface form a crust, which does not allow suspended particles to
penetrate deep into the porous medium. A model of cake filtration - the formation of a surface crust during
filtration of a monodisperse suspension in a homogeneous porous medium is considered. This model is a
modification of the standard mathematical description of deep bed filtration with linear accessible fractional flow
decreasing to zero. An exact solution is obtained using the method of characteristics. Asymptotics is constructed
for a long time. It is shown that the dynamics and profiles of suspended and deposited particles concentrations
exponentially decrease.

Keywords: cake filtration, deep bed filtration, porous medium, exact solution, asymptotics

MO/EJIb HOBEPXHOCTHOﬁ OUJIBTPALINU
B ITIOPUCTOMU CPEJE

JLH. Kysbmuna ', 10.B. Ocunog ’

! HaoHamnbHbIH HCCNe0BaTeNbCKhil YHUBEPCUTET «BhICIas MIKojIa SKOHOMUKNY», T. Mocksa, POCCUS
2 HanmoHasbHBIH HCCIeq0BaTeNbeknii MOCKOBCKHIT TOCYIaPCTBEHHBII CTPOMTENBHEIN YHUBEpCUTET, T. Mocksa, POCCU S

AHHOTANMA: YKpEIJeHHEe PBIXJIOro IPyHTa M CO3JaHHE BOJOHETPOHUIIAEMBIX MOJ3EMHBIX CTE€H CBS3aHBI C
(unpTpanmei MeJIKUX YacTHI[ B TIOPUCTOH cpeje. JKunkuii pacTBop, 3aKaueHHbIH B CKBAKUHY I0J] AaBJICHUEM,
pacrpocTpaHsieTcsl 10 MOJbIM KaHalaM ¥ IIPH 3aCThIBAHWM YKpeIUIsieT TpyHT. MHorue mopucteie (QMIbTphI
3aJIep)KMBAIOT YacTHUII BOJM3M BXOJa MOPUCTOH cpenbl. OcCaICHHbIE YacTHIBI Ha MOBEPXHOCTH (uibTpa
00pasyroT KOpKy, KOTOpas HE IpOIyCKaeT 4YacTHIbl BIJIyOb MopHcTOH cperpl. PaccmarpuBaercst MoJEIb
00pazoBaHus MOBEPXHOCTHON KOPKH NMPH (MIBTPALMK MOHOIMCIICPCHONW CYCIICH3MN B OJHOPOJHOM MOPHCTOM
cpene. Mopens sBisiercst MOAU(UKaINEH CTaHAAPTHOTO MaTeMaTHYECKOTO OMMCAHMS TIyOMHHOW (pHUIIbTpaIyy,
BKJIIOUAronel yOBIBAIOIIYI0 10 Hyss (DYHKIHMIO JONMYyCTHMOTO IMOTOKAa. METOJOM XapaKTEepPHUCTHK HaKJIeHO
ToyHoe pemenue. [locTpoeHa acuMmnToTHKa mpu OonbIIOM BpeMeHH. [loka3aHo, 4TO IUHaMHKa W Hpoduin
KOHLICHTPALMH B3BEIICHHBIX U OCAXIEHHBIX YaCTHIl 3KCIIOHCHIINAIBHO yOBIBAIOT.

KarwueBble cjI0Ba: MOBEPXHOCTHAS (HUIIBTpALIHsI, TyOUHHAs (QUIBTPAIIHS, TOPUCTAs Cpeia, TOUHOE PEIICHHUE,
ACUMIITOTHKA

1. INTRODUCTION

Filtration of liquids with particles is used in
construction technologies to strengthen soil
during the construction of structures and
reconstruction of roads. The injected grout
penetrates far into the soil through hollow pores
and closes them, strengthening the underground
layer and preventing the penetration of
groundwater [1-5].

116

Effective filters used in water wells and in the
treatment of industrial and domestic wastewater
collect particles on the surface of the filter and
purify the water of impurities. The formation of
a sediment on the surface of a porous medium,
which does not allow particles to pass deeper, is
called cake filtration. As a rule, the crust is
formed by large particles that cannot penetrate
into narrow pores [6-8]. The surface layer of
deposited particles is also a porous medium that
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can allow small particles to pass through. If
small particles spread along the entire length of
the porous medium, then cake filtration and
deep bed filtration occur simultaneously [9, 10].
Standard deep bed filtration models assume that
a porous medium has large pores through which
a carrier fluid easily transfers particles from inlet
to outlet [11-13]. During layer-by-layer
deposition, small particles can block large pores
on the surface and limit the transfer of suspended
particles deep into the porous medium [14]. In
[15] a model of surface deposition is considered,
which relates the growth of retained
concentration at the inlet with the decreasing
velocity of suspended particles. To describe the
cake filtration, this article proposes the deep bed
filtration model with vanishing accessible
fractional flow [16, 17]. The model includes the
mass exchange equation of suspended and
deposited particles and the kinetic equation of
deposit growth with the Langmuir (filtration
function [18]. The accessible fractional flow is
proportional to the linear filtration function and
vanishes to zero when the deposit limit is
reached. For the new model, an exact solution
and asymptotics for large times are obtained.

As a rule, filtration equations do not allow an
exact solution and are solved numerically [19-
21]. The presence of an exact solution for the
cake filtration model under consideration allows
us to check the accuracy of numerical methods
and adjust the program code.

2. CAKE FILTRATION MODEL

Consider the cake filtration model in an infinite
homogeneous porous medium. In the domain
Q={x>0, >0}, the model in a dimensionless

form is specified by a system of first-order
partial differential equations with unknown
volumetric concentrations of suspended and
deposited particles C(x,7), S(x,?):

a—C+i 1—i C |+
ot 0Ox S,

Volume 20, Issue 3, 2024

oS

— =0 (M

S-S o
with the conditions

x=0:C=1, t=0:C=0,5=0. (3)
Here A >0 is the filtration coefficient and

S, >0 is the maximum limiting deposit.

According to the condition (3), at the inlet of the
porous medium x = 0, equation (2) takes the

form
9y _ a3,
ot S

m

(4)

Solution to the equation (4) with the condition
(3)is

S, (=S8, (1-¢ ). (5)

Let's reduce problem (1)-(3) to one equation with
unknown S. Substitute the equation (2) into (1)

oc,1035 35
ot

—+
ot Adx ot

and change the order of differentiation in the
mixed derivative

oc 10ad§

1 0oS oS
—+ +—=0.
ot Aodtox ot

Integration over time gives

10§

C+I§+S=K()€). (6)

The integration constant is obtained from the
conditions (3): K(x)=0.
Express C from the equation (2):
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oS /ot

T 2(1-578,) 2

and substitute in (6)

os/a 188 o,

—+_
A1-8/S ) Aox

Transform the equation:

8_S+ 1—i a—S+kS 1—i =0. (8
ot Ox S

m m

The solution § is zero at 7 < x and is positive at
t>x. The boundary #=x 1is the front of
deposit concentration.

To solve equation (8) in the domain
Q" ={x>0,7>x}, we will use the method of
characteristics [22, 23] and make a change of
variables: (x,7) = (z,t,). Here 1 is a variable

along the characteristic, and #, is the initial

value on the time axis. The characteristics are
given by the equations

i=1, le—Si, 1(0)=1,, x(0)=0,

m

where () is the derivative with respect to t. In
the characteristic variables, equation (8) takes
the form

S+xs[1—SiJ =0, S(0)=S,(t,). (9)

m

The solution to problem (9) is obtained by the
method of separation of variables:

Aty/S,, _1

S=8,—<

e +e

(10)

Mo/, 1

Using solution (10), the characteristics are
obtained:
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A Aty /S,
et et —1

s, o)

1
t=7+t, x=—In
e

Express t from the first equation (11) and
substitute it into the second one:

= lln (ez(xfro(m/sm)) o MlS . 1)‘
A

Transform the equation to the form
F(z)=e"z" —z41-€" =0, z=¢"5.

In the domain Q" on the interval (0;1) the
function F(z) is differentiable and F"(z) >0,

at the ends of the interval F(0)<0, F(1)>0.
Consequently,
z'(x,t), 0<z" <1 of
equation F(z)=0.

there is a
the

single  root
transcendental

Now the characteristic variables 7,7, can be

expressed in terms of Cartesian x, #:
t,(x,t) = —ﬁln z'(x,1),
A
-
T(x,t)=1t+ Tmlnz (x,2).

In variables x, #, solution (10) takes the form

1-zF

§=S 12
m (Z+)1+Sm ekt Z+ +1 ( )

Transform formula (12) using (11)
S(x,t)=S e (1-z"). (13)

The solution C(x,7)
formulae (7) and (13):

is determined by the

B S,z
A+S )" =D)+S, 2"

C(x,1) (14)
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For large time 7, the asymptotic expansion of the
solution [24] is given by the formulae

S(x,t)=S e -
'(1 _ (eM _ 1)1/(1+sm)efm/(1+sm) ) + 0(6727»t/(1+Sm))

' =S,/
Sm(eM -1) Snl(145) MI(14S,)
1+s,)

+0 (e—zm/(nsm))'

(15)

C(x,t)=

(16)

Example 1. Let S, =1. Then (11) i1s a quadratic
equation with the positive root

1+ Jl+4e (e - 1)
2elt ‘

z"(x,1)

Characteristic variables are expressed using the
formulae

1 2e
ty=—In ,
A 1 Jl+4e" (e - 1)
1 2¢"
T=t——1

n .
A T4 y1+4e" (e - 1)

Solution (13) and (14) takes the form

e Al+4 (@ 1) +1
- 2oM M

~ 1
Jl+4e (e —1)

§S=S§,|e

. (17)

C

(18)

On the concentration front 7 = x the solution is

Volume 20, Issue 3, 2024

When x = const, t — «© the solutions tend to the

limits C — 0, S — e **. The asymptotics of the
solution at # — oo has the form

C=—r—+0|e 2 |,
2\e™ —1 ( J
At

3t
= s - -2 -
S=e"—e 2e™ —e Y+O(e 2).

3. NUMERICAL RESULTS

Two-dimensional graphs of the solution to the
cake filtration problem in a porous medium
make it possible to determine the dynamics (at a
constant coordinate x) and the profiles (at a
constant time ¢) [25, 26]. The model is

calculated at A=1, S =1. Fig. 1 shows the

dependence of concentrations on time at various
points of the porous medium.

According to Fig. 1. when f¢<x at the
considered point x of the porous medium there
are no particles and the solution is zero. At the
moment 7= x the concentration front arrives at
point x and the concentration of suspended
particles C changes abruptly. At 7> x at point x
the suspended and retained particles are present
and the solution is positive. When moving away
from the inlet of the porous medium, i.e. as x
increases, the concentrations of suspended and
deposited particles decrease exponentially.

At a fixed time ¢, non-zero concentrations of
suspended and retained particles are located
behind the concentration front at x < ¢ (Fig. 2).
Graphs of the limit retention profiles at # — o
for various A are shown in Fig. 3.

In the cake filtration model, retention profiles
decrease exponentially and decrease with
increasing A.
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Figure 3. Limit retention profiles at different filtration coefficients.
DISCUSSION REFERENCES
The proposed cake filtration model is a 1. Zhou Z., Zang H., Wang S., Du X., Ma

modification of the deep bed filtration model.
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Abstract: Reinforced concrete (RC) building construction remains predominant in Northern Cyprus, offering
resilience against natural disasters when appropriately designed and implemented. This paper presents a seismic
analysis of RC building systems across different stories, configurations, and soil classes, according to three
seismic design codes: The Northern Cyprus Seismic Code 2015 (NCSC-2015), Eurocode 8 (EC 8), and Turkish
Buildings Earthquake Code 2018 (TBEC-2018). The study compares regular and irregular forms of Moment
Resisting Frame (MRF) and MRF combined with Shear Walls (MRF+SW) systems in various configurations:
G+3, G+7, and G+11 for regular buildings, and only G+11 for irregular buildings. Pushover analysis using
ETABSv18 was employed to assess base shear, displacement, and plastic hinge behavior. The results indicate
that structural regularity enhances resistance and longevity compared to irregular configurations, with shear
walls augmenting resistance against earthquake loads in both regular and irregular buildings. Furthermore, soil
class emerges as a significant factor influencing results across the codes. While variations among the codes were
not consistently observed, EC 8 and TBEC-2018 often appeared more conservative, with TBEC-2018
demonstrating greater adaptability to advanced technologies and a more detailed parameter consideration.

Keywords: Earthquake, Pushover analysis method, Reinforced concrete, Soil classes, Seismic codes,
Northern Cyprus, ETABSv18

OTKJIUK KEJE3OBETOHHBIX KAPKACOB 3JIAHUH ITPU
SEMJIETPSICEHUSX: HEJTMHEMHBIA CTATUYECKUI
AHAJIN3 C YYETOM PA3JINYHBIX TUIIOB T'PYHTOB 1
CEMCMHUYECKNX HOPM

Amep Hcun ', Pugpam Pecamozny *
Kadenpa rpask1aHCKOTO CTPOUTEIHCTBA, PAKYITBTET TPAXKIAHCKOTO M SKOJIOTUIECKOTO CTPOUTETHCTBA, T. HUKOCHS,
CEBEPHBII KUIIP
2 Kadenpa npoMBINIIEHHOTO U TPaKIAHCKOTO CTPOUTEILCTBA, (haKyIbTET NPOMBIILIEHHOTO, TPaXKIaHCKOTO 1
9KOJIOTHYECKOTO CTPOUTENbCTBA, I'. Hukocus, CEBEPHBIU KUIIP

1

Annoranusi: Jene3o0eToHHbIE 3/1aHMS MO-TIpekHEMY mpeobnanaror Ha CeBepHoM Kwnmpe, MOCKONBKY OHH
00J1a/1al0T YCTOMYMBOCTHIO K CTUXMWHBIM O€ACTBHSM IIPU MPABHILHOM NPOSKTHPOBAHUH M CTPOUTEILCTBE. B
JTAaHHOHU CTaThe MPEJCTaBIICH PacuyeT CEHCMOCTONKOCTH 7KeIe300€TOHHBIX HECYIIUX CHCTEM 3/IaHMH pa3indHON
STaXKHOCTH, KOH(QUTYpPAIlMM IIPH PA3NIUYHBIX KAaTETOPUSAX TPYHTA B COOTBETCTBHH C TpeMs KOJCKCaMH
CEHCMUYECKOTO TIPOCKTHPOBAHUA: HOPMEI celicMocToikoro crpoutenscTBa CeepHoro Kumpa 2015 roma
(NCSC-2015), EBpokox 8 (EC 8) u Typerkue HOpMEI ceficMocToiikoro ctpoutenbeTBa 2018 roma (TBEC-2018).
B uccrieoBaHnu CpaBHUBAIOTCS PEryJISIPHbIE W HEPEryJspHbIE PaMHbIE KapKachl ¢ auadparMaMu KECTKOCTH B
pasmuunbiXx kKoHpuUrypammsix: G+3, G+7 u G+11 mns o6sranbx 3maanid 1 G+11 a7 HeperymapHBIX KapKacoB
3maHuid. /{7 OIEHKM CIBHTa OCHOBAHMWSA, NMEPEMEHICHUN W PabOTHl IUIACTHYSCKUX MIAPHUPOB OBLI MPUMEHEH
pushover - aHanu3 ¢ UCMHoONb30BaHHEM MporpamMmmHoro komiuiekca ETABSvIS8. PesynbTaThl MOKa3bIBaOT, 4TO
PEryaspHOCTb KapKacoB 3/1aHHM MOBBIIIAET UX YCTOHUUBOCTH K BO3JCHCTBUAM U JOJTOBEYHOCTH 110 CPAaBHEHHUIO
C HEperyJsIpHBIMH KOH(UTIypaluusMu KapkacoB. JluadparMbl >KECTKOCTH MOBBIIIAIOT YCTOHYUBOCTH K
celicMUYecKHUM HarpyskaM Kak B PEeryJIsIpHBIX, TaK U B HEPETYJIPHBIX Kapkacax 31aHuil. Kpome Toro, kareropus
TPYHTa SIBIISIETCS] 3HAUYMMBIM (DAaKTOPOM, BIHSIONIMM Ha PE3yJbTaThl PacdeTa COIVIACHO BCEM PAacCMOTPEHHBIM
KOJIeKCaM TPOEKTUPOBaHUs. XOTs pa3uuusi MEXIy Kojekcamu He ctoiib cymectBeHHbsl, EC 8 u TBEC-2018
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4acTO OKa3bIBAIOTCS JOCTaTOYHO KoHcepBatuBHbIMU. [Ipu 3tom TBEC-2018 nemoHcTpHupyeT OOJIBIIYIO
aJIalTUPYEMOCTh K TIEPEIOBBIM TEXHOJIOTUSM U 00Jiee IETAILHOMY PACCMOTPEHHUIO MapamMeTpOB.

KaioueBsie cioBa: 3emierpsicenne, pushover ananms, xene300eToH, KATErOpHH I'PYHTOB,
ceiicMuueckue kojekcsl, Cesepublii Kunp, ETABSv18

INTRODUCTION

Reinforced concrete structures are frequently
seen worldwide due to the high capacity they
can carry and the large number of floors they
can consist of. Consequently, a
comprehensive understanding of RC structure
design is crucial, as failure in any component
or joint can lead to catastrophic collapse,
resulting in significant loss of life.
Particularly, the consideration of earthquake
loads in RC structure design has become
paramount due to the substantial casualties
often associated with seismic events. While
it's impossible to guarantee complete safety
during earthquakes, adherence to seismic code
regulations can substantially enhance building
safety. For instance, the recent earthquake in
Turkey and Northern Syria on February 6th,
2023, measuring 7.7 magnitude and followed
by a 7.6 magnitude aftershock with over 9000
subsequent tremors, highlighted the
consequences of neglecting code
requirements. The failure to comply with
seismic codes led to outcomes surpassing
initial  expectations. In  general, strict
adherence to code regulations is imperative to
ensure structural resilience. Furthermore, code
standards must be periodically updated to
facilitate earthquake-resistant building design.
However, in the case of Turkish codes, the
comprehensive update process can be lengthy
(Aksoylu et al., 2020).

ETABS has garnered considerable recognition
and undergone substantial evolution over a
span exceeding three decades, as delineated
by Mule et al. (2020). A plethora of prior
scholarly investigations have directed their
focus toward leveraging ETABS for
conducting structural analyses. Furthermore,
its amenability to accommodating various
design codes has facilitated the seamless
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execution of analyses across diverse
regulatory  frameworks, owing to its
comprehensive repository encompassing such
codes.

Seismic activity poses a complex load on
structures, necessitating precise analysis to
predict structural response accurately (Kocer,
2021). This seismic movement is categorized
into various grades based on intensity. The
first grade represents low movement, typically
resulting in minimal to no damage. The
second grade signifies moderate movement,
which may lead to some non-structural
damage. Finally, the third grade denotes
intensive movement, causing both structural
and non-structural damage (Yassin & Sadeghi,
2023).

The focus of this study is Northern Cyprus,
which shares a direct border with Southern
Cyprus. Both regions exhibit similarities in
geographical  nature, soil type, and
environmental factors. Additionally, they are
situated amidst two fault lines stemming from
the East Anatolian Fault line. Despite these
similarities, Northern Cyprus and Southern

Cyprus adhere to different earthquake
regulations, utilize distinct design codes, and
consider various designing parameters.

Furthermore, Northern Cyprus imports certain
materials from Turkey, aligned with TBEC-
2018 standards. Despite existing studies
comparing different earthquake codes, there is
a scarcity of research pertaining to NCSC-
2015. Thus, there is a compelling need to
compare NCSC-2015, EC 8, and TBEC-2018,
as they all play integral roles or indirectly
influence the same geographical area.

In the context of structural design practices in
Cyprus, the NCSC-2015 standard is
predominantly applied within the jurisdiction
of Northern Cyprus, albeit supplemented by
the importation of construction materials from
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Turkey, as inferred from references within
TEC-2007. Conversely, the EC8 standard
finds prevalence in Southern Cyprus. Despite
this, there remains a notable absence of direct
comparisons between these codes in existing
literature. Existing research has shown
significant differences and inconsistencies,
highlighting the need for a thorough
investigation across different factors like soil
type, number of storeys, and geographical
locations. Therefore, this study seeks to
strengthen and expand on previous findings,
improving the reliability and applicability of
the conclusions drawn from the analysis.

The following are some previous studies:

A comparative study between two Seismic
design codes EC8 and NCSC-2015 was
carried out by Resatoglu & Hamed, 2019. The
results of base shear for EC8 and NCSC-2015
were similar. Another study carried out by
Aksoylu et al, 2020 compares TBEC-2018,
ASCE 7-16, and TEC-2007 using the linear
equivalent method to analyze buildings with a
different number of stories. The results show
that the maximum base shear force was
achieved at TEC-2007 for buildings that
consist of 3 and 5 stories, whereas the
maximum base shear force was achieved at
TBEC-2018 for buildings that consist of 7 and
9 stories.

A study conducted by Atmaca & Atmaca in
2019 pointed out that the TBEC-2018
introduces two new earthquake analysis
methods, namely Nonlinear and Linear, which
were not present in TEC-2007. Moreover,
TBEC-2018 offers several advantages,
including specifying the earthquake site and
the soil type with six classes instead of four.
Additionally, it accounts for both long and
short periods of acceleration coefficients.
Ultimately, the study's findings indicate that
the 2018 code is more cautious compared to
the previous one.

In conclusion, Nicosia (Gonyeli region) and
Yeni Iskele (Long Beach region) were
selected in this study due to the population
growth and the different soil type
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properties they have. For example, the Long
Beach region has alluvial soil while some
locations in southern Turkey that were
affected by the 6th of February earthquake
have the same soil. This soil type is listed as
the softest soil type in the three codes, while it
significantly amplifies the shaking of the
ground during earthquakes (Biiyliksarag et al,
2014).

The primary aim of this study is to compare
the analysis outcomes of NCSC-2015, EC 8,

and TBEC-2018, with the following
objectives:
1. Conducting seismic analysis through

nonlinear static analysis (Push Over) of both
three-dimensional (3D) regular and irregular
moment-resisting frame (MRF) systems, as
well as regular and irregular moment-resisting
frame with shear walls (MRF+SW) systems
using ETABSv18 Software.

2. Comparing the resulting base shear and
displacement values obtained from the
analysis.

3. Observing the formation of plastic hinges to
identify the weakest joints within the building
structures.

SEISMICITY OF CYPRUS

The predicted period for the return of a rock
condition earthquake is estimated to be 475
years. The studied area, Cyprus, is surrounded
by three tectonic plates: the Anatolian plate
moving westward, the African plate moving
northward, and the Arabian plate moving
northward at a faster pace. These plates are
interconnected by fault lines, including the
East Anatolian fault line, which has two
extension fault lines traversing through the
island. Previous studies, such as those by
Cagnan et al. (2010), have suggested that the
East Anatolian Fault has active extensions
both to the south and north of Cyprus. These
fault lines span across several countries,
including Turkey, Syria, Cyprus, Lebanon,
Palestine, and Jordan, as depicted in Figure 1.

127



African Plate

Arabian Plate

ESil GEBCO Delome NaturalVue Esri, HERE Garmin, FAO, NOAA USGS

’._ Fault ) f
_A_ subduction zone : ‘\'

Figure 1. The Fault Lines Between the
Anatolian Plate, Arabian Plate, and African
Plate (Evelpidou. 2022)

SESMIC DESIGN CODES

Codes serve as the foundation of design
regulations, providing engineers with essential
guidelines for their calculations. It is crucial for
codes to undergo continuous study and updating
over time to ensure they evolve and remain
relevant. In the realm of civil engineering,
earthquake codes have been established for
quite some time. In Turkey, for instance,
earthquake codes date back to as early as 1940,
with the most recent version being in 2018,
marking the 10th iteration (Isik, 2021).
NCSC-2015 and EC8 have a seismic zone map
that shows different areas based on earthquake
severity, where each area has a specific peak
ground acceleration (PGA). The map is divided
into four seismic zones according to NCSC-
2015 and three seismic zones according to
EC8, where the selected locations in this
study are located in the first zone in NCSC-
2015 and the second zone in EC8 as shown in
Fig 2 and Fig 3.

The TBEC-2018 introduces changes in the
process compared to NCSC-2015 and ECS.
Instead of PGA values, it now employs short-
period spectral acceleration (Ss) and long-period
spectral acceleration (S1). Furthermore, it's the
first code to incorporate horizontal and vertical
design spectra, appearing to be better aligned
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with modern technologies. It's launched with
more detailed information for each province in
Turkey. Unfortunately, this code and its map are
specific to Turkey, but the approach can be
adapted and applied to other codes in different
regions.

PGA Values
02090300
[ 03000350
[ 0:350-0409
[ 04050455

According to NCSC-2015 (NCSC-2015)

pr— -
3300 34700

SEISMIC ZONING MAP
OF CYPRUS

SCALE
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010 20 Kiomaters

SEISMIC ~ Amax
ZONE AgR

1 0.15
= 0.20
& 0.25

3300 3400

Figure 3. Seismic Zoning Map of Cyprus
According to EC8 (Cyprus National Annex,
Eurocode 8)

To conclude, numerous new concepts have been
added in TBEC-2018 such as the classification
of building height, earthquake ground motion
level, wvertical elastic design spectrum,
earthquake design class, and the application of
earthquake hazard on a regional basis was the
most important addition to this code
(Btiytiiksarag, 2022).
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In order toobtain the ratio of spectral
acceleration to PGA check Fig 4, which
represents the ratio  between  spectral

acceleration and PGA of return periods ranging
from 100 to 1000 years from the database of
more than 50 studies. (Lubkowski & Aluisi,
2012).

ES
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y=0.5776x + 0.5967
R?=0.1351
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Figure 4. The Ratio of Spectral Period to PGA
from Seismic Hazard Database (Lubkowski &
Aluisi, 2012)

Blue diamonds represent the ratio between Ss
and PGA, and therefore, by identifying the
PGA, Ss can be obtained from this equation:
SS/PGA=0.3386 PGA +2.1696

On the other hand, red squares represent the
ratio between S1 and PGA, and therefore, by
identifying the PGA, S1 can be obtained from
this equation:

S1/PGA= 0.5776 PGA + 0.5967

NONLINEAR STATIC ANALYSIS

The pushover analysis method is the method
that aims to push the structure till it reaches the
maximum resistance, and according to the
applied earthquake properties such as PGA, soil
type, spectral acceleration, etc, the building has
two possibilities:

1. If a building reaches a collapsed state,
therefore, this building 1is unsafe, and the
applied earthquake loads have pushed the
structure till it collapses.
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2.If a building reaches its maximum limit
without collapsing during an earthquake, it
means that the structure has endured the
maximum earthquake loads without showing
any critical hinges. This indicates that the
building is considerably safe and that the
applied earthquake loads have pushed the
structure to a specific limit.

This method evaluates the real strength and
structure seismic performance. Therefore, after
running the pushover analysis, the base shear
and displacement curve can be obtained,
this curve shows the start point and the
maximum  point  that  the structure
has reached whether it collapsed after this point
or not as shown in Fig 5.
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Figure 5. Capacity Curve of Structures with
Demonstration of Damage State and Building
Performance Level (Abd-Elhamed & Mahmoud,
2016)

The previous figure describes the seismic
performance of a building during an earthquake
in four steps Operational, Immediate Occupancy
(I0), Life Safety (LS), and Collapse Prevention
(CP), respectively, and each step has a worse
state compared to the previous step.

METHODOLOGY

Several case studies were analyzed according to
these three earthquake regulations NCSC-2015,
EC 8, and TBEC-2018, targeting to obtain
different outcomes for strengthening the
comparative study.
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In this study, regular and irregular floorplan
structures have been selected with specific
details. For example, the ground story height is
3.2 m, whereas the remaining stories' heights are
3 m. The beams and columns were modelled as
frame eclements, whereas solid slabs and shear
walls were modelled as shell elements.
Additionally, Plastic hinges were added at 10%
and 90% of the length of each column and
beam, to achieve more accurate results while
applying the pushover analysis method and
observing plastic hinges occurrence, which is
practical to predict the first member to fail.

The modeling of foundations was intentionally
omitted from the scope of this study and
was simply treated as fixed within the software
to streamline and expedite the process, given the
large number of buildings being modeled. The
primary objective of the study is to compare the
outcomes of different codes and determine the
most effective one for future studies.
Consequently, this assumption was uniformly
applied across all selected models. However, it
is important to note that the results could be
influenced and altered if alternative foundation
types were utilized. In a 2015 study by
Somwanshi and Pantawane, it was revealed that
buildings with fixed bases exhibit no
displacement at their base, whereas those with
base isolation exhibit discernible displacement.
This implies that the application of this
assumption to all models could uniformly
impact the results of each model.

The ETABS models were executed following a
systematic procedure:

1. Material properties were selected.

2. Cross-sections for columns, beams, shear
walls, and slabs were added.

3. Models were drawn.

4. Pattern loads including dead load, super dead
load, live load, wind load, and earthquake load
were incorporated.

5. Loads were applied to
excluding earthquake loads.

6. Plastic hinges were defined at the corners.

7. Nonlinear Static (pushover) load cases were
addressed as follows:

the members,
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A. The first load case considered dead load
only.

B. The second load case considered super dead
load with a scale factor of 1 and live load with a
scale factor of 0.25. This case initiated after the
completion of the first load case.

C. The third load case considered earthquake
acceleration for both x and y directions with a
scale factor of -1. Additionally, this case
commenced after the second load case, and P-
Delta effects were considered.

8. The analysis was executed.

P-Delta effect occurs when horizontal
earthquake loads induce drift on structural
elements, resulting in an eccentricity of the
gravity loads along the vertical column axis.
This induced eccentricity amplifies internal
moments, consequently influencing the first-
order moment (Istiono et al., 2022), as depicted
in Figure 6.

Figure 6. P-Large Delta (P-A) & P-Small Delta
(P-9)

In this study, the analyzed models consist of two
systems: the Moment Resisting Frame (MRF)
system and the combination of MRF with Shear
Walls (MRF+SW) system. These systems were
assessed with a shear wall span length of 1.5
meters in regular form for low, mid, and high-
rise buildings. Additionally, irregular forms
were considered solely for high-rise structures.
Moreover, to ensure a robust comparison, the
member sizes were kept consistent across all
structures within each story for all three selected
codes. Furthermore, two locations were
selected: Yeni Iskele (Long Beach region) and
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Nicosia (Gonyeli region). These locations
exhibit distinct soil characteristics, as detailed in
Tables 2, 3, and 4. Ground surveys aimed at
earthquake resilience in the country reveal that
the Long Beach region's coastal area has the
lowest bearing capacity and is susceptible to
liquefaction (Selcukhan & Ekinci, 2023). This
region is characterized by soft alluvial soil,
classified as class D in NCSC-2015 and class E
in EC8 and TBEC-2018. Conversely, Nicosia
city's soil varies, with the north featuring rocky
medium soil, the center consisting of soft rock
or very dense soil, and the south comprising
solidified soil groups (Dindar, 2021). The
Goneyli region, located in Nicosia, is
characterized by stiff soil, classified as class C
across all codes. Despite these differences, both
locations were chosen due to their notable
population growth and urbanization trends, as
depicted in Figure 7.

Age of Buildings i
<1981
10%

4l

/prus

1981-1993
10%

>2015 l

35% .

1993-2005
20%

2005-2015
25%

Figure 7. Buildings Age in Northern Cyprus
(Earthquake committee meetings of the
presidency of TRNC)

A. Regular Structures

These structures should be symmetrical in
principle direction and have no significant
discontinuity in plan or lateral configurations. In
addition, members must continuously run from
the highest point to the foundation without
interruptions  (Yadav &  Hazari, 2022).
Additionally, the structure can be described as
having continuities in both plan and vertical
configurations (Naveen et al., 2019). For this

Volume 20, Issue 3, 2024

study, a regular typical plan was chosen,
representing a residential building with three
different story configurations: G+3, G+7, and
G+11. These configurations have dimensions of
25 meters on the X axis and 25 meters on the Y
axis, comprising five bays with a 5-meter bay
length in each direction.

e  Moment-Resisting Frame (MRF) in regular
form as shown in Fig 8 and Fig 9.

® Moment-Resisting Frame with Shear Walls
(MRF+SW) in regular form as shown in Fig 10
and Fig 11.

501
2500

500 500 500 500 500

Figure 8. Floor plan for Moment-Resisting
Frame (MRF) in Regular Form

G+11 stories
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a) G+11 stories

¢) G+3 stories
Figure 9. The 3D dimensional view for moment >
resisting frames (MRF) in regular form. a) b) G+7
G+11 Stories, b) G+7 Stories, c) G+3 Stories

2500

500

500

T c) G+8 stories

Figure 10. Floor Plan for Moment-Resisting Figure 1 1 . The 3D Dimensional Viewfor
Frame with shear walls (MRF+SW) in Regular (MRF+SW) in Regylar Form a) G"‘-? Stories, b)
Form G+7 Stories, ¢c) G+11 Stories
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B. Irregular Structures

These structures have a sudden physical
discontinuity, either in  plan, lateral
configuration, or both, as they are kept
unsymmetrical in the principal direction.
(Yadav & Hazari, 2022). As a consequence,
irregularity affects the structure’s performance
when it’s subjected to seismic loads (Naveen
et al, 2019). In simpler terms, irregular
structures lack symmetry either in the X or Y
coordinates, or both. Despite being recognized
as weaker compared to regular structures in
previous studies, they remain prevalent due to
factors such as geographical constraints and
other considerations. A residential building
with an irregular plan was chosen for this
study. It comprises eleven stories (G+11) and
has dimensions of 25 meters: on both the X Figure 13. The 3D Dimensional View for (MRF)
and Y axes. The building features .

. i . in Irregular Form
discontinuous five bays, each with a length of

5 meters. . . e Moment Resisting Frame with Shear walls
° Moment-Resisting . Fr_ame (MI,{F) M (MRF+SW) in irregular form as shown in Fig
irregular form as shown in Fig 12 and Fig 13. 14 and Fig 15
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Figure 15. The 3D Dimensional View for
(MRF+SW) in Irregular Form

DESIGN CRITERIA

48 models were analyzed by applying the
nonlinear static analysis (Pushover Analysis)
using ETABSv18 software. Furthermore, the
same material properties and loads were
applied for all buildings, such as dead load,
super dead load, and live load. On the other
hand, earthquake loads were selected according
to the parameters of each code. The design
criteria are shown as follows.

A. Material Properties.

The materials selected for the study were
chosen to meet the requirements of all three
codes. For instance, the minimum concrete
strength specified by NCSC-2015, ECS, and
TBEC-2018 is C20, C20/25, and C25,
respectively. Additionally, following the 1999
earthquakes, the Turkish Ready Mixed
Concrete Association recommended the use
of C30 concrete in earthquake-prone areas
(Zengin et al., 2023). Therefore, for this study,
C30 concrete, which possesses a compressive
strength of 30 MPa, was selected, with other
concrete parameters determined accordingly
based on this strength grade. The codes have
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different reinforcement steel classes. NCSC-
2015 contains three steel classes S220, S420,
and S500, while EC8 and TBEC-2018 have
different steel classes. However, the
only common steel class among the codes is
S420. Therefore, this study uses the S420 steel
grade. For brick walls, the approach differs as
they can be chosen based on the prevalent
brick wall type in the region. Hence, an
average value was selected for the unit weight
of brick walls. The table below displays the
chosen parameters for concrete, steel, and
brick walls for the study:

Table 1. Material properties of steel, concrete

and walls
Parameter Value
Compressn’/e Strength 30 MPa
(f'o)
Unit weight of Concrete 30 kN/m?
Concrete quulus of 25743 MPa
Elasticity
Yield Stress (Fy) 420 MPa
Minimum Tensile
Strength (Fu) 520 MPa
Unit weight of Steel 78.5 kN /m?
Steel Mo@glus of 210000 MPa
Elasticity
Unit weight of Brick 16 kN /m?
walls

B. Section Properties.

Regular and Irregular models were selected
for the analyzed structures consisting of
180mm solid slabs, (250mm*500mm) beams,
250mm external clay brick walls, 200mm
internal clay brick walls, 250mm shear walls,
and columns ranging from (300mm*300mm)
to (300mm*800mm) depending on the floor
and the position of the column, for example,
the columns at the top floor are the smallest,
and their size increase gradually to the bottom
floor. In addition, the corner columns are the
smallest, and the size increases in the external
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columns, where the center columns are the
biggest.
C. Load Properties.

Table 3. EC 8 earthquake regulations for both
selected locations in the study

) ) Nicosia Yeni Iskele
The selected loads were considered according to Description (Gényeli | (Long beach
the codes and unit weight of the materials as region) region)
follows: live load (2kN/m2), Super Dead load Seismic Zone 2 2
(2.5 kN/m2), external walls (12 kN/m), internal Peak Ground 0.2 0.2
walls (9.6 kN/m), where dead load and wind acceleration (PGA) ) )
load considered from the software. In addition, Soil type C E
earthquake loads were taken according to each Seil Factor L15 1.4
code as shown in part D. Importance factor 1 1
D. Seismic Properties. .(I)_
Earthquake properties are considered according Lower'llgnfr(]); the 0.2 0.15
to the requirements of each code, and the T pe::l](;mgt f)th
selected locations that mentioned in this study. pgzrio d (T(Z?) ¢ 0.6 0.5
The Properties are shown in the following The beginning of
tables: the constant 2 2
displacement (TD)
Table 2. NCSC-2015 earthquake regulations for Behaviour MRF 5.85 5.85
both selected locations in the study Factor q 1_\'_/ISR‘£ 5.4 5.4
Correction Factor 1 1
. Yeni Iskele
Nicosia L
Description (Gonyeli (Long Table 4. TBEC-2018 earthquake regulations for
. beach . .
region) . both selected locations in the study
region)
Yeni
Seismic Zone 1 1 Nicosia | Iskele
Description (Gonyeli | (Long
region) beach
Peak Ground 03 0.3 - region)
acceleration (PGA) : : Spectral Acceleration 0.6795 0.6795
for short period (Ss) ' '
Spectral Acceleration
for 1 second (S1) 0.2259 0.2259
Soil type C D Long-Period ] ]
Transition Period
MRF . . Site type 7C ZE
Behaviour Response MRF 8 8
factor (R) modification | MRF
M 7 7 R) +SW ! !
System MRF 3 3
overstrength | MRF
Importance factor (I) 1 1 (D) +SW 2.5 2.5
Importance factor (I) | 1
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RESULTS AND DISCUSSION

In this part, all obtained results from the Non-
linear Static Analysis method such as base
shear, displacement, and plastic hinges
occurrence were presented and explained as
graphs and compared according to regular and
irregular structures. The results were prepared in
order of building type as follows:

1. MRF in Regular Form

The results such as base shear, displacement,
and plastic hinges formation for MRF in regular
form were obtained according to two soil types,
three codes, and three different story structures
with different numbers of stories.

A. Base Shear and Displacement.

The pushover curve that shows the base shear
forces and displacement for MRF residential
buildings in regular form with different number
of stories, different codes, and soil classes are
shown below in Fig 16 and Fig 17.

Based on the preceding graph charts, both
NCSC-2015 and ECS8 exhibited marginal
increases, not exceeding 5%, in the soft soil
class across all the models. In contrast, TBEC-
2018 demonstrated an increase in the soft soil
class for all models.
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Figure 16. Pushover Curves for MRF structure
in regular form, medium soil class
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Figure 17. Pushover Curves for MRF structure
in regular form, soft soil class

In TBEC-2018, there was a modest 6% increase
in base shear for the G+11 model in the soft soil
class. However, this increase escalated in the
G+7 models, reaching 12% for base shear and
18% for displacement. Moreover, the G+3
models experienced a slight rise in the soft soil
class, reaching 14% for base shear and 23% for
displacement.

B. Plastic Hinges.

The presence of plastic hinges plays a critical
role in determining the structural integrity of
buildings during earthquakes. In many
instances, plastic hinges were observed in
various locations throughout the buildings, with
some exceeding the critical plastic (CP) state,
particularly in the ground and first stories. As a
consequence, all those models in the selected
areas are in danger and not lucky enough to stay
standing during earthquakes.

C. Summary.

EC8 and NCSC-2015 exhibited only a slight
disparity between medium and soft soil classes,
whereas TBEC-2018 demonstrated a more
significant and realistic discrepancy, with a
notable increase in the soft soil class.

The regular MRF models appeared to be
vulnerable in earthquake-prone areas, as
indicated by the increase in base shear and
displacement in soft soil class models.
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Moreover, in some instances, these values
remained comparable to those in medium soil
class models.

Furthermore, the majority of plastic hinge
occurrences, including the CP state, were
concentrated in the first three stories.
Consequently, these models appear to be at
substantial risk, as failure in any of these plastic
hinges could potentially result in the collapse of
the entire structure in practice.

2. MRF+SW In Regular Form

The results such as base shear, displacement,
and plastic hinges formation for MRF+SW in
regular form were obtained according to two
soil types, three codes, and three different
story structures with different numbers of
stories.

A. Base Shear and Displacement.

The pushover curve that shows the base shear
forces and displacement for MRF+SW
residential buildings in regular form with
different number of stories, different codes,
and soil classes are shown below in Fig 18
and Fig 19.
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Figure 18. Pushover Curves for MRF+SW
structures in regular form, medium soil class
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Figure 19. Pushover Curves for MRF+SW
structures in regular form, soft soil class

The graph lines indicate that across all cases,
there are relatively consistent results between
medium and soft soil types. However, while
the base shear shows a slight increase from
G+3 to G+11, the displacement experiences a
significant rise over the same range.

In NCSC-2015 and EC8 models, no notable
distinctions were observed between medium
and soft soil classes; their performances
appeared similar.

Contrastingly, TBEC-2018 exhibited a slight
decrease in base shear and displacement by
approximately 5% in the soft soil class for
G+3 models. Additionally, only one plastic
hinge, reaching the critical plastic (CP) state,
was identified in the G+3 soft soil class
model. Consequently, this model may reach
failure sooner than the corresponding medium
soil class model, which could explain the
observed decrease rather than an increase.

B. Plastic Hinges.

The occurrence of plastic hinges was
consistent across all codes, with one plastic
hinge reaching the critical plastic (CP) state in
all G+3 models on the ground floor.
Additionally, some plastic hinges with 1O and
LS states occurred in all G+7 and G+I11
models on both the first and ground floors.
Consequently, G+7 and G+11 configurations
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appeared to exhibit greater safety in this
regard compared to G+3 configurations.

C. Summary.

NCSC-2015 and ECS8 depicted no difference
between medium and soft soil classes, while
TBEC-2018 depicted a slight base shear
decrease in the soft soil of G+3. Although the
results showed only one difference, MRF+SW
models seemed to perform better compared to
MREF, especially in G+7 models and above.

3. MRF In Irregular Form

The  results, including base  shear,
displacement, and plastic hinge formation, for
irregular MRF configurations were obtained
based on two soil types and three seismic
design codes, specifically for high-rise
buildings.

A. Base Shear and Displacement

The pushover curve that shows the base shear
forces and displacement for high-rise MRF
residential buildings in irregular form with
different codes and different soil classes are
shown below in Fig 20.
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Figure 20. Pushover curves for MRF in an
irregular form, medium and soft soil class

The preceding line graph reveals that the peak
base shear and displacement were observed in
NCSC-2015. However, there was no notable
change in the results for EC8 and TBEC-2018.
In NCSC-2015, both base shear and
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displacement increased by 10% and 17%,
respectively, in the soft soil class.
Consequently, models designed according to
NCSC-2015 exhibited greater resilience and
endured for a longer period before collapse
compared to those designed according to other
codes.

B. Plastic Hinges.

Plastic hinges reaching the critical plastic
(CP) state were observed in all models. In
NCSC-2015, these hinges appeared on the
ground, first, and second floors for the soft
soil class, while fewer hinges were observed
in the medium soil class, appearing only on
the ground and first floors.

Conversely, EC8 and TBEC-2018 did not
exhibit a distinction between medium and soft
soil classes. However, CP state plastic hinges
were predominantly located on the ground and
first floors.

C. Summary.

The models seemed unsafe in all cases, but in
EC8 and TBEC-2018 the consideration of
danger occurrence was higher and the collapse
seemed to happen earlier than NCSC-2015.
The irregular MRF models appeared very
weak and unable to resist earthquake loads.

4. MRF+SW in Irregular Form.

The results such as base shear, displacement,
and plastic hinges formation for MRF+SW in
irregular form were obtained according to two
soil types, and three codes, and for only high-
rise buildings.

A. Base Shear and Displacement.

The pushover curve that shows the base shear
forces and displacement for high-rise
MRF+SW residential buildings in irregular
form with different codes and different soil
classes are shown below in Fig 21.

The results depicted in this graph showed
minimal variation among all models, with
differences, if any, not exceeding 1%.
Primarily, the similarity in results can be
attributed to the timing and location
consistency of critical plastic  hinge
occurrences.
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Figure 21. Pushover Curves for MRF+SW
structures in an irregular form, medium and soft
soil

B. Plastic Hinges.

All models faced plastic hinges occurrence with
a CP state in the first three stories. Therefore,
these structures appeared weak and couldn’t
resist the applied earthquake loads.

C. Summary.

The models displayed vulnerability and are
unlikely to remain standing under the imposed
earthquake conditions. Even though the 1.5 m
span length shear walls may provide some
resistance, it appeared to be insufficient.
Moreover, the simultaneous occurrence of
critical plastic hinges at consistent locations
suggests that the codes in this scenario predicted
collapse at the same juncture.

CONCLUSION

1. MRF in the regular form:

The base shear and displacement exhibited an
increase from G+3 to G+11 buildings.
Particularly in TBEC-2018, the transition from
medium to soft soil had a more realistic impact
on base shear and displacement. However,
across all structures, the presence of critical
hinges indicated that they were unsafe.

2. MRF+SW in the regular form:

Volume 20, Issue 3, 2024

Base shear and displacement increased as the
number of stories rose from G+3 to G+11
buildings. The results appeared consistent for
both soil classes in all codes, except for TBEC-
2018, which showed a slight decrease from
medium to soft soil class for G+3 buildings.
Overall, all structures seemed to remain stable

and capable of withstanding the applied
earthquake loads.

3. MRF in the irregular form:

In NCSC-2015, both Dbase shear and

displacement increased from medium to soft
soil, while TBEC-2018 and EC &8 showed
consistent results for both soil classes. However,
TBEC-2018 and EC 8 predicted the occurrence
of critical hinges earlier than NCSC-2015,
suggesting that structures evaluated by NCSC-
2015 may withstand more before collapsing.
Nevertheless, all structures appeared unsafe due
to the presence of critical hinges.

4. MRF+SW in the irregular form:

For all codes, base shear and displacement
showed no variation between soil classes, and
critical hinges occurred at identical locations.
Consequently, all structures were deemed
unsafe due to the presence of critical hinges.

5. Primary conclusions:

e The codes stated similar results when:

A. Structures are safe, and no plastic hinges
appeared.

B. Structures are unsafe but did not collapse
according to the applied seismic loads.

e Shear walls play a critical role in mitigating
the impact of earthquake loads.

e Buildings with regular shapes are generally
more resilient to earthquakes compared to
buildings with irregular shapes.

e The first three stories of a building are
typically the most critical, as plastic hinges tend
to occur in them predominantly.

e The findings underscore the importance of
soil class as a significant factor influencing the
results across different seismic design codes.

e It has been observed that the earthquake
impact did not significantly change between the
old and new regulations. However, this outcome
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may vary depending on buildings with diverse
geometric characteristics and soil classes.

e NCSC-2015 divides the island into four
seismic regions with corresponding peak ground
acceleration values, irrespective of local site
conditions. In contrast, TBEC-2018 introduces a
revised approach by incorporating a seismic
hazard map and offering site-specific data based
on the building's coordinates.

e TBEC-2018 appears to be more
comprehensive and adapted to advanced
technologies, considering parameters in a more
detailed manner.

e Based on the findings, variations among the
codes were not always evident. However, EC 8
and TBEC-2018 tended to be more conservative
most of the time.

e The most significant change in TBEC-2018
compared to NCSC-2015 is the implementation
of the Earthquake Hazard Map. TBEC-2018
utilizes specific earthquake properties based on
coordinates from this map, defining short-period
and long-period spectral acceleration for each
location. Therefore, it would be beneficial to
develop a new map for Cyprus using the
updated procedure introduced in TBEC-2018.

e Despite the codes not indicating significant
differences in the results, TBEC-2018 appeared
to show more logical results and predict the
danger earlier as this code also considers more
parameters and specific details. Therefore, this
study can state that TBEC-2018 is the most
appropriate code compared to NCSC-2015 and
ECS.

RECOMMENDATIONS

Based on the findings of this study, the
following recommendations are proposed for
future research:

1. Future studies should consider comparing
seismic design codes while also incorporating
specific types of foundations within the scope of
the study, such as mat foundations or base-
isolated foundations.
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2. It would be beneficial to conduct additional
studies focusing on various types of soil to
further explore their impact on structural
behavior under earthquake loads.

3. Utilizing 3D models that closely resemble
real-world structures is recommended for future
studies, despite potential challenges in
comparison. Such models provide increased
accuracy and realism.

4. Future research endeavors can explore the
development of a new earthquake map for
Cyprus, similar to the approach adopted in
Turkey, with coordinates providing site-specific
seismic hazard data.

5. Researchers are encouraged to carefully
select a subset of models and analyze them
using multiple seismic analysis methods. This
approach can yield more robust and accurate
results, enhancing the wunderstanding of
structural response to seismic events.
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SERVICEABILITY LIMIT STATE PARAMETERS FOR HIGH
STRENGTH CONCRETE STRUCTURES
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Abstract. High-strength concrete structures become more and more widespread in construction practice due
to certain advantages. At the same time the current Russian and foreign standards for the design of reinforced
high-strength concrete structures are not rigorous enough, since it is based on the conceptual provisions for
reinforced concrete structures made of ordinary concrete. The article analyzes the basic provisions for
calculation of high-strength concrete structures for serviceability limit state and compares it with the available
experimental data. The study points out not only significant quantitative discrepancies in design and
experimental values of stiffness and crack resistance parameters of such structures, but also indicate
inadequacy of physical phenomena laid in the basic design provisions adopted in the current Russian and
foreign standards by analogy with the physical nature of deformation of reinforced concrete structures made
of ordinary concrete. The paper proposes to adjust the deformation model for calculating the parameters of
serviceability limit state for high-strength concrete structures based on the results of experimental
investigations.

Keywords: high-strength concrete, reinforced concrete structures, cracks, serviceability limit state,
spacing between cracks

IIPOBJIEMA HOPMUAPOBAHMS ITAPAMETPOB IPEJEJTBbHBIX
COCTOSIHUHM BTOPOM I'PYHIIBI AJ151 KOHCTPYKLIUHA U3
BbICOKOIPOYHOTI'O KEJE30BETOHA

Ba.H. Konuynoe ', C.C. @edopos !
! HaumonansHeli uccnenoBaTeabckuii MOCKOBCKHUIA rocynapcTBeH B cTpoutenbHblii yausepcuter (HUY MI'CY),
r. MockBa, POCCU
2 Hay4Ho-MCCIIEIOBATENBCKUI MHCTUTYT CTpouTeNbHOI pusnkn PAACH, . Mocksa, POCCU I

AnHoTauus. KOHCTPpYKIMH U3 BBICOKOIIPOYHOTO Kelle300eToHa Onaronaps OnpeleleHHBIM J0CTOMHCTBAM
HaXoAAT Bce OoJiee MIMPOKOE pacIpOCTPaHEHUE B CTPOUTENBHOM MpakTuke. B To ke Bpems neicTByromue
poccuiickue U 3apyOe)KHble HOPMAaTHBHBIC JOKYMEHTHI [0 NPOCKTHPOBAHHIO OCTOHHBIX KEIe300CTOHHBIX
KOHCprKHI/Iﬁ M3 BBICOKOIIPOYHBIX 6eTOHOB, IMOCTPOCHHBIC HAa OCHOBC KOHUECTTYaJIbHBIX MOJ0KCHHU HOpM
MPOCKTUPOBAHUS KeJIe300€TOHHBIX KOHCTPYKIMM M3 OOBIYHBIX OETOHOB SBIAIOTCS HEAOCTATOYHO
CTpOoruMH. B crarbe npuBeneH aHaM3 OCHOBHBIX ITOJIOKEHHH pacueTa KOHCTPYKLUHUH BBICOKOIIPOYHOTO
kKeJie300eTOHa 10 TPEACIbHBIM COCTOSIHUSIM BTOPOW IPYIIBI B COMIOCTABICHUH C UMEIOLIIMMHUCS ONBITHBIMH
JaHHbIMU. OTMEYaroTCsi HE TOJBKO 3HAYMTEIbHBIC KOJMYECTBEHHBIC PACXOXK/ICHHUS B PACUETHBIX U OTIBITHBIX
3HAUCHHSAX IapaMeTPOB JKECTKOCTH M TPELIMHOCTOWKOCTH KOHCTPYKIMH M3 TAKOTrO jKele300eToHa, HO |
HEaJleKBaTHOCTh (DU3MYECKOM MPHUPOABI SBJICHUM, 3aJI0KCHHBIX B OCHOBHBIC PACUCTHBIC IOJOKCHHUS
NPUHSATBIC B JCHCTBYIONIMX POCCHUCKHX M 3apyOeKHBIX HOpPMax MO aHAJOTHH ¢ (QU3HYESCKOH MPHPOAOi
neopMupoBaHAS KEJIE300€TOHHBIX KOHCTPYKIMH ©3 OOBIYHBIX OETOHOB 0€3 COOTBETCTBYIOUIETO
ob6ocHoBaHuUsA. J[aHBI TIpeNIOKEHU K KOPPEKTUPOBKE 1e(hOpMALMOHHONW MOAETH Ul pacdeTa napamMeTpoB
NpPEeACTbHBIX COCTOSHUN BTOPOW IPyIIbl KOHCTPYKIUHU U3 BBICOKOIIPOYHOTO KeJIe300€TOHA OCHOBAHHBIC HA
pe3ysbTaTax 3KCIEePUMEHTAIbHbBIX UCCIEOBAHUMN.

Ki1roueBble c10Ba: BEICOKONPOYHBIN OCTOH, jKe1e300€TOHHBIE KOHCTPYKIIUHU, TPEIIUHEI,
BTOpasi TpyIa MpeJesIbHbIX COCTOSIHUHN, PaCCTOSHUE MEXKTy TPEIIMHAMU
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INTRODUCTION

The main issues in the design of structures made
of new types of concrete, including high-strength
concrete and fiber-reinforced concrete, are their
safety and decrease in metal consumption. For this
purpose, it is necessary to develop and improve
new design models which correspond to the real
operation regime of structures made of such
materials under different types of stress state. The
absence of effective models accounting for the
specifics of deformation and fracture of reinforced
high-strength concrete structures leads not only to
the design of structures with unreasonable
reserves of bearing capacity and, accordingly,
material consumption, but also to the decrease of
their safety. Imperfection of deformation models
included in regulatory documents significantly
affects the quality of structural design.

The analysis of basic provisions of the new
Russian Building Code SP311.1325800 for the
design of high-strength concrete structures
according serviceability limit state criteria showed
that it offers a methodology for determining the
parameters of serviceability limit state using the
same theoretical and methodological basis as for
ordinary concrete structures. Such an approach is
not apricated in the publications available today in
Russian [1-4] and foreign literature [5-7], where
deformation models and methods for calculation
of high-strength concrete structures are proposed
on the basis of modern experimental studies of
such structures. Thus, tests of high-strength
concrete beams [1,2,4,8] show that, as a rule, there
is only one main crack in the tensile zone. And
failure occurs along this crack. The similar
character of cracking is observed in fiber
reinforced concrete structures [9,10,11]. If we
proceed from the traditional model of deformation
of reinforced concrete components with cracks
proposed, which was developed for concrete of
relatively low strength, then this model assumes
the formation of a network of cracks in the tensile
zone and, accordingly, the strains of concrete and
reinforcement in the areas between the cracks and
in the crack are reduced to some mean values
through the coefficient proposed by Murashev.
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However, if one or two cracks are formed in the
tensile zone of a high-strength concrete structure,
such a physical model does not reflect the physical
aspect of the problem under consideration. Here,
as shown in [8,12], it is necessary to attract more
perfect models of deformation of reinforced
concrete components with cracks adequately
describing the physical phenomenon under
consideration, including new hypotheses and more
rigorous relationships of fracture mechanics
adapted to high-strength concrete structures.
Another important specific feature established
experimentally for deformation of high-strength
concrete structures [1,2,10] is a relatively small
range of deformation in serviceability stage from
the bending moment of crack formation to failure
one. If low-strength concrete structures have the
range of 0.7-0.8 of the capacity, then this range for
high-strength structures does not exceed 0.25-0.4.
This imposes serious limitations on the analysis of
such structures according to the serviceability
limit state and its criteria.

To take into account the mentioned and other
peculiarities of deformation of high-strength
concrete structures in calculation for the
serviceable limit state, a more advanced
calculation apparatus should be used. It should
allow considering the specificity of the noted and
other physical phenomena of deformation and
cracking of such material. Here, as mentioned in
[12], the calculation relationships for determining
the level spacing between cracks and the crack
opening width can be used within the framework
of the general methodology, taking into account
the deformation effect in a single crack [8,9] and
more rigorous relationships of the semi-
analytical model for determining the stiffness of
structures in the zone of normal and inclined
cracks [3.,5, 12-14].

Thus, the purpose of this study is to substantiate
the necessity and efficiency of transition to more
rigorous and experimentally confirmed models of
deformation of high-strength concrete structures
for updating regulatory documents, in particular,
Russian Building Code (SP311.1325800) in the
part concerning the calculation of such structures
for serviceability limit state.
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Physical and design models of stiffness and
crack resistance of high-strength concrete
structures. According to the current Russian
Building Code (SP 311.1325800) for the design of
high-strength concrete structures, the design of
such structures for the serviceability limit state
should be carried out using the same requirements
as for reinforced concrete structures made of
ordinary concrete with some adjustment of the
deformation modulus and elastic-plastic moment
of resistance of the section, taking into account the
increased strength of high-strength concrete. It
follows that the physical model of deformation
and cracking in the tensile zones of high-strength
concrete structure remains the same as for
ordinary reinforced concrete. As the data of
experimental studies [1,2,4,5, 10] and the results
of numerical investigations of high-strength
concrete structures [4, 9] show, the knowledge
obtained in the last decade about physical
phenomena of deformation, crack formation and
opening in such structures qualitatively differs
from those parameters under loading of ordinary
concrete structures. Thus, it has been found that
instead of a network of irregular cracks formed
during testing of structures made of low-strength
concrete, single so-called discrete cracks are
formed in structures made of high-strength
concrete [2,3,4, 5, 10] (Figure la-c). In beams
with deformable transverse contour in the most
stressed tensile zone, several cracks may appear
(Figure 1d-f), but only one of which increases
sharply in opening width as the load grows, and
fracture happens along this crack.

This cracking process qualitatively changes the
Murashev deformation model traditionally used
in design. In this model, the key hypothesis is
the hypothesis of mean strains (or stresses) in
the reinforcement located in the tensile zone.
Meanwhile, for  high-strength  concrete
structures, the crack opening process can be
described more rigorously by a model in which
the strains in concrete and rebars are
determined for a block between cracks, if there
is a network of irregular cracks, or by a model
for a block in the zone of a single crack, if
there is a single crack in the structure. In

Volume 20, Issue 3, 2024

accordance with this model [12, 14], the strains

of tensile concrete £6r(*) are determined from
the equilibrium of the block located between
the section with a crack and the section passing

at a distance ’« T X from the crack (Figure 2):

Ebt (x)|x=0,51

=Eptu
cre—ty

(1

According to this block model, the mutual slip
strains of reinforcement and concrete are
determined by the formula:

te (D=8, e

where &s (x) is the strain in steel rebar; bt (x) is
the strain in concrete at the section x.

An important particularity of the physical
phenomenon of cracking in reinforced concrete
structures is the so-called deformation effect,
which is experimentally established at crack
opening. In existing Russian [16,17] and foreign
[18-20] regulatory documents, the crack opening
width is calculated at the level of the rebar axis
by the strains of concrete and reinforcement in
the area between adjacent cracks and using the
triangle profile for crack opening. The
calculation model introduces such a parameter as
the distance between cracks Im,crc. In this case,
the profile of the crack itself changes linearly
from the maximum opening at the level of the
reinforcing bar with a decrease in the width of
the opening as it moves away from it in the
direction of the compressed zone (Figure 3a).
Based on numerous experimental studies of the
crack formation and crack opening in reinforced
concrete structures with different geometry and
reinforcement parameters, [21, 27], the study
provides substantiated results of the analysis of
this process and a refined SCC model [21] of the
effective crack opening width in slender and deep
beams. It considers two types of external cracks
in flexural elements subjected to pure bending:
primary flexural cracks penetrating most of the
tensile zone and reaching the neutral axis, and
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local secondary cracks of smaller size located
near the tensile reinforcement, respectively. It
also differentiates approach to the types of cracks
in deep and slender beams (Figure3b). The basic
idea of the SCC model proposed in [20] is to
predict the mean crack spacing in an RC element
from the strain profile of the tensile
reinforcement. This model allows predicting the
mean spacing between primary lmec and
secondary /mcres cracks. As observed by the

Face C
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authors of the model, who had analyzed the
experimental data, the primary crack width
profile in deep beams follows a bilinear shape,
while the traditionally accepted model (see
Figure3a) uses a linear primary crack width
profile. In deep beams, the crack opening width
increases linearly between the crack depth levels
representing the vertices of the primary (point 1)
and secondary (point 2) cracks (see Figure 3b).

Face A ’ Face B
e -

L 200

Face A Face B
a)
)
[
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[
(=
=
+E
&
|
)
b=
|
1200
d)

|II-6B-KOP-410 (2)

D

Figure 1. Cross section of a solid beam (a), a pattern of a single crack sweep (b) and a general view
of a crack from a side face (c); d,e, f- the same for a box section beam
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Figure 2. Diagrams of strain in concrete &,, (x or z), steel rebars €, (x or z) and mutual slip strains
e, (xorz) in the block between adjacent normal or inclined cracks at presence of network of cracks
(a) or at appearing of a single crack (b)

al
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Figure 3. Model of cracks in bending element: a - according to the method [17,18]; b - according to
the method [21]; ¢, d - according to the method [12]
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Within this interval, the crack width is
determined by the spacing between primary
cracks. Further, the crack width growth rate
decreases due to the appearance of secondary
cracks. For very deep beams, the growth rate
may even become negative, i.e., the width
decreases and the crack width profile takes
the shape of a fish. The SCC crack model is
an experimentally based approach with a
minimum number of empirical parameters. In
addition to the mean strains, a single
empirical parameter characterizing the strain
profile of the reinforcement is introduced.
According to the authors [20] in contrast to
the Model Code 2010 [20] and Eurocode 2
[19] methodologies, the proposed calculation
model is free from the empirically
determined effective deformation region of
concrete under tension.

The use of more precise tools in the
experimental studies by V.I. Kolchunov [8],
I.A. Yakovenko [22], A. I. Demyanov [15] et
al of crack opening width in tests of
structures made of concrete of different
strength and with different types of stress
state allowed to identify that the physical
nature of the investigated phenomenon of
crack opening in reinforced concrete
structures has more universal regularities and
should not be separated to specific concrete
structures. This nature can be described by
the model of the so-called deformation effect
or the effect of discontinuity in reinforced
concrete structure near the steel rebar [12].
The nature of concrete strain patterns
obtained in the mentioned studies, as well as
in the studies of other researchers [23-26]
show that in the zones adjacent to the crack,
concrete tensile strains turn into compressive
strains. The tangential bond stresses also
change sign and the pattern of strains in the
rebar in the area between the cracks changes
respectively (see Figure 3c¢). Avalanche-like
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opening of cracks along the triangular profile
which is typical for a concrete element, is
restrained by rebars in reinforced concrete
elements. This can be considered as a
concentrated deformation effect after the
continuity violation. Thus, the crack profile
is complex and can be described as an ellipse
curve, with the maximum opening above the
level of the reinforcement bar. As a result, in
a two-component system of reinforced
concrete matrix with a crack in the vicinity of
cracks, a reaction appears at the contact
between concrete and reinforcement called
the effect of continuity violation or
deformation effect.

The theoretical solution of the problem under
consideration is developed using clearly
structured and interrelated design
assumptions that incorporate the mechanics
of reinforced concrete and fracture mechanics
[12, 15, 22]. The perturbation of the stress-
strain state in the vicinity of the crack is
found by using the model of the so-called
double-cantilever element (DCE), which
relates the constants of the concrete strain
diagrams to the ductility of this element
(Figure 4). The pliability function is derived
from the expression of the energy release rate
at crack opening

(pbu

. 8w -6V

= i 57—

_dw  av ;
T dA  dA ®)

where W is the additional work done over
the element when the crack propagates by a
small distance 6A4; 6V is the additional work
done on the element as the crack propagates
by a small distancedA; A is the area of crack
surface.
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Figure 4. Model of double-cantilever element (DCE) in reinforced concrete beam. stress-strain
State in the vicinity of the crack (a); model of double-cantilever element (b)

Providing the relation between the constants of
fracture mechanics and traditional mechanics of
reinforced concrete structures, the equivalent
experimental characteristic o©» amenable to
standardization is used. As a result, the physical
resistance model (PRM) called the double-
cantilever element model is universal for single
and discrete cracks. Having all the components
of the stress state such as stresses in the
compressed and tensile concrete along the crack
sides (o»s, Rer), tangential stresses in the contact
zone of the tensile reinforcement and concrete
(ter) (see Fig. 4), it allows modeling
theoretically the deformation effect in transverse
[25], inclined [26] and spatial [1, 2] cracks in a
reinforced concrete element made of concretes
of different strengths without introducing
additional experimental parameters and without
using hypotheses about the mean crack opening
width.

It is relevant to note that the idea of block
models taking into account shear in concrete
above the crack tip in combination with the
spacing effect and the nagel effect at the level of
the tensile reinforcement axis has been recently
proposed in a number of foreign publications,
for example, in a rather detailed study [27] on
the theory of shear cracks in reinforced concrete
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beams. This model has some similarity with the
idea proposed by the DCE model, but the
determination of the parameters of this shear
theory is based on the use of static-kinematic
equations and has less generality, since it is
oriented to the use of an increased number of
initial assumptions and experimental constants.
Such models are usually applicable to special
cases of stress states of concrete structures and
types of cracks. At the same time, the physical
nature of deformation in these models remains
within the framework of traditional approaches:
the idea of the mean spacing between cracks is
retained, the deformation effect of concrete in
the crack is not taken into account, the
Bernoulli-Navier  hypothesis is used to
determine the height of the compressed zone of
concrete, etc.

It is easy to see that the introduction of the DCE
model into the mechanics of reinforced concrete
makes it possible to adequately describe both
variants of cracking in the tensile zone (see
Figure 3 c, d) and to develop a general design
model for solving the problems of stiffness,
crack resistance and strength of high-strength
concrete structures, considering different types
of cracks and experimentally established new
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effects of deformation of reinforced concrete
with cracks under different types of stress state.

Another argument to justify the expediency of
introducing in the design practice more rigorous
models in the assessment of serviceability limit
states to take into account the specifics of
deformation of high-strength concrete structures
can be the experimentally obtained curvatures
(strains) and deflections of beams made of such
material. Thus, analyzing the qualitative
character of the experimental diagrams “relative
value of the generalized support reaction vs.
relative deflection” and “relative value of the
generalized support reaction vs. relative angle of
rotation” of high-strength concrete beams
experiencing bending with torsion [1,2,10] it is
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possible to note the following (Figure 5). In
these structures, up to the level of 0.75-0.80 of
the generalized ultimate support reactions, the
change in deflections was close to a linear
relationship. At the same time, there were no
cracks in the beam structures. The range of
nonlinear deformation at increase of loads up to
exhaustion of bearing capacity was relatively
small and amounted to 0.2-0.25 of the failure
loads. At the same time, it is known that in
beams made of ordinary reinforced concrete the
second stage of stress-strain state is the main
operational stage for estimation of parameters of
serviceability limit state associated with
determination of crack opening width and
displacements of elements with cracks.
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Figure 5. Experimental diagrams “generalized reaction vs. relative deflection” (a) and
“generalized reaction vs. angle of rotation” (b) of box section high-strength concrete beam
experiencing bending and torsion: 1 - by the first indicator, 2- by the second indicator

Considering the extremely small range of
deformation of high-strength concrete structures
from the moment of crack initiation to failure
and the fact that after crack initiation the
intensity of nonlinear displacements and,
accordingly, crack opening sharply increases.
Thus, the failure of such structures is brittle
under the considered stress state and reduced
deformability of high-strength concrete [28,29].
Apparently, quantitative criteria of limit states
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of high-strength concrete structures should be
revised in the existing standards.

The same conclusion can be drawn from the
analysis of the crack opening pattern in
experimental high-strength concrete beams
(Figure 6) tested in the research [1]. The
quantitative values of the width of opening of a
single crack 1 (Tp.1 ) at different stages of
loading (indicated by Roman numerals) show
that the crack opening width along the axes of
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reinforcement bars (axes 1-9 on the sweep of
beam faces A,B,C) has values two or more
times smaller than at distances of two or three
diameters (shown in brackets) from these axes.
For example, the crack opening at stage IV is 0.
2(0.5), at stage VI is 0.8 (1.7), at stage VIl is 3.0
(6.2).

This experimentally confirms the presence of
deformation effect and bilinear or curvilinear
crack profile shown in Figure 3 b,d. The crack
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profile specified today by Russian and foreign
standards does not consider the deformation
effect and significantly overestimates the
normalized crack opening width for high-
strength concrete structures by more than twice.
Ignoring the type of cracks (distributed or
single) in high-strength concrete structures also
significantly affects the calculated values of
displacements, and not to the reserve for the
stiffness of structures.
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Figure 6. Cross section (a), single crack sweep pattern (b) and crack opening width on the faces of
a high-strength concrete beam experiencing bending with torsion

CONCLUSIONS

1. Design models of high-strength concrete
structures for serviceability limit state provided
in the current Russian and foreign regulatory
documents have been developed using
conceptual provisions of the design standards
for reinforced concrete structures made of
ordinary concrete. Thus, they do not strictly
enough describe the stress-strain state of
structures made of high-strength concrete at the
second and third stages of their deformation.
They also do not take into account the formation
of single cracks in the structures, the presence of
the deformation effect in the cracks and changes
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in the distribution of longitudinal strains in
concrete and reinforcement bars in the zone of
the crack, the relatively small range of
deformation of the section in stage II of stress-
strain state.

2. In order to take into account these and other
peculiarities of deformation of high-strength
concrete structures in the calculation for
serviceability limit state, a more advanced
calculation apparatus should be used, which
allows to account the specifics of deformation
and cracking of such material. As shown by the
data of experimental studies conducted in recent
years with the use of more refined tools, the
physical phenomena of deformation, cracking
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and crack opening in such structures
qualitatively differ from those parameters for
structures made of ordinary concrete. Thus,
instead of a network of regular cracks formed
during testing of low-strength concrete
structures, single so-called discrete cracks
appear in high-strength concrete structures. This
qualitatively changes the deformation model
traditionally used in design. The key hypothesis
in this model is the hypothesis of strain (stress)
averaging in tensile reinforcement. Even the
notion of the spacing between cracks used in the
design models of serviceability limit state is
changed.

3. The physical nature of experimentally
determined phenomena of crack opening has
more general regularities and is not separated
for specific types of structures, specific types of
concrete and reinforcement. It can be described
by the so-called deformation effect or the effect
of violation of the continuity of the concrete
matrix in the zone of the reinforcement bar.
Theoretical solution of this problem can be
constructed using clearly structured and
interrelated design assumptions combining the
traditional mechanics of reinforced concrete and
fracture mechanics. In this case, the perturbation
of the stress-strain state in the vicinity of the
crack is determined using the model of the so-
called double-cantilever element (DCE),
relating the constants of concrete strain
diagrams to the pliability of this element.

4. In high-strength concrete structures, the
strain rate of compressed concrete and
reinforcement in the section with the crack
increases after the formation of single cracks
and, accordingly, the displacements in the
structure increase sharply in a relatively short
range of load changes. Yielding occurs in the

reinforcement bars, 1i.e., the structure
collapses. The operating range of high-
strength  concrete  structures after the

formation of single cracks in stage II of stress-
strain state is more than twice as short as in
beams made of ordinary concrete after the
formation of a network of distributed regular
cracks.
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THE MOISTURE REGIME OF ENCLOSING STRUCTURES IN
DIFFERENT CONSTRUCTION AREAS

Kirill P. Zubarev
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Research Institute of Building Physics of Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
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Abstract: Heat and mass transfer mathematical model is formulated. Solution of the moisture transfer equation
was obtained by discrete-continuum approach, which gives an opportunity to obtain the new analytical solution.
Algorithm for calculating the moisture regime according to the proposed mathematical model is given. Enclosing
structure with aerated concrete base and expanded polystyrene insulation is chosen for moisture regime
calculation. Moisture behaviour calculation is done in three construction areas (dry, normal, wet) for four
different moisture regimes of building room (dry, normal, moist, wet). Calculation results were summarized in a
table which engineers can use in their practical work.

Keywords: moisture regime, mathematical model, discrete-continuum approach, moisture potential, vapor
permeability, sorption isotherm, enclosing structure

BJIA’JKHOCTHBIN PEXKHUM OI'PAKIAIOINX KOHCTPYKIIUN
B PA3JIMYHBIX PAMOHAX CTPOUTEJbCTBA

K.I1. 3ybapes

HarmmonanpHbIi HccnenoBaTensckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHTET, T. Mocksa, POCCH S
HayuHo-mccnenoBaTenbCKuid MHCTUTYT CTPOUTENBHON Qu3uky Poccniickoif akageMuu apXUTEKTYPHI B CTPOUTEITBHBIX
HaykK, T. MockBa, POCCUA
Poccuiickuii yauBepcuret apyx0b1 HaponoB, T. Mocksa, POCCU S
Abctpakt: ChopmynnpoBaHa MaTeMaTHYeCKass MOJENb TeIluloBiaronepenoca. [lomydeHo pemenne HeCTaMOHAPHOTO
YPaBHEHUS BIIArole€peHOCca € IOMOIIbIO JUCKPETHO-KOHTHHYAIBHOTO MOAXOAA, YTO JAJ0 BO3MOXHOCTh BBIBECTH
HOBYIO aHamuTH4eckyto (opmyiny. [IpuBeneH aiaroputMm pacyera HECTallMOHAPHOTO BIAKHOCTHOTO pEXHMa I10
MIPeIOKEHHON MaTeMaTH4eckoil moaenu. /g pacuera BIaXKHOCTHOTO peXHMMa BBIOpaHa OrpaskJaromas KOHCTPYKLUSA
C OCHOBaHMEM U3 ra300eTOHa U yTEIUIMTENIEM U3 MEHOMoNUCTUpoa. [IpoBesieH pacueT BIa)KHOCTHOTO PEKUMA B TPEX
30HaX BJIAXHOCTH (CyXasi, HOPMaJbHas, BJIQKHAs) JUIA YETHIPEX PA3NUYHBIX BIAXKHOCTHBIX PEKHUMOB ITOMEIICHHS
3naHus (CyXoW, HOPMaJbHBIN, BIQXKHBIH, MOKpBINA). Pe3ynbrarel pacdeToB CBEJEHBI B TAOIUIly, KOTOPYIO BO3MOYKHO

HCIIOJIb30BATh B IPAKTHYECKOW MHXEHEPHOH paboTe.

KiroueBble ci1oBa: BIaKHOCTHBIN PEXXNM, MaTeMaTHIecKast MOZENb, TUCKPETHO-KOHTHHYIBHBIN 1TOJIX0/1, TOTCHIIAI
BIIQXKHOCTH, TTAPOIPOHUIIAEMOCTh, N30T€pPMa COPOIINH, OTPaXkKIAroIast KOHCTPYKIIHS.

1. INTRODUCTION

Modern technology development improves
some technique directions of our life. There are
some innovations, which are introduced in
building industry [1,2]. Although these
innovations make modern level of live better
than previously, the demand for calculation
methods becomes higher because humanity
works with complicated systems like passive
and smart houses [3-5].
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1.1. The complexity of the research of moisture
transfer processes

One of the most complicated directions in
building is the moisture transfer. This problem
became crucial 100 years ago, when multilayer
inclosing structures were included in building
industry. Earlier there were no problems with
the moisture transfer of building walls because
all water vapour which penetrates inside inner
surfaces of single-layer enclosing structures
comes out through outer surfaces of enclosing
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structures. However, if we talk about a
multilayer inclosing structure, water vapour can
diffuse through separate layers with different
speed, so we can observe moisture accumulation
on the border between the layers [6,7].

This problem is complemented by the fact
that moisture consists of vapor and liquid
components. Each component can move by
different private gradients of transfer
potentials: partial pressure gradient of water
vapor, capillary pressure gradient of liquid
moisture, temperature gradient, gradient of
air filtration, etc. The moisture field
constantly  interacts  with  temperature
distribution, which complicates the problem,
so scientists usually tell about combined heat
and moisture transfer [7].

The moisture transfer research  gives
opportunities to reduce the heat losses by
building heat shield, increase the energy
efficiency of the building including houses with
insulation layers and gives additional comfort
and safety to human [8]. Moreover, the moisture
transfer research is investigated in different
types of the HVAC (Heating, Ventilation, Air
Conditioning) Systems.

1.2. Separate accounting of moisture transfer
mechanisms and moisture potential

The first unsteady-state mathematical model
was proposed by K.F. Fokin. This model takes
into account moisture transfer under vapour
gradient partial pressure only, so the solution of
the moisture transfer equation exists in sorption
zone [9].

However, this method has fundamental
weakness. Water vapor partial pressure cannot
be more than saturated water vapor pressure, so
this equation has indeterminacy for calculations.
K.F. Fokin developed another equation to solve
this problem. The second Fokin's model takes
into account water vapor and liquid moisture
movements and they can be calculated in
sorption  zone and  ultrasorption  zone
contemporaneously, but this model has another
complicated problem, which requires working
with the two separate moisture transfer
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potentials: capillary pressure gradient of liquid
moisture and partial pressure gradient of water
vapor [9].

Another approach to the moisture regime
calculation is using the moisture potential.
Instead of calculating the separate transfer
potentials, the moisture potential allows to solve
the problem with single transfer potentials [9].

1.3. Ways of calculating moisture value of
building materials

Modern engineers use averaged data of moisture
value which are included in different standards,
but it will be possible to improve energy
efficiency and energy saving if we predict
exactly the value of building material moisture
at the moment of maximum moisture
accumulation.

There are some approaches to obtain the
moisture value of building materials.

One of them is determining moisture value by
field studies or laboratory experiments [10,11],
but this way is too difficult and expensive.
Another path is prediction of moisture value of
building material by mathematical model, which
uses computer and numerical method [10,11]. In
this case, we need to have a lot of experimental
data and high qualification of engineers.

We can calculate steady-state moisture transfer
equation and obtain moisture behaviour.
Although we will receive required values, the
accuracy of this approach will be not high.

2. THE PROBLEM

The aims of this paper are development of the
new analytical formula for calculation the
moisture behaviour using discrete-continuous
approach.

3. MATERIALS AND METHODS

The moisture potential F was taken as the basis
of the development of the mathematical model.
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3.1. The mathematical model which is based on
the moisture potential F
Let’s formulate heat
mathematical model:

and mass transfer

2

o't
— =0 — heat transfer equation
ox
2
oF (w,t 0" F(w,t . .
( ):K “E, (1) (2 ) — moisture transfer equation
or FO ox

5330
E,(1)=1,84-10"" - exp(———"—) — depends E, (¢) on ¢
273+t

0<x</, >0 — space-time domain

ot .
-A— =a,, (tm - tl) — boundary condition (1)
ox x=0
ot o
A— =a, (tin - tN) — boundary condition
0X|,y
oF 1 iy
-u— = 7(Fm - Fl) — boundary condition
ox x=0
m.ext
oF 1 ..
u—Iy = —(Fm - F N) — boundary condition
ox x=/ Rm.in

F(x,0)= f(x), 0<x</ — initial condition

3.2. Discrete-continuous approach for the
moisture regime calculating
Discrete-continuous approach was used to
solve the moisture transfer equation [12] in
the system (1).

The system of equations (1) was presented in
the form of a matrix equation which has an
analytical solution.

As a result, the new analytical expression was
obtained:

F:p.((E A) - eF (B, A) = (E, -A)_2)~.

L+(E,-A)' (""" ~E)-B+e"""-F,. (2)

3.3. Algorithm for calculating the moisture
regime according to the proposed mathematical
model

The algorithm for calculating the unsteady-state
moisture regime of enclosing structures using
the discrete-continuous method is proposed:

1) The building enclosing structure is divided
into sections along the x coordinate.

2) The initial distribution of the moisture
potential over all sections of the building
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enclosing structure and the initial moment of
time are specified.

3) Calculation of the distribution of moisture
potential at the end of the month for a multilayer
building enclosing structure is obtained by the
formula (2).

4) The moisture regime of the building
enclosing structure is determined at the end of
the month using the moisture potential scales of
the building enclosing structure materials
according to the obtained moisture potential
distributions.

5) The temperature field of the enclosing
structure changes in accordance with the
climatic conditions of the next month outside
the enclosure.

6) The initial distribution of the moisture
potential at the beginning of the next month is
determined using the moisture potential scales
according to the moisture regime of the building
enclosing structure at the end of the previous
month.

7) The calculation is repeated in clauses 3-6 for
the required period.

In previous papers it was shown that formula (2)
has higher accuracy than the analytical
expression and this approach simplifies the
solution of unsteady-state moisture transfer
equation by the finite difference method using
an explicit difference scheme [13].

4. RESULTS AND DISCUSSION

Moisture behaviour calculations in different
construction areas for the enclosing structure
with aerated concrete base and expanded
polystyrene insulation are made.

4.1. Research of moisture behaviour in different
construction areas

Three construction areas exist in Russia: dry,
normal, wet.

We chose 18 cities (six cities in each
construction area) for the moisture regime
calculation (Table 1).

lel



Kirill P. Zubarev

Table 1. Cities for the moisture regime

calculation
Dry Normal Wet
No. | construction | construction construction

area area area

1 2 3 4

1 Krasnodar Moscow P;Z?g:g;?sf}lf_

2 Samara Kaliningrad Ayan

Nizhny .
3 Omsk Vladivostok
Novgorod

4 Novosibirsk Tomsk Murmansk

5 Irkutsk Khabarovsk | Yuzhno-Kurilsk

6 Volgograd Perm Arkhangelsk

In each construction area there can be four types
of moisture regime of building room: dry,
normal, moist, wet.

Temperature and relative humidity were chosen
for each moisture regime of building room for
the moisture behaviour calculation (Table 2).

Table 2. Temperature and relative humidity for
each moisture regime of building room

Type of
moisture Temperature and relative
No. | regime of R
o humidity inside a room
building
room
1 2 3
1 Dry t;, =22 °C; ¢, =50 %
2 Normal ti, =22 °C; ¢, =60 %
3 Moist t,, =22°C, 0, =75%
4 Wet t,, =22 °C; ¢, =90 %

4.2. Research of moisture behaviour in different
construction areas

Moisture behaviour calculations in different
construction areas for the enclosing structure
with aerated concrete base and expanded
polystyrene insulation are made.

The moisture regime calculation of enclosing
structure with aerated concrete base and
expanded polystyrene insulation is presented for
cities of dry construction area (Krasnodar,
Samara, Omsk, Novosibirsk, Irkutsk,
Volgograd) for different moisture regimes of
building room (Fig. 1).
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Figure 1. The moisture regime calculation of
enclosing structure with aerated concrete base
and expanded polystyrene insulation for cities
of dry construction area (Krasnodar, Samara,
Omsk, Novosibirsk, Irkutsk, Volgograd) for
different moisture regimes of building room: A
is dry; B is normal; C is moist; D is wet

The moisture regime calculation of enclosing
structure with aerated concrete base and
expanded polystyrene insulation is presented for
cities of normal construction areca (Moscow,
Kaliningrad, =~ Nizhny = Novgorod, Tomsk,
Khabarovsk, Permian) for different moisture
regimes of building room (Fig. 2).

Figure 2. The moisture regime calculation of
enclosing structure with aerated concrete base
and expanded polystyrene insulation for cities

of normal construction area (Moscow,
Kaliningrad, Nizhny Novgorod, Tomsk,
Khabarovsk, Perm) for different moisture
regimes of building room: A is dry, B is normal;
C is moist; D is wet
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The moisture regime calculation of enclosing
structure with aerated concrete base and
expanded polystyrene insulation is presented for
cities of wet construction area (Petropavlovsk-
Kamchatsky, Ayan, Vladivostok, Murmansk,
Yuzhno-Kurilsk, Arkhangelsk) for different
moisture regimes of building room (Fig. 3).

Figure 3. The moisture regime calculation of
enclosing structure with aerated concrete base
and expanded polystyrene insulation for cities

of normal construction area (Petropaviovsk-

Kamchatsky, Ayan, Viadivostok, Murmansk,

Yuzhno-Kurilsk, Arkhangelsk) for different
moisture regimes of building room: A is dry, B
is normal,; C is moist; D is wet

The results of moisture regime calculation are
combined in the table. The maximum
calculation values are presented in each gap
(Table 3).

Table 3. The obtained moisture values in
different construction area for different
moisture regimes of building room

Material moisture content determined

Moisture according to the unsteady-state moisture
behavior behavior calculation in various moisture
of the areas, mass percent (1 - insulation layer; 2 —
building base layer)
room Dry Normal Wet

1 2 1 2 1 2

Dry 2.2 3.8 2.2 3.5 3.6 3.7

Normal | 2.6 4.2 43 43 4.7 4.8

Moist 16.1 | 59 394 | 87 | 81.2 | 11.1

Wet 88.0 | 16.0 | 96.7 | 17.1 | 97.9 | 183
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Obtained values are possible to use in an
engineering method to calculate the exact value
of the thermal conductivity coefficient and these
values exist in all areas of Russia.

4.3. Comparison of the obtained results with
results of other authors

If we take into account moisture values which
are presented in the regulatory standard Set of
Rules 50.13330.2012 “Thermal protection of
buildings”, we will compare proposed results
with modern view of construction industry.

For the enclosing structure with aerated
concrete base and expanded polystyrene
insulation moisture values, according to the
standard, can be written as (Table 4).

Table 4. The moisture values in different
construction areas for different moisture
regimes of building room determined according
to the Set of Rules 50.13330.2012 “Thermal
protection of buildings”

Material moisture content determined

Moisture | according to Set of Rules 50.13330.2012
behavior «Thermal protection of buildings» in
of the various moisture areas, mass percent (1 -
building insulation layer; 2 — base layer)
room Dry Normal Wet
1 2 1 2 1 2
Dry 2.0 8.0 | 2.0 8.0 | 10.0 | 12.0
Normal | 2.0 8.0 | 10.0 | 12.0 | 10.0 | 12.0
Moist 10.0 | 12.0 | 10.0 | 12.0 | 10.0 | 12.0
Wet 10.0 | 12.0 | 10.0 | 12.0 | 10.0 | 12.0

As we can see, the obtained moisture values
determined according to the unsteady-state
moisture behavior calculation can differ from
moisture values determined according to the Set
of Rules 50.13330.2012 “Thermal protection of
buildings”. The use of proposed method
improves the accuracy of moisture calculation
and can achieve energy saving because in dry
and normal construction area moisture content
is less than in regulatory standard.

4.4.  Comparison of the obtained results with
results of other authors

In current paper we predict moisture content and
it gives opportunities not to do field studies
[10,11] in each construction area.
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The accuracy of moisture regime calculation by
proposed method is higher than the accuracy by
steady-state method [6]. Moreover, we do not
need to use numerical method, which simplifies
calculations [12].

This article proposes Table. 3, which we can use
without additional calculation and it is better
than to determine unsteady-state moisture
behaviour in each instance.

5. CONCLUSIONS

The new effective method for calculating
unsteady-state moisture regime has been
developed. Proposed method allows to calculate
moisture transfer by analytical expression with
higher accuracy than steady-state method, but
without using numerical method.

The moisture behaviour calculations in different
construction areas for the enclosing structure
with aerated concrete base and expanded
polystyrene insulation are given. This approach
allows to obtain the table with moisture value
data. Engineers can use obtained data when they
calculate heat conductivity coefficients of
building materials of inclosing structures. This
article allows to clarify the moisture values in
the regulatory standard.
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Abstract: The paper is devoted to the modeling of longitudinal vibrations of a 01Yu5T damping steel rod,
taking into account the typical features of the material damping. A brief review of the various damping alloys is
given, as well as a brief review of the models of frequency-independent and amplitude-dependent internal
friction, theoretically applicable to describe the damping capacity of steel 01 YST. Considered rod is represented
in the article as a one-degree-of-freedom system. The model of its longitudinal vibrations, accounting for the
internal friction, is based on the principals of nonlocal mechanics: the impact of the previous history of
deformation on the current state of the system is taken into account. The IV order Runge-Kutta method was used
to solve the equation of motion. The impact of the nonlocal scale parameter on the material damping in terms of
the considered model is shown on the basis of the simulation of the rod free oscillation. The calibration of the
nonlocal in time model of rod vibrations based on experimental data was performed using the least squares
method. The results of the forced vibrations modeling under the stochastic load for an element made of 01Y5T
steel, taking into account amplitude-dependent damping, are presented in comparison with the results obtained
for a steel with a constant level of internal friction.

Keywords: high-damping alloys, damping steel, rod vibrations, material damping,
amplitude-dependent damping, nonlocal mechanics

HEJIOKAJIbBHAA BO BPEMEHU MOJAEJIb ITPOAOJIBHBIX
KOJIEBAHUM CTEP)KHEBOI'O QJIEMEHTA,
BBINTOJIHEHHOI'O U3 CTAJIN CO CBEPXBBICOKUM
JAEMIIOUPOBAHUEM

C.U. JKasoponox %, E.C. Baovuna %3

' MncTuryT npuknanuoit Mexanuku Poccuiickoii akanemun Hayk, . Mocksa, POCCUSI
2 HaumoHasIbHBI HCCleoBaTeNbeKuii MOCKOBCKHI TOCY IapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHUTET, T. Mocksa, POCCH S
3 Poccwiicknii yausepcuret tpancnopra (MUUT), r. Mocksa, POCCUS

Annoranusi: CraThs MNOCBSILIEHA MOJAEIMPOBAHUIO TPOIOJIBHBIX KOJIEOAHWH CTEP)KHS, BBIIOJIHEHHOI'O W3
nemngupytomeit cramn 01YuST, ¢ yuyéroM XapakTepHBIX CBOMCTB BHYTPEHHETO NeMI(HUPOBAHHS MaTepHaa.
[IpuBenen kpaTtkuii 0030p pazIMYHBIX JeMII(HUPYIONINX CIIABOB, a TAKXKe KPaTKHi 0030p MoJesiell 4acTOTHO-
HE3aBHCHUMOTO M aMIUTUTYIHO-3aBHCUMOTO BHYTPEHHETO TPEHMS, TEOPETHYECKN NPHUMEHHMBIX JUIS OTHCAHUS
nemmdupytomieir crocodnoctu cramm 01FOST. PaccmarpuBaeMblii cTepKeHb MPEICTAaBICH B CTaThe, Kak
cHcTeMa C OJHOW CTEHEeHbI0 CBOOOABL. Monenp A ONMCAHUSl €ro HPOJOJIBHBIX KOJICOAaHWH C yd&ToM
BHYTPEHHEIO TpPEHMs IIOCTPOCHA HA OCHOBAaHWU IIOJIOKEHHH HEIOKAJbHOM MEXAaHUKH: YYTEHO BIIHSIHHUE
IpeAbIIyeld UCTOpUM 1e(OPMUPOBAHMSA HAa COCTOSHHE CHCTEMbl B HACTOAMMH MOMEHT. st pelmieHus
ypaBHEHUS IBIDKEHHs HCIONb30BaH Meton Pynre-Kyrra IV mopsmka. Ha mpumepe cBOOOTHBIX KoNeOaHMIA
CTEep)KHsI IIOKa3aHO BIIMSIHAE HM3MEHEHHUs MacIITa0HOro IapaMeTpa HeJIOKaJIbHOW MOJENN Ha pPe3yJIbTaThl
pacueta. KammOpoBka HelIOKalbHOM BO BpPEeMEHHM MOJENN KoJeOaHUH CTEep)KHSA BBITIOJIHEHAa Ha OCHOBAaHUH
9KCHEPUMEHTANbHBIX JAHHBIX METOJOM HAaWMEHBIINX KBaapaToB. [IpuBeneHBI pe3ynbTaThl MOJCIUPOBAHUSA
BBIHY)K/ICHHBIX KOJICOAHMI 110/l JEHCTBHEM HAarpy3KH, IpEJCTaBICHHOW KakK CIydYailHbId CTallMOHApHBIN
npouecc, Juist anementa u3 craiau 01HOST ¢ ydyeTom aMIunTyHO-3aBUCHMOTO JIEMI(HUPOBAHHUsI, B CPABHEHUH C
pe3yJbTaTaMy, NOTYYEHHBIMU JJISl CTAJIM C TOCTOSIHHBIM YPOBHEM BHYTPEHHETO TPEHUSI.

KaioueBble c10Ba: cruiaBbl BHICOKOTO eMII(pUpPOBaHUs, AeMII(pupyromas cTaib, KoJIeOaHus CTep>KHEH,
BHYTPEHHEE TPEHHE, aMIUTUTY THO-3aBHCUMOE AeMII(UPOBaHNE, HEJIOKAIbHAsI MEXaHNKa
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INTRODUCTION

The protection of the engineering structures
against vibrations remains a topical problem due
to high level of noise from transport, industrial,
and construction facilities. Another key
problem of civil engineering consists in the
protection of buildings, bridges, and other
structures against impact loads including
seismic ones. A possible way of solution of such
problems consists in the use of specific
structural materials with high damping
properties. Commonly, one could use layers of
polymer materials to decrease the vibration
impact on the structure; it should be noted that
most polymers have low moduli and strength.

Another promising approach consists in the use
of high damping metallic alloys to design
functional structural elements [1-4]. Magnesium
based alloys show high level of damping
properties: 5 times that of iron and 12 times that
of aluminum [1]. Moreover, their low mass
density makes them wuseful for various
lightweight  structures; a good corrosion
resistance is also one of the features of Mg-based
alloys. At the same time the tensile strength of
Mg alloys remains relatively low, thus, they
cannot be used in bearing structural elements.

Shape memory alloys, or SMAs, (Copper alloys,
Titanium Nickelide, etc.) show also very high
damping capacity [2, 5-11]. SMAs of Ti-Ni
system having two stable phase constitutions,
the low-modulus face-centered martensite stable
at lower temperatures and high-modulus
volume-centered austenite stable at higher
temperatures, provide two possible mechanisms
of damping, the martensite inelasticity and
pseudoelasticity [5, 9]. The first one consists in
structural transitions between twinned and
untwinned martensite induced by stress impacts
[11, 12]; such strains irreversible in the
martensite state could be removed after the
temperature-induced martensite-to-austenite
phase transform. The second mechanism so-
called also “superelasticity” due to high
reversible strains consists in the phase transform
from austenite into martensite when the stress
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intensity rises and vice versa when it drops with
large hysteretic loops [6, 7, 11]. The maximum
damping capacity of TiNi alloy is about 40%; at
the same time, it depends strongly on the
amplitude. Since the maximum could be
reached at strain amplitude level of
10° and higher, the TiNi damping element is
inefficient  for  low-amplitude  vibration
suppression but is promising in seismic
protection devices [5-7]. On the other hand, the
pseudoelastic deforming of SMA damping
elements results in the possibility of its shape
restauration after unloading; indeed, “...in base
isolation of buildings, the superelasticity creates
the property of self-centering; the base isolation
device acting alone can restore the building to
its original position” [6]. Despite these facts the
application the high cost of SMAs makes they
industrial use in most cases almost impossible,
moreover the mechanical behavior of SMAs is
very complex, especially in case of thin-walled
structures that could buckle under extremely
low stresses [13-16].

Iron based high damping alloys have high
mechanical strength and also lower cost as
compared with shape memory alloys [3]. Fe-Cr
alloys were developed and studied e.g. in [17-
19]. The researchers were looking for the ways
to increase the damping capacity of the material.
It is noted in [19] that since the Fe-Cr alloys are
ferromagnetic, their high damping capacity is
correlated to the magneto-mechanical hysteresis
loss. In this regard the iron-based alloys differ
from magnesium alloys, where the main cause
of increased damping level is dislocation [1].

In [3] the major experimental research of the
irons alloyed with rare earth elements is
presented. It is shown that the energy loss in the
magneto-mechanical hysteresis damping is
proportional to the “saturated magnetostriction”
[3] and the level of internal stress, i.e. the level
of damping in the ferromagnetic alloys depends
on the stress rate. The approximation of those
correlations for different types of alloys is also
provided in the paper.

Steel 01YuST [20] that consists 5% of
aluminum also has high damping properties due

International Journal for Computational Civil and Structural Engineering



Nonlocal in Time Model of the Longitudinal Vibrations of the High-Damping Steel Rod Element

to magnetostriction. The experimental studies
of the material have shown that its damping
capacity depends on the stress intensity and
does not depend on vibration frequency and
temperature. The maximum damping capacity
of 37% is reached at the 12 MPa stress level.
The steel 01YuST is strong enough to be used
for making of bearing elements and it is way
more cost efficient in comparison to the other
iron based alloys, especially to the ones that
contains rare earth elements.

To unlock the full potential of the high damping
steel it is necessary to design structural elements
so they work in the stress range where the
damping capacity is the highest. The design
process requires special damping model, which
can describe the behavior of the
magnetostriction material. Obviously, this
models have to be frequency independent and
dependent on stress attitude at the same time.
The frequency independence of internal friction
was found out experimentally in the beginning
of XX century [21]. The results of that study
contradicted to the theory of viscous damping
[22] and since then many attempts have been
taken by different researchers to develop the
uncontroversial mathematical model of the
internal damping that does not depend on
vibration frequency, but depends on the level of
stress.

One of the most well-known frequency
independent damping models is the complex
stiffness model derived by E.S. Sorokin [23].
This model provides good alignment with an
experiment. However, it might be challenging to
use it for the analysis of the complicated
engineering systems with big amount of degrees
of freedom [24].

An interesting concept of the internal damping
is proposed in [25]. In this paper a viscous
“geometric” damping term is introduced to the
equilibrium equation considering an internal
shear force to be proportional to the time rate of
change of the slope. Even though this model is
frequency independent, it has no correlation
with the level of stress in the structure, at least
in the form proposed in [25].
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In [24] three nonlinear models of the frequency
independent damping are studied: the hysteretic
model, the modified hysteretic model and the
quasi-hysteretic model. It is shown on the
example of the single-degree-of-freedom system
that for the high level of damping properties
first two models give significantly different
results from the ones for the complex stiffness
model and the equivalent viscous damping
model. Oppositely, the quasi hysteretic model is
holding close to the complex stiffness model
and the equivalent viscous damping model for
the wide range of damping levels. Such a
stability of the quasi hysteretic model is
explained by the fact that it deals with the mean
values of displacements and velocities, i.e.
considers the previous time history of the
vibration process.

The model of frequency independent internal
damping with the use of the Rzhanitsyn rod
approximation is presented in [26]. On each
iteration of the vibration process simulation the
stress values are determined in every element of
the rod structure and according to that the
damping constants determined experimentally
are entered into the model. This model allows
to take into account the dependence of the
material damping on the stress level. It is also
noted that the history of the rod loading is taken
into account.

In [27] the experimentally determined damping
constants are implemented in the FEA
computational scheme to build up the stress
level dependent damping model. It is concluded
in the paper that the damping characteristics are
integral, i.e. they can be represented as a
summation of the instant changing during the
vibration  process values of damping
coefficients. As well as in [26] it is mentioned
that such method of damping consideration
makes the computational model complex and
increases the computing time.

Damping models based on the principals of
nonlocal mechanics are flexible enough to be
used for the dynamic problems where the classic
models do not provide adequate results [28, 29].
Nonlocal in time damping model [30] allows
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considering the influence of the previous time
history of the vibration process on the damping
forces in current moment. Moreover, it can be
easily incorporated to the FEA algorithm and
therefore applied for the modeling of relatively
complicated engineering systems. However, the
damping described by this model is frequency
dependent. Thus it cannot be used for modeling
of the dynamics of elements made of the high-
damping steel. In [31] the previous history of
dynamic deformation of the bending element is
considered to affect the elastic forces in the
structure. In [32] it is shown with the series of
numerical experiments that the model is
applicable to simulate frequency independence
of damping properties. In addition, the
flexibility of the model can be used for
modelling of the stress level dependent
damping.

MODELLING OF A SINGLE-DEGREE-
OF-FREEDOM SYSTEM FREE
VIBRATIONS

Consider free oscillation of a rod of constant
cross-section area A , referred to the frame Oxyz
(0<x<1), clamped at a point x=0, with a
point mass m at x =/. Let the rod material be
homogeneous with mass density p and Young
modulus £, and let us assume ml] pAl,
therefore the inertial forces in longitudinally
deforming rod could be neglected (Figure 1a).
Since the stress-strain state of the rod is
homogeneous the oscillation of the considered
structure could be approximated by the discrete
spring-mass system with the stiffness of spring

equal to b;—A and the single degree of freedom

y(t) = u(x,t)|x:1, i.e. the longitudinal translation
of the mass m (Fig. 1b).
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l )
EA m

U

Figure I — a) Considered rod with a point
mass, subjected to the longitudinal
oscillations; b) the spring-mass system
equivalent to the considered rod.

Let us assume the damping be viscous; the
oscillation of such systems could be defined by
the dynamic equation (1) [33]:

y(®) + 2ny() + wgy(t) = 0 (D

where dots define time derivative, n = {w, is

the external damping factor, the eigenfrequency
o, 1s determined as follows:

i

W, =], r, =I"EA )
m

where 7;, denotes the reaction of the beam on
the unit end point translation y=1.

The nonlocal damping model is based on the
hypothesis of dependence of the elastic reaction
force at the time ¢ as well on the instantaneous
deformed state defined here as y(r) on the
deforming history, i.e. on the state of the system
at any previous time instant denoted hereinafter
as t,. Let us note that the interference between

two different states of the system corresponding
to ¢, and ¢ vanishes with growing time range
|t—1¢ | [34, 31]; such effect could be described

by the integral operator with the
R(t — t,) normalized as follows:

kernel
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t

fR(t—r)dT:1

0

3)

For instance, the kernel R(t —t,;) could be
based on the normalized error function (4) [35]:

2
R(t — T) = \/—% . 8_7}2&_1.)2. (4)

Here 71 denotes the scale parameter that

corresponds to the time nonlocality level of the
model. Lower 7 values result in higher nonlocal

effects (Fig. 2).

-10

Figure 2 — Kernels R(t — t;) based on the
normalized error function for the different
values of the scale parameter 1

On the other hand the model reduces to the
classical local one when mn—>o and

R(t—1t)— d(t—1t,) where 0 is the Dirac delta.

The dynamic equation (1) accounting for
nonlocal behavior defined by (3) could be
written as follows:

y(t) + 2ny(t) +

+awg f R(t — t)y(t,)dt; = 0. (5)

0

Let us introduce the following dimensionless
variables:

Volume 20, Issue 3, 2024

y(t)
§(t) = T'T =twy, 71 = t1wy

(6)

As a result, we obtain the dimensionless
dynamic equation (7):

£+

mé(r) 1 -r 2 —”—ZZ(T—TI)Z
+— | —e % {(r)dr, = 0.
0 1=0 @)

Wy Wy T

This equation could be solved numerically using
the fourth-order Runge-Kutta algorithm [36].

DETERMINING OF THE SCALE
PARAMETER BASED ON THE
EXPERIMENTAL DATA

Since the dissipation properties of the
investigated 01 YuST steel depend strictly on the
stress amplitude the model calibration should be
implemented using the test data [32] and the
solution for the damped oscillations of the
system (7) excited by the unit initial translation
of the mass m .

The impact of the value of the scale parameter n

on the oscillations is shown on the Fig. 3:

--n=6 1/s
—n=201/s

Displacement
i
(=

0 100 200 300 400
Time

Figure 3 — The impact of the value of the scale
parameter 1 on the oscillations of the rod

It could be seen that the damping in the
nonlocal system rises with increasing scale
factor 7.

To take into account the amplitude dependence
of the damping the scale factor m should be
computed for a set of different stress
amplitudes using the corresponding values of
the  absorption  factor ¢  obtained
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experimentally. The appropriate test data for
the O01YuST steel [20] is presented on the
Figure 4.

0.4

0.3

= 0.2+

0.1 . I

0 1 : L i 1 L L

0 10 20 30 40 50 60 70 80 90 100
o, MPa

Figure. 4 — Values of the absorption factor

for the different stress amplitudes obtained
experimentally.

The dependence of the scale parameter 7 on
the active stress amplitude was obtained for
the discrete set of points ¢, K=0,1...N

corresponding to the test data shown on the
Fig. 4 by the least square method (Fig. 5). The
set of computer simulations was implemented
to identify the values of n which provide

damping (fig. 3) with the absorption factors

matching with the considered c* .

10

, 1Is

.
. .
.
------

4

0 10 20 30 40 50 60 70 80 90 100
o, MPa

Figure 5 — Values of the scale parameter 1 for
the different stress amplitudes obtained by the
least square method

The scale parameter 1 in the numerical
implementation of the proposed nonlocal
model could be determined using the simplest
linear interpolation:

Sergey 1. Zhavoronok, Elena. S. Badina

Here the normal stress 4(¢) in the oscillating
rod is defined using the formula:

E
o(t) = ?ﬂ o)

The integral operator with vanishing memory
defined by (4) accounts the stress amplitude
history at least near the current time instant.
Thus, the nonlocal model presented above
allows one to obtain the stress-dependent
damping property of a material that could be
applied to simulate the dynamics of the
01YuST steel structure.

SINGLE-DEGREE-OF-FREEDOM
SYSTEM VIBRATIONS UNDER THE
STOCHASTIC LOAD

Noise and industrial vibrations generally are
stochastic. As soon as the high-damping steel
01YuST is expected to be used for protection
from those impacts, the oscillations of the rod
were simulated under the stochastic load. The
equation of motion in this case is:

: Top M
2né(7) +iJ‘ 2_ne wg& T
0 VT

o Ve@in = o, (10)

Wy Wy

where & = % and F is the dynamic load,
modelled as the stochastic stationary process.
The characteristics of a stochastic stationary
process do not change over time, so it can be
considered as indefinitely long and any point
in time can be chosen as the starting point.

In order for the stationary process to proceed
uniformly, we require compliance with certain
conditions [38]. First, the expected value must
be constant (11).

m,(t) = m, = const (11)

The second condition is the condition of
constant variance (12).
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D,(t) = D, = const (12)

The third condition concerns the correlation
function of a stationary process. If the
stochastic process 1is stationary, then the
correlation moment K, (t,t +7) should
depend only on the length of the time interval
7, and not on where exactly this interval is
taken on the time axis (13).

K. (t,t+1) = k(1) (13)

In this paper, the method of canonical
expansion is used to model a stationary
process [38]. In this case a random time
function is represented as a sum of elementary
random functions:

n
q(t) = Z (Ugcoswyit + Vicoswyt) (14)
k=0

Here @k € (0; ?T), U Vi are uncorrelated
random variables distributed normally, with
mathematical expectations equal to zero and
the variances which are the same for each pair
of random variables with the same indices k.
To calculate these variances we select an
interval on the w,-axis with a total length of

2L so that the origin is in the middle of this
interval. At |w| > L the spectral density can be

considered equal to zero. We divide the entire
selected segment into equal sections of length
Aw. Then the variance of the random variables

Uy, Vi is calculated as:

Di = 2S(wy) - Aw (15)

where S(wy) is spectral density of a stationary
random function q(t). Since there is a
relationship between the spectral density and the
correlation function of a random process (16,

Volume 20, Issue 3, 2024

17), the spectral decomposition of the random
load function is determined by the correlation

function [39].

1= .
S(wy) = —J. e 'K (1)dr,

o (16)

K.(1) :f_ e 't S(w,)dr, (17)

The correlation function for the load, which is
a Gaussian process, is defined by the
expression:

8
K(T) — 0.29—5|T1—T2| COSB(T) + ESinB(T) (1 8)

Here o is the standard deviation of the

stationary process, 0 is the frequency of the
implicit periodicity of the stationary process, &

is a correlation scale parameter of a random
function.

With the correlation function (18), the spectral
density of a stationary process has the form:

2062 8(8% + 62)
[(? — 62 — 62)2 + 482 - 2]

S(w) =— (19)

Figure 6 shows one implementation of a
random stationary loading. In the considered
numerical example the characteristics of
spectral density are 8 =0.25 and 6 = 0.05.

-5

0 100 200 300 400 500
T

Figure 6 — One implementation of a random
stationary loading
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The stresses and corresponding scale
parameters were determined as it was
described in the previous section (8,9). Those
values for several time increments of the
oscillations under the stochastic load (fig.6)
are provided in table 1.

Table 1. Scale parameters n determined for
several increments of the oscillation process

T o,MPa n,1/s
15.75 -19.71 8.34
15.8 -13.22 9.29
15.85 -6.80 7.52
15.9 -0.46 4.90
15.95 5.81 6.90

16 12.00 9.50
16.05 18.08 8.54
16.1 24.06 7.70
16.15 29.93 7.16
16.2 35.68 6.72
16.25 41.31 6.37

The results obtained for the 01Yu5T steel with
the use of stress-dependent nonlocal model are
shown on fig.7 in comparison to the
oscillations of the same rod made of the steel
St3 which has low and amplitude independent
absorption factor Yy = 0.05.

0.1

---Steel3
—Steel 01Yu5T |

0.05

-0.05

-0.1 ! ‘
0 500 1000 1500

Figure 7 — Comparison of the oscillations of
the one-degree-of-freedom element made of
01YuST steel and St3

It can be seen from the figure 7 that in
comparison to the St3 01YuST steel
demonstrates  stable decrease of the
oscillations amplitude.
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CONCLUSION

Due to its relatively low cost and high tensile
strength high-damping steel 01YuST can be
effectively applied for vibration protection,
particularly as a material for the bearing
structural elements.

Modelling of the dynamic behavior of
elements made of 01YuST steel requires
special approaches to simulate its stress
dependent damping properties. The
application of a non-local approach in
describing of the damping properties of a
material, depending on the stress level, allows
to build a numerical model that is more
flexible in comparison to the classic local one.
For now, the stress-dependent nonlocal
damping model is derived for the simplest case
of longitudinal vibrations, when the stress
level is uniform over the entire length of the
element and its entire cross-section. To
simulate the dynamics of the elements
subjected to bending it is necessary to
adequately describe the influence of stress
distribution on the damping properties.
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DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF GROUP TARGET CONSTRAINTS
FOR SOME ELASTIC SYSTEMS
PART 1: THEORETICAL FOUNDATIONS
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the direc-
tions of mass movement are parallel, methods have been developed for creating additional constraints, the intro-
duction of each of which purposefully increases the value of only one natural frequency to a given value, while
not changing any of the other natural frequencies and not one of the natural modes (forms of natural oscilla-
tions). If it is necessary to increase the values of several natural frequencies in a targeted manner, then this re-
quirement can be implemented by creating an appropriate number of separate targeted constraints. The computa-
tional scheme of each of the individual targeted constraints should include racks installed at the nodes of mass
application and directed along the trajectory of their movement. In some cases, individual targeted constraints
can be independently installed on the original (initial) system. In most cases, on the basis of individual targeted
constraints, a computational scheme of a united group targeted constraint is developed, which increases all the
intended frequencies to the set values, without changing any of the other natural frequencies and not one of the
natural modes. The distinctive paper is devoted to a method for forming a matrix of additional stiffness, which
corresponds to a group targeted constraint. The requirements for those targeted constraints, on the basis of which
a group targeted constraint is formed, are formulated. An algorithm for the development of group targeted con-
straint is proposed with allowance for the formulated requirements.

Keywords: natural frequency, natural mode, targeted constraint, group targeted constraint,
|additional stiffness coefficients

O POPMHUPOBAHUU PACYHETHbBIX CXEM
I'PYIIOBBIX NPUIIEJIBHBIX CBS3EH
JJIAA HEKOTOPBIX YIIPYI'UX CUCTEM
YACTb 1: TEOPETUYECKHUE OCHOBBI IOAXO A

JI.C. JIaxoeuu "2, I1.A. Axumoe ?, 3.P. I'anaymounoe ', A.C. Ilnackun '

' Tomckuii rocy1apCTBEHHBIN apXUTEKTYPHO-CTPOUTENLHBIN YHUBEPCUTET, T. ToMck, POCCHUSI
2 HanpoHaJIbHBIH UCCIIen0BaTENbCKUH MOCKOBCKHUI TOCY1apCTBEHHBIN CTPOUTENIBHBIN YHHBEPCUTET,
r. Mocksa, POCCH

AnHoTtanmsi: J[I1 HEKOTOPBIX YNPYTUX CHUCTEM C KOHEYHBIM YHCIIOM CTeleHel CBOOOIBI Macc, y KOTOPBIX
HAIpaBJICHUS ABMKEHHS MACC MapaJuIeNIbHbI, pa3paOd0oTaHbl METO/IbI CO3/IaHMs TOTIOJTHUTEIbHBIX CBSI3€H, BBEIE-
HHE KaXJI0H U3 KOTOPBIX MPHUIEIBEHO YBEIWIUBACT BEINYUHY TOJIBKO OJHOW COOCTBEHHON YacTOTHI JIO 33aHHO-
TO 3HAUCHMs, HE M3MEHSET TP 3TOM HH OJHY M3 OCTAIBHBIX COOCTBEHHBIX YacTOT W HE OAHY M3 (hopm cob-
CTBEHHBIX KosiebaHuil. Ecin Heo0X01MMO NPHUIIEIbHO YBEIUYUTh BEIMYMHBI HECKOJIBKUX COOCTBEHHBIX 4acTOT,
TO 3TO TPeOOBaHNWE MOXKHO PEAN30BATh CO3AaHHEM COOTBETCTBYIOIIEIO KOJIMYECTBA OTAEIBHBIX MPUIEIBHBIX
cBa3eil. PacuérHas cxeMa KaxJI0i U3 OTAEIbHBIX IIPULICIIBHBIX CBSA3EH JOJDKHA BKJIKOYATh CTOWKH, YCTAHOBIICH-
HbIE B y3/1aX IPWIOKECHUS MACC U HAIPABJICHHBIC 110 TPACKTOPUU UX JBHUKEHUS. B HEKOTOPBIX Cllydasix OTHEIIb-
HBIE TIPUIETIFHBIC CBSI3M MOTYT aBTOHOMHO yCTaHABJIMBAThCS HAa MCXOJHOM cucTeme. B GoibIIMHCTBE CilyyaeB
Ha OCHOBE OTJEJIBHBIX NPHLEIBHBIX CBA3EH (hopMHpyeTcsi pacuéTHasi CXeMa €IMHOW IPYyINIOBON NPHUIEIBHON

180 International Journal for Computational Civil and Structural Engineering



Development of Computational Schemes of Group Target Constraints for Some Elastic Systems

Part 1: Theoretical Foundations

CBSI3U, KOTOPasl yBEJIUUNUBAET BCE HAMEUEHHBIC YAaCTOTHI 0 3aJaHHBIX 3HAUEHUH, HEe U3MEHsISI IPH 3TOM HU OJHY
U3 OCTAIBHBIX COOCTBEHHBIX YacTOT W HE OJHY M3 (hopM COOCTBEHHBIX KoseOaHui. B manHoil cTaTthe paccMor-
peH crocod GpopMUPOBAHMS MATPUIIBI JOIOJIHUTEIBHBIX )KECTKOCTEH, KOTOPO COOTBETCTBYET IPYNIIOBast IPH-
nenbHas cBsi3b. ChopMynupoBaHbl TPeOOBAHHS K TEM OTACIBHBIM HPHIEIBHBIM CBS35M, HA OCHOBE KOTOPBIX
(hopMupyeTcst TpyNIoBasi MpUIEIbHAS CBsI3b. [IpeanoxkeH aropuT™ (HOPMHPOBAHUS TPYIIIOBBIX MPUIEITBHBIX

CBsI3eH ¢ yu€ToM COPMYIMPOBAHHBIX TPEOOBAHUH

Ki1roueBble cjioBa: yacToTa COOCTBEHHBIX KOIeOaHni, popMa COOCTBEHHBIX KOJIeOaHNH,
OTZeJIbHAS NIPULICNBHAS CBSI3b, TPYINIIOBast IPHLEIbHAS CBI3b, KO QHUIIMEHTH! IONOIHUTEIbHBIX JKECTKOCTSH

INTRODUCTION

In [1-7, 11-15] for elastic systems with a finite
number of degrees of freedom [8-10, 16, 17] of
masses, in which the directions of mass motion
are parallel, theoretical approaches were formu-
lated and methods for development of computa-
tional schemes of targeted constraints were pro-
posed. Each of them increases the value of only
one natural frequency (frequency of natural os-
cillations) to a given value, without changing
any of the other natural frequencies or any of
the natural modes (modes of natural oscilla-
tions). If the operating conditions require free-
ing a certain interval of the spectrum of natural
frequencies from several of them, then this re-
quirement can be implemented by creating an
appropriate number of individual targeted con-
straints. Each of these individual targeted con-
straints includes the main racks, installed in the
nodes of mass application and directed along the
trajectory of their motion. In some cases, indi-
vidual targeted constraints can be autonomously
installed autonomously on the original system.
The distinctive paper is a continuation of [4, 5,
13-15]. It is devoted to a method of develop-
ment of computational scheme of a united group
targeted constraint based on individual targeted
constraint, which increases all the intended fre-
quencies to specified values, without changing
any of the remaining natural frequencies or any
of the natural modes.

Since the development of a group targeted con-
straint is based on the synthesis of individual
targeted constraints, it is necessary to ensure the
adequacy of the parameters of each individual
targeted constraint with its component in the
group targeted constraint.

Volume 20, Issue 3, 2024

The rods of the belts of individual targeted con-
straint retain their independence and parameters
in the group targeted constraint. The main racks
installed in the nodes of mass application and
directed along the trajectory of their movement
are combined. In order for the parameters of the
main racks of individual targeted constraint to
be adequate to their parameters in the group tar-
geted constraint, it is necessary within develop-
ment of individual targeted constraints, to de-
sign the stiffness of the sections of the rods of
the racks of these constraints so that they de-
pend only on the number of the rack and do not
depend on the numbers of individual targeted
constraints.

Let Eli,k]-F,[i,k] be the rigidity of the section
of the i-th rack in k-th targeted constraint.
Thus, E[i,k]-F,[i,k] should depend only on i

and not depend on k.

ALGORITHM OF DEVELOPMENT
OF COMPUTATIONA SCHEME OF THE
GROUP TARGETED CONSTRAINT

The first step.

Individual targeted constraints are developed.
Each of them increases one of the intended nat-
ural frequencies to a given value. In this case,
all actions [4, 5, 13-15] are performed, in which
the values of the lengths of all the main racks
will be of the same sign. Besides, rigidity of the

sections E[i,k]-F, [i,k] should depend only on
i and not depend on £ .
The second step.

All individual targeted constraints are placed in
the nodes of the plate.
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The third step.

In areas where several racks are combined, only
one is left.

The fourth step.

Hinges are introduced at the intersections of the
rods.

When implementing the first step of the algo-
rithm, the frequency spectrum of natural oscilla-
tions of the original system with »n degrees of
freedom

olg+jl, olg+(+D], ..., aln]

is considered, in which it is required to specifi-
cally free the frequency interval

olq], ..., olg+ j]

from i frequencies, increasing their values, re-
spectively, to values

als], ..., o[s+j],

each of which is greater than w[q + j].

When implementing the second step of the algo-
rithm individual targeted constraints are placed
in the nodes of the plate. In this case, on the
lower sections of the constraint, the racks are
combined and, of these, on each of these sec-
tions, only one is left.

Within developments of individual targeted
constraints, the stiffnesses of the sections of the
rods of the racks were set so that they would
coincide with each other in each node. It is this
circumstance that ensures the adequacy of the
parameters of the main racks of individual tar-
geted constraints to their parameters in the
group constraint.
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Abstract: For some elastic systems with a finite number of degrees of freedom of masses, in which the direc-
tions of mass movement are parallel, methods have been developed for creating additional constraints, the intro-
duction of each of which purposefully increases the value of only one natural frequency to a given value, while
not changing any of the other natural frequencies and not one of the natural modes (forms of natural oscilla-
tions). If it is necessary to increase the values of several natural frequencies in a targeted manner, then this re-
quirement can be implemented by creating an appropriate number of separate targeted constraints. The computa-
tional scheme of each of the individual targeted constraints should include racks installed at the nodes of mass
application and directed along the trajectory of their movement. In some cases, individual targeted constraints
can be independently installed on the original (initial) system. In most cases, on the basis of individual targeted
constraints, a computational scheme of a united group targeted constraint is developed, which increases all the
intended frequencies to the set values, without changing any of the other natural frequencies and not one of the
natural modes. The distinctive paper is devoted verification of the proposed algorithm for the development of
group targeted constraint on SCAD and “Lira Software” products.

Keywords: natural frequency, natural mode, targeted constraint, group targeted constraint,
ladditional stiffness coefficients, algorithm

O ®OPMHUPOBAHUU PACUYHETHbBIX CXEM
I'PYIIIOBBIX NPUIIEJBHBIX CBS3EN
JJIA HEKOTOPBIX YIIPYT'UX CUCTEM

YACTD 2: IPUMEPBI PACUYHETOB

JI.C. JIaxoeuu 2%, II.A. Axumoe ?, 3.P. Fanaymounoe ', A.C. Ilnackun !

' ToMckuii roCyIapCTBEHHBIN apXUTEKTYPHO-CTPOMTENBHEIN yHUBEPCHTET, T. Tomck, POCCUSI
2 HanmoHaIBHBI HCCIIEN0BATENBCKIH MOCKOBCKHIIA TOCYIapCTBEHHBII CTPOUTEIBHBII YHUBEPCHUTET,
r. Mocksa, POCCU

AHHOTanusi: /{1 HEKOTOPBIX YNPYTHUX CHUCTEM C KOHEYHBIM YMCIIOM CTeleHel CBOOOABI Macc, y KOTOPBIX
HAarpaBJIeHUs ABMKEHHS MacC MapaJulelIbHbI, pa3padoTaHbl METO/IbI CO3/IaHMsl JIOTIOJHUTEIBHBIX CBsI3eH, BBE/Ie-
HHE Ka)XJIOH U3 KOTOPBIX NPHIEIEHO YBEIUMYUBACT BEJIMYHHY TOJBKO OHOW COOCTBEHHOW YaCTOTHI JI0 33JaHHO-
rO 3HAYEHHMs, HE M3MEHSET IPH 3TOM HH OJIHY U3 OCTAJIbHBIX COOCTBEHHBIX YacTOT U HE OIHY W3 (opm coO-
CTBEHHBIX Kosebanuil. Ecim Heo0X0IMMO NPHUIETEHO YBEIUUUTD BEIHIMHBI HECKOIBKAX COOCTBEHHBIX YacToOT,
TO 3TO TPeOOBAHHWE MOXKHO PEANN30BaTh CO3AaHHEM COOTBETCTBYIOIIETO KOJIMYECTBA OTAEIBHBIX MPUIETBHBIX
cBsi3ei. PacuéTHas cxema KakJo# M3 OTAENBHBIX MPHLEIBHBIX CBA3EH JOJDKHA BKIIFOUATh CTOWKH, YCTaHOBJICH-
HBIC B y3JIaX NPUJIOKEHUSI MAacC M HANpPAaBJIICHHBIC 110 TPAGKTOPUN UX IBIXCHUS. B HEKOTOPBIX CiTydasix OTAEINb-
HBIC TIPHULEIBHBIE CBSA3M MOTYT aBTOHOMHO YCTaHABJIMBATHCS HA MCXOAHOW cucTeme. B OosbIIMHCTBE citydacs
Ha OCHOBE OTJICNBHBIX MPHUICIBHBIX CBsA3eH (OpMUpyeTCs pacuéTHas cXeMa eAMHOM TPYIIOBOM MPUIEIEHON
CBSI3H, KOTOpAsl yBEIMUMBACT BCE HAMEUEHHBIE YaCTOThI /10 33JaHHBIX 3HAUCHUH, HE U3MEHSISI IPU ATOM HH OJIHY
13 OCTAIBHBIX COOCTBEHHBIX YacCTOT M HE OAHY M3 (hopM COOCTBEHHBIX KojeOaHWiA. B manHOi cTathe paccMoT-
peH crnocod GopMHUpOBaHMST MaTPUIIBI AOTIOJHUTENLHBIX JKECTKOCTEH, KOTOPOM COOTBETCTBYET I'PYIIIOBAs MPHU-
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nenbHast cBsizb. ChopMyTUpoBaHbI TPEOOBAHUSI K TEM OTACIBHBIM IPHIEIBEHBIM CBS35M, HA OCHOBE KOTOPBIX
(dopMupyeTcs rpyInoBas IpHLeIbHas CBsi3b. PaccmaTpuBaeTcs Bepudukanus aaropurma GopMupoBaHUs TPyII-
TOBBIX MPHULEIBHBIX CBsA3CH ¢ y4€TOM ChOpMyITHPOBAHHBIX TPEOOBAHUI HA OCHOBE PEIICHHUS TECTOBBIX 3a1a4 C
HCTIOJIH30BaHUEM MTPOTPaMMHEIX IPoIykToB “SCAD” 1 “Jlmpa”.

KiroueBble cjIoBa: 4acTOTa COOCTBEHHBIX KOJeOaHMiA, popMa COOCTBEHHBIX KOJIEOaHUN, OT/ACTbHAS TIPUIICITh-
Hasl CBSI3b, TPYIIIOBAs IIPULIENIbHAS CBSI3b, KOIPPUIIMEHTHI JONOIHUTETbHBIX )KECTKOCTEH

Let us demonstrate the implementation of the
algorithm using examples from [4, 5, 18-20].
Figure 1a shows the original (initial) system.

6 EEEE EEEER EEEN aEEEE EEEEEEEEESR
] o2 ? € z
£ k
w
ol PL.
t3
'H -
5 L L] L L L] L] L L] LEL LR L] ....8

Figure 1. Considering problem

The plate is hinged along the contour. The plate
thickness is equal to 0.12 m. The modulus of
elasticity of the plate material is equal to £ =
24000000000 N/m?* Poisson's ratio is equal to
v,=02.

Let the mass of the plate be extremely small
(0.00000001 kg/m?).

The masses

m[1]=1000kg, m[2]=1100kg,
m[3]=1150kg, m[4]=1200kg

are located at the nodes of the plate. Figure 15
shows the basic system of the displacement
method [1-3, 6, 7, 16, 17].
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The coefficients of the equations of the dis-
placement method and the values of the nodal

masses form the matrices A= ||r[i,k]|| and
M =|m[i]|.
The values of the coefficients of the displace-
ment method equations are given in Table 1.
The roots of the equation

[4-0"M|=0 )
determine the frequency spectrum of the natural
oscillations of the system. The natural frequen-
cies and natural modes (forms of the natural os-
cillations) of the plate are presented in Table 2.
It is required to increase the third natural fre-
quency to 220 sec’! and the fourth to 230 sec™!
by introducing targeted constraints.
Thus, for further implementation of the first ac-
tion of the algorithm for the example under con-
sideration, it is necessary to create two separate
targeted constraints, one of which will increase
the third natural frequency to 220 sec’!, and the
other the fourth to 230 sec™.
In [4, 5, 18-20] it is shown that the development
of targeted generalized constraint is based on
the formation of a matrix of additional stiffness
coefficients

Ay = 1K, @

and the procedure for their determination is given.
The values of the coefficients of the additional
stiffness matrix, increasing the third natural fre-
quency to 220 sec’!, are presented in Table 3.

The roots of equation (3) determine the spec-
trum of frequencies and modes of natural oscil-
lations of the system, reinforced by a targeted
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constraint, increasing the third natural frequency
to 220 sec™!

|(A+A0)—a)2M|=0. (3)

Table 1. The values of the coefficients of the displacement method equations.

i, k 1 2 3 4
1 22758257.28 -9604812.96 585308.28 -9604812.96
2 -9604812.96 22758257.28 -9604812.96 585308.28
3 585308.28 -9604812.96 22758257.28 -9604812.96
4 -9604812.96 585308.28 -9604812.96 22758257.28
Table 2. The natural frequencies and natural modes of the plate.
@ 60,932 138,865 143,624 196,414
1 0.4905 0.0001 0.7047 -0.5934
2 0.4966 -0.7075 0.0945 0.5167
3 0.5058 -0.0711 -0.7029 -0.4387
4 0.5069 0.7032 0.0190 0.4341
Table 3. The values of the coefficients of the additional stiffness matrix,
increasing the third natural frequency to 220 sec’.
i, k 1 2 3 4
1 12829437.77 1892709.01 -14715733.27 414235.72
2 1892709.01 279228.71 -2170991.55 61111.62
3 -14715733.27 -2170991.55 16879368.34 -475140.26
4 414235.72 61111.62 -475140.26 13374.81
Table 4. The natural frequencies and natural modes of the plate.
@ 60,932 138,865 196,414 220
1 0.4905 0.0001 -0.5934 -0.5934
2 0.4966 -0.7075 0.5167 0.5167
3 0.5058 -0.0711 -0.4387 -0.4387
4 0.5069 0.7032 0.4341 0.4341

The frequencies and coordinates of the natural
modes are presented in Table 4.

Within development of computational scheme of
this targeted constraint, the length of the first rack
was taken to be equal to / [1]=0.4 m, and the

cross-sectional area of the rack rods is equal to
F,=0.004 m?, corresponding diameter is equal
to D, =0.07136496 m. The cross-sectional areas

of the belt rods were taken to be the same, and
their value was determined in the process of de-
velopment of constraint [4, 5, 18-20].
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Parameters of cross-sectional area of the belt
rods are equal to F,=0.00684 n’,

D, =0.0933 m.

We have the following lengths of racks of the
constraint:

1[1]=04m, 1,[2]=0.09782m,
1,[3]1=-0.26064m, 1,[4]=0.05770m.

The modulus of elasticity of the material of the
rods of constraint is equal to
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E , =206000000000 N / m.

The lengths of the racks turned out to be of dif-
ferent signs. Therefore, the rods of the belts
connecting the tops of racks 2 — 3 and 3 - 4 must
pass “through” the plate. Structurally, such a
scheme requires an ideally free “passage” of
part of the rods of the targeted constraint
“through” the original system, which is almost
impossible to implement.

The general appearance of this targeted con-
straint is shown in Figure 2.

Figure 2. The general appearance
of targeted constraint

In these cases, the targeted constraint should be
shifted in the direction of mass movement in a
positive or negative direction by an amount at
which the values of all the lengths of the main
racks will be of the same sign.

When choosing the shift values, it is necessary
to take into account the operating conditions and
design requirements within development of a
group targeted constraint.

In this example, the value of the shift of con-
straint is equal to 0.3 m. Accordingly, the length
of the first rack will now be equal to 0.7 m, and
the cross-sectional areas of the racks are equal
to F, =0.004 m*.

After the shift, the lengths of the racks changed:

1[11=0.7m, 1,[2]=0.39782m,
1.[3]1=0.03945m, 1,[4]=0.35770m.

The general appearance of this modified target-
ed constraint is shown in Figure 3.

A separate targeted constraint, increasing the
fourth natural frequency to 230 sec!, is devel-

Volume 20, Issue 3, 2024

oped similarly to the previous constraint. The
values of the coefficients of the additional stiff-
ness matrix are presented in Table 5.

The length of the first rack is set at 0.4 m, and
the cross-sectional areas of the racks are taken
as F, =0.004 m? that is, the same as when cre-

ating the previous targeted constraint.

Figure 3. The general appearance
of modified targeted constraint

The cross-sectional areas of the belt rods are tak-
en to be the same, and their value was determined
in the process of development of the constraint [4,
5, 18-20]. The frequencies and coordinates of the
natural modes are presented in Table 6.

Parameters of the sections of the belt rods are
equal to F, =0.000697 m?, D,=0.02988 m.

The lengths of the racks of this constraint are
equal to

1[1]=04m, [,[2]=-0.43643m,
1,[3]=0.22436m, [,[4]=-0.38251m.

The lengths of the racks here also turned out to
be of different signs. The general appearance of
this targeted constraint is shown in Figure 4.

Figure 4. The general appearance
of targeted constraint.
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Therefore, the targeted constraint should be
shifted in the direction of the mass movement in
a positive or negative direction by an amount at

which the values of all the lengths of the main
racks will be of the same sign.

Table 5. The values of the coefficients of the additional stiffness matrix,
increasing the fourth natural frequency to 230 sec™.

i, k 1 2 3 4
1 4613401.93 -4418412.37 3922001.78 -4049185.23
2 -4418412.37 4231664.23 -3756234.88 3878042.80
3 3922001.78 -3756234.88 3334220.22 -3442342.97
4 -4049185.23 3878042.80 -3442342.97 3553971.95

Table 6. The natural frequencies and natural modes of the plate.

1) 60,932 138,865 196,414 230

1 0.4905 0.0001 0.7047 -0.5934

2 0.4966 -0.7075 0.0945 0.5167

3 0.5058 -0.0711 -0.7029 -0.4387

4 0.5069 0.7032 0.0190 0.4341

Table 5. The values of the coefficients of the group matrix of additional stiffness.
i, k 1 2 3 4

1 4613401.93 -4418412.37 3922001.78 -4049185.23
2 -4418412.37 4231664.23 -3756234.88 3878042.80
3 3922001.78 -3756234.88 3334220.22 -3442342.97
4 -4049185.23 3878042.80 -3442342.97 3553971.95

The general appearance of this modified target-
ed constraint is shown in Figure 5.

Figure 5. The general appearance
of modified targeted constraint.

Let us assume that in accordance with the de-
sign requirements the belt rods do not intersect
in the computational scheme of the group tar-
geted constraint. Therefore, in the considering

case, the value of the constraint shift is adopted
at 0.85 m. Thus, we have

[[11=1.25m, 1[2]=0.4136m,
1 [31=1.0744m, 1,[4]=0.4674m.

The general appearance of this targeted con-
straint is shown in Figure 5.

After forming all the individual targeted con-
straints, which are required for solution of the
problem, it is possible to form a group matrix of
additional stiffness coefficients. In order to do
this, it is sufficient to sum up the coefficients of
the additional stiffness matrices of individual
targeted constraints.

In the considering sample the corresponding co-
efficients of Tables 3 and 5 are summed up. The
coefficients of the group matrix of additional
stiffness are given in Table 7.
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If we denote the group matrix of additional
stiffness, then the roots of the equation

(4+ 4)) -0’ M|=0 (4)

determine the spectrum of frequencies and
forms of natural oscillations of the system, en-
hanced by group targeted constraint, increasing
the third frequency of natural oscillations to 220
sec’!, and the fourth to 230 sec’!. The natural
frequencies and coordinates of the natural
modes are presented in Table 8.

Table 8. The natural frequencies and natural modes of the plate

@ 60,932 138,865 220 230

| 0.4905 0.0001 0.7047 -0.5934
2 0.4966 -0.7075 0.0945 0.5167
3 0.5058 -0.0711 -0.7029 -0.4387
4 0.5069 0.7032 0.0190 0.4341

Figure 6. The general appearance of the group
targeted constraint

By implementing the second, the third and the
fourth steps of the above algorithm, we form a
group targeted constraint. The general appear-
ance of this constraint is shown in Figure 6.

The plan view of this constraint and the num-
bering of the nodes are shown in Figure 7.

The z coordinates of the nodes of the group
targeted constraint are given in Table 9.

When implementing the second step of the algo-
rithm of development of a group targeted con-
straint, individual targeted constraints are placed
in the nodes of the plate. In this case, on the
lower sections of the constraint, the racks are

combined and, of these, on each of these sec-
tions, only one is left.

Within development of individual targeted con-
straints the stiffnesses of the sections of the rods
of the racks were set so that they would coincide
with each other in each node.

7
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Figure 7. The plan view of the targeted
constraint and the numbering of the nodes

Table 10. The natural frequencies and natural modes of the plate

@ 60,341 137,618 142,334 194,681
1 0.4903 0.0012 0.7213 -0.5747
2 0.4968 -0.7042 0.0805 0.5212
3 0.5056 0.0721 -0.6879 -0.4586
4 0.5071 0.7063 0.0072 0.4333
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Table 11. The natural frequencies and natural modes of the plate

@ 60,341 137,618 219,151 227,946
1 0.4903 0.0012 0.7213 -0.5747
2 0.4968 -0.7042 0.0805 0.5212
3 0.5056 0.0721 -0.6879 -0.4586
4 0.5071 0.7063 0.0072 0.4333
Table 9. The z coordinates of the nodes  data. The natural frequencies and coordinates of
of the group targeted constraint  the natural modes presented in Table 8 were ob-
Number Coordinates z tained as the roots of equation (4) based on the
of node top bottom use of a group matrix of additional stiffness co-
1 1.25 0.7 efficients ZO before development the computa-
2 0.4136 0.3978 tional scheme of the group targeted constraint.
3 1.0744 0.03944 The natural frequencies and coordinates of the
4 0.4764 0.3577 natural modes of computational scheme of the
5 0.85 0.3 group targeted constraint obtained by the test
6 0.85 0.3 are presented in Table 11. These results were
7 0.85 0.3 obtained by testing the computational scheme of
8 0.85 03 the group targeted constraint. Comparison of the
9 0.85 0.3 results given in Tables 10 and 11 shows that on-

8
Figure 8. The general appearance of the group
targeted constraint

It is this circumstance that ensures the adequacy
of the parameters of the main racks of individu-
al targeted constraints to their parameters in the
group constraint.

Let us test this group targeted constraint with
the use of “SCAD” and “Lira” software prod-
ucts [8-15]. First, we will determine the natural
frequencies and coordinates of the natural
modes of the original plate. The test results pre-
sented in Table 10 are quite close (differences
of about one percent) to the results given in Ta-
ble 2, which confirms the reliability of the initial

ly those frequencies have changed that the
group constraint was targeted at, while the co-
ordinates of the natural modes and other natural
frequencies have remained the same. These test
results confirm the “targeting” of the group con-
straint with sufficient accuracy.

The closeness of the results given in Tables 8
and 11 confirms the reliability of the proposed
approach.

Let us consider the case when the operating
conditions require that the lengths of the indi-
vidual targeted constraints be greater than 0.08
m. The individual targeted constraint racks that
increase the fourth natural frequency meet this
condition. Among the individual targeted con-
straint racks that increase the third natural fre-
quency we have

1,[3]1=0.03945m < 0.08m.

It doesn’t meet the stated condition. Therefore,
the shift of this initially created targeted con-
straint link must be increased, for example, from
0.3 m to 0.36 m. Thus, we have the following
modified parameters:
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1[11=0.76m, 1[2]=0.4578m,
1,[31=0.0994m, 1,[4]=04177m.

The development of the group targeted con-
straint in this case is implemented in the same
way as in the previous one, but taking into ac-
count the changes in the parameters of an indi-
vidual targeted constraint, increasing the third
natural frequency. The z coordinates of the
nodes of the group targeted constraint are given
in Table 12. The general view of this group tar-
geted constraint is shown in Figure 8.

In this group constraint, some of the rods of the
belts intersect (in spans “1 — 27, “2 — 67, “2 —
3”). The nodes in which the rods intersect are
structurally feasible, but their specificity is not
discussed in this paper.

A test check of the computational scheme of
this group constraint confirmed its targeting.

So, this paper considers a verification of method
of forming a matrix of additional stiffness,
which corresponds to a group targeted con-
straint. Requirements are formulated for those
individual targeted constraints, on the basis of
which the group targeted constraint is formed.

Table 12. The z coordinates of the nodes
of the group targeted constraint

Number Coordinates z

of node black red
1 1.25 0.76
2 0.4136 0.4578
3 1.0744 0.0994
4 0.4764 0.4177
5 0.85 0.36
6 0.85 0.36
7 0.85 0.36
8 0.85 0.36
9 0.85 0.36

An algorithm for development of group targeted
constraint is proposed with allowance for for-
mulated requirements. The proposed algorithm
was tested with the use of “SCAD” and “Lira”
software products [8-15].
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SEISMIC RESISTANCE
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Abstract: This paper presents the seismic resistance calculation results for a high-rise building that considers the
wave nature of the impact, its heterogeneity and irregularity in the structural plan, performed in SCAD Office.
The analysis of normative requirements to consider the wave action and existing calculation methodologies is
carried out. Recommendations are given on possible consideration of the seismic impact’s irregularity using the
direct dynamic method to solve the MDE-level seismic impact on the structures.

Keywords: seismic impact’s wave nature, rotational components of seismic motion, linear-spectral method,
direct dynamic method, SCAD Office, seismic resistance

YYET BOJTHOBOT'O XAPAKTEPA CEUCMUYECKOI'O
BO3JAENCTBUS 1P PACHETHOM ObOCHOBAHUHN
CEUCMOCTOHUKOCTHU BBICOTHBIX 3IAHUHU

A.C. Imumpues, I1.H. Hosukos, C.O. Ilempsawes, A.H. Hacuooseuu

HarmonaneHslil nccnenoBaTenbckuil MOCKOBCKHMIT TOCyIapCTBEHHBIN CTPOMTENBHEBIN yHUBepcHTeT, . MockBa, POCCUA

AHHoTanus: B HacTod1Iel cTaThe MpeACTaBIEHbl PEe3yIbTaThl pacuyeTa Ha CEHCMOCTONKOCTh BEICOTHOTO 3/JaHUS
C Y4EeTOM BOJHOBOT'O XapakTepa BO3JCHCTBHSA M €ro HEOJAHOPOAHOCTH U HEPABHOMEPHOCTH B IUIAHE COOpYKe-
Hust, B porpamMmmuoM komruiekce SCAD Office. [lpoBenen aHann3 HOPMaTHBHBIX TpeOOBAaHMH B YacTH ydera
BOJIHOBOT'O BO3/IEHCTBHSI M CYILECTBYIOIIMX METOAMK pacueTa. JlaHbl peKOMEHJalluK 110 BO3MOXKHOMY YUeTy He-
PaBHOMEPHOCTU CEHCMHUYECKOrO BO3ACHCTBUS MPHU PACUETE COOPYKEHHN MPSAMBIM AUHAMUYECKUM METOJOM Ha

ceiicmmaeckoe Bozzeiicteue yposast MP3 (K3).

KuiroueBbie cioBa: BonHOBOI XapakTep celiCMUYECKOr0 BO3AEHCTBUS,
POTAllMOHHBIE COCTABIISIFOLINE CEHCMUYECKOTO IBH)KEHHUS, IMHEHHO-CIIEKTPAIbHBIN METOJ,
npsimoit muaaMugeckuit Meto, IIK SCAD Office, ceficMocTORKOCTD

1. INTRODUCTION

Paragraph 6.1.4 of SP 14.13330.2018 [1] de-
mands for the buildings with reinforced con-
crete framing that, if the design seismicity of the
construction site is or above 7-8 points, the dis-
tances between aseismic joints should not ex-
ceed 80 m. If this condition cannot be satisfied,
analysis of structures should consider the seis-
mic impact’s wave nature, its inhomogeneity
and irregularity in the structural plan according
to the established methodologies. This require-
ment first appeared in Amendment 1 to SP
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14.13330.2018 and simply stated the need con-
sider the seismic impact’s wave nature without
describing any approaches to carry out such cal-
culations or referring to any methodologies.

To date, there are still no consistent approaches
or methodologies accepted by the engineering
community for earthquake-resistant buildings
and structures analysis that consider wave-like
spatial and temporal seismic effects that can be
applied in engineering design practice, as well
as adopted methodological recommendations
to SP 14.13330.2018.
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A number of works by Yu. P. Nazarov on the
application of the linear-spectral method to
solve these issues [2, 3, 4, 5, 6] formed the basis
of the manual [7]. It presents:

— an engineering methodology for determining
the prevailing wavelengths and selecting a com-
putational model of seismic ground motion;

— a methodology for calculation of rotational
components for the integral dilatational-
rotational model of seismic ground motion;

— a modified linear-spectral method for calcula-
tion of earthquake-resistant buildings and struc-
tures for the integral dilatation-rotation model of
seismic ground motion.

In the EU seismic standards [8] there is also a
requirement to take into account rotational
components of seismic ground motion for high-
rise structures in regions with high seismicity,
but it is only applicable for such structures
(towers, masts, chimneys, etc.) which utilise the
obsolete cantilever dynamic model.

It should be noted that all the described meth-
odologies are applicable to the analysis of build-
ings using the linear-spectral theory. The most
widespread software packages in the Russian
construction industry (SCAD Office, LIRA-
SAPR, LIRA 10) currently lack convenient
tools for their application in the calculation
practice. Which, in fact, makes it practically
impossible to deviate from the normative re-
quirements in terms of distances between
aseismic joints.

SP 14.13330.2018 demands that analysis of
buildings for seismic effects of control earth-
quake-level (CE), or, per custom, maximum de-
sign earthquake-level (MDE), should be per-
formed using the direct dynamic method. In
practice, rather complicatedly implemented ap-
proaches are used for the design justification of
structures’ seismic resistance in terms of wave
action [9]. Few works consider the seismic im-
pact’s wave nature in the direct dynamic method
excluding the foundation. It’s primarily due to
the complexity of the impact’s character at the
“foundation-structure” boundary, which should
account for the velocity of the seismic wave
propagation, depending on the type of soil [10].

Volume 20, Issue 3, 2024

This paper describes a simplified method to
consider the seismic impact’s wave nature in the
analysis of a building using the direct dynamic
method in SCAD Office. This approach can be
used in addition to the aforementioned method-
ologies when calculating the seismic resistance
of high-rise buildings.

2. PROBLEM STATEMENT

The building considered in this article is a 99-
meter-tall multifunctional hotel complex with
XY-dimensions of 104x87 m and an under-
ground 3-storey car parking (Figure I).

The frame-wall structural system with a load-
bearing core is adopted in this project. The founda-
tion is a continuous monolithic 1.8-meter-thick slab
on a natural bed. The frame is formed by a system
of vertical elements (columns, pylons, walls and a
load-bearing core, which consists of stairwells and
lift shafts) and horizontal floor slabs. All joints of
the frame elements (walls, diaphragms, columns,
beams, floor slabs) are connected using fixed sup-
ports, which ensures the continuity of the frame
elements’ systems. Spatial rigidity is ensured by the
joint work of load-bearing structures of slabs, rein-
forced concrete columns, pylons and the vertical
load-bearing core, which are all connected to the
foundation slab using fixed supports.

All vertical structures are made of B40 concrete,
all horizontal load-bearing structures are made
of B30 concrete.

Seismicity of the construction site, according to
the geophysical surveys, is 8 points. The soils
belong to the II (second) category of seismic
properties. A three-component accelerogram was
presented for the initial impact (as per the geo-
physical surveys), which was multiplied by the
coefficients Ko =1.3, Ki =1.0 and Ky, =1.0 before
being used in the calculation. Due to the fact that
in SCAD Office’s direct dynamic method the
seismic impact is specified in the form of dis-
placements [11], the corresponding seismograms
were obtained from the initial accelerograms.

For dynamic calculations, a finite-element (FE)
model was developed in SCAD Office. The
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structures of the building (reinforced concrete
foundation slab, floor slabs, walls, cover disc)
were modelled by shell 44 FE. The beam ele-
ments (columns) were modelled by a spatial
beam FE, which implements the Timoshenko
beam theory. The elements are connected using
fixed supports. Computational dimensionality of
the model is 822 295 nodes (4 588 118 degrees
of freedom) and 894 287 FE.

As part of the considered building’s seismic re-
sistance design justification, calculations for the
seismic impact of a design earthquake-level (DE)
or, per custom, a project earthquake-level (PE),
were carried out using the linear-spectral method
with the response spectra obtained from synthe-
sised three-component accelerograms (with 5%
damping). From this calculation’s results, the rein-
forcement of elements was chosen, and the seis-
mic impact of the MDE-level was calculated us-
ing the direct dynamic method. The implementa-
tion of a simplified method to consider the im-
pact’s wave nature in SCAD is presented below.
A comparison of the results of the platform
scheme (when the same impact is applied to all
nodes of the foundation simultaneously) and the
designed wave scheme is also presented.

Figure 1. General view of the calculation model
of a high-rise building
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3. METHODOLOGY FOR THE SEISMIC
IMPACT WAVE NATURE’S
CONSIDERATION

1) The calculation of dynamic stress-strain state
of load-bearing structures under special combi-
nations of loads and influences (MDE-level) is
considered. The dynamic calculation of an im-
pact represented by accelerograms of ground
vibrations at the base of the structure is done by
numerical integration of the motion equations.
2) The dynamic characteristics of the foundation
obtained from geophysical survey data are used.
3) The wave-induced seismic loading is represent-
ed by a discrete set of loads, which are represented
as “bands” in the structural plan. The width of
these bands is determined by the geophysical sur-
vey data regarding the transverse wave velocity in
the foundation bed. In this case:

— transverse wave velocity V' =760 m/s;

— integration step: /sr = 0.01 s;

— strip width: 4/ = Vxhs = 760%0.01 = 7.6 m
(Figure 4).

4) Loads for the horizontal and vertical compo-
nents of the seismic load are specified separately
as single displacements along the global axes of
the model. The displacements are applied to the
nodes of one-way tie elements (type 352, Figure
2). Horizontal displacements are applied to the
top tie node, and vertical displacements to the
bottom tie node. It is possible to correct the di-
rection of horizontal loads using cosine guides.

5) The impact’s wave nature is considered by
applying the load to different bands with a time
offset, which corresponds to the chosen integra-
tion step (so they are included in the oscillation
process one by one).

The integration step (at known wave propaga-
tion velocity) determines the width of the band
to which the seismic load is applied.

6) Each band should be assigned both a horizon-
tal and a vertical seismic load component.

7) In order to account for the most dangerous
direction of seismic action, the bands should be
oriented perpendicular to the direction of the
first mode of the system in the structural plan.
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Figure 2. Structure and parameters
of a dynamic elastic foundation

The three-component seismogram used is
shown in Figure 3 (seismogram along Z axis is
given in green, X-axis in red and Y-axis in blue).

Figure 3. Three-component seismogram.
Time step 0.01 s. Range 0-20 s
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The most dangerous direction of horizontal
seismic impact, determined from the analysis of
the eigenfrequencies and modes, is shown in the
Figure 4. The time offset of the bands is 0.01 s
(corresponding to the integration step). Investi-
gation of influence of the integration step (and,
consequently, the width of the “bands”) on the
final dynamic response of the building has not
been carried out in this study, but is planned for
the future. The direction of the first mode of the
system is shown in purple.

Thus, the ¥ component is selected for the hori-
zontal component and the Z component for the
vertical component.

4. RESULTS

Following the results of the performed dynamic
calculations for two schemes (wave and plat-
form), considering the physical nonlinearity, the
displacements at the nodes with maximum am-
plitudes in the nonlinear analysis (486700,
466484, 223778, 486540, 487389), as well as
the transient changes of internal forces for a
number of finite elements (FE 830115, FE
819373) are compared (Figure 5).

Figure 4. Configuration of the “bands”
(t = 7.6 s) and their orientation in plan
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Node 466434

Node 223778

Node 486700

Node 487389 Node 486540

FE 830115

oy

Figure 5. Locations of nodes/elements
for the post-processing

Figure 6 shows a plot of the linear horizontal
displacements of node 466484 for the two
schemes, and Table I summarises the results for
all nodes and shows the relative differences in
values.
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Figure 6. Nonlinear analysis. Comparison of
absolute displacements UX for the platform and
wave scheme for the node 466484

Table 1. Comparison of peak displacements in the selected nodes

Node | Min/ma Rlatform scheme. .Wave scheme. Relative difference, %
No. . Displacements, mm Displacements, mm
UX Uy Uz UX Uy Uz UX Uy Uz
486700 min -367.3 -345.6 -49.9 -338.6 -337.2 -51.4
max 211.8 173.1 46.3 223.9 185.3 47.9
166484 min -227.5 -300.2 -46.5 -230.1 -290.6 -46.1
max 115.7 152.5 58.2 117.8 164 57.7
223778 min -207.9 -2006.8 -61.3 -215.6 -223.1 -57.9
max 145.7 86.8 63.8 157.5 100.3 68.6
486540 min -425.6 -311.6 -58.5 -398.6 -302.3 -59.6
max 241.6 156.9 31.4 256.38 168.7 32.6
487389 min -385 -181.4 -67 -386.6 -206.4 -68
max 215.7 51.1 35.1 209.2 75.6 354

The forces in element 819373 (beam 60*80 at
+11.700) for the platform scheme are shown in
Figure 7 and Figure 8. The normal stresses in
the beam section at the moment of time (12.86
s) are given in Figure 9.

202

The forces in same element 819373 for the
“wave” scheme are shown in Figure 10 and
Figure 11. The normal stresses in the beam sec-
tion at the moment of time (12.98 s) are given in
Figure 12.
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Figure 7. FE 819373. Longitudinal force. Figure 10. FE 819373. Longitudinal force.
Nmin=-166.8 m (t = 12.86 s), Nmin=-169.11 m (t = 12.92 s),
Numax=4.68 m (t =17.7 s) Nmax=6.22m (t =21.78 5)
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Figure 8. FE 819373. Bending moment. Figure 11. FE 819373. Bending moment.
Mymin=-176.40 m (t = 12?86 s), Mymin=-179.77 m (t = 12.98 ),
Mymax=171.65m (t = 13.58 s) Mymax=171.69m (t = 19.68 s5)
Concrete  compression. Min - Concrete  compression.  Min -
1307.66 t/m> 1322.63 t/m*
Concrete tension. Max 54 .43 t/m> Concrete tension. Max 52.46 t/m?

Figure 9. Normal stresses in the beam section, Figure 12. Normal stresses in the beam section,
(1=12.85 ) (1=12.98 5)
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5. CONCLUSIONS

The following conclusions can be drawn from the
presented results of the comparative analysis:

1) Qualitatively, structural displacements are gen-
erally similar for both the platform and the wave
scheme;

2) With the described methodology to apply the
impact’s wave nature, a slight delay of the dis-
placement peaks can be seen in comparison with
the platform scheme. It reaches 0.15 s in dis-
placements for different parts of the model;

3) For individual local peak displacements, the
difference reaches up to 18.1%, but for absolute
maximum displacements on the roof the differ-
ence does not exceed 10%.

Taking into account the available ground condi-
tions (wave propagation velocity) and the founda-
tion dimensions (104x87 m), the influence of the
wave action on the stress-strain state of the build-
ing is insignificant. In the development of this
work, it is planned to carry out design studies us-
ing the described approach on a structure with
more extensive foundation dimensions.

Also, in the considered example, the seismic wave
propagation velocity according to geophysical
survey data is 760 m/s, and it is recommended [1]
to consider the wave nature at smaller phase ve-
locities’ values of V<400 m/s.

The methodology for consideration of the seismic
impact’s wave nature in the analysis of high-rise
buildings using the direct dynamic method can be
applied with the methodologies that utilise the lin-
ear-spectral theory.

In light of the current architectural evolution of
modern buildings and structures, and in the pres-
ence of the paragraph’s 6.1.4 of SP 14.13330.2018
[11] requirements, it is extremely necessary to de-
velop engineering methods to consider the seismic
impact’s wave nature, as well as to introduce them
into the software used in the industry.
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DEVELOPMENT OF METHODS FOR DESIGNING PILE
FOUNDATIONS FOR MULTI-STOREY CIVIL BUILDINGS
CONSTRUCTED ON MACROPOROUS SUBSIDENCE SOILS

Maxim B. Marinichev !, Nadezhda S. Nikitina ?, Anatoly I. Polishchuk
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Abstract: The study considers the methods (separate stages) of designing pile foundations made of driven rein-
forced concrete piles on macroporous subsidence soils of the second type of subsidence using multi-storey build-
ings as an example. The paper provides a brief description of the buildings under consideration, analyzes the soil
conditions of construction, including data on physical, deformation, strength, subsidence characteristics of soils
and methods of their determination. Using the calculation, it establishes the type of soil conditions in terms of
subsidence, describes the method of selecting the type of piles and their length in macroporous subsidence soils.
The data of experimental studies of bearing capacity of driven piles in macroporous subsidence soils, justifica-
tion of the method of numerical studies of pile performance and theoretical evaluation of their bearing capacity
are given.

Keywords: Driven piles, foundations, design, ground conditions of construction, soil properties,
bearing capacity of piles, subsidence type of ground conditions, results of experimental and numerical studies

PA3BUTUE METOJIOB IPOEKTUPOBAHUSI CBAMHBIX
OYHIAMEHTOB HA MAKPOITIOPUCTBIX TPOCATOYHBIX
I'PYHTAX JJISI MHOTOOTAXKHBIX TPAXKJIAHCKHUX 3JAHUH

M.B. Mapunuuee ', H.C. Hukumuna *, A.H1. Honuwyx

! KyGaHCKuii rocy1apCTBEHHBIN arpapubiil yausepcuteT uMenu U.T. Tpy6umuna, r. Kpacuomap, POCCHS
2 MOCKOBCKHI TOCYIapCTBEHHBII CTPOUTENBHBIN YHUBEPCUTET, T. Mocksa, POCCHU S

Annotanusi: Ha npumepe MHOTOATaXXHBIX 3[JaHUIl PaCCMaTPUBAIOTCS METO/IbI (OTACIBbHBIC TAIBI) TPOSKTHPO-
BaHMs CBAHBIX ()YH/IAMEHTOB M3 3a0MBHBIX JKEJIE300€TOHHBIX CBail HA MAKPOIIOPUCTHIX IPOCAIOYHBIX TPYHTAX
BTOPOTO THUIA MO MPOCAJOUHOCTH. JlaeTcst KpaTkas XapaKTepUCTHKA PacCMaTPUBAEMBbIX 3[aHUHN, AaHATU3UPYIOTCS
TPYHTOBBIE YCIIOBHSI CTPOMUTENLCTBA, BKIIOUYAs JAHHBIC O (PU3NYECKHX, Ne(hOPMALMOHHBIX, MPOYHOCTHBIX, ITPO-
CaJIOYHBIX XapaKTEPUCTUKAX TPYHTOB M METOJBI MX ONpeeieHus. PacyeToM ycTaHaBIMBaeTCsS THUI IPYHTOBBIX
YCIIOBHI MO MPOCAJ0YHOCTH, M3JIAraeTcsi METOA BHIOOpA THMA CBail M WX JJIMHBI B MAKPOIIOPUCTHIX MPOCAT0U-
HBIX IrpyHTax. [IpuBOISITCS NaHHBIE SKCIIEPUMEHTAIBHBIX HCCIIETOBAHUH HECYIEH CIOCOOHOCTH 3a0MBHBIX CBait
B MAaKpOIOPHCTBIX MPOCAJAOYHBIX TPYHTaX, 0OOCHOBAHHE METO/A YMCICHHBIX HCCIEOBaHMN pabOThHl CBail M
TEOPETHUYECKOMN OIEHKH WX HECYIIeH CTIOCOOHOCTH.

KoatoueBbie ciioBa: Cau 3a0uBHbIC, PyHIAMEHTbI, IPOSKTUPOBAHKUE, IPYHTOBBIE YCIOBHUS CTPOUTEILCTBA,
XapaKTepUCTUKU TPYHTOB, HECYIasi CTIOCOOHOCTD CBai, THII TPYHTOBBIX YCIOBHH 1O MMPOCAAOYHOCTH,
Pe3yJIbTaThl SKCIEPUMEHTAIBHBIX U YHCICHHBIX HCCIIEIOBAaHUM

INTRODUCTION construction of civil multi-storey residential

buildings constructed on macroporous subsid-
The authors of this study conduct research on ence soils [1, 2, 3]. Such soils are widespread in
substantiation of soil conditions and develop- Russia and other countries. They are found in
ment of pile foundation design solutions for the southern, south-eastern and south-western
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regions of our country (Krasnodar Krai, Repub-
lic of Adygea, Volgograd Oblast, Stavropol
Krai, Chechen Republic, Republic of Crimea,
Zabaikalye, etc.). Therefore, they are often
called as regional soils. The conditions of con-
struction on such soils are referred to regional
(or special). The article considers the methods
(main stages) of pile foundation design on con-
struction sites composed of macroporous sub-
sidence soils using the example of civil build-
ings in Grozny with load-bearing walls and
frame buildings [4, 5].

SOIL CONDITIONS OF A TYPICAL
CONSTRUCTION SITE

The construction site is located in the Chechen
Republic. The relief of the site is relatively flat,
with absolute elevations of 285.5-286.5 m and a
slight slope to the southwest. To find out the
lithologic structure of the site 47 boreholes were
drilled to a depth of 4 to 25 m and 5 pits up to
3.5 m deep were excavated. The engineering-
geological section of the experimental site is
represented by the following soils (engineering-
geological elements):

1. Soil-vegetation layer, thickness 0.2-0.4 m.

2. Below there is a layer of low-moisture,
macroporous subsidence loam, from semi-hard
to hard consistency, yellow-brown color with
inclusions of gypsum and carbonate salts (EGE-
1). The thickness of this layer varies from 9.6 to
11.8 m.

3. At a depth of about 10.7 m from the surface
there is a 1.9-2.5 m thick layer of buried soil
(EGE-2) represented by hard, semi-hard, sub-
sidence loam, dark brown in color with abun-
dant inclusion of salts.

4. Below, at a depth of about 11.5 - 14.3 m,
there is a layer of low-moisture, macroporous
loam of tight plastic, yellow-brown color, with
inclusion of carbonate salts. The thickness of
this layer varies from 6.9 - 7.7 m (EGE-3).

5. At a depth of 18.4 - 22.0 m from the surface
there is a fine gravel with sandy fill (EGE-4).
There is not groundwater up to a depth of 25 m.

Volume 20, Issue 3, 2024

PHYSICAL, DEFORMATION, STRENGTH
AND SUBSIDENCE PROPERTIES OF
SOILS

Since the foundations of civil buildings are sup-
posed to be constructed on macroporous subsid-
ence soils, the study of their properties at the design
stage is envisaged on soils with different moisture
content (natural and pre-moistened). To determine
the physical, strength, deformation and subsidence
properties of the base under consideration, soils
were taken mainly in the form of monoliths and
separate samples, specimens at the entire depth (72
monoliths) in accordance with the requirements of
GOST 12071-2000 [6]. Soils (monoliths, samples)
were taken from the base of natural composition
(low-moisture) and after its preliminary soaking
(wet). Hereinafter in the text the term “/ow-
moisture soils” means macroporous base of natural
composition at its natural moisture content (Sr <
0.5). “Wet soils” means macroporous base after its
preliminary wetting (0.5 < Sr<0.8).

For the proposed construction of civil multi-storey
buildings, macroporous soils were soaked gradual-
ly for 25-30 days. For this purpose, a pilot site was
prepared previously, where a pit with the plan size
of 20 x 20 m and depth of 0.4 - 0.5 m was made
(Grozny). The surface of the excavation before
soaking was filled with fine crushed stone (fraction
3-10 mm) to a thickness of 7-10 cm. Along the pe-
rimeter of the pit, as well as along its area, wells
with diameter up to 120 mm were made to a depth
of 14-15 m, which were also backfilled with fine
crushed stone. Wells on the area of the excavation
were arranged on a grid of 4x4 meters. Water was
supplied to the experimental site with a hose under
low pressure. The flow rate was fixed by a water
meter connected to the water supply system on the
territory of the experimental site. The minimum
volume of poured water was determined by calcu-
lation. Soaking was controlled visually and instru-
mentally by taking samples and soil samples from
different depths and determining its weight mois-
ture [7, 8, etc.].

The study of physical properties of soils was car-
ried out according to the current regulatory docu-
ments and recommendations (GOST 5180-2015,
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AL Polishchuk, M.B. Marinichev, 2023, etc.) [9,
10]. Analysis of the results of studies of properties
of macroporous subsidence soils of the experi-
mental site revealed that up to the depth of 15 m
the change in their density and moisture content
within each engineering-geological element
(EGE-1, EGE-2) is insignificant, which does not
exceed 3-5%. Consequently, the soil base can be
considered practically homogeneous and the mean
values of the considered physical characteristics
for each engineering-geological element can be
used for forecast calculations (Table 1).

Table 1 shows that the upper layer of low-
moisture loam of natural composition (EGE-1)

belongs to the hard consistency state (/o < 0),
and the same layer of loam additionally mois-
tened (wet) is characterized as soft-plastic (/L =
0.66). After additional moistening (soaking) of
the soil, complete filling of its pores with water
did not occur. This is confirmed by the value of
water saturation coefficient S» = 0.72, which is
less than S, < 0.8...1.0. The characteristic of po-
rosity coefficient e of low-moisture and wet soil
indicates its macroporous (loose) state, which is
confirmed by the values e = 0.90 - 0.94, which
are close to the value e = 1.0.

Table 1. Physical properties of loess subsidence soils of the experimental site

- X 8 2z 2 o .
z v | & | 8 AR RS
4 § > = 2 - & ENIE 5] ?
Base soils, engineering o ooz Y % EEl 2] § ol 2a B3
geological elements S a § 5 A7 L‘? | & B | S % o = 2 £
(EGE) £ 2| g% B | z2é £ % SE| 2E| 2| £
3 5 | 2 s | g £ | 5 27| 27 2| &
3 g 2| A ~ | 3 g R =3
Hummocky loam, 104 159 | 141 | 125 | | 094 | 036 | 094 | __ | | <0
macr T -
A aporous : 179 | 144 | 236 |~ 090 | 0,720 | 090 | "' |77 | 066
EGE-1
Dark brown loam (inter- 170 | 149 | 142 082 | 047 <0
layer), 1,9-2,5 ’ ’ 272 | == | == |271 |169 [102 | —
EGES 1,81 | 1,48 | 22,0 0,83 | 0,72 0,51
Yellow-brownloam, | ¢ 77 |75 | 145 |210 |271 |087 |065 |270 [17.0 [10,0 |04
EGE-3
Shallow gravel, More than
EGE-4 5,0 j i} 2,68 10,65 i i i i i

Note. In the numerator - properties of low-moisture natural moisture soils, in the denominator -

pre-moistened wet soils.

Deformation properties of macroporous subsid-
ence soils (EGE-1, EGE-2, etc.) were determined
in laboratory conditions using compression devic-
es in accordance with the requirements of regula-
tory documents and standards: GOST 12248.4-
2020, SP 22.13330.2016, GOST 23161-2012. [11-
13]. Stages of loading on the soil samples were
accepted in the range of 20 - 40 kPa until com-
plete stabilization of settlements. Settlement in-
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crement not exceeding 0.01 mm / day was adopt-
ed as a stabilization criterion. The maximum pres-
sure on the soil samples in the experiments did not
exceed 250 - 350 kPa.

Comparison of the values of total deformation
modulus of subsidence soils within the depth up to
13-15 m shows that their values within each engi-
neering-geological element differ insignificantly.
The deviation at the same pressure interval varies

International Journal for Computational Civil and Structural Engineering
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within 8-10%. In total, about 30 compression tests
for low-moisture and wet macroporous subsidence
soils were analyzed (Table 2). The analysis of the
obtained results indicates that the values of the
properties of the total deformation modulus of
soils significantly depend on the moisture content,
porosity, the magnitude of the applied pressure
and structural strength of soils [14].

Table 2. Data on the results of compression
tests of loess subsidence soils

compaction of soil samples was used. Under
this shear scheme the values of strength proper-
ties are the lowest compared to other test meth-
ods (M.Y. Abelev, 1979, 1983, 2023; V.F. Si-
dorchuk et al., 1980; G.G. Boldyrev 1985-
1993). It was found that the specific cohesion
characteristics for low-moisture soils are about
three times greater than for moist soils. The
characteristic of the angle of internal friction
changes insignificantly. For low-moisture soils,
the characteristic of the angle of internal friction

Values of total defor- is 1-2 degrees higher than that of moist soils
Engineering- | Sample mation modulus £ of (Table 3) [15, 16, etc.].
geological pressure loess soils, MPa
clements interval, kPa zj)visture wet Table 3. Data on the results of laboratory tests
100...140 7.1 1,6 of strength properties of macroporous subsid-
EGE-1 140...200 11,4 1,0 ence soils
200...250 14,2 1,3 Values of strength
100...140 7,7 11,1 Engineering- | Strength p}roperties pf loess sub-
EGE -2 140...200 12,4 10,9 geological properties of sidence soils ¢, kPa; ¢,
200...250 154 14,0 elements soils c and ¢ deg.
100...140 7,8 - 10W— wet
EGE -3 140...200 12,5 - moisture
200...250 15,6 - ) c 42 10
EGE -4 - 25 - EGE (0 24 22
EGE -2 c 38 14
Strength properties of soils ¢ and ¢ were de- ® ;g 21
termined by the single-plane shear test accord- | EGE -3 (CP »
ing to GOST 12248.1-2020. In the experiments B N N
the scheme of rapid shear under conditions of EGE 4 © - -

incomplete consolidation without preliminary

Table 4. Results of studies of relative subsidence Esl under pressure on soil samples

. Initial sub-
Design |Elementary Dlstgnce of lati . K sidence
BASE soil thickness |layer thick- sagllphng frgm Relative subsidence &, at pressure p, kPa pressure P|
of EGE, m| ness 4;, m suif%trcoeurrln kPa
’ 20 60 | 100 | 140 | 200 | 250
N . 2.7 2,7 0,000 | 0,013 0,027 | 0,034 | 0,052 [ 0,056 | 65
E:f;(rl’opggiolza};ﬁ lo4 2,7 54 0,000 | 0,011 0,024 | 0,030 | 0,046 | 0,050 | 65
EGE.1 ’ 2,7 8,1 0,000 | 0,010 | 0,021 | 0,027 | 0,040 | 0,045 -
2,6 -10,7 0,000 - - o005 - o042 -
Hard, semi-hard, 0,7 114 0,000 | 0,010 | 0,013 | 0,017 | 0,021 | 0,023 -
dark brown loam 2,2 0,7 12,1 0,000 | 0,011] 0,012 | 0,015 | 0,019 | 0,021 -
EGE-2 0,8 12,9 0,000 | 0,011 0012 - 0,015 0,013 -
. . 1,8 -14,7 - - 10,008 | 0,010 | 0,010 | 0,010 -
tight plastic loam, 18 16,5 0,000 | 0,000 | 0,000 | 0,000 | 0,012 | 0,000 | -
yellowish brown 7,3

EGE 1,8 -18.3 - - - - - - -
1,9 20,2 ; - ] - - - -
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The subsidence properties such as relative sub-
sidence &y and initial subsidence pressure ps
were determined in laboratory conditions in ac-
cordance with the requirements of GOST
23161-2012 [12]. The values of relative subsid-
ence were established by the “two curves”
method which implies testing twin specimens in
compression devices taking into account the
pressure from own weight of the soil and the
pressure transmitted by the foundation sole at
the considered depth. The values of the initial
subsidence pressure parameter ps;, according to
the requirements of regulatory documents, were
assumed to be equal to the pressure on the soil
sample, at which the relative subsidence &5 was
esi = 0.01 (Table 4) [4, 17].

ESTIMATION OF SOIL CONDITIONS
TYPE IN TERMS OF SUBSIDENCE

To evaluate the type of ground conditions in
terms of subsidence of the construction site un-
der consideration, we plot the stress variation
from the soil self-weight o along the depth of
the subsidence stratum, taking into account its
engineering-geological structure (Fig. 1).

0.000

6., sl
B 100 200 300 400
7 T 6,=66lla® p_=65xla
Yl 4.000 il Py
‘S
ura-1 [ \/
Y -
///,’ § 0)
4 -10.700
urm-2 i \ 62g=170,1 T
— 1000 : ‘
R 6:g = 280,4 xlla
T X
uras [ 1400 \ Smapa
3 b6:zg
| 20200 1200
©Ozg = 336,2 xlla
HID-4 - e 7\‘
.4 & 2200
K Z.cM
a 6

Figure 1. Schematic diagram for determining
the type of ground conditions by subsidence for
macroporous soils: a - geological column, b -
stress distribution diagram from own weight of
the soil Oz
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For this purpose, we previously calculate [4]:

Z.=27Tm, 0z-15.9x2.7=42092 kPa;

Z=54m, o:5-15.9x5.4=85.86kPa;

Z=81m, 0:-15.9x8.1=128.79 kPa;
7Z=10.7m, 0z-15.9x10.7=170.13 kPa;

Z =114 m, oz -170.13+(17.0 x 0.7) = 182.03
kPa;

Z =121 m, oz -18293+17.0 x 0.7) = 194.83
kPa;
Z =129 m, oz -194.83+17.0 x 0.8) = 208.43
kPa;
Z =147 m, oz -208.43+(17.5 x 1.8) = 239.93
kPa;
Z =165m, oz -239.93+17.5x 1.8) = 271.43
kPa;
Z =183 m, oz -271.43+17.5 x 1.8) = 302.93
kPa;
Z =202 m, oz -30293+17.5x 1.9)= 336.18
kPa

Using the graph (Fig. 1), we can find the depth
where the condition oz = py 1s fulfilled, i.e., 6z
is the stress from own weight of the soil; ps is
the initial subsidence pressure. This condition is
fulfilled at the depth z = 4 m, where 6z = 66
kPa = psi = 65 kPa as shown Fig. 1 and Table 4.

To determine the subsidence from own weight
of soil Sy, we conventionally divide the subsid-
ence stratum into layers 2.7-2.8 m thick for
EGE-1 and 0.7-0.8 m thick for EGE-2. In this
case, the subsidence Sy within the subsidence
strata is calculated starting from the depth z = 4
m, where the stress from own weight of the soil
6zg 1s equal to the initial subsidence pressure ps
(0z¢ = 66 kPa = ps = 65 kPa). For the soil strata
of tight plastic loam (EGE-3), lying below
EGE-2, the breakdown into separate layers is
not performed, as the considered thickness of
tight plastic loam (EGE-3) practically does not
possess subsidence properties and has permissi-
ble limits of relative subsidence &s. Using the
data of Table 4 we plot the dependence of rela-
tive subsidence &y on the applied external pres-
sure p on the soil (Fig. 2): ex = f (p). All initial
data for calculations are summarized in Table 5
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Figure 2. Relative ground subsidence &1 de-
pending on the external applied pressure p:
1...4 - respectively, for EGE-1 soil at -2.7, -5.4,
-8.1 and -10.7 m from the ground surface; 5...7
- respectively, for EGE-2 soil at 11.4, 12.1 and
12.9 m from the ground surface.

Table 5. Relative subsidence &, at acting stress
caused by own weight of the soil Gz,

Distance to
the bottom of Stresses Oy at .
the base ele- | Relative
the layer un- . .
. vation of the | subsidence
. der consider- .
Soils . layer  under | &y at acting
ation from . .
consideration, | stress O,q
the  ground
kPa
surface, m
-2,7 42,9 0,012
-5,4 85,8 0,020
EGE-1 -8,1 128.,8 0,025
-10,7 170,1 0,030
-11,4 182,0 0,020
EGE-2 | -12,1 194,8 0,017
-12,9 2084 0,014

The expected soil subsidence from the action of
its own weight S¢ (cm) within the subsidence
strata is determined from the condition (Krutov
V.I. et al,, 2013; Polishchuk A.I., Marinichev
M.B., 2023):

Ssi=7 &s1i hi Ks1;=0.02 x 270 x 1 + 0.025 x 270
x1+003x260x1+002x70x1+0.017 x
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70x1+0014x80x1=54+675+78+14
+1.19+1.12=23.7 cm,
where, n is the number of layers into which the
subsidence stratum is divided;

esi 18 relative subsidence, determined for
each i layer of the subsidence stratum at the
acting stress (0zg + 6z);
hi is the thickness of the considered i layer of
soil, m;

Kii 1s the coefficient of operating condi-
tions of the base.
Thus, it is established that, there are layers of
macroporous soil (loam) with total thickness z =
12,9 - 4,0 = 8,9 meters within the depth where
the condition oz¢ > ps fulfills. The subsidence of
the considered soil thickness caused by the ac-
tion of its own weight is more than 5 cm (Sy =
23.7 cm). Consequently, the ground conditions
of the site under consideration belong to the
second type of subsidence.

JUSTIFICATION OF PILE TYPE AND
LENGTH

For the buildings to be constructed on pile
foundations, we accept prefabricated reinforced
concrete prismatic piles with a cross-section of
300 x 300 mm, which are sunk into the ground
ready-made from the bottom of the excavation
[2, 4, 18]. This is because of the developed ma-
terial and technical resources in the construction
area (Chechen Republic), where driven rein-
forced concrete piles will be produced in the
required volume. Since the base of the construc-
tion site under consideration is composed of
macroporous hard loams, the piles should be
driven into such soils by means of leader holes,
the cross-sectional area of which should be 15-
20% smaller than the cross-sectional area of
prismatic piles. It is recommended that the
depth of the leader wells is approximately 10.5-
11.0 m from the surface of the foundation.
Within this depth lies the EGE-1 (upper from
the base surface). The bearing layer for factory-
made prismatic piles is recommended to be
hard, semi-hard, dark brown loam, which is part
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of EGE-2. The depth of immersion of the lower
end of prismatic piles into the bearing layer
should be at least 1.0 m in accordance with Ta-

ble 1.

EXPERIMENTAL AND NUMERICAL
DATA ON BEARING CAPACITY OF

DRIVEN REINFORCED CONCRETE
PILES IN SUBSIDENCE SOILS

The bearing capacity of the considered driven
reinforced concrete piles was determined exper-
imentally based on the results of field tests by
static push-in load. Static tests of full-scale
piles were carried out in macroporous subsid-
ence soils of natural composition (low-
moisture) and on pre-wetted (wet) soils in ac-
cordance with the requirements of Russian
standards (GOST 30672-2019, GOST 5686-
2020, SP.24.13330.2021, etc.) [19, 20, 21]. In
the experiments, driven reinforced concrete
prismatic piles of 10 m length and 30x30 cm
cross-section were used. The load on the natural
piles was transferred by a hydraulic jack with a
manual pumping station providing the required
operating pressure. The displacements of the
test piles were measured by deflection meters.

According to SP 22.13330.2016 (c. 7.3. 5) [13],
the bearing capacity of the pile (partial value of
the ultimate resistance) Fu under push-in load
was assumed to be the load under the influence
of which the tested pile received a settlement
S=& Sum. § 1s a factor equal to 0.2 if the pile was
tested at a conditional stabilization equal to 0.1
mm in 1 hour, if sandy soils and clay soils of
solid consistency were under its lower end. Su,me
is the limit value of the mean foundation settle-
ment of the designed building, which is set ac-
cording to the instructions of the design organi-
zation. In the considered case, the value of Sum
was accepted equal to 12 cm (SP
22.13330.2016). Based on the above formula,
the settlement S corresponding to the bearing
capacity (ultimate resistance) of the pile Fu at
natural moisture content was S = 0.2 x 12 =24
cm (24 mm). The experimental results are pre-
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sented in the form of graphs showing the de-
pendences of pile settlements on external load
(presented below).

To evaluate the performance of prefabricated
reinforced concrete piles in macroporous sub-
sidence soils of the second type, the authors
simultaneously carried out numerical studies
using the Midas FEA NX software. At the same
time, the influence of soaking of the foundation
soils (e.g., emergency soaking) on the bearing
capacity and settlement of piles, as well as on
the development of non-uniform deformations
of pile foundations was revealed.

To simulate the loading (“performance”) of
soils in the base, the model of hardening soil at
small deformations (HS small) was used [22].
This model accounts for the relation of soil
stiffness and strength to stress and strain, as well
as its over consolidation during load history.
This allows for more accurate modeling of its
nonlinear deformation under loads. The dis-
cussed model provides a correct description of
cyclic loading and pore pressure development
under undrained conditions, which is important
for complex engineering problems. A linear-
elastic model with its stiffness characteristics
was used for the pile material. Soaking of the
subsidence soil was taken into account in the
modeling by lowering its strength and defor-
mation characteristics (Figs. 3, 4).

The investigation results of driven reinforced con-
crete piles' performance in low-moisture and wet
subsidence soils are presented in Fig. 5. It is estab -
lished that in low-moisture and wet (soaking wet)
loess soils, the pile settlements recorded during
field tests are much smaller compared to the set-
tlements obtained by numerical modeling.

For example, the pile settlement is 4.5 mm under
an external load of 140 tf for low-moisture soils,
while the pile settlement obtained by numerical
modeling under the same load of 140 tf is much
larger and amounts to 15.0 mm. In wet subsidence
soils, the same trend is also observed. With an ex-
ternal load of 100 tf, the pile settlement is 5.5 mm,
while in the case of numerical modeling, the pile
settlement at the same load in wet soil is 12.5 mm.
According to the results of field static tests, a load
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of 100 tf was taken as the bearing capacity of the
pile in wet (soaking wet) macroporous soils. The
pattern of the resulting graph indicates that the
actual bearing capacity of the pile was not estab-
lished due to the limitation of the maximum load
in the test system used. At the same time, a value
of 145 tf was found to be the bearing capacity of
the pile according to the results of numerical mod-
eling (at 24 mm settlement) as shown in Fig. 5.

Due to the idealized conditions of numerical
simulation, as well as the discreteness of the
problem to be solved, compiled for a single pile,
the relationship between settlement and external
load after the first iteration, as a rule, has a di-

vergence from the natural plot and does not al-
low to accept initial stiffnesses for modeling a
larger-sized pile group. The applied principle of
iterative refinement of strength and shear prop-
erties at the pile-soil contact continues until the
shape of the load-displacement branches ap-
proximates the experimental data. Perfect con-
vergence is achieved with great difficulty, since
the full-scale plot incorporates and displays a set
of nonlinear processes. The description of these
processes is not possible with simplified models
that imply an inseparable connection between
the pile and the soil during loading [25].

(right)

Figure 4. Calculation model of a 30x30 cm pile 10 m in length consisting of solid elements in the
given engineering-geological conditions
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Fig. 5 shows plots of pile settlement-load depend-
ence for iteratively refined interface properties.
Ultimately, a certain convergence of the results
was achieved, which allows the synthesized graph
to be applied in finite element analysis of the
whole system. At the same time, it accounts for
the varying properties of the base soils in the man-
ifestation of subsidence properties for loess sub-
sidence soils of the second type of subsidence.

As a result, after the calculations with regard to
the verified stiffnesses, the deformations of the
system are obtained. They show a high conver-
gence with the results of geotechnical monitor-
ing and can be used for predicting the settlement
of single piles on loess macroporous subsidence
soils of the second type of subsidence, consider-
ing their possible soaking.
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Figure 5. Sequential approximation of the calculated load-settlement diagram to the actual depend-
ence obtained from field tests of a single 30x30 cm pile 10 m length at a construction site made of
wet macroporous soils

Thus, the correct analysis of ground conditions
of the planned construction, the rules for select-
ing the structural solution of piles for multi-
storey civil buildings, as well as the peculiarities
of finite element analysis allow us to justify the
main stages of designing pile foundations on
macroporous subsidence soils of the second
type of subsidence, considering the possible

soaking of the compressible thickness of the
base.
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