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AIMS AND SCOPE

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

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

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

MesxayHnapoanblii HayuHbli :kypHaa “International Journal for Computational Civil and
Structural Engineering (MexayHapoaHblii ;KypHAJI M0 pacyeTy rpaxIaHCKUX U CTPOUTEIbHBIX
xoHcTpykuuii)” (IJCCSE) sBnsercs BeayiuM HayuyHbIM NEPUOAMUECKUM U31aHUEM I10 HAIIPABJICHUIO
«MHXKeHepHble U TEXHUUECKUE HayKny, n3aaBaeMbIM, HaunHas ¢ 1999 rona (ISSN 2588-0195 (Online);
ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B »xypHayie Ha BBICOKOM Hay4YHO-TEXHHYECKOM
YPOBHE paccMaTpUBAIOTCS IPOOIEMbI YHCIEHHOTO U KOMIIBIOTEPHOT'O MOICTMPOBAHUS B CTPOUTEIIHCTBE,
aKTyaJIbHble BOIPOCHI pa3pabOTKH, UCCIEIOBAHNUS, Pa3BUTHS, BepU(UKaLluK, anpodaluy U MPUIIoAKe-
HUM YUCIICHHBIX, YUCIEHHO-aHAIUTUYECKUX METO/I0B, IPOrPAMMHO-AJITOPUTMHYECKOTO 00eCTIeUeHHUs
Y BBITIOJIHEHUSI aBTOMATU3MPOBAHHOTO TIPOEKTUPOBAHMSI, MOHUTOPHHIA U KOMIUIEKCHOTO HAYKOEMKOTO
PacyeTHO-TEOPETUYECKOTO U HKCTIEPUMEHTAIILHOTO 000CHOBAaHUS HANPSKEHHO-AEPOPMUPOBAHHOTO (U
MHOTI'0) COCTOSIHUS, TPOYHOCTH, YCTOMIMBOCTH, HA/IEXKHOCTHU 1 0€30I1aCHOCTH OTBETCTBEHHBIX O0BEKTOB
IPa’KAAHCKOTO U MPOMBIIIJIEHHOTO CTPOUTENILCTBA, SHEPTeTHKH, MAIIMHOCTPOCHHUS, TPAHCTIOpTa, OHO-
TEXHOJIOTHH U JJPYTHX BBICOKOTEXHOJIOTUYHBIX OTPACIIEH.

B penakiirioHHbII cOBET *KypHasa BXOIAT U3BECTHBIE POCCUICKNE U 3apyOeKHbIE IeATeNTN HAyKU
Y TEXHUKU (B TOM YHCIIE aKaJIEMHUKH, YWICHBI-KOPPECTIOHICHTHI, THOCTPAHHBIE WICHBI, TOYETHBHIE YICHBI
1 COBEeTHUKH POoCCHIICKON akaJeMuu apXUTEKTYPhl U CTPOUTEILHBIX HayK). OCHOBHON KPUTEPH OT-
6opa crareil A1 MyOIMKaLUK B )KypHaJe — UX BBICOKHI HayYHBIH YPOBEHb, COOTBETCTBHE KOTOPOMY
OTIPEJIEINISIETCS B XOA€ BBICOKOKBATH(D)UIIMPOBAHHOTO PELECH3UPOBAHUS U OObEKTUBHON SKCIEPTHU3BI,
MOCTYMAIONIUX B PEAAKIIMIO MAaTEPHAJIOB.

Kyprnan exooum 6 Ilepeuers BAK P® gedywux peyenzupyemvix HaAyuyHvlX U30aHUll, 8 KOMOPbLX
00124CHbL ObIMb ONYONUKOBAHBI OCHOBHbIE HAYYUHbLE PE3YIbMAMbl OUCCEPMAYULL HA COUCKAHUE YYEHOU
cmeneHu Kanouoama HayK, Ha COUCKAHUe YYeHOU Cmenenu 0OKmopa HAyK 10 HAy4YHbIM CIEeLUab-
HOCTSIM M COOTBETCTBYIOIIUM UM OTPACIISIM HAYKH:

* 1.1.8 — Mexanuka eopMUpyeMOro TBEpOIo Tea (TEXHUYECKUE HayKH),

* 1.2.2 — Maremarudeckoe MOJETMPOBAHUE YHCIIEHHBIE METO/IbI M KOMILJIEKCHI IPOrpaMM

(TeXHUUYECKHUE HAYKH),

¢ 2.1.1 — CTpouTenbHble KOHCTPYKLUH, 31aHUS U COOPYKEHUS (TEXHUUECKUE HAYKH),

*2.1.2 — OcHoBanus ¥ GyHAAMEHTHI, 10JI3EMHBIE COOPYKEHUS (TEXHUUYECKUE HAyKH),

* 2.1.5 — CTpouTenbHble MaTEpUAIIBl U U3ENNS (TEXHUUECKUE HAYKH),

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHUUECKHE HAYKH),

* 2.1.9 — CTpoutenbHas MeXaHUKa (TEXHUUYECKUE HAYKH)

B Poccuiickoit @enepanyu )KypHaJl HHIEKCUpPYeTCsl POCCUIICKMM MHIEKCOM HAy4HOI'O LIUTH-
posanus (PUHLI).

JKypuan exooum 6 6a3zy oannwix Russian Science Citation Index (RSCI), nonnocmuto unmezpu-
posannyio ¢ naameopmotl Web of Science. XypHan nmeet MeXTyHapOIHBINA CTaTyC U BHICHUIAETCS B
Belyle ONOIMOTEKN U HayYHble OPTaHU3al1 MUDA.

M3narenn xypHaaa — Mzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCUIUX YUEOHbIX 3a6e-
oenuti /ACB/ (Poccus, . Mocksa) u 1o 2017 rona Mzoamenvckuii oom Begell House Inc. (CUIA, 1.
Hero-Mopk). OpuIuaisHpIMI HapTHEPAMH H3IAHUs SBIseTCs Poccutickas akademus apxumexmypol
u cmpoumenvhvix Hayk (PAACH), ocymiecTBistomnas HayyHOe KypUpoBaHUe U3aHust, U Hayuno-uc-
cnedosamenvckuul yenmp Cma/{uO (3A0 HULL CtaluO).

ey :KypHaJa — 1IEMOHCTPUPOBAThH B MyOIUKALMAX POCCUICKOMY M MEXIyHAPOAHOMY IIPO-
(eccroHaNIbHOMY COOOIIECTBY HOBEHUIIHE TOCTHKEHHS HAYKH B 00JaCTH BHIYUCIUTEIBHBIX METOI0B
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peuieHus GyHIaMEHTAIbHBIX U MPUKIAIHBIX TEXHUUYECKUX 3aja4, MPEK/Ie BCEro B 00JaCTH CTPOU-
TEJbCTBA.

3agaum KypHaa:

* IPEI0CTABJICHNE POCCUMCKUM U 3apyOeKHBIM YUEHBIM U CIIELIUATUCTaM BO3MOXKHOCTH ITyOIH-
KOBATh PE3YJIbTaThl CBOUX MCCIIEA0BAHUM;

* IpUBJICUEHUE BHUMAHHUS K HamOosee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPBIBHBIM U WHTE-
PECHBIM HAIPABJICHUSAM PA3BUTHUS U MIPUIOKEHUH YMCICHHBIX Y YMCICHHO-aHATUTHYECKIX METOJIOB
pemieHus pyHIaMEHTaIbHBIX U MPUKIIAJIHBIX TEXHUYECKUX 3a71a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT U
MaTeMaTUYeCKOTO, KOMITBIOTEPHOTO MOJECINPOBAHMS, Pa3padOTK U BepH(PHUKALUU PeaTn3yIOLIero
[IPOrpaMMHO-aJITOPUTMHUYECKOTO 0OecIIeueH s,

* obecrieueHre 0OMEeHa MHEHUSIMHU MEX/1y UCCIIEI0BATEIIMU U3 PA3HBIX PETMOHOB U TOCYAAPCTB.

Temaruka sxxypHaJa. K paccMoTpeHnio 1 myOIMKaluy B )KypHaJie IPUHUMAIOTCS aHATUTHUECKIE
MaTepHalbl, HayqHbIE CTaTbU, 0030pPbl, PELIEH3UU U OT3bIBbI HA HAy4Hble MyOIUKaLMK IO (yHIaMeH-
TAJbHBIM U IPUKJIAJHBIM BOIIPOCAM TEXHUYECKHUX HAYK, IPEXK/Ie BCETo B 00IACTH CTPOUTENHCTBA. B
KypHaJIe TaKKe MMyOIUKYyI0TCsl UH(OPMAIIMOHHbIE MaTepHalibl, OCBEILAIOIUE HAyYHbIE MEPOIIPUSITUS
U 1epesioBble TOCTHXKeHUs Poccriickol akaileMUM apXUTEKTyphl U CTPOUTENbHBIX HayK, HAyYHO-00-
pa3oBaTEIbHBIX U IPOEKTHO-KOHCTPYKTOPCKUX OpraHU3aLi.

Tematnka crateil, IpUHUMaeMBbIX K IMyOJIMKAIMKU B )KypHaJle, COOTBETCTBYET €ro Ha3BaHUIO U
OXBAaThIBAET HAIIPABJICHUS HAyYHbIX UCCIIEIOBAaHUN B 001aCTH pa3pabOTKH, UCCIIEAOBAHUS U MIPHUIIO-
KECHUH YUCIICHHBIX U YUCICHHO-aHATUTHYECKUX METOA0B, IPOTPAMMHOTO 00€CTIeYeHHSI, TEXHOIOT Ui
KOMITbIOTEPHOTO MOJICJIMPOBAHHUS B PELICHUH MTPUKIIAIHBIX 33/1a4 B 00JIaCTH CTPOUTENBCTBA, & TAKXKE
COOTBETCTBYIOLIME MPOPHUIbHBIE CIEIUATbHOCTH, MPEICTABICHHbIE B JUCCEPTALIMOHHBIX COBETaX
pOoMIBHBIX 00Pa30BATENBHBIX OPraHU3AIMAX BBICIIEr0 0Opa3oBaHusl.

Penaknuonnasi moautuka. [lomurrka penakiimoHHONW KOJUIETHH KypHala 0a3upyeTcs Ha COo-
BPEMEHHBIX IOPUIMYECKUX TPEOOBAHUSAX B OTHOLIEHHWH aBTOPCKOTO IPaBa, 3aKOHHOCTH, IUIaruara
U KJIEBETHI, U3JIOKEHHBIX B 3aKoHonarenbCcTBe Poccuiickont denepanuu, U STHYECKUX MPUHIMUIIAX,
MOJ/IEP’KUBAEMBIX COOOILIECTBOM BEAYIIMX U3/aTelel HayuHOW NEePUOAUKH.

3a nybnukayuto cmameti naama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 8 HcypHae
becniamuas. Ha TIaTHOM OCHOBE B JKypHaJIe MOTYT OBITh OITyOJIMKOBAHBI MaTepHajbl PEKIAMHOTO
XapakTepa, UMEIoIIUe MPsIMOe OTHOLIEHHUE K TEMaTHKe XKypHaJa.

XKypnai npeaocTaBisieT HENOCPEACTBEHHBIN OTKPBITBIN TOCTYII K CBOEMY KOHTEHTY, MUCXO/Is U3
CJIEYIOILETO MPUHIIMIA: CBOOOIHBIN OTKPBITHIM JOCTYII K pe3y/bTaTaM UCCIIEJOBAHUN CIOCOOCTBYET
YBEJIUYEHUIO II00aTbHOT0 0OMEHa 3HaHUSAMH.

HupexcupoBanue. [lyOnukaimy B KypHaie BXOIST B CUCTEMBI PACYE€TOB MHJICKCOB IIUTUPOBAHUS
aBTOPOB U JKypHAJIOB. «MHIEKC IUTUPOBAaHUS» — YHCIIOBOM NOKA3aTellb, XapaKTEpU3YIOLHI 3HAYMMOCTb
JIAHHOM CTaThU ¥ BEIYUCIISIOLIMICS HAa OCHOBE MOCIIETYOIIMX ITyOMKALINA, CChUTAFOLMXCS Ha TAHHYHO PaloTy.

ABTopam. [Ipexne ueM HarpaBUTh CTAaThIO B PENAKIMIO XKypHajia, aBTOpaM CIIEAYET O3Ha-
KOMHTBCSI CO BCEMHM MarepuajaMu, pa3MelIeHHbIMH B pasjeiax caiiTa *ypHaja (MHTEpHET-CaiT
Poccuiickoit akageMun apXuTeKTypbl U cTpouTeabHbIX Hayk (http://raasn.ru); monpasnen «M3nanus
PAACH» nunu uarepHet-caidT M3narenscrBa ACB (http://iasv.ru); moapazaen «Kypuan [JCCSE»): ¢
OCHOBHOU MH(OpMaImei o XypHase, ero mejisiMHi 1 3aJadaMi, COCTAaBOM PEIAKIIMOHHOW KOJIJIETUH
U PEJAaKLIMOHHOIO COBETA, PEAAKIIMOHHOM MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBAHMsI HAIIPABIIIEMbIX B
KYpHaJ cTarel, CBEACHUSIMHU O COONIONCHUH PENaKIIMOHHONW 3TUKHU, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHaJla B NHPOPMALIMOHHBIX CUCTeMaX (MHIEKCUPOBAHUN),
nHpopMaLueil 0 NOANUCKE Ha KypHall, KOHTAKTHBIMU JaHHBIMU U 1Ip. XKypHan paboTaeT no nuueH-
3un Creative Commons tuma cc by-nc-sa (Attribution Non-Commercial Share Alike) — Jlnnensus «C
yKkazaHueM aBTopcTBa — Hexommepueckas — Kormumedry.
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FILTRATION REGIME AND STABILITY OF THE EARTH DAM DURING

RESERVOIR DRAWDOWN

Nikolay A. Aniskin, Andrey V. Stupivtsev

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

Abstract. The results of numerical investigations of the filtration regime and stability of an earth dam under
reservoir drawdown are considered. The problem of unsteady filtration in a homogeneous earth dam is solved.
The parameters of the filtration flow are determined: the position of the depression surface, the values and
direction of filtration gradients and flow velocities. The changes in the maximum filtration gradients and the
probability of filtration deformations are analyzed. Calculations are made to assess the stability of the upstream
slope during the stages of reservoir drawdown with different velocities. It is shown that a dam with a large
stability margin when the reservoir is full may lose it and be destroyed in the process of drawdown. Conclusions
are drawn about the necessary measures to ensure reliability and safety during operation of the structure.

Keywords: earth dam, reservoir drawdown, unsteady seepage, seepage gradient, slope stability
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®UJIbTPAIIMOHHBIN PEXXUM U YCTOMUYUBOCTh TPYHTOBOU
IJIOTUHBI TIPU CPABOTKE BOJJOXPAHWINIIA

H.A. Anucxkun, A.B. Cmynueues
HanunonanbsHsblil ueenenoBarenbCkuii MOCKOBCKUI ITOCYNapCTBEHHBIN CTPOUTEIBHbIN YHUBEPCUTET,
. Mocksa, POCCHUSL

AnHoTanmusl. PaccMarpuBaroTCs pe3yNbTaThl YHCICHHBIX HCCICAOBAHUN (DHIBTPAIIMOHHOTO pPEXHMa H
YCTOWYMBOCTU TPYHTOBOW IUIOTHHBI NpPU CpabOTKE BOJOXpaHWMINA. Permaercs 3amaya HEyCTAaHOBUBIICHCS
(WIBTpau B OXHOPOTHON 3eMISHOH IUIoTHHE. OMNpeHeNsioTcs MapaMeTpsl (QIUIBTPAIIMOHHOTO TOTOKA!
MOJIOKEHUE JISIPECCHOHHON TIOBEPXHOCTH, BEIHUYMHBI W HAIMpaBICHHUE (QWIBTPAIMOHHBIX TPATUCHTOB H
ckopocTeil motoka. JlaeTcs aHanM3 W3MEHEHHWS MAaKCHMAalbHBIX TPAJUCHTOB (HIBTPAlMA U BEPOSTHOCTH
BO3HUKHOBEHHsT (puibTpannoHHbix Jedopmarmii. [IpoBeaeHbl pacueThl MO OLEHKE YCTOWYMBOCTH BEPXOBOTO
OTKOCa Ha JTamax CpabdOTKM BOJOXPAHWIIMINA C pasHoil ckopocThio. [lokazaHo, YTO IUIOTHHA, HMMEHOLIAs
OOJIBILION 3amac YCTOWYMBOCTH MPHU HAMOJIHECHHOM BOJOXPAHHIIMIIE, MOXET IMOTEPSATh €ro U OBITh Pa3pyIICHHOM
B Tiporiecce cpaboTku. CrenaHbl BBIBOABI O HEOOXOAMMBIX MEPONPUATHAX IO O0OECICUCHHIO HAAESKHOCTH U
0€3011aCHOCTH TIPH KCILTyaTalluy COOPYKEHHS.

Ki1ro4eBble cj10Ba: TpyHTOBAs IUIOTHHA, CPaOOTKA BOAOXPAaHHUIINIIA, HEYCTAaHOBUBINIASCS (DHIIBTPALUS,
rpafiueHT (PUIBTPAINH, yCTOHUYNBOCT OTKOCA

Ounancuposanue. [laHHas pabdota Obuta moayep)xkana rpantoM 2024 rona Ha IpoBeeHNe (GYHIAMEHTATBHBIX U MPUKIIATHBIX
HayuHbIx uccnenoBanuii (HUP/HUOKP) nayunsimu komtektusamu HIY MI'CY, npoext Ne 28-392/130.

INTRODUCTION

Problems of unsteady filtration are encountered
in hydraulic engineering practice during
construction and operation of dams, in cases of
filling or drawdown of a reservoir, as well as
during construction of reclamation dams.

The drawdown of a reservoir may be caused by
the technological necessity of operation of a
hydroelectric complex, which includes an earth

dam, or by an emergency situation. The
lowering of the water level upstream of the dam
leads to a change in the filtration regime of the
ground structure - the position of the depression
surface, the wvalues and directions of the
gradients and velocities of the filtration flow
change. The consequence of this process can be
filtration deformations of soils and occurrence
of concentrated filtration in the dam body [1-3].
Also in this case, in the upstream slope there is a
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change in the direction of action of filtration
hydrodynamic load towards the upstream,
which reduces the stability of the slope of the
structure [4-5]. In the practice of hydraulic
engineering, there are quite a large number of
cases of emergencies associated with the
lowering of the reservoir water level [6-7]. The
degree of change in the stability of the structure
and the filtration regime depends on several
factors: the permeability of the soils in the
upstream prism of the dam, the magnitude and
rate of drawdown, the top slope embedment,
and a number of other factors [8-10].

At present, filtration calculations are mandatory
in the design of earth dams, on the basis of
which the filtration stability of the dam soils,
foundation and banks, as well as the stability of
the slopes of the structure are assessed
(SP39.13330.2012 Dams made of earth
materials. Updated version of SNiP2.06.05-84).

The assessment of the stability of the upstream
slope in the design justification of the earth dam
should be carried out for the case of the
maximum possible drawdown of the reservoir
water level with the highest possible velocity,
where the filtration forces of unsteady filtration
are as follows.

This paper investigates the effect of the
drawdown rate on the maximum filter gradient
and the stability of the upstream slope of a
homogeneous earth dam. The changes in these
parameters in the process of lowering the
upstream water level are considered. Previous
studies [10,11] have shown that the maximum
filtration gradient can be recorded not at the end
of drawdown, but at intermediate stages of
water level lowering.

RESEARCH OBJECT

The object of research is a homogeneous
earthen dam 24.0m high, located on an
impermeable base (Figure 1). The dam slopes
are -1:3 for upstream and downstream slopes.
At the level mark of the dam foot level equal to
0.00, the upstream water level is 22.0m and the
downstream water level is 3.0m. To ensure
reliable operation of the dam, a 4m high
drainage prism with a 1:3 slope is installed in
the downstream prism.

The dam body is composed of clayed sand. The
characteristics corresponding to this group of
soils, included in filtration, stress-strain and

Table 1. Characteristics of the soil of the dam body under consideration
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stability calculations, are given in Table 1.
Characteristics of the drainage prism soil:
density in saturated and dry states 19 and 16
kN/m3; modulus of elasticity E = 30000kN/
m?; Poisson's ratio v = 0,3; cohesion ¢ =
1 kN/m?; angle of internal friction ¢ = 30°,
filtration coefficient k = 10m/day.

METHODS

Since the middle of the 20th century, due to
the difficulty of solving the problem of
unsteady filtration, hydraulic methods based
on the solution of the Boussinesq equation
with some assumptions [12] have become

= (65)+ 5 (55)

where H = f (x,y,z,t) — head function in the
considered area, varying along the coordinates
x,y,z and in time t; K, K,,K,~ filtration
coefficients in axis directions x,y,z; u — water
loss coefficient in the ground.

In such calculations, water movement between
particles 1s assumed when the pores are
completely filled with water. Water moves from
a higher-pressure region to a lower pressure
region. Then, when excluding the finite
elements from the computational domain, for
which the obtained value of filtration head is

w(¥ /at) = a8 (k (8¥/dz — 1)) /oz,

where W — capillary pressure of ground (soil)
moisture (cm of water column), k — ground
(soil)  hydraulic  conductivity  coefficient
(cm/day, is a function of moisture pressure V),
u- coefficient of differential soil water holding
capacity (cm of waterstage -1), t - time (days), z
— vertical axis coordinate (cm).

When solving such an equation, only numerical

methods can be wused. Coefficients p=
u(W)and k = k(¥) are a function of
capillary pressure of moisture, but these

functions have empirical value [24, 26], which
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widespread. As the issue of improvement of
calculation methods developed, new analytical
[13] and hydraulic [14-15] calculation
methods appeared.
In modern studies [16-19], the main task is to
determine filtration parameters, such as the
position of the depression curve, the height of
the drawdown gap on the downstream slope of
the dam, the filtration flow rate, gradients and
filtration velocities. This is achieved using
numerical methods of FEM, FVM and BEM.
Modern program complexes (PCs) designed to
solve filtration problems are based on the
solution of the basic differential equation of
filtration theory with known boundary
conditions [13]:

oH _

(1)

less than their altitude position, the position of
the depression curve will be determined [18].
Similar problems of soil hydrology were
considered in the works of famous foreign [20-
23] and Soviet-Russian scientists [24].

When solving filtration problems in soil
hydrology, the L.A.Richards equation [25] based
on the Darcy equation is used to solve problems
of unsteady filtration. One of the modifications
of this equation for moisture transport in vertical
direction, with gravity pressure gradient equal to
one, is presented in the form:

2)

leads to inaccuracy of the obtained results. Value
of soil volumetric moisture 6 1s determined
under laboratory conditions and depends on the
capillary pressure of moisture W, called the basic
hydrophysical characteristic (BHC) [25].

In 1980, Van Genuchten [22], using the Mualem
method [21], proposed a model for describing
the hydrophysical properties of soils (soils)
using expressions of the Mualem-Van
Genuchten model. Such a model is widely used
in practice nowadays in the numerical modeling
of filtration processes [6-7].
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RESULTS

The effect of reservoir drawdown on the
filtration regime and stability of the structure
was studied for a homogeneous earth dam
structure under consideration. The problem was
solved in Plaxis PC using the finite element
method. The computational domain was divided
into 1984 elements and 16221 nodes, taking into
account the elements and nodes of the
impermeable foundation.

Three variants of drawdown were considered
depending on its velocity in height with values
of 0.25, 1.0, 2.0 s/day. Depletion rate in height
was 18 meters: from elevation 22.0 to elevation
4.0 (Figure 1).

During the study, the design calculations were
carried out in 3 phases:

Initial Phase - the first phase in which initial
conditions of loading by own weight and
hydraulic conditions under steady filtration level
were set. At this phase depression curve was
formed at filled reservoir.

The second phase, in which reservoir drawdown
with different rates of water level drawdown
was modeled. In this phase, deformations and
pore pressure under unsteady filtration are
calculated in time.

The third phase, in which the stability of the
structure 1s calculated using the strength
reduction method.

At each setback step with a height interval of
1.0 m, the 2nd and 3rd phases of the calculation
were solved.

Safety calculation in Plaxis 2D PC is used to
determine the calculated actual stability
coefficients. During this calculation, the
strength characteristics of soils (internal friction
angle, cohesion and shear strength) are
sequentially reduced until failure. The slope
stability coefficient is defined as the ratio of the
actual strength to the failure strength. The
known criterion of slope stability is used:

Yie F< 'YcR/’Yn (3)
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where F — design value of the generalized shear
force, determined taking into account the load
reliability factor; R — calculated value of the
generalized bearing capacity of the system
"structure - base", determined taking into
account the reliability coefficient for soil, i.e.
generalized calculated value of the ultimate
shear resistance forces on the considered
surface; yic — load combination factor, taken as:
vic = 1,0 — for the main load combination; yic=
0,9 — for special load combinations; yn —
reliability coefficient by the degree of
responsibility of structures. For the considered
structure we can conditionally assume yn =1,20,
which corresponds to reliability class II; ye —
coefficient of working conditions, or taking into
account the method of calculation: y.=1,0 — for
calculation methods taking into account the
stress-strain state.

The soil medium was modeled on the basis of
the bilinear elastic-plastic ~Mohr-Coulomb
model (Mohr-Coulomb) [20, 21].

Estimation of filtration regime. The solution of the
unsteady filtration problem (2nd phase of
calculations) allowed us to obtain a picture of
changes in the filtration regime of a homogeneous
dam at different drawdown rates. Figure 2 shows
the position of the depression surface and the
distribution of the filtration gradient at the
moments of the end of the reservoir drawdown up
to the 4.0 mark for the variants of drawdown rates
of 0.25 and 2.0 m/day.

It can be noted that for the variant of 0.25 m/day
drawdown rate, the depression curve decreased
to a greater extent in the upper prism in
comparison with the variant with 2.0 m/day
drawdown rate (the

depression curve mark in the first variant is 12.0
m, in the second - 16.0 m). At elevations below
the point of depression curve exit to the upper
slope near the slope, zones with increased
values of filtration gradients were obtained.
Based on the results obtained, the maximum
filtration gradients were plotted (Figure 3) to
provide a preliminary assessment of the ground
filtration strength and to calculate, if necessary,
the parameters of inverse filters. The maximum
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output gradients occur on the upstream slope of
the dam when the upstream slope is drawn
down to the marks 14.0 -16.0. The maximum
gradients for the 0.25, 1.0, and 2.0 m/day
drawdown rates are 0.460, 0.518, and 0.532,
respectively.

Nikolay A. Aniskin, Andrey V. Stupivtsev

Estimation of the stability of the upper slope.
Based on the results of the third phase calculation,
a series of dam stability coefficients for different
moments of failure were obtained, as summarized
in Table 2. Graphical representation of some of
the results is given in Figure 4.
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Figure 2. Position of the depression curve at drawdown with velocities of 0.25m/day and 2m/day
for the period of the end of reservoir drawdown (isopoles show the distribution of hydraulic
gradient)
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Figure 3. Variation of the maximum filtration gradient as a function of drawdown elevation for
variants of drawdown rates

It is possible to note the influence of the
displacement rate on the value of the minimum
stability coefficients of the top slope (Table 2).
As can be seen from the results, the stability
coefficient is lower the higher the displacement

18

rate. At the value of stability coefficient Ks
=2.127 when the reservoir is filled, this value
decreases at drawdown rates of 0.25. 1.0, 2.0
m/day respectively to values 1.360, 1.137 and
1.047.
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It can be concluded that at displacement rates
higher than 0.5 m/day the slope stability
coefficient is less than the normative one (for
conditionally assumed 2nd capitalization class
Kn=1 2)

Next, the slope stability at different stages of
reservoir drawdown was investigated. Step 1m of
fixing the stability coefficient was set for cases
with drawdown rates of 0.25m/day, 1m/day and

0.00 8.00 16.00 24.00 32.00 40.00 43.00 56.00 64.00

72.00

2m/day. At each step, the slope stability
coefficient was determined taking into account the
filtration hydrodynamic forces determined from
the solution of the unsteady filtration problem.
According to the results of the numerical
experiment, the graphs of changes in the stability
coefficient of the upper slope were plotted for the
stages of depletion at the values of its velocity
equal to 0.25, 1.0 and 2.0 m/day (Figure 5).
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Figure 4. Collapse surfaces with minimum stability coefficients for cases of reservoir drawdown at
a rate of 1 m/day: a) at fully filled reservoir, b) at 9.0 m drawdown, c) at 18.0 m drawdown
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Table 2. Calculation results of stability coefficient for different soil variants and displacement rates

Filtration

Slope stability coefficient

Type of soil
coefficient, m/day

Reservoir drawdown rate, m/day

0.10 0,25 0,5 1,0 1,5 2,0
Clayed sand 0.10 1,506 1,360 1,233 1,137 1,072 1,047
As can be seen from the graphs in Figure 5, as rate. The higher is the discharge rate, the

the reservoir drawdown proceeds, the stability
coefficient  decreases  significantly.  The
drawdown rate affects the slope stability:
increasing the rate decreases the stability
coefficient. At the same time, by the end of
drawdown to the 4.0 mark, the minimum
stability coefficients were recorded (Table 2,
Figure 5).

For the considered variant of the earth dam, the
drawdown rates of 1.0 and 2.0 m/day cause the
stability coefficient to decrease to values lower
than the normative one. Thus, for the rate of 1.0
m/day Ks < K at reservoir drawdown exceeding
16.0 m from the NRL level, for the rate of 2.0
m/day - exceeding 12.0 m.

CONCLUSIONS

The design of earth dams must take into account
the effect of unsteady filtration in the dam body
in the event of reservoir drawdown. The degree
to which drawdown affects the seepage regime
and the stability of the upstream slope depends
to a large extent on a number of factors,
primarily the rate of water level drawdown.

1. The values of maximum filtration gradients
necessary to evaluate the possibility of filtration
deformations and to calculate the return filters
in case of the top slope fixing device have been
obtained for the considered design of the earth
dam.

2. The value of the maximum filtration gradient
during reservoir drawdown depends on its
velocity. The highest gradients at the outlet of
filtration flow to the upper reservoir with values
0.46 - 0.53 occur for the considered variant in
the lower third of the drawdown interval at
grades 13.0 - 16.0 depending on the drawdown

20

greater are the values of output gradients.

3. Reservoir drawdown reduces the stability of
the upstream slope. The stability coefficient
values are minimal at maximum upstream
drawdown. For the considered variant of the
dam and the conditions of drawdown at
drawdown rates > 1.0 m/day, the value of the
slope stability coefficient is less than the
normative  value Kn=1.2, conventionally
accepted for a structure of the 2nd capital class.
This relationship occurs at drawdown to
elevation 12.0 at 2.0 m/day and to elevation
16.0 at 1.0 m/day.

Further studies may consider the effect of
anisotropy of the dam body soils caused by the
placement technology and properties of the
soils, as well as the effect of drawdown on the

performance of earth dams with impervious

elements.
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Abstract: The study provides experimental and theoretical investigations of stress relaxation in concrete under
preset constant deformation of specimens and proposes an approach to the mathematical determination of stress
relaxation in concrete. In addition to mathematical modeling, parallel long-term tests were performed on
concrete specimens of the same class under four different regimes: determination of concrete creep in
compression (concrete prism specimens in spring installations) according to GOST 24544; determination of
concrete relaxation in compression (concrete prism specimens in special installations, determination of concrete
creep in bending (concrete specimens-beams in rack-type installations working in bending and loaded with
gravity load) according to GOST 24544; determination of concrete relaxation in bending (concrete specimen
beams, with applied initial deformation in the middle of the span

Determination of stress drop was performed using electronic dynamometers built between the specimen and the
point of load application. A new concept, "relaxation measure Rm", was proposed. This value is similar in
meaning to the creep measure and characterizes the degree of stress reduction in time due to relaxation when
loaded with a unit relative strain.

The introduction of relaxation measure allows to simplify the relaxation equation and significantly simplifies its
solution. According to the results of calculation by the proposed computational algorithms for determining the
relaxation measure in comparison with the experimental data, a satisfactory convergence of the results is
obtained Qualitative conclusions about the applicability of the methodology of SP 63.13330 for reducing the
modulus of elasticity of concrete in creep and relaxation.

Keywords: concrete, reinforced concrete, creep of concrete, relaxation of concrete

MATEMATHUYECKOE MOJAEJIUPOBAHHUE ITPOLECCA
PEJAKCALIMU B BETOHE

C.B. Kpvinoé', I1.]]. Apnenunos’?

! Hayuno-nccnenoBarensckuil, MpoeKTHO-KOHCTPYKTOPCKHUI M TEXHONOTMYECKUH HHCTUTYT GETOHA M JKENe300eTOHa
(HUMXDB) um. A.A. I'BozneBa AO «HUILL «CtpoutensctBoy, . Mocksa, POCCHUA
2®dI'BOY BO «HaunoHanbHbIH Hccen0BaTeabekuii MOCKOBCKHUI rOCY 1apCTBEHHBINH CTPOUTEILHEINA YHUBEPCHTET
Muno6pnayku Poccnn (HUY MI'CY), r. MockBa, POCCUS

AnHoTanusi: PaccmatpuBaeTcst oixo/] 1o MaTeMaTHIecKOMY OIPEACIICHHIO MaIeHNsT HAaPSHKEHHUS B OCTOHHBIX
o0pasiax npH 33/IaHHON TOCTOSHHOM NedopManun obpaslia — penakcannu HampsbkeHui B Oetone. Pabora, B
paMKax KOTOpO# OBIIM NPOBENCHBI JTAaHHBIE HCCIEOBAHMS, SIBISIETCS HKCIIEPUMEHTAIBHO-TEOpETHYECKOH. B
JIONIOJTHEHNE K MaTeMaTHYeCKOMY MOJIEITMPOBAHMIO OBUTH MPOBEICHBI MapalIebHbIC JUINTEIbHBIC MCIIBITAHUS
Ha o0pa3Imax 13 0eToHa OIHOTO KJIAacca B YETHIPEX Pa3IMYHBIX PEKUMAaX: ONpeAEICHHE MOI3ydecTH OCTOHA MPU
ckatum (OeTOHHBIE 00Pa3MBI-IPU3MBI B MPYKUHHBIX ycTaHoBKax) mo 'OCT 24544; ompenenenue penaxcanun
O6erona mpu cxaTtuu (OETOHHBIE OOpAa3IBl MPU3MBI B CHEIHATBHBIX YCTAHOBKAX), OMpENeNeHHE MOI3ydecTh
6erona mpu usrubOe (OeTOHHBIC 0Opasibl- OAJKM B YCTAHOBKAX CTCIUIAXKHOIO THIIA, pabOTarollue Ha W3rub u
3arpy’KeHHbIC TpaBUTAIMOHHON Harpy3koii) mo 'OCT 24544; omnpeneneHue penakcaiuu OCTOHA IPU H3THOE
(GeToHHBIE 00pa3IBI-0AIKH, C TPUIIOKEHHOI HavalIbHO AedopMaliy B cepeinHe poJiera

OmnpenenieHne NaJeHUs] HANPSHKCHUH BBITIOJIHSUIOCH C MOMOUIBIO 3JIEKTPOHHBIX JIMHAMOMETPOB, BCTPOCHHBIX
MEXIy 00pa3loM M TOYKOI NMpuiIokeHHs Harpys3ku. [IpeanokeHo HOBoe MOHATHE — «Mepa pesiakcanuy Rmy.
Ora BeJIMYMHA TI0 CMBICITY I110/I00HAa Mepe IOJI3yYeCTH M XapaKTEpU3yeT CTETICHb CHWDKCHHS HAIPSHKEHHH BO
BPEMEHH W3-3a peJlaKcallid NP 3arpy’KeHWH CJUHUYHON OTHOCHTENbHOW nedopmanueil. BBenenne mepsl
penaKcaly IO3BOJISICT YIPOCTUTHh YPAaBHEHHE peJIAaKCallMM ¥ CYIIECTBEHHO YIpomiaeT ero pemenue. Ilo
pe3ynbTaTaM pacydeTa 1o MPEI0KEHHBIM BBIUYUCIUTEIBHBIM alll'OPUTMaM, IS ONIPEENICHNST MEPBI PelIaKcalin
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MPU CPaBHEHUM C OMNBITHBIMHU JaHHBIMHU, MOJY4YEHa YJOBIETBOPUTENbHAS CXOJUMOCTb pe3ybTaToB CrenaHbl
Ka4eCTBEHHBIC BBIBOJIBI O mpuMeHuMocTH Metoauku CIT 63.13330 mo CHMKCHHIO MOAYJIS YIPYTOCTH OCTOHA

IpU NOJIBYUCCTH U IPU peilaKCallruu.

KaroueBble ciioBa: 6€TOH, )KCJ'I63066TOH, NOJIBy4YeCTh 66TOHa, peiiakcanunsa HaHpﬂ)KCHI/Iﬁ B OeToHe

INTRODUCTION

Usually, during the construction of unique
buildings and structures using new high-strength
concretes, experimental studies of creep and
shrinkage characteristics of concrete are carried
out. This direction is quite well studied [1-12]. At
the same time, creep of concrete is just one of the
deformation properties of a concrete specimen
when working under the action of a long-term
load. Another important property is stress
relaxation.

The use of normative  deformation
characteristics of concretes even of the same
strength class in compression in critical
structures is not quite correct Modern concretes
having the same strength class may differ
greatly in composition, having different
modifiers and additives. Therefore, creep,
relaxation and elasticity characteristics for them
may be slightly different. This can be easily
seen by analyzing the tabulated values of the
initial modulus of elasticity, tensile strength of
concrete (standard and design) - these figures
depend directly on the compressive strength
class of concrete and are in fact their minimum
values with the required security. Thus, for
example, in works [13-14] shows a significant
increase in modulus of elasticity, relative to that
specified in SP 63.13330 due to the use of
stronger coarse aggregate. Thus, for concrete
B100, values of initial modulus of elasticity of
more than 50GPa are achieved. In works [15-
16] the true tensile behavior of concrete is
investigated; the obtained values also differ
from the tabulated values given in the norms.
The creep testing of concrete specimens itself, on
the basis of which all subsequent processing is
carried out, also has two serious disadvantages.
The first is the need to constantly check that a
constant compressive force is maintained in the
test rig. And since this condition is violated, the
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compressive force must be adjusted at all times
(this is especially true for spring systems, which
are the most widely used for such tests). The
second disadvantage is that the test setup is quite
complex. As a result, only a few organizations in
our country can perform such tests. Relaxation
tests require simpler installations, in which
specified deformations of specimens are
maintained and forces in specimens are measured.
Constant control and maintenance of such
installations during testing is not required. This
improves the accuracy of the results and makes
the tests much simpler and more affordable.

In temperature and force redistribution
problems, relaxation plays a more important
role than creep. When performing such
calculations, first the creep measure of concrete
is determined, then the creep kernel is
determined through the creep measure, and the
relaxation kernel is determined through the
creep kernel, then the predicted stresses in
concrete at an arbitrary point in time are
determined.

The introduction of the new test methodology
will improve the accuracy of the results
obtained, which in turn will make it possible to
upgrade the accuracy of calculations, while at
the same time with sufficient reliability will lead
to a cheaper design. Simplification of the test
method will allow the tests to be performed
more widely. This in turn will enable objective
data to be obtained on the properties of concrete
over a wide range of compositions and
strengths. In this regard, the topic under
consideration is relevant and necessary for the
development of modern construction industry.
Such studies have not been carried out either in
our country or abroad. Therefore, the
methodology of the proposed tests, their
mathematical processing and results are new
and essentially unique.
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METHODS

The basic equations of modern creep theory
have the form of three integral expressions (in
addition to the equations of creep theory we can
include expression (4) for the creep measure
C(t,t) through which the relaxation kernel
function is already determined) and consist of
the creep equation, the relaxation equation and
the equation connecting the creep and relaxation
kernels L(t,7), R(t, T), they are based on a large
number of experimental and theoretical works
[17-22]. According to the first equation, the
relative strains through elastic modulus, stresses
and the function responsible for the creep strain
buildup, the creep kernel, are determined. Using
the second equation it is possible to determine
the stresses, respectively through the relative
strains, elastic modulus and the function
responsible for the stress drop - the relaxation
kernel. Using the third equation, it is possible to
define separately, for example, the relaxation
kernel through the creep kernel, the data for
which are more readily available.

o(t)

e(t) = Ft)

- ja(r) L(t,t)dt (1)

o(t) = e(DE(t) + f (DR DIT  (2)

L(t,7) — R(t,7) = fR(,T)L(t,)ar (3)
to
Ct,r)=CL-2to) Ft—to) (4
In the above equations, the following notations
are used:
t - test time, T - loading time, C28 is the limiting
value of the creep measure Q2(7) is the ageing
function, F(t — t,) is the function determining
the shape of the creep curve.
Based on the above equations, let us introduce a
new concept - relaxation measure (5) and give it
the following definition "Relaxation measure is
a function that determines the stress drop-in

Volume 20, Issue 2, 2024

time when the specimen is loaded with a
constant relative strain ¢ = 1. This equation is
similar in structure to the creep measure. In this
expression:

(1) - the aging function is assumed to be the
same as in the calculation of the creep measure,
Rm?2® - defines the limiting value of the
relaxation measure at the observation time
®(t —ty) - defines the shape of the relaxation
function and is to be determined. The following
notations are used in the equations:

t - test time, 1 - loading time,

C28 is the limiting value of the creep measure
N(t) is the ageing function, ®(t —t,) is the
function determining the shape of the creep
curve.

Based on the above equations, let us introduce a
new concept - relaxation measure (5) and give it
the following definition "Relaxation measure is
a function that determines the stress drop-in
time when the specimen is loaded with a
constant relative strain € = 1. This equation is
similar in structure to the creep measure. In this
expression:

0(7) - the aging function is assumed to be the
same as in the calculation of the creep measure,
RmZ8 - defines the limiting value of the
relaxation measure at observation time ®(t —
to) - defines the shape of the relaxation function
and is to be determined.

Rm(t,7) = Rm%%-1 Dt —ty) (5)

2(to)

In general, the functions Rm28and ®(t — t,)
should be determined from experimental data,
just as the functionsC%® and F(t — t,) were
determined at one time. Since it is not possible
to set up a large-scale experiment on concrete
compositions with different strengths involving
different laboratories, it 1s advisable to
determine the above functions computationally
from the creep equation (1) and the equation
derived from it (8). This is due to the fact that
detailed experimental data are available for the
determination of all the quantities included in
this equation. Therefore, it is reasonable to use
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the same data to determine the relaxation
parameters.

Next, let us derive an expression for the
determination of the relaxation measure through
the creep measure, for this purpose we write
down the expressions for the total relative strain
(6) at unit stresses and stresses at unit relative
strain loading (7).

+ Cm(t,7) (6)

(7)

At 1) = E( )
s(t,7) = E(t) — Rm(t,7)

Then the creep and relaxation equations will
take the form (8), (9). According to the
introduced definition, the relaxation measure is
a function that determines the stress drop when
the specimen is loaded with a constant relative
strain € = 1, then the creep equation will be
written in the form 10.

e(t, tog) = a(ty) - A(t, o)

to
+j gﬂ(‘[)l(t, 7)0T (8)
o(t,7) = £(to) - s(t, ty)
— fis(r)s(t, ndt 9
ot

to

s(to, to)A(tto) + f—s(t ) A(t, 7)dt = 1(10)

Substituting (6) and (7) into (10),
considering that %E (t) = 0 (partial derivative

and

on a variable that is not included in the
function), and the value of Rm(to,to) =0
(relaxation does not have time to manifest itself
at the initial time at loading), performing
elementary transformations finally we obtain:

(E®) <E( 5+ cm(t, t0)>

t

f Rm(t, 1) (E( ) + Cm(t, T)) ot =1(11)
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In this expression, the calculation of Rm(t, 1)
values are performed step by step at individual
time points.

Within the framework of this study, a set of
long-term tests was carried out. The research
was carried out at the experimental site of JSC
"VNIIG named after B.E. Vedeneev". The
experimental part of the study is described in
detail in [23].

Concrete specimens were made of two classes
of compressive strength (B30 and B60), the
tests were carried out from the age of 28 days.
Compressive and flexural creep tests were
carried out in accordance with GOST 24544.
In parallel, tests were carried out to determine
stress relaxation in concrete and creep in
compression and bending for subsequent
mathematical processing of the results.

Plants for determining the relaxation of concrete
prisms in compression were prepared by
dismantling spring creep test plants with the
removal of springs in them to fix the required
initial strains

Combined relaxation or flexural creep rigs
were prepared by upgrading existing rack-type
rigs for flexural creep testing. The upgraded
plant allows flexural creep testing of beam
specimens on the lower tier with constant
gravity loading (using shot pails as loading
devices) and concrete relaxation testing of
beam specimens on the upper tier with
constant strain loading.

Additionally, units were made to determine the
relaxation in flexural mode by means of reverse
loading. The essence of the method is that the
specimen in the setup is in an inverted state to
minimize creep strain, and the initial strain
loading is from bottom to top.

Figure 1 below shows the compression and
flexural relaxation test scheme, Figure 2 shows
the test process.

International Journal for Computational Civil and Structural Engineering
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Figure 1. Schematic diagram of the relaxation
test facilities
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RESULTS AND DISCUSSION

Using formula (11), the relaxation measure was
determined by calculation. Figure 3 below shows
graphically the exact and approximate plot (based
on the proposed methodology) of stress drop over
time when Rm is calculated based on the
calculation for concrete of class B30. It can be seen
that the limiting value of the relaxation measure
can be expressed through the limiting value of the
creep measure. The ratio of the limiting degree of
increase in the initial relative strains (at infinitely
long time compared to the moment of loading) to
the degree of decrease in the limiting stresses (also
at infinitely long time compared to the moment of
loading) is 1.98, i.e. practically 2. Taking this into
account leads to the relations:

Rm(o,28) - Cm(,28) = 2 (12)
Rm(e0,28) = ——mmrs (®.28) (13)
ax104 _
ax104
2<10*
1x10*
%8 30 32 34 36

Figure 3. Calculated stresses (MPa) versus time
(day) according to exact and approximate
Jformula

Figure 4 shows a comparison of the calculation
results using the proposed method with the
simplified formula for the relaxation measure
with the experimental curve. The graphs show
that the error in the first day reaches 20%. After
7 days the error practically disappears. Taking
into account that in technical and regulatory
literature there are various expressions for the
measure of creep, including those giving both
very gentle and very steep graphs, calculations
even at the initial stage after loading according
to the above dependencies are acceptable.
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4x10*

3x10*

2;:104

110?

028 30 32 34 36

Figure 4. Comparison of stress relaxation
curves (kN) over time (days)

CONCLUSION
1. According to calculations and experimental
data, the rate of development of creep

deformations is faster than the rate of stres
drop during relaxation (approximately by a
factor of 2). Therefore, strictly speaking, it is
impossible to take both into account by reducing
the modulus of elasticity of concrete according
to the methodology of SP 63.13330 [21]. The
reduction of modulus of elasticity at creep and
at relaxation should be different.

2. To simplify the calculations of deflections of
structures, it is proposed to introduce the concept of
relaxation measure Rm(t,t). This value is similar in
meaning to the creep measure and characterises the
degree of stress reduction in time due to relaxation
when loaded with a unit relative strain.

3. Calculation of Rm(t,r) values by the above
equation (11) is performed step by step at separate
time points. For calculations of stresses in real
structures, it is necessary to convert the set of
calculation results for the mentioned points into a
function by selecting a suitable approximation.

4. Taking into account the relations between the
limit values of the relaxation and creep measures,
as well as the fact that the creep and relaxation
phenomena are mutually related, it is proposed to
use a function, also constructed on the basis of the
creep measure, to approximate the relaxation
measure at other points of time. This makes it
possible to obtain an expression for the relaxation
measure with acceptable accuracy without
complicated calculations. Calculations show that
good results can be obtained for the expression of
the relaxation measure according to formula (5)
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Abstract: In recent decades, there has been increased interest in studying the stress-strain state of concrete-filled
steel tube constructions — composite elements consisting of a steel shell tube and a concrete core in a state of tri-
axial compression. In this combination, steel and concrete can achieve better strength and deformation character-
istics than when they work separately, which makes it possible to design safe and economical structures. This ar-
ticle presents the results of an experimental study of the deformation process of bent concrete-filled steel tube el-
ements of small circular sections. It is shown that with three-point transverse bending of a tubular concrete beam,
in addition to deflection due to the curvature of the rod axis, deformations of local crumpling in places of appli-
cation of concentrated loads have a significant effect on vertical displacement. The possibility of applying the
classical theory of bending of a hollow steel beam according to the Bernoulli model is evaluated. The test results
and deformation diagrams of hollow steel pipes (analytical and experimental data) and steel-reinforced concrete
pipe beams filled with concrete are compared. A qualitative and quantitative assessment of the contribution of
the presence of a concrete core to the bearing capacity and deformability (including local crumpling) of the ele-
ment was carried out. The presence of a concrete core in a composite rod gives a significant weighting of the
structure, however, in the case of off-center compression of the load-bearing vertical elements of multi-storey
buildings, the effectiveness of using tubular concrete elements is very effective.

Keywords: pipe concrete, three-point bending, Bernoulli model, beam bending theory,
elastoplastic deformation, triaxial compression of concrete, complex stress-strain state,
efficiency of pipe concrete, load bearing capacity

YIIPYTOINNTACTUYECKOE JE®OPMHUPOBAHUE
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TPEXTOYEYHOM U3I'UBE
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! Hukeropoackuii rocy 1apcTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIN yHUBEpeuTeT, T. Hkuuii Hosropon, POCCUS
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AnHoTanus: B mocnemHue gecaTUieTHs HAONIOAaeTCs MOBBIMICHHBIM MHTEPEC K M3YUYCHHUIO HATPSKCHHO-
nehOpMUPOBAHHOTO COCTOSIHHS TPYOOOETOHHBIX KOHCTPYKIIMH — KOMITO3UTHBIX JIEMEHTOB, COCTOSIIUX W3
CTaJTbHOW TPYOBI-000JI0UKN M OETOHHOTO CEepACYHHKA, HAXOISAIIETOCS B COCTOSSHUM TPEXOCHOTO Cxkaths. B
TaKOM COYETAHHH CTajb U OCTOH MO3BOJISAIOT AOCTHYB JIYUIINX MPOYHOCTHBIX M Ne()OPMATHBHBIX XapakTe-
PHUCTHUK, YeM TIPU UX pa3AeNbHONU paboTe, YTO MO3BOJISIET MPOCKTUPOBATH O€30TIaCHBIE U SKOHOMUYHBIE KOH-
CTpyKIMHU. B HacTosmeld craTbe MPUBOASITCS PE3yJbTaThl 3KCHEPUMEHTAIBHOTO HMCCIEIOBaHUS Ipoliecca
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nedopMUpOBaHUsl N3rndaeMbiX TPyOOOETOHHBIX JIEMEHTOB MalloradapuTHBIX Kpyribix ceueHuil. [lokasa-
HO, YTO MPH TPEXTOYCHHOM MOMEPEYHOM M3THOE TPpyOOOETOHHOM OanKky MOMHUMO MPOTrubda 3a CYET UCKPUB-
JCHUSI OCH CTEPXHSI, CYIIECTBEHHOE BJIMSHNHE HA BEPTHKAJIbHbIC NMEPEMELICHUIO OKa3bIBAIOT AehopMaIuu
JIOKQJIbHOT'O CMATHUA B MECTaxX MPUITOKEHUA COCPECAOTOUYCHHBIX HArpy3okK. HpOBOI[I/ITCﬂ OIICHKa BO3MOXHO-
CTH IPUMEHEHMS KJIACCHYECKON Teopuu M3ruba mosoil cranbHoi Oanku mo monenu bepuynnu. Comocras-
JISIIOTCSL Pe3yJIbTAThl UCIBITAHUN U AMAarpaMMbl 1e(OpMHUPOBAHHUS MOJIBIX CTAIBHBIX TPYO (aHAIUTHYECKHE
9KCIIEPUMEHTAIbHBIE JaHHBIE) U CTAJIEKeIe300€TOHHBIX 0alloKk TpyO, 3anoaHeHHbIX OeToHOM. [Ipon3BeneHa
KauecTBEHHAasl W KOJMYECTBEHHAs OIleHKa BKJaJa HajJu4uus OCTOHHOTO cepAeyHHKa Ha HEeCYIIYIO CIoco0-
HOCTH M JIe()OPMATHBHOCTH (B T.4. MECTHOE CMsTHE) diieMeHTa. Hann4yne GeTOHHOTO cepevYHnKa B KOMIIO-
3UTHOM CTEp)KHE JaeT CyIIEeCTBEHHOE yTsDKEJICHHE KOHCTPYKIMHU, OJHAKO B CIydae BHEIEHTPEHHOTO CiKa-
THS HECYIINX BEPTHKAJIBHBIX 3JIEMEHTOB MHOTOATAKHBIX 3MaHMH 3((EKTHBHOCTH NMPUMEHEHHS TpyOoOe-

TOHHBIX AJIEMEHTOB BeCchMa d(H(PEeKTUBHO.

KaroueBbie cjioBa: TpyOOOCTOH, TPEXTOUCHHBIH N3rHO, Moaens bepHyiutn, Teopust n3ruda 6aiok,
yIpyromiacTuieckoe 1eopMUpPOBaHIE, TPEXOCHOE CxKaTHE OETOHa,
CIIOKHOE HAIPSHKEHHO-1e(pOPMUPOBAHHOE COCTOSIHUE, (G (PEKTHBHOCTE TpyO0OeTOHa, HecyIas ClIoCOOHOCTD

1. INTRODUCTION

In recent decades, steel-concrete rods have
attracted increased interest from domestic [1-
10] and foreign scientists [11-23], since they
allow the most complete combination of the
main advantages inherent in both metals and
concrete, while leveling or completely elimi-
nating their disadvantages [2, 3, 10]. Thus,
steel structures are very strong, but, due to
their good elastic properties, they practically
don’t damp mechanical energy. It makes their
use in conditions of oscillations and vibrations
difficult and requires the appliance of special
vibration and seismic protection systems [11].
In turn, reinforced concrete elements with a
commensurate load-bearing capacity are much
more massive and have poor resistance to the
accumulation of damage and the initiation and
development of cracks. The use of steel-
concrete elements formed by enclosing rein-
forced concrete or concrete in a steel cage also
leads to a nonlinear increase in load-bearing
capacity due to the transition of the core to a
triaxial stress state [1, 4-10, 24-27].

At present, many experimental and numerical
studies have been carried out to study the
strength and stability of pipe concrete struc-
tures (PCS) under central and eccentric com-
pression [1-3, 5-7, 9, 10]. However, the bend-
ing work of such rods remains poorly studied.
The main reason for this is the irrationality of

Volume 20, Issue 2, 2024

using PCS as a load-bearing bending element
(pipe-concrete beam - hereinafter referred to
as PCB) due to the small increase in load-
bearing capacity with significant weight. At
the same time, in real operating conditions
[8], it is almost impossible to identify a purely
compressed element, and to analyze com-
pressed-bent elements, a detailed study of the
work under pure and transverse bending of
rods of various flexibility is necessary. Of par-
ticular interest is the bending of massive PCB,
the characteristic cross-sectional size of which
is about 10% of the length, since in such ele-
ments it is not always possible to apply the
classical models of Bernoulli or Timoshenko
beams. This is primarily due to the fact that
the distribution of internal forces into elemen-
tary components (moment and shear force)
becomes difficult, and the transition from
forces to stresses is complicated by the “com-
posite” nature and internal static indetermina-
tion of the steel-concrete section [1-3].

Under conditions of three-point bending, signif-
icant local stresses arise in the PCB, leading, in
addition to general curvature, to local defor-
mation at the force points (Fig. 1). Conducting
experimental studies in this case is the most ra-
tional for assessing the general stress-strain state
of a massive PCB during bending with local
compression.
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P

f- measured displacement

—m—

Figure 1. Deformation of the PCS
under three-point bending

[

The research [31] considers the bending of PCB
using Bernoulli beam theory, as a result of
which the equivalent bending stiffness is deter-
mined. The main disadvantage of the study is
the idealization and assumptions of work with a
predominance of normal stresses (bending mod-
el of a Bernoulli beam), which is a very rough
approximation due to the factors indicated
above.

2. MATERIALS AND RESEARCH
METHODS

To analyze the stress-strain state, experimental
and numerical simulations were carried out un-
der three-point bending. To conduct experi-
ments, PCB samples with a length of 700 mm
were made using steel pipes with a cross section
of @76x3, V102x3.5 mm, steel grade 09G2S.
To create the core, fine-grained concrete of
class B12.5 was used. To confirm the grades
and characteristics of the PCB components,
compression tests were carried out on control
samples [2, 3].

Fig. 2 shows the experimental setup. In the ex-
periment, a span of 600 mm was assumed, i.e.
the ratio of the span to the transverse size of the
sample was //D = 1/7.89; 1/5.88.

During testing, a smooth load was applied to
sample 1 using a load crossbeam 2. Using indi-
cator 4, the general approach of the traverses
was recorded, that is, the curvature of the sam-

To assess the contribution of the concrete core
to the deformation of PCS, control samples of
hollow pipes with a length of 700 mm and a
cross section of @76x3, ¥102x3.5 mm (steel
grade 09G2S) were additionally manufactured.
The need for this part of the study is dictated by
the fact that, based on the Bernoulli model, a
hollow pipe has fairly good performance in
transverse bending due to the high values of the
moments of inertia of the undeformed section.
However, studies on the performance of flexural
thin-walled structures have shown that local de-
formation, cross-sectional bending and metal
collapse are fundamental in structures of this
type and significantly reduce the overall stiff-
ness and load-bearing capacity [32]. Fig. 3
shows a basic view of the deformed state of a
thin-walled beam and the difference between
the Bernoulli model and the real structure.

700

Figure 2. Experimental setup for testing PCS

ple as a result of pure bending of the bend and  for three-point bending: 1 — sample under study,

local crushing.
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2 — movable cargo cross-beam, 3 — static cross-
beam, 4 — dial-type movement indicator
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Figure 3. Calculation diagram of the bending element (a), diagram of deformations according to
the Bernoulli model (b) and taking into account the curvature of sections and local crushing (c)

3. RESULTS OF THE EXPERIMENTAL
RESEARCH

During the research, samples of PCB and hol-
low pipes were brought to destruction or com-
plete loss of load-bearing capacity. In this case,
the measured deformations were obviously not

divided into “bending” and ‘“bearing defor-
mations”, since in this study the interest is pre-
cisely the general stress-strain state of the sam-
ple with local collapse during three-point bend-
ing. Fig. 4 shows a typical type of PCB failure
during three-point bending.

Fig. 5 shows diagrams of elastoplastic defor-
mation of PCB samples, showing the depend-
ence of the load on the sample and the approach
of the traverses P(f), (Fig. 1). The diagrams

Volume 20, Issue 2, 2024

Figure 4. Destruction of PCB along the normal section

show that at the initial stage the work of the
samples is close to elastic, and the transition to a
nonlinear dependence occurs at the same dis-
placements /= 6 mm.
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Figure 5. Deformation diagrams of PCB samples

As expected, despite the destruction along the
normal section (Fig. 4), there are significant lo-
cal deformations in the beam due to the collapse
of the steel pipe. Nevertheless, the deformations
did not lead to a global change in the shape and
dimensions of the PCB cross sections.

Moreover, in almost the entire linear section of
the diagram (Fig. 5), bending deformations pre-
vailed over crushing (Fig. 6).

F igr 6. Appearance of the sample under line-
ar deformation

In Fig. 7 compares the deformation of the PCB
in a linear section with the deformation of an
equivalent hollow pipe according to the Ber-
noulli beam model (Fig. 3b), according to
which, in the absence of local deformations, the
diagram is described by the dependence:

_ PP
~ 48EJ

f (1)

where: f, P, | — measured displacement, load,
beam span (Fig. 1); E = 2,06:10° MPa — Young's
modulus of pipe material; /] = (D — d)*/64
— axial moment of inertia of the pipe section (D,
d — outer and inner diameters), and the bearing
capacity can be determined from the Navier
condition:

. S RC'

2)

—I =
N| O

where: M = Pl/4 — maximum bending mo-
ment in beam sections; R. = 320 MPa — calcu-
lated resistance to the yield strength of steel
grade 09G2S.

076x3mm
(elastic section)
35,00
30,00 —
25,00 7
% 20,00 A
A 15,00 8w
10,00 o
500
0,00
EREREZFE
o O = = NNt
fmm
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Figure 7. Diagrams of linear deformation of
a hollow pipe (according to the Bernoulli
model) and pipe-concrete samples
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The diagrams show that, compared to the Ber-
noulli bending deformation model, the presence
of a concrete core in the pipe leads to strengthen-
ing of the structure. It should be taken into ac-
count that the actual operation of a thin-walled
pipe under three-point bending is noticeably dif-
ferent from the Bernoulli beam model. Fig. 8
shows experimental deformation diagrams and
the appearance of hollow pipe samples after test-
ing. Real data obtained experimentally (Fig. 8)
indicate that the load-bearing capacity of a hol-
low pipe is significantly lower than the calculated

©76x3 (hollow pipe)

20,00 40,00
Jf.mm

©102x3,5 (hollow pipe)

0,00 10,00 30,00

35,0 ;
25,0 1
5, 20,0 P E
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0,0 4 } }
0,00 10,00 20,00 30,00 40,00

S mm

Figure 8. Deformation diagrams and view of hollow pipe samples after testing

values according to (2). Table 1 provides a com-
parative analysis of the load-bearing capacity of
PCB and hollow pipes according to the Bernoulli
model and according to experimental data (after
the load-bearing capacity value, the percentage
relative to the Bernoulli model is given). Accord-
ing to the data given in Table 1, it is clear that an
increase in diameter critically affects the load-
bearing capacity of a hollow sample, which is
explained by an increase in the flexibility of its
cross-section and a sharp increase in the influ-
ence of bearing deformations.

Table 1. Comparison of the load-bearing capacity of hollow and pipe concrete beams

Load-bearing capacity, kN
Sample size Hollow pipe
P PCB (Fig.5) . PP : :
Bernoulli model (formula 2) Experiment (Fig. 8)
O76x3 44 (169%) 26 (100%) 12 (46%)
0102x3.5 87 (158%) 55 (100%) 15 (27 %)

Fig. 9 shows a comparison of the actual strain
diagrams of a PCB and a hollow pipe under
three-point bending. As can be seen from the
diagrams, the presence of a core in a thin-walled
bending pipe significantly improves its strength
and deformation characteristics. It should also
be noted that despite the plastic properties of
concrete enclosed in a core, the deformation of

Volume 20, Issue 2, 2024

PCB by its nature is more reminiscent of the
behavior of metals (for example, with an obvi-
ous plastic zone in the graphs (Fig. 9). At the
same time, a hollow pipe due to crushing and
curvature cross sections immediately deform
nonlinearly, which complicates the calculations
when designing such structures.
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Figure 9. Experimental diagrams of deformation of PCB and hollow pip

4. CONCLUSIONS

Based on the results of the experimental re-
search, it was established that the presence of a
concrete core primarily ensures the resistance of
the metal pipe to crushing and local deformation
of the section. The contribution of the concrete
core to the load-bearing capacity for the two di-
ameters was about 60% compared to the Ber-
noulli model, and compared to the experimen-
tally tested hollow pipe, the load-bearing ca-
pacity increased by about 3 times. Despite the
significant weight, the use of bendable pipe-
concrete structures may be advisable if, along
with bending, compressive forces occur in the
sections (for example, columns of multi-story
buildings), since the concrete core significantly
strengthens structures of this kind [1-3].

The use of classical models of beam bending in
the case of thin-walled pipe structures is irra-
tional and provides unnecessary margins, since
it does not take into account local collapse and
deformation of sections. The design of massive
bendable PCB should be carried out taking into
account local deformations.
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HYDRAULIC ANALYSIS OF COMPOSITE HYDRAULIC
STRUCTURE CONSIDERING EXISTING OF PIER
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Abstract: A composite hydraulic structure is used to solve the problems of sediment and floating materials,
respectively. A pier (obstacle) is used at the downstream of the composite hydraulic structure to increase water
depth, decrease flow velocity, and dissipate the flow energy. The paper deals with the effect of single pier and
double piers on the hydraulic characteristics of the composite structure. Circular and square shapes are adopted
in the study with different spacing measured from the downstream of the composite structure. The experiments
reveal how the level of the hydraulic characteristics is changed due to the existence of the pier/piers as compared
to without the existence of the pier/piers. The statistical data which is collected from the experiments shows the
alteration in the average downstream water depth, discharge coefficient, Reynolds number, upstream Froude
number and downstream Froude number regardless of pier shape and spacing. The alteration happens owing to a
change in the separation zone of water flow along the pier circumference. Nonlinear water surface profile is
appeared when the pier is located at the downstream, while linear water surface profile is appeared clearly when
the downstream without pier. Also the interference between overflow velocity and underflow velocity will be
reflected in the hydraulic characteristics.

Keywords: open channel flow, weir, gate, pier

T'UAPABJIUYECKUHN AHAJIU3 CJOXKHOI'O
I'MAPOTEXHUYECKOI'O COOPYXEHMUA,
BKUIIOYAIOLIEI'O ITUPC

Pagpu M. Kacum ', Ixcan A. A6oyn-Xyceiin', Myna A. Xamuo 2

'O kb1 Texuuueckuil yuuBepeuter/Bacpekuii HHKeHepHO-TEXHUUECKHH KoJutek, I. bacpa, UPAK
2JOxHbIl TexHUdeckuil yHuBepcuteT/ Texnuuecknii nHCTUTYT Bacpsl, 1. Bacpa, MPAK

AnHoTtanusi: KoMIIO3UIIMOHHOE THIPOTEXHUYECKOE COOPYKCHHE HWCHONB3YeTCsl Ul pEIIeHHs NpoodiieMm,
CBSI3aHHBIX C OTJIOKCHUSIMM M COOTBETCTBEHHO  BCIUIBIBAIOIIMMH BemiecTBaMu. [Iupc (kak mpemnsiTcTBue)
3aJeHCTBOBAH B HIDKHEH YacTH CIIOKHOTO THIPOTEXHHUYECKOTO COOPYKEHHS ISl YBEIMUCHMS TIIyOMHBI BOJHI,
YMEHBILIEHUSI CKOPOCTU MOTOKA U PACCEMBAHUSA YHEPTUU MOTOKA. B cTaThe pacCMOTPEHO BIUSHNE OAMHOUYHBIX U
JIBOMHBIX CBall Ha THAPABIMYECKHE XapPAKTEPUCTUKH COCTAaBHOW KOHCTPYKLMM. B uccienoBaHMM IPHUHSATHI
KpYyTJble W KBajApaTHbIE (DOPMBI C Pa3HBIM PACCTOSHUEM, M3MEPEHHBIM OT HIKHEH 4YacTH KOMITO3UIIMOHHOMN
KOHCTPYKIMH. DKCHEPHUMEHTHI MOKa3bIBAIOT, KaK M3MEHSETCSl YPOBEHb THAPABIMYECCKUX XAPAKTEPUCTUK HPH
HAJIMYUH PEIATCTBUS/IPENATCTBHN 110 CPABHEHUIO ¢ UX OTCYTCTBHEM. CTaTHCTHUYECKUE JaHHBIe, COOpaHHBIC B
pe3ysbTaTe SKCIEPUMEHTOB, TIOKa3bIBAIOT HW3MEHEHHME CpeJHed TIyOMHbI BOJBI HMXKE II0 TEYEHMIO,
koo duimenra pacxoja, yucia PeiiHosbaca, unciaa @pyaa Bblne mo TedeHuro W uuciaa Dpyna HUKe 10
TCUCHUIO HC3aBUCHUMO OT (1)0pr1 1 pacCTOAHUA MEXKIY OIlOpaMHu. H3menenune MMPpOUCXOAUT 3a CHET UBMCHCHUA
30HBI OTPBIBA IOTOKA BOJIBI 110 OKPY)KHOCTH mupca. HeauHeHbli mpoduib BOJHONM TTOBEPXHOCTH IPOSIBIISETCS
IPU PacIoJOKEHHU THpPCa B HIDKHEM Obede, a JIMHEWHBIH MPOoQHIb BOJHOI MOBEPXHOCTH IMPOSIBISIETCS YETKO
npu HwkHeM Obede Oe3 mnupca. Takke Ha THAPABIMYECKHX XapaKTEpUCTUKaX OyJeT OTpakaTbes
B3aMMOBJIMSIHIE CKOPOCTHU TEepesInBa U CKOPOCTH HUXKHETO MOTOKA.

KuarwueBble cjioBa: TCUCHKE B OTKPBITOM PYCJIC, IIJIOTUHA, 3aTBOP, MPCHATCTBUEC
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INTRODUCTION

The weir and gate composite hydraulic structure
is the most common and significant discharge
structure in irrigation engineering work. This
structure is used for adjusting and controlling
the water flow in the channel or canal. The
function of using both a weir and a gate in the
same structure is to remove the floating material
by the weir structure and the sediment by the
gate opening at the same time with high
efficiency of the operation without any
shortages in supply water flow rate. The free
flow characteristics of the flow which passes
over the weir and wunder the gate are
investigated. The weir has a triangular shape,
while the gate has a rectangular shape. Nine
different weirs are used with three different
angles over a gate with a rectangular section.
Also, three different distances between the gate
and the weir are considered in the study [1]. The
discharge coefficient of a combined hydraulic
structure is investigated. Nine different models
are used, with the weir having a rectangular
shape while the gate has a semi-circular
shape. The discharge coefficient of the
combined structure is estimated by using a
multi-regression model with the percentage of
the error equal to +10% [2]. Also, the flow
pattern over the weir and under the gate of the
combined weir-gate structure is studied
experimentally. In the experiments, four
different opening gate heights were adopted.
Four different angles for the weir were also
adopted in the experiments. Statistical analysis
principles are adopted to correlate the discharge
coefficient with hydraulic and geometric
variables [3]. The discharge coefficient and the
free flow characteristics for composite weirs
and sluice gates are examined by using
experiments. The gate has a semicircular shape
with fixed dimensions. Fifteen device models
are employed and tested under the action of the
different geometrical conditions, while the
hydraulic conditions are considered constant.
They obtained an expression to describe the
device discharge coefficient [4]. As well, the
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discharge coefficient of the combined weir-gate
structure is examined by using experiments
under free flow conditions. The weir consists of
two parts, and these parts are trapezoidal notch
over rectangular notch, while the sluice gate has
a semicircular shape. Fifteen device models are
employed and tested. From the results of the
experiments, they developed and predicted a
formula for the discharge coefficient of the
device [5]. Experimentally, the hydraulic
characteristics of flow over a cipolletti weir and
under an opening with a rectangular section are
studied. Thirty-nine models are made with
different  geometrical ~ dimensions.  The
experiments are done under the free flow
condition and subcritical flow [6]. In addition,
the characteristics of the combined flow under a
rectangular opening and over a trapezoidal weir
are studied experimentally. Also, the
dimensional analysis with statistics program is
employed to obtain an empirical formula to
describe the discharge coefficient [7]. The
mutual influence of the suspended material and
the deposition on the combined hydraulic
structure has been studied. Experimental work
has been done to validate the composite models.
The simulation analysis is based on the RNGK-
¢ turbulence model. From this study, the
prediction of the discharge leads to the
suggestion of two mathematical models with an
acceptable discharge coefficient [8]. On the
other hand, the composite hydraulic structure
flow characteristics are studied experimentally
under free flow conditions. The study dealt with
the influence of the installation angle of the
composite structure on the horizontal bed of the
flume on hydraulic characteristics, considering
different geometrical dimensions of the
composite  structure [9]. In  addition,
experimental work is performed to reveal the
hydraulic characteristics of water flow that

passes through the composite hydraulic
structure and encounters obstacles with or
without  openings, which are located

downstream of the composite structure. The
experiments show the direct effect of the
obstacles with openings on the hydraulic
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characteristics and flow pattern [10]. The impact
of using the barrier/barriers at the downstream
region of the weir-gate structure has been
studied experimentally. The experiments reveal
the influence of the barrier/barriers on
controlling the hydraulic characteristics of the
composite hydraulic structure [11]. Also, an
experimental study was carried out to show the
effect of the downstream obstacle/obstacles on
the hydraulic characteristics of the discharge
structure (weir-gate structure). The experiments
show that the obstacle/obstacles control the
trend between the hydraulic variables [12]. The
experiment study deals with assessment of the
composite structure's hydraulic characteristics
under the effect of the pier/piers' existence at the
downstream of the composite structure. Here,
the pier works as an obstacle and leads to an
increased water level around the pier and
reduced flow velocity. These factors will be
reflected  directly on  the  hydraulic
characteristics of the hydraulic structure.

THEORETICAL ANALYSIS
The theoretical discharge, which crosses the

rectangular weir, can be computed from the
following equation [13].

2 3/2
=—/2¢ bh
O, 3\/ g 0

The theoretical discharge, which crosses the
gate, can be computed from:

0, =V.A=\2gH 4

()
For free flow conditions,
H=d +y + h (3)
For submerged flow conditions
H=d+y +/’l—hd (4)
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For the composite hydraulic structure, which
consists of weir and gate, the theoretical discharge
and actual discharge can be computed according to:

cheor :Qw +Qg (5)
Qact = Cd : cheor (6)
Qact :Cd [Qw +Qg] (7)

Where, H: upstream water depth, h: water head
over weir crest, ha: downstream water depth, y:
vertical distance between weir and gate, d: the
gate depth, A: gate cross-section flow area, Vis
the flow velocity, b: the width of the rectangular
weir, g: acceleration due to gravity, Qw:weir
discharge ,Qg: gate discharge,Qteor: theoretical
discharge ,Qact: actual discharge ,Ca: discharge
coefficient.

The Reynolds number [14] and Froude number
[15] are computed by using the following
equations:

v (8)

' _\/5 (9)

Where: v is the kinematic viscosity of water, y:
water depth.

EXPERIMENTAL SETUP

The experiments for the current study are done
on the flume, which has the following
dimensions: 2 m long, 7.5 cm wide, and 15 cm
deep. The volume method is used to measure the
actual discharge quantity, while the water depth
at the upstream and downstream is measured by
using a scale mounted on the side wall of the
flume. Table 1 displays the dimensions of the test
model that is made from wood sheet material; the
thickness of wood sheet is equal to Smm beveled
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along all the edges at 45° with sharp edges of
Imm. The composite hydraulic structure is
located at a certain distance equal to 80 cm from
the beginning of the flume. For all experiments,
the bed of the flume must be in a horizontal
position. Two different shapes of the pier are
used; the first one has a circular shape, while the
second one has a square shape.

Table 1. The dimensions of the test models

Model No. | Hu(cm) | D(cm) | Y(cm) | H(cm)
1 3 4 2 9
2 2 4 2 8
3 1 4 2 7
4 3 3 3 9
5 2 3 3 8

6 1 3 3 7
7 2 4 3 9
8 1 4 3 8
9 3 2 4 9
10 2 2 4 8
11 1 2 4 7
12 1 4 4 9

Table 2 reviews the details of the pier. Piers are
located at different distances measured from the
downstream of the composite hydraulic
structure. Also, table 2 illustrates the details of
the distances. Here, the pier is made by using
wood material. Figure 1-a shows the sketch of
the composite structure, while Figure 1-b shows
the sketch of the whole hydraulic system, which
consists of the composite structure and the pier.

Table 2. Details of the pier with distance measured from the composite hydraulic structure

Circular Pier
Case Pier Shape Diameter Distance
Single pier Circular 2cm 20cm
Single pier Circular 2cm 30cm
Double pier circular 2cm 20cm,30cm
Single pier circular 3cm 20cm
Single pier circular 3cm 30cm
Double pier circular 3cm 20cm,30cm
Single pier circular 4cm 20cm
Single pier circular 4cm 30cm
Double pier circular 4cm 20cm,30cm
Square Pier
Case Pier Shape Diameter Distance
Single pier Square 2cm 20cm
Single pier Square 2cm 30cm
Double pier Square 2cm 20cm,30cm
Single pier Square 3cm 20cm
Single pier Square 3cm 30cm
Double pier Square 3cm 20cm,30cm
Single pier Square 4cm 20cm
Single pier Square 4cm 30cm
Double pier Square 4cm 20cm,30cm
RESULTS AND DISCUSSION and spacing. Figure 2 shows the discharge

A series of experiments were carried out using
various dimensions of the composite hydraulic
structure with varying pier diameters, shapes,
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coefficient of the composite model variation
with the ratio (D/H), where D refers to the
circular pier diameter and H refers to the
upstream water depth. The figure shows a
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comparative study based on two different flow
conditions. The first condition refers to the free
flow condition, which occurs without the
existence of the pier, while the second condition
refers to the submerged flow condition, which
occurs due to the existence of the pier.

A

hru/

Case(2)

Pier

Water Surface

Case(3)
Pier

Water Surface

(b)
Figure 1. a) The composite structure. b)
Composite structure and the Pier

The figure shows that the values of the discharge
coefficient in the free flow condition are always

Rafi M. Qasim, Ihsan A. Abdulhussein, Muna A. Hameed

greater than the discharge coefficient of the
submerged flow condition. The trend in relation
between the discharge coefficient and the ratio
(D/H) for the submerged flow condition can be
considered dramatic owing to the alteration in the
pier cross section, spacing, and number of the
piers. The variation in the composite discharge
coefficient will be associated with the variation in
the flow velocity. The variation in the flow
velocity happens owing to the alteration in the
separation points of the water stream along the
circumference of the circular cylinder.

0,90
Model No. 5
0,80 /\
S o070
Single 20
=== Single 30
0,60
— w=ie==Double
e \\ithout
0,50 - - - !
0,2 0,3 0,4 0,5 0,6
D/H
0,90
Model No. 2 et Single 20
0,80 ~=@=Single 30—
el DoUble
- e \\ithout
o 0,70
0,60 -
0,50 r T T '
0,2 0,3 0,4 0,5 0,6
D/H
0,90
0,80 / Model No. 9
3 070 -
e=fi==Single 30
0.60 Double
e \\ithout
0,50 - - - !
0,2 0,3 0,4 0,5 0,6
D/H

Figure 2. The variation of discharge coefficient
with (D/H) ratio of circular pier and for
different models
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Figure 3 illustrates the variation of the ratio
(ha/H) against the ratio (D/H) for various cases
and configurations, where hd refers to the
average downstream  water depth. For
submerged flow conditions, it is obvious that
the ratio (ha/H) decreases slightly and then
increases slightly when the ratio (D/H)

Figure 4 illustrates the relationship between
the composite hydraulic structure's actual
discharge and the ratio (D/H). The
relationship is identical to the trend of the
relationship between discharge coefficient and
the ratio (D/H), which is shown in figure 2.
This happens owing to the direct proportion

increases, while for free flow conditions, by between actual discharge and discharge
increasing the ratio (D/H), the ratio (ha/H) coefficient.
remains constant. The figure shows that the
values of the submerged flow condition are
always greater than the values of the free flow 0,80
condition. Because of the existence of the pier 075
(obstacle), which confines the water and leads '
to increasing the water depth, this condition will | 5 0,70
be satisfied for the submerged flow condition. i bes / \
2 "
3 060 -
0,60 == Single 30
055 —ModelNo.5 %2> T""Model No. 5
0,50 -w e \\ithout
0,50 T T T |
0,45 ~—— 0,2 03 0,4 0,5 0,6
I 0,40 Single 20
E 0,35 e=fl==Single 30 D/H
0,30 —‘_D(’_Uble Figure 4. The variation of the actual discahrge
ey \\ithout 3 . . .
0,25 with (D/H) ratio of circular pier and for model
0,20 , , : , number 5
02 03 0,4 05 06
D/H Figure 5 illustrates the comparison between
free flow and submerged flow for the
0,60 following relationships: relation between
0,55 Model No. 2 upstream Froude number and the ratio (D/H);
0,50 - downstream Froude number and the ratio
0.5 o Single 20 (D/H); also the relation between Reynolds
T o == Single 30 number and the ratio (D/H). In general, both
3 == Double the Froude number and the Reynolds number
035 —s=Without depend on flow velocity and flow depth. The
0,30 figure shows that the values of the free flow
0,25 condition are always greater than the values of
0,20 : : : . the submerged flow condition. The
02 03 0,4 05 06 | justification of this situation is associated with
D/H the existence of the pier (obstacle), which
leads to the rise in the water depth and

Figure 3. The variation of (ha/H) ratio with
(D/H) ratio of circular pier and for different
models
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decreases Froude number in the downstream
region, and this occurs due to the inverse
proportion between Froude number and the
flow depth. Also, the same behaviour appears
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for the Froude number in the upstream region.
In the upstream, the flow depth is very high,
and this leads to the low values for Froude
number. The interaction between weir flow
velocity and gate flow velocity has a greater
influence on the Reynolds number value
distribution than the interaction between flow
depth and flow wvelocity. All three
relationships are more influenced by the
overlapping between weir velocity and gate
velocity, pier diameter, and the spacing
between pier and composite structure. Based
on the Reynolds number, the flow is
considered turbulent. Also, based on the
Froude number at upstream, the flow type is
considered subcritical and the flow type at
downstream is changed from subcritical to
supercritical.

Figures 6, 7 and 8 review the relationship
between the ratio (ha/H) and the ratio (X/H),
where X refers to the distance along the
downstream of the flume, and this distance is
measured from the downstream of the
composite hydraulic structure. Figures 6 and 7
take into account the existence of single piers
and double piers, respectively, while Figure 8
is drawn for both single piers and double piers
for a constant ratio of (D/H =0.429). Figures
6, 7 and 8 comprise two different cases. These
cases are free flow and submerged flow. The
figures show that the values of the average
downstream water depth for the free flow are
always less than the corresponding values in
the case of the submerged flow. The nonlinear
water surface profile happens due to the
alteration in the water surface elevation
around the pier (obstacle), which affects the
stability of the water surface elevation along
the downstream region. The fluctuation in the
trend of the profile relies on pier diameter,
spacing, and interference between weir
velocity and gate velocity.
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Figure 5. Variation of upstream Froude
number, Downstream Froude number and
Reynold's number with (D/H) ratio of circular
pier and for model No. 5
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Figure 6. The relationship between (ha/H) ratio
and the ratio (X/H) for model No. 5, Single 20),
circular pier
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Figure 7. The relationship between (ha/H) ratio
and the ratio (X/H) for model No. 8, double,
circular pier

Figure 9 shows the discharge coefficient of the
composite model variation with the ratio (D/H),
where D refers to the square pier diameter and H
refers to the upstream water depth. The figure
shows a comparative study based on two different
flow conditions. The first condition refers to the
free flow condition which occurs without the
existence of the pier, while the second condition
refers to the submerged flow condition which
occurs due to the existence of the pier. The figure
shows that the values of the discharge coefficient
in the free flow condition are always greater than
the discharge coefficient of the submerged flow
condition. The trend in relation between the
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discharge coefficient and the ratio (D/H) for the
submerged flow condition can be considered
dramatic owing to the alteration in the pier cross
section, spacing, and number of the piers. The
variation in the composite discharge coefficient
will be associated with the variation in the flow
velocity. For a single pier, the trend in the
relationship is considered identical owing to the
separation point of the fluid being considered
fixed along the circumference of the square pier.
As for the trend, it is starting to increase gradually
and drop dramatically. For the double piers, the
variation depends on the change in the flow
velocity between the front pier and the rear pier.

0,60
0,55
0,50 -
0,45
0,40
0,35
0,30
0,25
0,20

=== Single 20
=@=Single 30

.

hd/H

0,0 1,0 2,0 3,0 40 50 6,0 7,0 80 9,0
X/H

Figure 8. The relationship between (ha/H) ratio
and the ratio (X/H) for model No. 3,
D/H=0.429, circular pier
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Figure 10 illustrates the variation of the ratio
(ha/H) against the ratio (D/H) for various
configurations of the pier arrangement, where hqd
refers to the average downstream water depth.
For submerged flow conditions, it is obvious
that the ratio (ha/H) decreases slightly when the
ratio (D/H) increases, while for free flow
conditions, by increasing the ratio (D/H), the
ratio (ha/H) remains constant. The figure shows
that the values of the submerged flow condition
are always greater than the values of the free
flow condition. Because of the existence of the
pier (obstacle), which confines the water and
leads to increasing the water depth, this
condition will be satisfied for the submerged
flow condition.

Figure 11 illustrates the comparison between
free flow and submerged flow for the following
relationships: relation between upstream Froude
number and the ratio (D/H); downstream Froude
number and the ratio (D/H); also the relation
between Reynolds number and the ratio (D/H).
In general, both the Froude number and the
Reynolds number depend on flow velocity and
flow depth.
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0,55
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I 0,40 :
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0,35 ==Double
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0,25
0,20 T : : )
0,2 0,3 0,4 0,5 0,6
D/H

Figure 10. The variation of (ha/H) ratio with
(D/H) ratio of square pier and for model No. 5

The figure shows that the values of the free flow
condition are always greater than the values of
the submerged flow condition. The justification
of this situation is associated with the existence
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of the pier (obstacle), which leads to the rise in
the water depth and decreases Froude number in
the downstream region, and this occurs due to
the inverse proportion between Froude number
and the flow depth. Also, the same behaviour
appears for the Froude number in the upstream
region. In the upstream, the flow depth is very
high, and this leads to the low values for Froude
number. The interaction between weir flow
velocity and gate flow velocity has a greater
influence on the Reynolds number value
distribution than the interaction between flow
depth and flow velocity. All three relationships
are more influenced by the overlapping between
weir velocity and gate velocity, pier diameter,
and the spacing between pier and composite
structure. Based on the Reynolds number, the
flow is considered turbulent. Also, based on the
Froude number at upstream, the flow type is
considered subcritical and the flow type at
downstream is changed from subcritical to
supercritical.

Figures 12, 13 and 14 review the relationship
between the ratio (ha/H) and the ratio (X/H),
where X refers to the distance along the
downstream of the flume, and this distance is
measured from the downstream of the
composite hydraulic structure. Figures 12 and
13 take into account the existence of single
piers and double piers, respectively, while
Figure 14 is drawn for both single piers and
double piers for a constant ratio of (D/H =
0.571). Figures 12, 13 and 14 comprise two
different cases. These cases are free flow and
submerged flow. The figures show that the
values of the average downstream water depth
for the free flow are always less than the
corresponding values in the case of the
submerged flow. The nonlinear water surface
profile happens due to the alteration in the
water surface elevation around the pier
(obstacle), which affects the stability of the
water surface elevation along the downstream
region. The fluctuation in the trend of the
profile relies on pier diameter, spacing, and
interference between weir velocity and gate
velocity.
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Table 3 shows the maximum, minimum, and
average values of discharge coefficient; average
downstream water depth; upstream Froude
number; downstream Froude number; and
Reynolds number. Table 3 includes two
different shapes of pier. These shapes are the
circular pier and the square pier. Also, table 3
reviews the values for single pier and double
piers. From table 3, the following is obvious:
The existence of a single square pier with a
diameter of 20 cm leads to a higher discharge
coefficient, with little fluctuation in the average
value. But in the case of double piers, the
existence of the double circular piers leads to a
higher discharge coefficient as compared with
the existence of the double square piers. Also,
for a single circular pier with a 30 cm diameter
and a single square pier with a 30 cm diameter,
the variation in discharge coefficient values
appears clearly. For the average downstream
water depth, the existence of the square pier
leads to higher water depth as compared with
the existence of the circular pier regardless of

Rafi M. Qasim, Ihsan A. Abdulhussein, Muna A. Hameed

the pier numbers (single or double). A small
difference appeared in values of the Froude
number upstream regardless of the pier shapes
and numbers (single or double). The Froude
number downstream has a higher value with a
single circular pier with a diameter of 20 cm.
Also, Froude number has higher values with
double circular piers, but for a single square pier
with a diameter of 30 cm, Froude number has
higher values as compared with a single square
pier with a 20 cm diameter and double square
piers. In terms of Reynolds number, the
variation in values is obvious regardless of pier
shape and configuration (single or double).
Variation in all values will be produced by the
change in fluid separation zone; flow velocity
change from section to section; water depth
alteration from section to section; and the
change in momentum transfer due to the
existence of the pier (obstacle). Also, the table
indicates a comparative between two cases; the
first case deals with pier existence while the
second is without pier existence.

Table 3. Comparison between ferr and submerged output models parameters

Circular Square Case
e S0em | 30em | POUIe | e | Soa | Double | withou

Maximum | 0.892 0.892 0.926 0.897 0.838 0.781 0.859
Cd Minimum | 0.444 0.020 0.502 0.496 0.426 0.434 0.586
Average 0.630 0.630 0.641 0.602 0.593 0.601 0.750
Maximum | 4.500 4.683 4.400 4.617 4.617 4.633 3.500
?Cd;g Minimum | 2.783 2.967 3.067 3.167 3.283 3.333 0.850
Average 3.758 3.925 3.823 4.037 4.082 4.087 1.854
Maximum | 0.143 0.146 0.147 0.143 0.130 0.153 0.178
Frup Minimum | 0.066 0.003 0.073 0.064 0.068 0.082 0.094
Average 0.110 0.111 0.111 0.105 0.103 0.106 0.132
Maximum | 0.470 0.413 0.427 0.397 0.358 0.370 3.919
Frdown Minimum | 0.250 0.009 0.262 0.193 0.166 0.222 0.522
Average 0.352 0.332 0.351 0.303 0.290 0.300 1.483
Maximum | 10695 11257 | 11407 10959 9852 10870 10999
Rn Minimum | 3810 182 5289 3711 3953 4779 5467
Average 8125 8194 8313 7795 7571 7830 9597
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CONCLUSION

In

the current study, flow over weir and under

gates with and without single pier or double

piers

has been studied experimentally.

Depending on the experimental results of the
current investigation, the following conclusions
can be found:

1-

The water flow separation zone along the
circumference of the pier has a major effect
on the hydraulic characteristics, especially
the flow velocity.

The interaction between gate flow velocity
and weir flow velocity produces a variation
in the hydraulic characteristics of the
composite structure.

The pier shape and spacing have a direct
effect on the control of the hydraulic
behavior of the composite hydraulic
structure.

The change in water depth, flow velocity,
and momentum transfer will have an effect
directly on the hydraulic characteristics of
the composite structure.

Actual discharge and discharge coefficient
have the same trend regardless of the
presence of the pier/piers.

The Reynolds number and Froude number
are more sensitive to the existence of the
pier/piers.

The hydraulic characteristics of the
composite structure under the action of the
pier/piers are not similar to the hydraulic
characteristics without the pier/piers.
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NUMERICAL ANALYSIS OF STRESS-STRAIN STATE OF THE
STEEL MODULAR BLOCK WITH CORRUGATED WEBS

Olga A. Tusnina, Anatoliy V. Alekseytsev

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

Abstract. Modular blocks are widely used in industrial and civil engineering both as stand-alone structures and
combined into block-modular buildings. Modular block consists of the load bearing frame, wall fencing, roof
and floor decking. The modular block, with wall fencing made of corrugated sheet continuously welded to the
beams, is a spatial system, with beams and corrugated webs working together. The steel modular block for the
gas pumping unit on a gas turbine power plant is considered in the paper. Assessment of the corrugated web
thickness effect on the load bearing capacity of the block is performed. Numerical investigation of stress-strain
state of the blocks with different thickness of corrugated web is carried out by the finite element method. The
values of the ultimate destructive load on the blocks with different thickness of the corrugated web are
determined. The values of the allowable load on the block and the criteria for its limitation have been established
depending on the stress-strain state of the block and the causes of destruction.

For comparison, a calculation was made of a block with walls made of sandwich panels that are not included in
the work of the frame. It is determined that ultimate load on the block with corrugated webs is 1,5-6 times
greater than on the block with wall sandwich panels.

Key words: modular building, steel modular block, corrugated web, critical load, buckling, finite-element analysis

YUCJEHHBIA AHAJIN3 HANIPSI)KEHHO-
AE®OPMUPOBAHHOI'O COCTOAHUSA CTAJIBHOI'O
MOAYJBbHOI'O BJIOKA CO CTEHAMHU
N3 rO®PUPOBAHHOI'O JIMCTA

O.A. Tycnuna, A.B. Anekceiiuyes

HarmonaneHslii nccnenoBatenbekuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPONTENBHBIN YHUBEpCHTET, T'. MockBa, POCCHU

AHHOTa[[I/Iﬂ. CTpOI/ITeHI)CTBO NPOMBINUICHHBIX W TPaXIaHCKUX 3ZlaHHﬁ 3 MOAYJIbHBIX 6J'IOKOB oJIyvyacTt
HIMPOKOE pacnpocTpaHenue Onarogaps dQGEKTUBHOCTH M SKOHOMHYHOCTH TaKMX KOHCTPYKLMH. MozayibHbIE
OJIOKM HCHONB3YIOT KaK OTIEIbHO CTOSIIME COOPY)KCHMs, TaK W OOBEIUHSIOT MEXay co0oi B OiouHO-
MOJyJIbHBIE 3/1aHusl. B cTaThe paccMOTpeH CTallbHOM MOJYJBHBIN OJIOK ra3onepeKkadnBalollero amnmapara Ha
ra30TypOMHHON 53JeKTpocTaHIMU. MoOaynpHBIH OJIOK, B KOTOpPOM TO(QpHUPOBaHHAs CTEHKA, HENpephIBHO
npUBapuBaeTCs K OajkaM, HpeCTaBiseT co00i MPOCTPAHCTBEHHYIO CHCTEMY C COBMECTHO PaOOTAIOIIMMHU
OaNKaMM ¥ CTCHKOW. BBINOJHEH YMCICHHBIH aHAIN3 BIMSHHS TOJIIMHBI TOPUPOBAHHON CTEHKH Ha HECYLIYIO
criocoOHOCTh Onmoka. OmpenerneHa paspyluarolmas Harpy3ka Ha OJOK W TapaMeTpbl  HaIpsHKEHHO-
nehOPMHUPOBAHHOTO ~ COCTOSIHMS ~ KOHCTPYKTHBHBIX — 2JIEMEHTOB  OJIOKOB IPH  Pa3iMYHON  TOJIHMHE
ropupoBaHHBIX cTeHOK (1 MM, 2 MM, 2,5 MM u 3 MM). YCTaHOBIICHBI BEIHMYMHBI JOMYCKaeMOW Harpy3Kd Ha
OJIOK U KpUTEpUH €€ OTrPaHUYCHUS, B 3aBUCHMOCTH OT HAIPSHKCHHO-Ie()OPMHUPOBAHHOTO COCTOSHHUS OJIOKa M
NPUYMH pa3pylieHus. [ cpaBHEHUS BBINOIHEH pacdeT 0JI0Ka ¢ HABECHBIMU CTEHaMH U3 COHIBUY-TIAHENIeH, He
BKJIIOYAIONIMMECS B paboTy Kapkaca. [losydeHo, 4To paspylaromas Harpys3ka Ijisi paCCMOTPEHHBIX OJIOKOB C
rop)pupoBaHHBIMH CTEHKaMu B 1,5-6 pa3 Bbilile, ueM st 6JI0Ka CO CTEHOBBIMH COHABHY-TIAHEIISIMH.

KiroueBbie cjioBa: MOIyJIbHOE 371aHUE, CTAILHOW MOJYJIBHBINA OJIOK, TO)pUpPOBaHHAs CTCHKA,
KpUTHYCCKAs Harpy3Ka, MOTePsl yCTOMYUBOCTH, KOHEUHO-IIIEMCHTHBIA pacyeT
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Numerical Analysis of Stress-Strain State of the Steel Modular Block with Corrugated Webs

1. INTRODUCTION

Structures made of modular blocks are widely
used in civil and industrial construction.
Modular blocks are used as standalone
structures as well as part of buildings consisting
of several blocks.

A typical example of modular structure is
shipping container. A standard ISO container
represents a spatial block, with its frame
composed of main beams and racks welded
together. The cold formed hollow rectangular
sections are used for beams and racks. The wall
fencing of a standard container is made of
corrugated sheet with a thickness of 2.5 mm,
attached by continuous welds to the upper and
lower main beams. Corner fittings are located at
the corners of the container at the top and
bottom of the columns, transmitting loads to
supports and receiving loads from containers
placed on top. The block works on a beam
scheme with a span equal to its length.

Standard ISO containers can withstand heavy
loads, primarily due to the combined action of
load-bearing beams and columns with the
corrugated sheet. Furthermore, due to the nature
of load application on the container: about 80% of
the allowable load is transmitted through the
corner fittings to the container's columns, and only
20% of the load representing the payload on the
container floor from the cargo weight. The
permissible maximum weight of a loaded 12-
meter container is limited to 30.4 tons [1], while
the container can withstand a load of up to 192
tons. Therefore, it is permissible to stack up to 6
containers on top of each other.

When such a container is used as building
structures, the load distribution will be different.
The roof beams will bear snow load, technical
loads from equipment placed on the roof and the
payload. Therefore, for the use of standard
containers in construction of buildings and
structures [2], it is necessary to conduct special
studies taking into account the actual structural
design of the block, the loads acting on it, and
other factors [3]. Several studies are dedicated
to the analysis and design of modular blocks.
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Typical structural solutions for modular blocks
are developed for use in building construction
[4-7], questions regarding the selection of
optimal  cross-sections  for  load-bearing
structures of the blocks are studied [7], standard
connections between modular blocks are
developed [8-10], etc.

When loads are applied to the roof of the
container, the main beams experience bending
and transfer the loads to the corrugated web. As a
result, each plane of the longitudinal walls of the
block can be represented as a beam with a
corrugated web [11-15], where the flanges are
the top and bottom longitudinal beams of the
block frame. The load-bearing capacity of beams
with corrugated webs is influenced by the shape
of the corrugations, the presence, shape, and
location of openings in the web [16-20].
Studying the influence of the profile and
thickness of the corrugated web, the presence of
door and window openings, as well as the
localization and magnitude of the applied loads
on the stress-strain state of the modular block is
a relevant and practically significant task.

This article presents a numerical study of the
stress-strain state of a steel modular block for a
gas pumping unit on a gas turbine power plant.
Blocks with different thicknesses of corrugated
webs loaded with local and full roof loads were
analyzed.

2. METHODS

Modular block for gas pumping unit (GP-block)
is a space structure with sizes 12x3,2x3,2 m
(length (L) x width (b) x height (H)). There are
4 support points in the corners of the block.
Generally, block can be represented as a beam
with the span 12 m. Distinctive feature of the
considered block is its big height H in
comparison to the span L: span to height ratio
(L/H) of the block is 3,75. Beams with values of
L/H ratio below 5 (L/H <5) are deep beams. For
deep beams the fundamental principle that a
plane section before bending remains plane after
bending is violated. For beams with small span-
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to-height ratio section warping should be taken
into account. Stress distribution across the
section of the deep beam is nonlinear due to the
shear warping of the cross-section.

The considered block contains openings in the
walls and roof, unlike standard ISO containers.
Furthermore, the height and width of the GP-
block are larger than the dimensions of standard
containers.

The main beams and racks of the frame are
constructed  from  cold-formed  welded
rectangular hollow sections. Walls of the block
consists of corrugated sheets continuously
welded to the top and bottom main beams. The
floor and roof decking are made of flat steel
sheets with a thickness of t=4 mm with L-
stiffeners. The steel sheet is supported by
secondary beams with hollow rectangular

sections welded to the main longitudinal frame
beams. In the roof there is a rectangular opening
with sizes 3,2x4,9 m for tube of gas pumping
equipment.

Structures of the considered block are made of
steel S255 (GOST 27772-2015). Normative
yielding stress is Ryn=245 MPa.

Olga A. Tusnina, Anatoliy V. Alekseytsev

Numerical analyses of the stress-strain state of
the blocks with various corrugated web
thicknesses have been conducted.

A finite element model of the GP-block has been
developed wusing the computational program
Simcenter Femap and depicted in Figure 1. The
models with corrugated web thicknesses of 1 mm,
2 mm, 2,5 mm and 3 mm are considered.
Corrugated webs, roof and floor sheets, sections
of the main beams are modeled by PLATE finite
elements. The racks, secondary beams and
stiffeners of the flat sheets are modeled by BEAM
finite elements. Boundary conditions include
constraints to prevent displacements in all linear
directions at the four bottom corners of the block.
In addition to the cases with different corrugated
sheets on the walls, an analysis was conducted
on the model without corrugated webs to
estimate the effect of the corrugated web
presence on the stress-strain state of the block.
In this case, the block has walls made of
sandwich panels, which are hung on the frame
structures and practically do not participate in
load distribution. So, their effect on the behavior
of the block can be neglected.

C

Figure 1. Finite-element model of block for gas pumping unit: a — with corrugated webs, b —
without corrugated web (block with wall sandwich panels), ¢ - fragment
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Two loading schemes of the blocks are
considered: “full load” — payload over the entire
area of the roof and “local load” — payload over
the local area of the roof. The uniform load was
applied to the top longitudinal beam. (fig. 2).

Geometrical and physical nonlinear analyses
have been made. Stress-strain curve for steel
S255 according SP 16.13330.2017 is taken into
analysis and shown on fig. 3. The values of
stress and strain in the key points of the diagram
are represented in table 1.

Figure 2. Schemes of loading: a — “full load”; b — “local load”
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Figure 3. Stress—strain curve for steel S255 taken into analysis

Table 1. Characteristics of steel S255

Point of curve e=¢E/ R, =0/ R, € o, MPa
Yield strength
(Beginning of yield plateau) ! ! 0,00119 245
End of yield plateau 14 1 0,01665 245
Ultimate strength 141,6 1,653 0,16840 404,99
Fracture 251 1,35 0,29850 330,75
The geometrically nonlinear analysis was The buckling and yielding criteria are
performed using the step-by-step iterative established to determine the ultimate load on the

method (ITER), with the following parameters:
number of increments — 40, iterations before
update — 25, convergence tolerances by load -
0.001.
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particular structural elements of the block and
on the block as whole.

Theoretically, the buckling criterion can be
defined as a sudden increase in displacement
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increment Ad at a constant load increment AP.
Buckling can be identified on the graph as the
inflection point of the displacement-load curve.
The load corresponds to a sudden change in the
slope of the tangent line to the displacement-
load curve is considered the ultimate load
according to the buckling criterion for the
particular structural element.

The following equation is proposed to define the
buckling criterion:

t .
81 >3, (1)
tgal-

where 1ga;, | = Adis1 , tgoy =—1
i+1 i
of the displacement-load curve on the (i+1)-step
and i-step of load increment, respectively.
Assuming a constant load increment
AP, = AP, =const equation (1) for the

buckling criterion can be written as follows:

- tangents

Adjyy >3, )
AJ;

where Adir1 and Adi - displacement increments
at the (i+1)-step and i-step of the load increment
APi. respectively.

The graphical interpretation of the buckling
criterion is depicted on fig. 4.

81\

Buckling criterion:

Figure 4. Graphical interpretation of the
buckling criterion

To define the yielding criterion, we adopt the
following condition: the criterion of yielding is
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met when the values of Von Mises strain ¢
falling within the specified range:

R,/E<e<g, 3)

where Ry — design resistance of steel determined
based on the nominal value of yield strength;
E=210000 N/mm? — modulus of elasticity of the
steel; ex — ultimate strain corresponding to the
ultimate tensile strength.

3. RESULTS AND DISCUSSION

In the results of carried out analyses the stress-
strain state of the block with different
corrugated web thickness is defined depending
on load value and scheme of loading (“full
load” or “local load”). The stress-strain
parameters of the block structures in the key
positions are determined (fig. 5):

- Von Mises stress and horizontal transverse (Y-
direction) displacement of the corrugated web in
the corner support zone (pos. A);

- Von Mises stress and horizontal transverse (Y-
direction) displacement of the top longitudinal
beam in the span (pos. B);

- Von Mises stress and vertical (Z) displacement
of the roof sheet between stiffeners (pos. C).

Figure 5. Key positions for determine stress-
strain state of the block

Diagrams of displacement and Von Mises stress
dependence from load in the key positions of
the top longitudinal beam and corrugated web
are represented on fig. 6 and 7. Curves depicted
results for loading scheme “full load” are drawn
by continuous line and for loading scheme
“local load” - by dashed line.
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Figure 6. Displacement — Load curves and Von Mises stress — Load curves in the key positions of
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Von Mises stress in the key positions of the
structural elements of the considered blocks are
represented in table 3.

The values of ultimate load Pur for the
considered modular blocks are obtained in the

Olga A. Tusnina, Anatoliy V. Alekseytsev

results of numerical analyses and represented in
table 4. Ultimate load for each structural element
and block entire is the load when buckling or
yielding criterion for the appropriate structure is
reached — see equation (1-3) and fig. 4.

Table 3. Von Mises stress in the structural elements of considered modular blocks

Von Mises stress, MPa
w(e:l())rtrllli%lifgss Lt(z)ild’ Roof sheet (pos. C) Top lon(il(t:sl.dg)al beam Corrugated web (pos. A)
Full load Local load Full load Local load Full load Local load
30 741 6,40 31,62 45,06 34,42 54,42
40 9,94 8,54 42,14 60,26 53,12 122,70
=1 mm 50 12,48 10,67 52,65 75,40 95,59 179,72
50,3 - 10,74 - 75,87 - 178,88
70 17,75 - 73,72 - 168,50 -
74,2 18,89 - 78,16 - 172,45 -
50 12,14 10,72 49,21 70,86 42,10 70,71
130 37,83 28,21 127,34 187,37 110,67 181,35
160 62,90 38,43 156,43 232,49 138,22 223,83
170 71,73 54,83 166,07 245,00 148,22 237,17
180 79,48 67,47 175,69 245,00 159,11 245,00
t=2 mm 210 98,10 91,00 204,30 245,00 202,08 245,00
211,2 - 90,66 - 245,00 - 245,00
220 103,38 - 213,75 - 245,00 -
260 122,85 - 245,00 - 245,00 -
300 142,53 - 245,00 - 245,00 -
302,8 143,16 - 245,00 - 239,88 -
50 12,06 10,71 47,97 69,07 46,47 64,21
130 37,32 27,99 124,10 182,54 120,33 165,82
160 62,00 36,28 152,43 226,41 148,31 206,23
180 78,71 67,39 171,17 245,00 167,98 233,40
=25 mm 190 85,59 76,74 180,50 245,00 178,59 245,00
’ 220 102,70 97,12 208,26 245,00 209,44 245,00
220,6 - 97,64 - 245,00 - 245,00
260 122,05 - 245,00 - 245,00 -
325 154,03 - 245,00 - 245,00 -
329,7 156,83 - 245,00 - 245,00 -
50 11,99 10,69 46,93 67,54 42,98 59,25
130 36,93 27,82 121,39 178,41 111,43 153,50
160 61,30 34,41 149,08 221,23 137,60 191,72
180 78,11 67,14 167,40 245,00 155,48 216,82
=3 mm 200 91,24 84,32 185,60 245,00 175,26 245,00
220 102,20 97,05 203,66 245,00 195,11 245,00
222,1 - 98,50 - 245,00 - 245,00
270 126,18 - 245,00 - 245,00 -
330 155,65 - 245,00 - 245,00 -
331,8 156,66 - 245,00 - 245,00 -
10 26,80 20,54 50,56 102,49 - -
Without 20 85,16 83,11 130,94 245,00 - -
corrugated 30 207,17 101,28 245,00 245,00 - -
web 40 245,00 88,39 245,00 245,00 - -
50 245,00 - 245,00 - - -
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For example, buckling of the top longitudinal
beam and corrugated web is characterized by an
abrupt increase of its Y-displacements. This can
be observed on the displacement-load curves
(fig. 6).

The yielding criterion for structural element is
determined by the load applied to the block that
causes the yield stress in structural element (see
fig. 7).

In the table 4, cells containing the ultimate load,
corresponding to the earliest attainment of the
buckling or yielding criterion for one of the
structural elements are highlighted in color. This
load can be used as allowable load - the upper
limit to the load that can be applied to the block
without causing failure of its structural
elements.

Table 4. Ultimate load Puu for the considered modular blocks

Corrugated web Structural element Ultimate load P, ton Criterion
thickness Fullload | Local load
Roof sheet - - -
Corrugated web 40 30 chm.l ng
=1 mm - - Yielding
Top longitudinal beam - - -
Block entire 74,2 50,3 Buckling of the
corrugated web
Roof sheet 130 160 Buckling
210 170 Buckling
Corrugated web 220 180 Yiclding
t=2 mm o - 210 Buckling
Top longitudinal beam 260 170 Yielding
Block entire 302,8 2112 Buckling of the
corrugated web
Roof sheet 130 160 Buckling
- - Buckling
Corrugated web 260 190 Yielding
t=2,5 mm o e 325 220 Buckling
Top longitudinal beam 260 180 Yielding
Block entire 329.6 220,6 Buckling of the top
longitudinal beam
Roof sheet 130 160 Buckling
- - Buckling
Corrugated web 270 200 Yielding
t=3 mm D 330 220 Buckling
Top longitudinal beam 270 180 bR
Block entire 3318 222,1 Buckling of the top
longitudinal beam
Roof sheet 40 - Yielding
. 50 40 Buckli
Without Top longitudinal beam 1'10 1 =
corrugated web 27,5 20 Yleldlng
Block entire 50 40 Buck.l 1ng.of the top
longitudinal beam
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Depending on the corrugated web thickness
the following types of failure modes of the
block are defined (fig. 8):

Vadim K. Akhmetov, Viktor Y. Shkadov

- 1*" type: destruction of the corrugated web
(buckling);

- 2™ type: destruction of the top longitudinal
beams (yielding and subsequent buckling).
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1.326E+8 1.768E+8 2.209E+8 2.651E+8

a
Von Mises stress, N/m?
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b NN @4 49| e
Von Mises stress, N/m?

Figure 8. Failure modes of the block: a — buckling of the corrugated web (corrugated web
thickness 2 mm); b — destruction of the top longitudinal beam (corrugated web thickness 3 mm)

The failure of the blocks with 2,5 mm and 3 mm
thick corrugated web is caused by destruction of
the top longitudinal beams and correspond to 1%
type of failure mode. The ultimate load for
loading scheme “full load” is about 330 tons
and for scheme “local load” — 220 tons. This is
the critical buckling load for top longitudinal
beams. Yielding of the top longitudinal beams
and corrugated web is observed before failure of
the block. Buckling of the corrugated web 2,5
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mm and 3 mm thick is not reached during the
loading.

The failure of the blocks with corrugated web 1
mm and 2 mm thick is occurred by 1% type
because of the corrugated web buckling. When
the load reaches some critical value, the
corrugated web begin bulges out from the plane
of the block wall in the corner zones near the
supports. Mainly the shear stresses cause local
buckling of the corrugated web. At the same
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time, the block overall retains its load-bearing
capacity. With increasing load, the area of the
corrugated web experienced buckling increases.
The finite element analysis continues until the
ultimate load is reached, at which complete
failure of the block occurs.

With a corrugated web thickness of 2 mm,
yielding is observed at a load of 220 tons, while
at a load of 260 tons, yield stress is noted in the
top longitudinal beams. With a corrugated web
thickness of 1 mm, the load causing yielding is
not reached for all structural elements until
failure of the block.

The values of ultimate load on the block loaded
by “local load” scheme are on average 25%

lower in comparison with “full load” loading
scheme.

It should be noted that during the loading
process, there is a local loss of stability in
certain sections of the roof sheet (fig. 9).

In all loading scenarios of the block under the
"full load" scheme, the critical load for the roof
sheet was 130 tons, while under the "local load"
scheme, it was 160 tons. Areas of the decking
that have buckle are taken out of operation, but
overall, the block retains its load-bearing
capacity and can withstand further increases in
load. Therefore, the buckling of the roof sheet
was not considered as a criterion for limiting the
allowable load on the block.
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Figure 9. Diagrams for roof sheet: a — displacement-load curves; b — Von Mises stress — load curves

The failure of the block without the corrugated
web occurs due to the buckling of the top
longitudinal beam. The ultimate load for
calculating a block without the corrugated web
is 1.5-6 times lower than for a block with a
corrugated web (see Table 4).

The corrugated web significantly reduces the
stresses in the beams. For example, under a load
of 50 tons according to the "full load" scheme,

the stresses in the beams of a block without the
corrugated web are 245 MPa, which
corresponds to the yield stress. With the
presence of the corrugated web, the Von Mises
stress determined in the beam under the same
load is on average 5 times lower (see fig. 10).
At the same time, the thickness of the
corrugated web has a negligible effect on the
stress value in the beam (see Table 5).

Table 5. Comparison of the Von Mises stress in the structural elements of block with and without

corrugated web
Structural Loading Corrugated web thickness
element scheme Without corrugated web | t=1mm | =2mm | t=2,5mm | =3 mm
Top longitudinal | Full load 245,00 52,65 49,21 47,97 46,93
beam Local load - 75,40 70,86 69,07 67,54
Roof sheet Full load 245,00 12,48 12,14 12,06 11,99
Local load - 10,67 10,72 10,71 10,69
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Figure 10. Comparative diagrams for blocks with and without corrugated webs: a — top
longitudinal beam; ¢ — roof sheet

Table 6 shows the values of the maximum
allowable load on the block P,. and the
ultimate load P.; that caused block failure, as
obtained in the results of the carried-out finite-
element analyses. To ensure the necessary
reliability of the structures, the allowable load
on the block P, is taken as 95% of the ultimate
load, corresponding to the earliest attainment of

highlighted cells in table 4). For web
thicknesses of 1 mm and 2 mm, the allowable
load was limited by buckling criterion
corresponding to the onset of local buckling of
the corrugated web. For larger web thicknesses
(2.5 mm and 3 mm), the limitation of allowed
load is adopted by the yielding criterion, which
is the onset of yielding strain in the top

the buckling or yielding criterion (see longitudinal beams.
Table 6. Allowable and ultimate load on the block
Allowable load Py, | Ultimate load P,
Corrugated web ton ton Criterion
thickness Full Local Full Local
load load load load
Without C o
25 19 50,8 40,6 Yielding of the top longitudinal beam
corrugated web
t=1 mm 38 28 74,2 50,3 Buckling of the corrugated web
t=2 mm 199 161 302,8 211,2 Buckling of the corrugated web
t=2,5 mm 247 161 329.,6 220,6 Yielding of the top longitudinal beam
t=3 mm 256 171 331,8 222,1 Yielding of the top longitudinal beam

70

International Journal for Computational Civil and Structural Engineering



Numerical Analysis of Stress-Strain State of the Steel Modular Block with Corrugated Webs

The adopted limitation of the allowable load on
the block that provided in table 6, ensures a
reserve of Dblock load-bearing capacity,
amounting to 49%, 34%, 25%, and 22% for
blocks with corrugated web thicknesses of 1
mm, 2 mm, 2.5 mm, and 3 mm, respectively.
The calculation results showed that local
buckling of the corrugated web does not lead to
complete failure if the block, and the block is
able to withstand increased loads. Experimental
tests on full-scale specimens of beams with
corrugated webs [21, 22] also indicate that a
beam with a partially buckled web retains its
load-bearing capacity.

The presence of reserves allows ensuring the
reliability of the block and increases its
resistance to various emergency situations
associated with the disruption of normal
equipment operation, sudden changes in loads,
explosions, and impacts [23].

The prospects for further research include the
development of methods and tools for practical
calculation of modular block structures.
Finite-element computational models of various
levels of detail (LOD-cm) are used in design
[24]. The use of highly detailed finite-element
models for practical design is not always
justified due to their complexity. In such cases,
simplified equivalent models that describe the
actual stress-strain state of the structure with
sufficient engineering accuracy are used. For
example, the corrugated web of beams can be
replaced with an equivalent flat sheet [25, 26] or
beam elements. A similar approach can be
applied for the analysis of the stress-strain state
of the modular blocks. For this purpose, based
on numerical studies using high-detailed
computational models, it is necessary to
determine the characteristics of simplified
equivalent models.

Another way to solve the practical problem of a
modular block design is to wuse artificial
intelligence, which can predict the stress-strain
state and load-bearing capacity of the block
based on given input parameters such as block
dimensions, corrugated web thickness, applied
load, etc.
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4. CONCLUSIONS

As a result of the carried out numerical studies
of the stress-strain state of the modular block for
gas pumping unit, the following findings are
obtained:

1. The load-bearing capacity of the considered
modular blocks with corrugated webs is 1.5-6
times higher than that of a block with hanging
wall cladding, such as sandwich panels.

2. The corrugated web, continuously welded to
the beams, significantly relieves the beams,
reducing stresses in them by 5 times compared
to the case of its absence.

3. The following failure modes of the blocks
with corrugated webs are defined:

- 1% type: destruction of the corrugated web
(buckling) - observed for the blocks with
corrugated web thicknesses of 1 mm and 2
mm);

- 2™ type: destruction of the top longitudinal
beams (yielding and subsequent buckling) -
observed for the blocks with corrugated web
thicknesses of 2.5 mm and 3 mm).

4. Criteria for limiting the allowable load on
the modular block are defined depending on
the type of failure mode. The allowable load
is taken as 95% of the ultimate load causes
either yielding stress in the top longitudinal
beams or buckling of the corrugated web.

5. The values of the maximum allowable load
on the block with different thicknesses of the
corrugated web and without it are determined
based on the adopted criteria. Limiting the
load on the block by allowable value
provides a reserve of load-bearing capacity of
the block ranging from 49% to 22% for
corrugated web thicknesses from 1 to 3 mm,
respectively.

6. The type and localization of the payload on
the block affect its load-bearing capacity. The
ultimate load on the block loaded by the "local
load" scheme 1is on average 25% lower
compared to the "full load" loading scheme.
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ALUMINUM ALLOY JOINTS MADE BY CONTACT CAPACITOR
WELDING
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Abstract. Currently, structures made of modern aluminum alloys are increasingly used and widespread in almost
all areas of industrial and construction production, which is a consequence of the unique properties of physico-
mechanical aluminum alloys, which make it possible to create structures of various purposes that are effective in
weight, strength and aesthetic parameters, while having increased corrosion resistance compared to steel struc-
tures. However, the manufacture of structures made of aluminum alloys is a more complex technological process
due to the need to use special aluminum welding methods compared to traditional methods of welding steel
structures. he most common argon arc method and friction welding method with mixing of aluminum alloy
structures are more difficult to implement in the field during installation and assembly of structural elements on a
construction site, and require qualified personnel. For this reason, it is relevant to use other methods of welding
elements of aluminum structures that do not require complex equipment and qualified personnel, similar to clas-
sical electric welding of steel structures, compared with the above more complex methods of welding aluminum
structures. These technologies include modern methods of laser welding and contact capacitor spot welding, the
equipment for which is very compact and mobile and does not require highly qualified personnel as for other
aluminum welding technologies. The current regulatory documentation of the Russian Federation on contact ca-
pacitor spot welding is descriptive and does not allow reliable design and calculation of the strength of joints of
this type, which requires additional experimental and theoretical studies of such joints. Earlier laboratory tests of
samples of aluminum alloy compounds by condenser welding showed in some cases a significant difference be-
tween experimental data and strength calculations according to the normative methodology of compounds of this
type. For this reason, the purpose of this work was to clarify regulatory solutions using numerical FEM modeling
of the operation of experimentally tested 18 connections — nodes of the ceiling suspension of aluminum alloy
sheets AMG2M to threaded rods made of aluminum alloy AMG3. The obtained data were compared with exper-
imental results and previously performed data of normative calculations.

Keywords: aluminum alloy, spot capacitor welding, tension, shear, stress, strength, fracture, finite element method

YUCJEHHOE MOJEJIMPOBAHUE PABOTHI COEJJUHEHU
U3 AJIOMUHUEBBIX CIIVIABOB, BbIIIOJJHEHHBIX
METOJOM KOHTAKTHOM KOHJIEHCATOPHOU CBAPKHA

A.B. Kopzun

HarmonaneHslil nccnenoparensckuil MOCKOBCKHI rocy1apCTBEHHBIN CTPOUTENBHBIN YHUBEpCUTET, I'. Mocksa, POCCHUA

AHHOTanMsl. B HACTOsIIEEe BPeMsi KOHCTPYKIMH M3 COBPEMEHHBIX aTIOMHHHEBBIX CIUIABOB HAXOMAAT BCE OOJIb-
IIee IPUMEHEHHNE MTPAKTHUECKH BO BeeX c(epax MPOMBIIIICHHOTO M CTPOUTEIBHOTO MTPOU3BOACTBA, UTO SBIISCT-
Cs1 CJIEICTBUEM YHUKAIBHBIX (PU3NKO-MEXaHNIECKUX CBOMCTB aJIOMUHHEBBIX CIIABOB, TO3BOJIIOIINX CO3/1aBaTh
3¢ QEeKTUBHBIC IO BECOBBIM, IPOYHOCTHBIM M 3CTETHUECKUM MapaMeTpaM KOHCTPYKIUH CaMOTO pa3HOOOpa3HOTO
Ha3HA4YEHUsI, 00JIalafoIfe MPU STOM IMOBBIIICHHOW KOPPO3MOHHON CTOHKOCTBIO MO CPABHEHHIO CO CTAIBHBIMU
KOHCTpYKUUsAMHU. ONHAKO M3TOTOBJICHHE KOHCTPYKIMHM M3 aTIOMHHHMEBBIX CIIJIABOB SIBIAETCS 0OJee CIIOKHBIM
TEXHOJOTUYECKUM TIPOLIECCOM H3-32 HEOOXOIUMOCTH MPHUMEHATH CIIEIHAIbHBIE METO/bI CBAPKH AIIOMHHUSI 10
CPaBHEHHIO C TPAJWIMOHHBIMH METOJAMH CBapKM CTalbHBIX KOHCTpyKuuil. HamGonee pacripocTpaHeHHBIC B
HACTOsIIlee BPeMsl aprOHOYTOBOIM METOA M METOJ CBapKU TPEHHUEM C MepeMelINBaHNeM KOHCTPYKLUHN U3 allto-
MHUHHEBBIX CIUIABOB OOJIee CIIOKHO PEalM3yIOTCs B MOJIEBBIX YCIOBHSX IPH MOHTAXE M COOPKE AJIEMEHTOB KOH-
CTPYKIIMH Ha CTPOWUTEIBHOM IIIOIIAAKE, U TPeOyroT KBaIH(UIIMPOBAaHHOTO nepcoHana. 1o 3Toi mpuunHe sABIIS-
eTcsl aKTYaJIbHBIM HMCIOJIb30BaHNE MHBIX METOAOB CBAPKH 3JIEMEHTOB aJIFOMUHHEBBIX KOHCTPYKIHH, HE TpeOyIo-
IIUX CJIOKHOTO 00OpYZOBaHUS M KBATU(QHUIMPOBAHHOTO MEPCOHATA aHAJTOTUYHO KIACCHYECKON IIEKTPOCBapKe
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CTAJIBbHBIX KOHCTPYKIINH, 110 CPABHEHHUIO C BBIIIETIEPEUNCICHHBIME 00JIE€ CIIOKHBIMU METOJAaMHU CBAPKH ATFOMH-
HUEBBIX KOHCTPYKIMH. K JaHHBIM TEXHONOTHSAM CIELyeT OTHECTH COBPEMEHHBIE METOMBI JIA3€PHOM CBapKH H
KOHTAKTHOH KOHACHCATOPHOM TOYETHOH CBAapKH, 000pyI0BaHUE sl KOTOPOW BEChMa KOMIAKTHO 1 MOOMIIBHO H
He TpeOyeT nepcoHaa BEICOKOM KBATH(UKAIIMY KaK IS IPYTHX TEXHOIOIHH CBAPKHU altoMHUHMsA. JefcTByomas
HOpMaTuBHAas AoKyMeHTauuss PO 1o KOHTAaKTHON KOHJIEHCATOPHOW TOYEHHOHN CBAPKE HOCUT OIMCATEJIbHBIN Xa-
pakTep, ¥ HE TO3BOJIAET HAJIC)KHO OCYIIECTBIISATH MPOCKTUPOBAHUE M pacyeT MPOYHOCTU COSAMHEHHH TaHHOTO
TUIA, 4TO TPeOYeT IOINOJHHUTEIBHBIX SKCIEPHUMEHTAILHO-TEOPETHYECKUX HCCIIEIOBAHUN TaKMX COEIUHEHHH.
[IpoBeneHHbIe paHee J1a0OPAaTOPHBIC UCTIBITAHKST 00PA3IIOB COCAMHEHUIT allOMUHUEBBIX CIIJIABOB KOHJICHCATOP-
HOW CBapKOW MOKa3adM B pAJE CIy4yaeB CYIIECTBEHHOE pa3iMyde HKCIEPUMEHTAIBHBIX JAHHBIX C pacueTaMu
MIPOYHOCTH TI0 HOPMATHBHON METOAMKE COSMHEHNH JaHnHOTro Trna. I1o 3Toii mpuynHe 1enbio HacTosIIeH pado-
THI SIBUJIOCH YTOUHEHNE HOPMATUBHBIX PEIICHNH ¢ moMotibio yncieHHoro MKD MonenupoBanus paboThl SKCIe-
PUMEHTAIBHO WCTIBITAHHBIX 18 COEAMHEHWH — Y3JI0B MOTOJOYHOHN ITOJBECKH JIMCTOB AJIOMHHHEBOTO CILIaBa
AMI2M K cTepKHEBBIM Pe3b0OBBIM TATaM W3 almoMuHHEBOro crutaBa AMI'3. TlomydeHHble TaHHBIC CpaBHUBA-
JIUCB C DKCIIEPUMEHTAIIBHBIMU PE3YIbTaTaAMH U IPOBEJEHHBIX PaHEE JAHHBIMA HOPMATUBHBIX PACYETOB.

KiroueBble cjioBa: aIOMUHUEBBIN CIJIaB, TOUCUHAs! KOHACHCATOPHAS CBapKa, pacTsDKCHHE, Cpe3, HallpsDKEHHe,
MIPOYHOCTH, pa3pyIIeHHe, METO/I KOHEUHBIX 2JIEMEHTOB

INTRODUCTION

Currently, structures made of modern aluminum
alloys are increasingly used and widespread in
almost all areas of industrial and construction
production. This is a consequence of the unique
properties of physical and mechanical aluminum
alloys, which allow to create effective in weight,
strength and aesthetic parameters of structures
for a variety of purposes with increased
corrosion resistance compared to steel ones.
However, the manufacture of aluminum alloy
structures is a more complex technological
process due to the need to apply special
methods of welding aluminum compared to
traditional welding methods of steel structures.
The most common at present argon-arc method
and friction stir welding methods for aluminum
alloy structures are more difficult to implement
in the field during installation and assembly of
structural elements at the construction site, and
require qualified personnel [1,2,3,4,5,6,7,8].
Because of this, it is relevant to use other
methods of welding elements of aluminum
structures, which do not require complex
equipment and qualified personnel similar to the
classical electric welding of steel structures,
compared to the above mentioned more
complex methods of welding aluminum
structures. These technologies should include
modern methods of laser welding and contact
capacitor spot welding, the equipment for which

Volume 20, Issue 2, 2024

is very compact, mobile and does not require
highly qualified personnel [9,10,11,12,13,14].
The current standards of the Russian Federation
on contact capacitor spot welding (GOST
15878-79) are descriptive in nature and do not
allow reliable design and calculation of the
strength of this type of joints, which requires
additional experimental and theoretical studies
of such joints.

Previous laboratory tests of samples of
aluminum alloy joints performed using
condenser welding have shown in a number of
cases a significant difference between
experimental data and strength calculations
according to the normative methodology for
joints of this type. For this reason, the purpose
of this study was to clarify the normative
solutions by means of numerical FEM
simulation of the experimentally tested 18
assemblies which are the joints of ceiling
suspension of aluminum alloy sheets AMG2M
to threaded tie rods made of aluminum alloy
AMG3. The obtained data were compared with

experimental results and earlier data of
computations. Examples of similar studies in
Russia and abroad are also given in

[15,16,22,23].

The main stages of the study are as follows:

- development of FEM-models of the tested
assemblies based on the data of experimental
studies conducted earlier;
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- numerical modeling of stress-strain state
changes during tensile and shear tests of two
types of assembly specimens;

- comparing the results of numerical modeling
with experimental data and results of
verification  calculations  performed by
normative methods in order to be able to correct
normative calculation methods for the design of
similar assemblies and for the determination of
the values of fracture loads;

- drawing conclusions and recommendations on
the general calculation of assemblies of this type.

RESEARCH METHODS

Laboratory testing of joints

Previously, there were tested two types of
specimens in NIU MGSU which involves joints
of plates with dimensions 100x100 mm made of
3 mm thick sheet metal and parts of rolled
Taurus with dimensions 100%x70x70 mm made
of aluminum alloy AMG2M. Studs with internal
thread M4 made of aluminum alloy AMG3 were
welded to these joints by the method of spot
condenser welding [17].

The number of specimens of each type is 9
pieces, total 18 pieces (Fig. 1).

Figure 1. General view of tensile and shear test
samples

The joints were subjected to tensile tests with a
concentrated force perpendicular to the plane of
the plates (type 1), and shear tests by
concentrated force parallel to the plane of the
plate flange (type 2). The tests were carried out
in a universal testing machine Instron 3382
under static loading (Fig. 2) [18].

Andrey V. Korgin

Figure 2. General view of the tensile and shear
test samples in the testing machine

Joint strength calculations

In the course of earlier studies, the tested as-
semblies were subjected to verification calcula-
tions according to the standard methodology
[17].

Within the framework of the present study, numer-
ical FEM modeling of the tested joints was per-
formed to improve the accuracy of calculations in
comparison with the standard methodology and to
compare the results of numerical analysis with the
results of previously conducted laboratory tests.

RESULTS AND DISCUSSION

Tensile tests

The tensile tests with concentrated tensile force
result in failure of the specimens solely by
welding (Fig.3).

Figure 3. Type of destruction in the welded zone
during tensile tests
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The results of tensile tests are presented in Ta-
ble 1. Evaluation of the mean values of failure
load obtained was made both without rejection
and with rejection of the value for specimen No.
9 due to the deviation from the mean value by
more than 50%.

Table 1. Destructive forces during tensile tests.

Deviation from average
SampleNo Maximal value %
force, kN Before After re-
rejection jection
1 1.68 -19 -17
2 2.32 13 14
3 1.75 -15 -14
4 1.63 21 -20
*5 2.90 41 42
6 241 17 18
7 1.74 -16 -15
8 1.86 -10 -9
*9 0.74 -64 -
Average value before rejection 2.06
Standard deviation 0.608
Coefficient of variation 32%
Average value after rejection 2.04
Standard deviation 0.457
Coefficient of variation 22%

* — samples subjected to rejection.

Shear tests

Similarly, shear tests of specimens show that the
failure of this type of joints also occurred only
by welding (Fig.4).

Figure 4. View of Type 2 samples after the
shear tests

The results of the shear tests of the specimens
are presented in Table 2.

Volume 20, Issue 2, 2024

Table 2. Destructive forces during shear tests.

Deviation from average
Sample | Maximal value %
Ne force, kN Before After
rejection rejection
1 14 26 14
2 -6 4 -6
3 21 -12 21
4 0.5 11 0.5
*5 5 15 5
6 - -72 -
7 0.9 18 0.9
*8 _ _ _
9 7 18 7
Average value before rejection 2.08
Standard deviation 0,608
Coefficient of variation 32%
Average value after rejection 2.29
Standard deviation 0.25
Coefficient of variation 11%

* — samples subjected to rejection.

Verification calculations

Tensile and shear test calculations of the two
types of joints were performed based on the
provisions of SP 128.13330.2016 “Aluminum
structures”.

Dimensions of threaded rod M4 PT according to
DIN EN ISO 13918 (Fig.5) are as follows:
Diameter of the welding zone (D1+0.5 mm)
Dsv=6 mm.

Thread — M4
! I D -5mm;
D1 -5,5mm;
- o D2 - 0,65 mm;
L —30 mm;
L1 -0,55 mm;
e -4 L2 29,3 mm;
A —1,4mm;
. B —1,5mm;
Figure 5 a -3°

Figure 5. Geometric dimensions of the welded
studs. Diameter of welding zone (D;+0,5 mm)
Dw=6 mm. The area of the welding zone
A=28.3 mm’.

Strength properties of the aluminum alloys used
in the tested assemblies are given in accordance
with the current standards (GOST 21631-2019
“Sheets of aluminum and aluminum alloys”, SP
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128 and materials [19] with rounding to 5 MPa
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Table 5. Shear stresses during cutting

(Table 3)). Sample P SP « (Pa) 5t 3t
Ne &N) | (%) (%) | (%)
Table 3. Strength parameters of aluminum alloys 1 2,61 | 14 | 922E+07 | 28 54
Tension[MPa] Shear (cpe3) [MPa] 2 2,16 -6 7,63E+07 6 27
Node Yield | Maximum | Yield | Maximum
element | strength | resistance | strength | resistance 3 1,82 | -21 | 6,43E+07 | -11 7
00,2 Cs To2 Ts 4 2,3 0 8,13E+07 13 35
Plate
AMI2M 70 125 55 90 5 239 | 4 | 845E+07 | 17 41
Threaded 6 2,31 1 8,16E+07 | 13 36
stud 100 165 70 115
AMTI3 7 2,44 7 8,62E+07 | 20 44
Average | 2,29 0 8,09E+07 | 12 35
CALCULATION OF TENSILE Tangential stress in the weld zone for the mean
STRENGTH

Experimental values of normal tensile stresses
are presented in Table 4.

Table 4. Normal tensile stresses during tension

Sample P oP oo dos
Yo || e | O | o) | o)
1 1,68 -17 | 5,94E+07 | -17 -26

2 2,32 14 8,20E+07 14 2
3 1,75 -14 | 6,18E+07 | -14 -23
4 1,63 -20 | 5,76E+07 | -20 -28

5 2,90 42 1,02E+08 42 28

6 2,41 18 | 8,52E+07 | 18 6
7 1,74 | -15 | 6,15E+07 | -15 23
8 1,86 -9 | 657E+07 | -9 -18
Average | 2,04 0 7,20E+07 0 -10

Stress in the weld zone for the mean value of
fracture force P=2.04 kN:

_P_204-10° 05 =72 MPa <
T4 283-106 = ¢
op = 80 MPa (6 = —10%)

Fracture stress range.
0=68,5+122 MPa (deviation from oB -+28%)

CALCULATION FOR SHEAR

Experimental values of shear tangent stresses
are given in Table 5.

80

value of fracture force P=2.29 kN:

_P_ 22910 oo 105 = 80,9 MPa >
9TAT 283106 O - enoard

og = 55 MPa (6 = 35%)

Fracture stress range:.
1=64,3+92,2 MPa (deviation from t8 7+54%)/

COMPUTER SIMULATION

Strength and deformation properties accepted
in the modeling

Strength properties of aluminum alloys are pre-
sented in Table 3.

Deformation properties of materials are given in
accordance with SP 128 and SP 16.13330.2020
“Steel structures”:

for aluminum alloys:

modulus of elasticity — £=0,7-10° MPa;
Poisson's ratio — y=0,3;

for steel:

modulus of elasticity — E=2,1-10° MPa;
Poisson's ratio —y=0,27.

FEM modeling was conducted in the ANSYS
software [20] within the nonlinear elastic-plastic
formulation using conventional bilinear elastic-
plastic deformation diagrams of the aluminum
alloys with regard to [21] (Fig. 6).

International Journal for Computational Civil and Structural Engineering



Numerical Simulation of the Operation of Aluminum Alloy Joints Made by Contact Capacitor Welding

160
140
120
100
80
60
40

= Stud
Plate

20 — Welding

0 e e
0,03

Stress MPa

0 0,01 0,02 0,04 0,05

Relative deformation u.r.d.
Figure 6. Conditional bilinear diagrams defor-
mations

During modeling, the loading was carried out in
stages up to the maximum value of the loading
force of 3000 N, which exceeds the values of
the failure force achieved during the ex-
periment with a reserve.

Finite elements used

During modeling the SOLID 185 finite elements
were used, which represents a three-dimensional
three-dimensional cone element with 8 nodes,
three degrees of freedom in each (Fig.7).

Figure 7. Solid 185 element

The numerical model of the tensile specimen is
presented in Fig. 8.

The numerical model of the specimen tested in
tension is a spatial model consisting of 4 zones:
a stud, a plate, a welded zone made of the alu-
minum alloys used, and a steel base plate with a
circular outline. In accordance with the test de-
sign, support was applied along the inner con-
tour of the steel backing plate. The load was ap-
plied at the level of the top section of the stud.

Volume 20, Issue 2, 2024

a)

Figure 8. Numerical model of the sample
a) front view; b) top view

Based on the symmetry of the model geometry
and the applied load, the calculation was per-
formed for Y4 of the model with the correspond-
ing conditions of fixation of the sides of 4 of
the model along the symmetry axes (Fig. 8).

Results of tensile modeling of type 1 specimen.
Isopoles of vertical displacements [mm] are pre-
sented in Fig. 9.

The graph of displacements of the center point
of the stud surface is shown in Fig.10.

7

037766
042507

028282
02354

018798
. 014056

009312
004572

-.169E-03
033024

Figure 9. Isofields of vertical movements of the
model at a load of 1800 N
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Figure 10. Movements of the upper point of the
stud at minimum (1630 N), average (2040 N),
and maximum (2900 N) load [mm]

Strains [u.r.d.] and normal stresses [MPa]
The isopoles of strain [u.r.d.] and normal
stress[MPa] are shown in Fig. 11:

92.70€9
4 1

1.46194 31.8769 123.122
16.6694 47.084 4 1

Figure 11. Isofields of a) — deformations,
b) — stresses at a load of 1800 N

€2.2919
a 77.499 07.91

Fig. 12 shows the graphs of strain in the joint
elements and their maximum values at charac-
teristic levels of axial load.

Strain levels in joint elements at recorded values
of failure load:

— 0.005 — at minimum load value — 1.63 kN,

— 0.01 —atan average load —2.04 kN,

— 0.042 — at maximum load value — 2.9 kN.
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Relation of maximum values of normal stresses
o in the elements of the node of type 1 to the
load is presented in Fig. 13.
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Figure 12. Dependence of the maximum values
of relative deformation in the elements of the
type 1 node on the load
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Figure 13. Dependence of the maximum values
of normal stresses in the elements of the type 1
node on the load

There is a good correlation between the calcu-
lated values of normal stresses in the welding
zone and the strength parameters of this zone:

at the reaching of the yielding point

6=52 MPa (G0.2=55 MPa);

at the value of failure load

2.04 kN — 6=78 MPa (c8=80 MPa).

Numerical model of type 2 shear specimen
(Fig. 14)

The numerical model of the specimen being
tested for shear is a spatial model fixed along
the contour and loaded with a concentrated load
at a node on the side surface of the stud by
means of rigid inserts (MPC).
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Figure 16. Horizontal movement of the upper
point of the stud from the load

Strains y [u.r.d] and tangential stresses t
[MPa]

The distribution of shear strains and stresses is
shown in Figure 17.

Figure 14. Numerical model of the type 2 sam-
ple on a slice: a) top view; b) side view

Based on the symmetry of the specimen geome-
try and the applied load in one plane, the calcu-
lation was performed for !4 of the model with
symmetrical fixation along the symmetry axis.
The force is applied in the horizontal direction
along the symmetry axis.

-.116443 -.089785 -.063128 -.036471 -.009814
a 10311 076457 ~oass 023143 00351

Results of shear modeling of type 2 specimen
Horizontal displacements [mm] are shown in
Fig. 15:

~68.8809 ~40.9566 -13.0322 12.8921 42.8164
-54.9187 -26.9944 92991 28.8542 56.7785

Figure 17. Isofields of a) deformations and
b) stresses at a load of 2000 N
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formation in the elements of the type 2 node on
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The relationship between the maximum values
of tangential stresses t in the elements of the
node of type 2 and the load is shown in Fig. 19.
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Figure 19. Dependence of the maximum tangen-
tial stresses in the elements of the type 2 node

on the load

There is a satisfactory correlation of calculated
values of tangential stresses T in the welding
zone with strength parameters of this zone in the
range of experimental failure loads:

=37 MPa for Pmin=1,82 kN;

1=46 MPa for Pcp=2,29 kN; (0=16%);

1=56 MPa for Pnax=2,61 kN; (t8=55 MPa),

CONCLUSIONS AND
RECOMMENDATIONS BASED ON
COMPARISON OF EXPERIMENTAL
RESULTS, VERIFICATION
CALCULATIONS AND FEM MODELING

1. Test results

1.1. According to the test results, all specimens
of types 1 and 2 were failed along the welded
zone.

1.2. The tensile failure force of the joint of type
1 lies within the range of 1.68+2.9 kN, the mean
value is 2.04 kN, the deviation from the mean
value is within the range of -20++42%.

1.3. The failure force of the joint of type 2 at
shear lies within the limits of 1.68+2.9 kN,
the mean value is 2.29 kN, the deviation from
the mean value is within the limits of -
11++20%.

2. Results of verification calculations

2.1. The discrepancy between the results of the
calculation of tensile strength and the experi-
ment is satisfactory. It lies within +28%, from

Andrey V. Korgin

59.4 MPa to 102 MPa, the mean value is 72
MPa. The average deviation from the tensile
strength value of 80 MPa is 6 = -10%.

2.2. The discrepancy between the results of the
calculation for shear and the experiment is more
significant than for tensile. It lies within the
range of 7+54%, from 64.3 MPa to 92.2 MPa.
The mean value is 80.9 MPa. The average devi-
ation from the value of shear time resistance 55
MPa is 6=35%.

2.3. The significantly greater difference be-
tween the results of calculations for shear and
experiment than for tension is a consequence
of the more complex actual stress state when
the joint is loaded by the shear force caused
by the design of the joint than for pure shear.
For this reason, the shear performance of the
type 2 joint, as well as the tensile performance
of the type 1 joint, was analyzed using FEM
modeling.

3. Results of FEM modeling

3.1. In tensile testing of type 1 assemblies, there
is a good correlation between the calculated
values of normal stresses in the weld zone at
fracture and the strength parameters of the zone,
with the mean value of the failure load kN -
6=78 MPa at o8 =80 MPa, 6=4%, (with manual
calculation 0=10%).

3.2. In shear tests of type 2 assemblies, there is
a satisfactory correlation between the calculated
values of tangential stresses in the weld zone at
fracture and the strength parameters of the zone
at an mean value of the failure load of 2.29 kN -
1=46 MPa at 18 =55 MPa, 6=16% (with manual
calculation 0=35%).

3.3. FEM-modeling provides a significantly bet-
ter match between the results of calculations and
experimental results than manual calculations
due to more efficient analysis of the actual
stress-strain state of the assemblies.

3.4. The design of such nodal joints of alumi-
num alloys, planned to be performed by means
of contact welding, should be carried out on the
basis of the results of computer simulation of
the joint performance of the constituent ele-
ments of the joints under the action of load.
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Abstract: The design of optimal seismic protection systems on bearings with hysteresis behavior leads to a con-
ditional multidimensional global optimization problem with a nonlinear and non-differentiable objective func-
tion. In this paper, bearings with bilinear characteristic with hysteresis are considered, i.e. for each nonlinear
bearing there are four parameters to optimize: ultimate elastic displacement and stiffness for the elastic mode and
ultimate displacement and stiff-ness for the inelastic mode.

We study the seismic response of an elastic beam on four nonlinear bearings under vertical seismic ground mo-
tion. The perturbation functional as an integral of the quadratic form of the state vector with a weight matrix
formed from the stiffness and inertia matrices of the system on equivalent elastic supports is considered as the
objective function. Minimization of the functional means the minimum of the total energy of the system on
equivalent elastic bearings. Genetic algorithm is used to solve the optimization problem.

Keywords: seismic protection, bilinear characteristic, global multidimensional optimization,
optimality criterion, seismic action, genetic algorithm

OINITUMAJIBHASI CEUCMO3AIIUTA KOHCTPYKIIUA
HA OIIOPAX C BWIMHEMHOMW T'’MCTEPE3UCHOM
XAPAKTEPUCTUKOM

E.B. Ilo3usak, B.II. Paoun, O.B. Hosukxosa, A.B. Kucenes, I0.IO. Heanosa
®OI'bOY BO «HanmonansHbli nccnenoBaTenbekuii yauBepeuteT « MOy (HY «M3WN»), 1. Mocksa, POCCHUA

AnHoTanus: [IpoekTupoBaHMe ONTUMAIBHBIX CUCTEM CEHCMO3AIUTHI HA ONOPax ¢ FMCTEPE3UCHBIM MOBEIECHU-
€M NPHUBOJUT K YCIOBHOW MHOTOMEPHOH TII00AILHOM 3a/1aue ONTHMH3ALUK ¢ HEIMHEHHOH 1 HenuddepeHnupy-
eMoil meneBoi (yHKIHMEH. B 3TO# craThe paccMaTpHBAIOTCS OMOPHI C OWIMHEHHON XapaKTepPUCTHUKOW C TH-
CTEPE3NCOM, T.C. JJISI KaXKIOH ONOpbl HEOOXOJMMO ONTUMH3NMPOBATH YETHIPE MapamMeTpa: IpeesibHOe YIpyroe
TIepeMelIeHNE U JKECTKOCTh ISl YIIPYTroro PeXHMa U MPEAeIbHOE CMEIICHNE U )KECTKOCTh JUIsl HEYIPYyTroro pe-
KHUMa.

HccrnemyeTcst ceiCMIYECKUI OTKIMK YIIPYToil OaiKy Ha Y9eThIpeX HETMHEHHBIX OMopax MPH BEPTHKAIFHOM Ceii-
CMHYECKOM JIBIDKCHUH IpyHTa. B KauecTBe meneBoi GyHKINM paccMaTpruBaeTcsi GyHKIIMOHAT BO3MYIIECHHS KaK
HMHTErpaj KBaApaTHYHOH (OPMbI BEKTOPA COCTOSHHS C BECOBOM MaTpHIie, CHOPMUPOBAHHON M3 MATPHIL JKECT-
KOCTH U MHEPLUH CHCTEMbI Ha SKBUBAJICHTHBIX YIPYIUX onopax. MuHuMu3auus QyHKIMOHaIa 03Ha4aeT MUHHU-
MyM OOILeil SHEpTUH CUCTEMBl Ha DKBHUBAJICHTHBIX YNPYIrux omopax. Jis pemieHus 3ajadd ONTHMHU3ALUKM HC-
MIOJIb3Y€ETCSl TEHETHYECKUI allTOPUTM.

Kuarwueble cjioBa: CeﬁCMO?;aHIPITa, OnnuHelHas XapaKTepuCTuKa, riobanpHas MHOT'OMEpHas ONTUuMU3alms,
KpI/ITCpI/Iﬁ OIITUMAJIBHOCTH, celicMHUYecKoe BO3IIGI>'ICTBPIC, TeHeTUYCCKUI AJITOPpUTM

1. INTRODUCTION whose natural frequencies are very close to the

resonant frequencies of the original structure on
In this work, the objective function corresponds nonlinear bearings. Scientific publications de-
to the total energy of some elastic structure scribe extensive experience in optimal design of
(called an equivalent system below in the text) structures based on elements with bilinear hys-
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teretic characteristic, such as lead rubber bear-
ings, elastomeric isolators and other devices [1-
16]; many researchers apply stochastic optimi-
zation methods [11-16], solving the problem of
compromise between displacements and stresses
in structures. In many works take the sum of
dimensionless relative dynamic response pa-
rameters (relative displacements, velocities, ac-
celerations, forces, etc.) with weight coefficients
as the objective function [4-7]. By adjusting the
weighting coefficients, researchers emphasize
the most significant parameters. For example, in
[4], the ratio of peak roof acceleration to peak
ground acceleration is minimized. The optimali-
ty criterion given in [7] minimizes both top
floor acceleration and bearing displacement.

For optimal seismic protection, we take an ob-
jective function as quadratic perturbation func-
tional of the state vector with a weight matrix,
which is formed from the stiffness and/or inertia
matrices of the equivalent system. Then the
minimum of the objective function will be close
to the minimum of the potential and/or kinetic
energy of the structure on the nonlinear bear-
ings. The complication of the problem is multi-
dimensionality with possible multi-extremality,
nonlinearity and non-differentiability of the ob-
jective function, parametrical limitations of the
structure and vibration protection. Not all opti-
mization methods are suitable for solving this
problem. The most effective methods are based
on the direct calculation of the objective func-
tion, for example, random search methods in-
cluding population methods (genetic and other
evolutionary algorithms). Intelligence algo-
rithms of optimization of nonlinear vibration
isolators are applied in many works, for exam-
ple, in [13-16].

Bilinear force-displacement hysteretic curve of
the bearing is shown in Fig. 1. Such system has
special properties, for example, as shown for a
one-dimensional oscillator in [3], resonant fre-
quencies depend on the amplitude of cyclic
load. At small cyclic load amplitudes, the oscil-
lator works in elastic regime A4'OA with stiff-
ness ¢, (Fig.1). At large amplitudes, the support

goes to the 4B line with stiffness ¢, and works

Volume 20, Issue 2, 2024

in inelastic regime with hysteresis on the loop

ABCDE . ®, =+/¢,/M and
®, =+J¢,/M correspond to these two regimes

accordingly, here M is the mass of the oscilla-
tor. Depending on the regime, the resonant fre-
quency of the oscillator will be close to one of
the frequencies.

Frequencies

E/'/Le |
Ol | u

A!

D
Figure 1. Bilinear curve of cyclic deformation

To design of elastomeric isolators it is common
to consider elements with bilinear characteristic
as linear—elastic bearings with effective stiffness
¢y = P [u,, where P, is the ultimate force (Fig.

1) and ¢ >c, >c, [12]. However, it is very

problematic to accurately calculate the resonant
frequencies of multidimensional systems be-
cause they depend on the amplitude of cyclic
loads.

Note that the work of the bearing in plastic re-
gime with large deformations is undesirable be-
cause it leads to off-center compression of bear-
ings, residual displacements and the need to re-
store it after an earthquake. In addition, as fol-
lows from [12], the damping of the nonlinear
bearing is significantly reduced at large plastic
strains. Consequently, the ultimate displace-
ments should ensure that nonlinear elements op-
erate predominantly in the elastic regime with
greater damping and more predictable resonant
frequencies.

In the study, we assume that each bearing works
mainly in elastic regime, therefore the resonant
frequencies are close to the natural frequencies
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of the system on elastic bearings with stiffness
c,. This system is almost equivalent to the sys-

tem on nonlinear histeretic bearings in terms of
resonant frequencies. Despite on the nonlinear
“damping - shear deformations” function and
new damping models [8], we take a simple
model of damping from @ [12] as

C_2(E_d)
* n\F, d,

Before designing of earthquake-resistant struc-
tures, it is necessary to find out whether the
nonlinear bearings can reduce the seismic re-
sponse of the structure? Bearings with bilinear
characteristics reduce resonant frequencies,
therefore it is necessary to determine natural
frequencies of the original structure (on abso-
lutely rigid bearings) and the prevailing fre-
quencies of seismic action. If natural frequen-
cies of the original structure are already far from
the prevailing frequencies of seismic action, the
bearings are not only unnecessary, but can also
seriously harm, enhancing structural dynamic
response. The nonlinear bearings are effective
when the lowest resonant frequencies of a sys-
tem with them are lower than the prevailing fre-
quencies of seismic action.

2. OPTIMIZATION PROBLEM

We consider a structure with » degrees of free-
dom on N bearings. Each bilinear hysteretic
bearing has four parameters, which should be

@ 0 0 0

optimized: h, =[u1 u, ¢’ ¢ }, where ¢,

and u, — stiffness of elastic mode and maximal
elastic displacement, ¢, and wu, — stiffness of

inelastic mode and maximal displacement of the
bearings, i=1,..., N. A simple example of the
structure shown in Fig. 2. Vertical seismic
ground motion is given by accelerogram a(r)

with duration 7. At each the moment of time
the state of the structure is described by a

2n— dimensional vector X(7)=|q q]T, q and

q are nodal displacements and velocities.

P 11 ]2
1 2 3 ]a(r)

Figure 2. Beam on bilinear hysteretic bearings

N-1

N

We take the objective function as a quadratic
functional:

f(H) :%jXTQth,

where H=[h1 h, hN]— vector of opti-

mized parameters, QP”*"!—  weight matrix,

X'QX > 0. We choose the matrix Q to give to
the objective function an energy meaning. Let
the matrix Q consists four zero blocks of the
same size (two rows of two blocks). If we put
stiffness matrix of the equivalent system in the
first (upper left) block, the objective function
will be equal to the average value of the poten-
tial energy of elastic deformation U on the in-
terval [0,7]. This weight matrix is denoted by

Q.
f (H) using the weight matrix Q, leads to a

Minimization of the objective function

decrease of internal forces and stresses. Similar-
ly, if weight matrix Q. has only inertia matrix
in the fourth (lower right) block, then objective
function f (H) is equal to average value of the

kinetic energy T on the interval [0,7]. In this

case, the kinematic parameters of the structure
will be reduced.

The objective functions corresponding to poten-
tial, kinetic and total energy are denoted as fol-
lows:

JU:f(H|QU)’ JT:f(H|QT)’
I f(H|QE)’ Q;=Q,+Q;.
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Consider the optimization problem:

min /(H)=/(H.)= /., (1)

HeD

where H., — optimal solution, f, — value of the

optimized objective function, D— acceptable
values of the vector H:

D={H| H, <H<H,, A H<b | (2

low up >

Depending on the weight matrix Q,, Q;
or Q,, problem (1) is the optimality criterion in

terms of potential, kinetic or total energy.
Conditions H, <H<H,, are acceptable pa-

rameters of a bilinear diagram (stiffnesses and
ultimate displacements):

H,, = I:hl_low h, hN_law} >
hunw = |:ul(i)low ugi)low C(i)low cgijzow] >
H,= [h h hN_up] )

hiiup = |:u1(i)up ugl;)up Cl(i)up cgi}up:| >

2_up

where
Cl(i)low < cl(i) < cl(i)up > cﬁ?/ow < Cgi) < Cgl;)up H
u(")h,w < ul(i) < ul(i)up, u{),ow < ugi) < ugi)up, i=1,.,N.

The conditions A H<b,_ , correspond to the
bilinear hysteresis algorithm and are a matrix

form of the following inequalities:

ugi) - ul(i) >0, cl(i) - cgi) 0.

Both conditions (2) are set before the optimiza-
tion process. Displacement of i—th bearing

must not exceed predetermined value ul):

‘u(i)‘ <ull. (3)

Volume 20, Issue 2, 2024

Constraint (3) cannot be satisfied before the op-
timization procedure starts. Consequently, the
optimization algorithm must include a penalty:
if at some time the condition (3) is not satisfied,
the calculation stops and some large value (pen-
alty) is assigned to the objective function.

We will not introduce additional constraints re-
lated to reliability of the structure, such as
strength and stiffness conditions, assuming that
the minimization of dynamic response of the
structure is provided by the criterion of small-
ness of perturbations (1). Additional constraints
will complicate the optimization procedure. If it
found out that the global minimum of the objec-
tive function does not satisfy the strength or
stiffness conditions, this means that hysteretic
bearings is ineffective for this design.

Problem (1) with conditions (2-3) is a multidi-
mensional global conditional optimization prob-
lem with a nonlinear non-differentiable objec-
tive function. Optimization methods based on
the computation of the objective function with-
out computing derivatives, such as random
search algorithms, e.g., annealing simulation,
hypersphere algorithm, "greedy" adaptive algo-
rithms, genetic and other evolutionary algo-
rithms, are suitable for finding the optimal solu-
tion [11]. The following example illustrates the
results of solving the optimization problem (1)
with conditions (2-3) obtained using the genetic
algorithm (GA).

3. EXAMPLE OF OPTIMAL SOLUTION

We consider a steel hinged beam on four bear-
ings, the cross-section profile is [-beam No. 20
(height 200 mm), the lengths of the three spans
are 6, 8 and 12 m. The beam is under seismic
action determined by the accelerogram of the
vertical ground motion of the foundation; we
use accelerogram synthesized at the Institute of
Physics of the Earth, Moscow, Russia. The dy-
namic model of the beam was developed by us-
ing the finite element method; structural damp-
ing was neglected. The seismic response was
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determined by direct integration of equations of
motion in Simulink.

Figure 3 shows the estimates of the seismic
ground motion power spectral density: the raw
periodogram and its smoothed estimate found
using the Welch window transformation with

0.5

0.45

50% overlap. The first three natural frequencies
of the hinged supported beam are marked by red
vertical lines (5.76, 14.33 and 22.85 Hz). It can
be seen that the first frequency is dangerously
close to one of the prevailing frequencies of the
seismic action.

0.35

o
w
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Spectral density
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©
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30 35 40 45 50
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Figure 3. Anapa earthquake Z3G2—A. Spectral density: raw periodogram (green), smoothed peri-
odogram (blue); natural frequencies of the hinged supported beam (red), in the box — accelerogram
Z3G2-A (acceleration - m/s?, time - s)

By analyzing Fig. 3, we conclude that the best
way to reduce the dynamic response of the
beam is to make the structure more rigid (e.g.,
add another supports) to shift its natural fre-
quencies to the right. But for the purpose of
this study, we place the beam on four bilinear
hysteretic bearings (Fig. 2, N =4) and try to
find an optimal solution of problem (1-3) by
applying a genetic algorithm. To solve this
problem, the beam model on the bilinear hys-
teretic bearings was developed in Simulink.
The model is a system with incomplete dissi-
pation, since damping is present only in the
bearings.

GA implemented in MATLAB Optimtool was
used to find the optimal solution. The optimality
criterion is the minimum of the total mechanical

energy: J, = f(H|Q,)—>min. The dimen-
sionality of the optimization problem is 16 (4
bearings, each with 4 optimized parameters).
For conditions (2-3) we assign:

h
h

:(0.02 m 0.03m 10° N/m 10° N/m),
(0.05 m 0.05m 10’ N/m 10° N/m),

i_low

i_up =

) =0.10m, i=1, 2, 3, 4.

GA parameters: initial population contains 20
agents found manually, selection and mutation
operators have uniform distribution, elite is 5
agents, two-point crossover, maximum number
of iterations is 100. As a result, the following
solution was obtained:
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H.=[h, h, h, h,],

h,=[0.03m 0.05m 10°N/m 10’ N/m],
h,=[003m 005m 1.5:10'N/m 2.5:10° N/m],
h,=[0.03m 0.05m 2:10' N/m 10’ N/m|,
h,=[0.03m 0.05m 10°N/m 5-10° N/m].

Seismic responses of the initial and optimized
system are shown in Fig. 3, 4. Optimization
resulted in a reduction of the maximum bend-
ing moment by more than a factor of two with
a small allowable increase in kinematic pa-
rameters. The bearings work mainly in the
elastic regime; there are no plastic displace-
ments in bearings 1, 2, 4, and they are mini-
mal in the third bearing. Table 1 summarizes

Table 1
Natural frequencies, Hz
N | Hinged supported Beam on equivalent
beam elastic bearings
1 5.76 1.80
2 14.33 3.50
3 22.85 6.20
4 26.64 9.17
5 52.04 13.80
6 70.13 21.30

Table 2 shows the values of the objective func-
tion J, before and after optimization, and val-

ues of the objective function with weight matri-
ces Q, and Q.

Table 2. Objective function values before and
after optimization

the natural frequencies of the beam on bilinear Hinged supported Beam on equivalent
hysteretic bearings and beams on equivalent beam elastic bearings
elastic bearings. J; 3.133¢05 1.287¢05
J 1.570e05 3.029¢04
U
J; 1.563e05 9.845¢04
0.025 . . : .
Between bearings 2 and 3 ;
0.02 e Between bearings 3 and 4
0.015 - -
. oo . ‘Al ‘n | L Ll
& 0.005 | RiRARL | BRI LR LALALR H
g oo A
 oces Wil i H :
L LA J U 1T [ Il (1
% -0.01 L |
3 |
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-0.02 i  H A e B B s, btt6ESHih= .
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Figure 4. Displacements of cross-sections of: a) the hinged supported beam: u_, =0.022
m, o =0.010 m; b) the optimized beam: u_, =0.028 m, o, =0.009 m.
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Figure 5. Bending moments: a) the hinged supported beam: M, — moment at the center of the

second span, M — moment at the center of the third span, M, =M,= 7.84 kNm, ¢, =

3.30 kNm; b) the optimized beam: M, — moment at the center of the second span, M, — mo-

ment over the third bearing, M, — moment at the center of the third span, M, =M, = 2.98
kNm, o, = 0.860 kNm.

4. EXPERIENCE OF USING A GENETIC
ALGORITHM

Using GA to optimize a multidimensional dy-
namic system, you should not expect a fast and
unambiguous solution. For multidimensional
optimization, GA requires multiple calculations
of the objective function, for example, for de-
fault parameters of the GA in the MATLAB
Optimtool, if the number of parameters to be
optimized is greater than 5, the initial popula-
tion is n =200 agents-solutions, maximal num-
ber of iterations is equal to 10n generations.
For the above problem, we need to compute the

94

objective function for 200 variants of the vector
H at one iteration, and there can be 1600 such
iterations. To speed up the process, it is neces-
sary take more suitable solutions as the initial
population and using elitism. Since the genetic
algorithm is a stochastic method, by solving the
same problem several times, you can get differ-
ent solutions. The vector of optimal parameters
H. isn't a single best solution. Some solutions

were rejected for various reasons, because they
led, for example, to large plastic deformations.
It was necessary to correct the initial population
several times and adjust the parameters of ge-
netic operators.
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Fig. 6 shows the natural frequencies of the beam
on equivalent elastic bearings and the estimates
of the spectral density of the Anapa earthquake
7Z3G2 — A. Comparing the results in Fig. 3 and
6, we can draw a simple conclusion: the optimi-
zation resulted in a shift of the natural frequen-
cies of the equivalent system to the minima of
the seismic periodogram. To avoid such "adapt-
ability" of the system on the bilinear hysteretic
bearings to a single accelerogram, it is neces-
sary to solve the optimization problem on a se-
ries of accelerograms. The random nature of
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earthquakes and the uncertainty with the reso-
nant frequencies of the systems on nonlinear
bearings make accurate tuning of resonant fre-
quencies very unreliable. Hence, the nonlinear
bearings should be used for the design of earth-
quake-resistant structures only if the lowest nat-
ural frequencies of the system on equivalent
elastic bearings are lower than the prevailing
seismic frequencies. In this case, a reasonable
solution will be obtained without high computa-
tional costs.
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Figure 6. Anapa earthquake Z3G2—-A. Spectral density: raw periodogram (green), smoothed peri-
odogram (blue), resonant frequencies of the optimized beam (red)

5. CONCLUSIONS

In the study, an energy approach was formulat-
ed to solve the optimization problem of the
structure on the bilinear hysteretic bearings. The
approach is illustrated on the example of opti-
mization of an earthquake-resistant structure.
Multidimensional conditional nonlinear optimi-
zation has a complicated mathematical formula-
tion and computationally "hard" solution. How-
ever, the optimal solution, as well as the answer
to the question about the feasibility of installing
a vibration protection system based on the bilin-
ear hysteretic bearings, can be obtained by pre-
liminary frequency analysis of the structure and
seismic effects.
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NUMERICAL ANALYSIS OF STRESS-STRAIN STATE OF THE
STEEL MODULAR BLOCK WITH CORRUGATED WEBS

Olga A. Tusnina, Anatoliy V. Alekseytsev

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

Abstract. Modular blocks are widely used in industrial and civil engineering both as stand-alone structures and
combined into block-modular buildings. Modular block consists of the load bearing frame, wall fencing, roof
and floor decking. The modular block, with wall fencing made of corrugated sheet continuously welded to the
beams, is a spatial system, with beams and corrugated webs working together. The steel modular block for the
gas pumping unit on a gas turbine power plant is considered in the paper. Assessment of the corrugated web
thickness effect on the load bearing capacity of the block is performed. Numerical investigation of stress-strain
state of the blocks with different thickness of corrugated web is carried out by the finite element method. The
values of the ultimate destructive load on the blocks with different thickness of the corrugated web are
determined. The values of the allowable load on the block and the criteria for its limitation have been established
depending on the stress-strain state of the block and the causes of destruction.

For comparison, a calculation was made of a block with walls made of sandwich panels that are not included in
the work of the frame. It is determined that ultimate load on the block with corrugated webs is 1,5-6 times
greater than on the block with wall sandwich panels.

Key words: modular building, steel modular block, corrugated web, critical load, buckling, finite-element analysis

YUCJEHHBIA AHAJIN3 HANIPSI)KEHHO-
AE®OPMUPOBAHHOI'O COCTOAHUSA CTAJIBHOI'O
MO-AYJIBHOI'O BJIOKA CO CTEHAMHA
N3 rO®PUPOBAHHOI'O JIMCTA

O.A. Tycnuna, A.B. Anekceiiuyes

HarmonaneHslii nccnenoBatenbekuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPONTENBHBIN YHUBEpCHTET, T'. MockBa, POCCHU

AHHOTa[[I/Iﬂ. CTpOI/ITeHI)CTBO NPOMBINUICHHBIX W TPaXIaHCKUX 3ZlaHHﬁ 3 MOAYJIbHBIX 6J'IOKOB oJIyvyacTt
HIMPOKOE pacnpocTpaHenue Onarogaps dQGEKTUBHOCTH M SKOHOMHYHOCTH TaKMX KOHCTPYKLMH. MozayibHbIE
OJIOKM HCHONB3YIOT KaK OTIEIbHO CTOSIIME COOPY)KCHMs, TaK W OOBEIUHSIOT MEXay co0oi B OiouHO-
MOJyJIbHBIE 3/1aHusl. B cTaThe paccMOTpeH CTallbHOM MOJYJBHBIN OJIOK ra3onepeKkadnBalollero amnmapara Ha
ra30TypOMHHON 53JeKTpocTaHIMU. MoOaynpHBIH OJIOK, B KOTOpPOM TO(QpHUPOBaHHAs CTEHKA, HENpephIBHO
npUBapuBaeTCs K OajkaM, HpeCTaBiseT co00i MPOCTPAHCTBEHHYIO CHCTEMY C COBMECTHO PaOOTAIOIIMMHU
OaNKaMM ¥ CTCHKOW. BBINOJHEH YMCICHHBIH aHAIN3 BIMSHHS TOJIIMHBI TOPUPOBAHHON CTEHKH Ha HECYLIYIO
criocoOHOCTh Onmoka. OmpenerneHa paspyluarolmas Harpy3ka Ha OJOK W TapaMeTpbl  HaIpsHKEHHO-
nehOPMHUPOBAHHOTO ~ COCTOSIHMS ~ KOHCTPYKTHBHBIX — 2JIEMEHTOB  OJIOKOB IPH  Pa3iMYHON  TOJIHMHE
ropupoBaHHBIX cTeHOK (1 MM, 2 MM, 2,5 MM u 3 MM). YCTaHOBIICHBI BEIHMYMHBI JOMYCKaeMOW Harpy3Kd Ha
OJIOK U KpUTEpUH €€ OTrPaHUYCHUS, B 3aBUCHMOCTH OT HAIPSHKCHHO-Ie()OPMHUPOBAHHOTO COCTOSHHUS OJIOKa M
NPUYMH pa3pylieHus. [ cpaBHEHUS BBINOIHEH pacdeT 0JI0Ka ¢ HABECHBIMU CTEHaMH U3 COHIBUY-TIAHENIeH, He
BKJIIOYAIONIMMECS B paboTy Kapkaca. IlosydeHo, 4Tto paspyluaromasi Harpys3ka Ijisi paCCMOTPEHHBIX OJIOKOB C
ro)pupoBaHHBIMH CTEHKaMH B 1,5-6 pa3 Bbille, ueM st 0JI0Ka CO CTEHOBBIMH COHABHY-TIAHEIISIMH.

KiroueBbie cjioBa: MOIyJIbHOE 371aHUE, CTAILHOW MOJYJIBHBINA OJIOK, TO)pUpPOBaHHAs CTCHKA,
KpUTHYCCKAs Harpy3Ka, MOTePsl yCTOMYUBOCTH, KOHCUHO-IIIEMCHTHBIA PacyeT

60 International Journal for Computational Civil and Structural Engineering



International Journal for Computational Civil and Structural Engineering, 20(2) 99—-108 (2024)

DOI:10.22337/2587-9618-2024-20-2-99-108

PROBABILISTIC DESIGN OF FLEXURAL CROSS-LAMINATED

TIMBER STRUCTURAL ELEMENTS

Sergey A. Solovev, Valery M. Puchkov, Anastasia A. Soloveva
Vologda State University, Vologda, RUSSIA

Abstract: The article presents a probabilistic approach to the design of flexural elements made of cross-
laminated timber (CLT) as one of the promising materials for sustainable construction. The variability of the
elasticity modulus and the ultimate strength of the timber layers effects on the structural safety. Such uncertainty
can be modeled by using probabilistic and statistical methods. Information is presented on tests of a three-layer
CLT panel during bending, and statistical parameters are given for wooden control samples of the CLT panel
layers. The implementation of the presented approach makes it possible to obtain an estimate of the reliability
index or the failure probability for the CLT structural element according to the criterion of normal cross-sections
strength. With a given target level of reliability or risk value, the reliability level of the design solution of a
cross-laminated structure can be quantified.

Keywords: cross-laminated timber, CLT, reliability index, probabilistic design, failure probability,
flexural element, risk analysis

BEPOSITHOCTHOE IPOEKTHPOBAHUE U3I'HBAEMbBIX
IJIEMEHTOB U3 IIEPEKPECTHO-KJIEEHOU IPEBECHUHBI

C.A. Conosves, B.M. Ilyuxkos, A.A. Conosvesa

DdI'BOY BO «Bomorockuii rocy1apcTBEHHBIN yHUBEpcuTeT, Bonoraa, POCCHU S

AnHoTanusi: B cratbe mpencTaBieH BEpOSTHOCTHBIN MOAXOJ K MPOSKTHPOBAHMIO M3rHOAEMBIX AJIEMEHTOB U3
MEPEKPECTHO-KJICCHOM JpPEeBECHHBl KaK OJHOTO U3 IEPCHEKTHUBHBIX MAaTEpUaNoB il  yCTOMYMBOIO
CTPOUTENbCTBA. 3MEHUMBOCTh MOAYNS YNPYrOCTH M Ipejesia MPOYHOCTU CJIOEB JPEBECHHBI BIIMSET Ha
0€301IacHOCTh  AKCIUTyaTallud KOHCTPYKIMH, YTO MOXET OBITh JIOCTOBEPHO CMOJICIMPOBAHO ITyTEM
UCIIOJIb30BAaHMS BEPOSTHOCTHO-CTATHCTHYECKUX METOJ0B. [IpHBesieHbl aHHBIE 00 HCIBITAHUSAX TPEXCIOWHOMN
CLT nanenu mpu m3rube, a TakxKe craTUCTHYecKas MH(opmanus o0 HCIBITAaHMSAX KOHTPOJIBHBIX 00pas3loB
JpeBeCHHBI CIIOeB TaHenu. Peamu3anmst MPenCTAaBICHHOTO II0JXO0Ja ITO3BOJSIET IOJyYWTh OLEHKY HHIEKca
HAaJIS)KHOCTH WIIH BEPOSITHOCTH Oe30TKa3HOH paboTs! ast CLT anemMeHTa 1o KpUTEPHIO IIPOYHOCTH HOPMATBHBIX
ceueHnil. [Ipu 3a1TaHHOM 1LIEIEBOM ypPOBHE HAAEKHOCTH MM 3HAYCHUHN PUCKA MOXKHO KOJIMYECTBEHHO BBIPA3UTH
YPOBEHb Ha/IS)KHOCTH TIPOEKTHOTO PEIICHHsI KOHCTPYKIIUH U3 IEPEKPECTHO-KIEEHON IPEBECHHBI.

KitioueBble clioBa: riepekpectHo-KiIeeHas apesecuna, CLT, HHICKC HATEKHOCTH,
BEPOSITHOCTHOE MIPOEKTUPOBAHKE, BEPOSTHOCTh 0TKA3a, H3rM0AaEMBIi DJIEMEHT, aHAIM3 PUCKA

INTRODUCTION

Cross-laminated timber (CLT), an engineered
wood product that was originally developed in
Europe in the 1990s, has been gaining
worldwide popularity in helping to define a
new class of timber products known as
massive or “mass” timber. By GOST 56706-
2022, cross-laminated timer is a massive
wooden slab, manufactured in a factory
manner and consisting of at least three
orthogonally glued layers of solid or fused

Volume 20, Issue 2, 2024

boards along a toothed joint and intended for
use as a load-bearing and enclosing structural
element. Besides gluing, nails, screws, or
wooden dowels can be used to attach the
layers. Innovative CLT products such as
Interlocking Cross-Laminated Timber (ICLT)
are in the process of development. As noted in
Canadian CLT Handbook [1], “CLT is one of
several mass timber products considered to be
the “game changer” in this endeavor and the
catalyst to enable other wood products to be
used in those applications”. Regarding the
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ongoing global activities, CLT production
volume is expected to significantly increase
over the next decade [2].

Since CLT 1is a relatively new structural
material, at the moment there is not a large
amount of statistical data on failures of CLT
structural elements during construction or
maintenance. The design of CLT elements is
based on the semi-probabilistic methods (limit
state design or partial safety factor method).
Eurocode 0 “Basis of structural design” divides
the structural design methods into three levels:
Semi-probabilistic methods (Level I), First-
Order Reliability Methods (FORM) (Level 1)
and Full probabilistic methods (Level III). It is
noted, that full probabilistic methods (Level III)
give in principle correct answers to the
reliability problem. Thus, the research and
development of probabilistic methods for
designing CLT elements is an urgent task aimed
at developing the design theory of such
structures.

There are some researches of probabilistic
problems in cross laminated timer elements
behavior. The article [3] presents the stochastic-
mechanical multivariate model approach was
established describing the load—displacement
behavior of self-tapping screws. In the research
[4] noted that “the present work should have
shown the capability of the employed
probabilistic methods to efficiently predict the
variability of glued laminated timber. In future,
probabilistic  simulations will help in
accomplishing more efficient timber structures,
starting at the grading of wooden boards and
development of timber products to engineering
design of complex timber structures”. A
probabilistic approach is used in [5] for analyze
the mechanical properties of three types of CLT
connections.

The article [6] presents use of probabilistic
methods for determination of stiffness and
strength parameters of the CLT panels based on
test data. Authors of the fundamental research
of glued laminated timber beams stochastic
behavior [7] notes “Due to the natural growth
process of trees, wooden boards show a high

100

amount of random fluctuation in their
mechanical properties. Currently, in engineering
practice, a homogeneous material behavior is

assumed  within  wooden  boards and
uncertainties in loading and load-bearing
capacity are considered through design

procedures based on partial safety factors. These
partial safety factors are not directly linked to
the individual mechanical behavior of the
considered structural system/element. Thus, a
stochastic framework opening up the possibility
to establish such links, by combining structural
analysis tools with probabilistic descriptions of
wooden boards, could be an important step in
timber design, also to improve the
competitiveness of wood against other building
materials”.

This paper considers the problem of
probabilistic design of flexural CLT structural
elements by the normal cross-section strength
criterion on a target reliability level.

MATERIALS AND METHODS

According to Canadian CLT Handbook (2019)
[1], the limit state condition for normal sections
of flexural CLT structural elements can be
written as:

O MR By g
= < ‘s
(El)eﬁ’ !

where M is a bending moment in the cross-
section; 4 is a thickness of the CLT panel;
E is an average elasticity modulus of the

cross-section; (E-7).; 1s effective bending

mean

stiffness of the panel for the major strength axis;
G, 1s bending strength or ultimate stress in the
cross-section.

The effective
determined as:

bending stiffness can be

3
n t; n 2
(E-1) oy =£Ei b, E+§1E byt -zi 5 (2)

International Journal for Computational Civil and Structural Engineering



Probabilistic Design of Flexural Cross-Laminated Timber Structural Elements

where b, is a width of the panel for the major

strength axis; E; is a modulus of elasticity of

laminations in the i-th layer; ¢; is a thickness of

laminations in the i-th layer; z; is a distance

between the center point of the i-th layer and the
neutral axis (Fig. 1).

7

—

DN s

Figure 1. Cross-section parameters for a CLT structural element

The resistance factor of CLT in bending ¢ = 0,9

the  strength  modification  factor
=0,85 as the partial safety factors are

and
Ko,y

neglected in (2) because probabilistic approach
will be used further. Some other safety factors
by National Building Codes are also neglected
in probabilistic models because it should be
taken into account in probability distribution
functions and parameters directly.

The dimensions of the geometric parameters are
assumed to be deterministic, because the
production technology of CLT panels allows
controlling woodworking process with high
precision.

The limit state function can be written as:

05-M-h-E

mean

3 <1,0)
- no_ no__
O-uir'by' ZEi'ﬁ""in'ti 'Zi2

i=1 i=l

g:

where are random variables denoted by the
wavy lines.

The Mechanically Jointed Beams Theory can
also be used of estimation of normal cross-
section’s bearing capacity. This method, also
named Gamma Method (y-method), was
developed in 1955 by Professor Karl Mdhler.
According to this method, the stiffness

Volume 20, Issue 2, 2024

properties of the mechanically jointed beams are
defined using the Effective Bending Stiffness
(E-D)es, which is dependent on the section
properties of the beams and the connection
efficiency factor y. The y factor depends on the
slip characteristics of the fasteners (also called
s/K ratio), being zero for no mechanical
connection between the beams and equaling
unity for rigidly connected beams.

M -E, { hl}
g=——"~= | +— =],
Cur (E-1) gy 2

where gy is the distance between the centroid of
the first lamina and the centroid of the panel
cross-section, and / is the thickness of the first

(outermost) lamina. As noted in [1], the y factor
may typically vary from 0.85 to 0.9.

The reliability index for CLT structural element
by the normal cross-section strength can be
expressed as:

- l-mg,
B - S 5
g
where m, is an expected value and S, is a

standard deviation for limit state function g.
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The failure probability of normal cross-sections
is presented as Py = Pr(g >1), or P = o(p) if

all random variables is described by the normal
distribution, where ®(.) is the value from the
standard normal table (z-value table).

Two groups of methods for probabilistic
reliability analysis can be distinguished:

- Analytical methods: FOSM (First Order
Second Moment); FORM (First Order
Reliability Method); SORM (Second Order
Reliability Method); TANA  (Two-point
Adaptive Nonlinear Approximation), etc.

- Numerical methods: Monte Carlo methods,
data sampling, discretization into Dempster-
Shafer structures, etc.

Analytical methods obtain an accurate
solution for the probability of non-failure of
structural elements, but have a number of
limitations: approximation of highly nonlinear
limit state functions leads to computational
errors; complexity of constructing models for
mechanical systems taking into account the
dependence of random variables; influence of
the type and form of the mathematical model
of the limit state (invariance problem); the
complexity of the combination of different
models of random variables — within the
framework of one practical task, fuzzy
variables, interval parameters, random sets,
etc. may be present simultaneously.

Numerical methods make it possible to
effectively model highly nonlinear
mathematical models of limit states and
analyze the reliability of complex systems,
but the accuracy of such approaches may be
low in cases of low probabilities of failure
[8]. Computational time costs should also be
taken into account when probabilistic
reliability analysis using numerical methods,
which can be quite high in the case of
complex systems.

The Monte Carlo method in [9] refers to the
methods of the level III (see above). It is also
noted that for tasks with a low probability of
failure, which is often found in engineering
and construction practice, a large number of
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random variable generations are needed to
achieve the required accuracy of the results.
The failure probability P, based on the Monte

Carlo simulations is defined as:

P, z%%][g(Xj)>l], @)

J=1

where [/ [] is an indicator function, which takes
value 1 if /[.] equal “true” and O if /[.] equal
“fall”; N is number of simulations.

The simulation of random variables according
to the basic probability distributions (normal,
uniform, etc.) can be performed, for example,
in the MathCAD software. However, often the
probability distribution function may differ
from well-known distributions or represent a
model of a partially nonparametric p-box [10].
In this case, N.V. Smirnov's inverse
transformation method can be used: N values
of a uniformly distributed random variable u;
are simulated ranging from [0; 1]. The values
of a random variable in the form are obtained
by the inverse transformation method

X; :F_l(ul-). For more information, see the
research [10].

RESULTS AND DISCUSSION

The CLT panel was tested in the laboratory of
structural researches in Vologda State
University.  The design scheme and the
general view of tested element are presented
at the Fig. 2.

The strain gauges were installed in the middle
of the span of the CLT-panel. The deflection
gauge (the clock-type indicator) was also
installed in the span middle. A test load was
created by reinforced concrete beams. The test
load was maintained until the strains and
deformations were stabilized.

The load-strain curve and the load-deflection are
presented at the Fig. 3 and Fig. 4.
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The design parameters of cross-section are
tl =0.04m, t2 =0.02 m, f3 :0.041'1'1, by =0.50

m, 7=0.10m, /=3.00m. If we consider the
codified design, the following values can be
taken El :E2 =F =10 GPa, OSun =21
MPa. Based on this values, the ultimate bending
moment by eq. (3)is M,,;, =34.7 kKN-m.

As can be seen from above, the linear function
can be adopted for the load-deflection and load-
strain relationships at the elastic stage of CLT-
panels behavior.

mean

a) b)

The variation coefficient of elasticity modulus
for coniferous wood is about to 15-20 percent
[11].

Ten control samples of wood were taken from
every layer of CLT panel for standard tests.

The empirical distribution functions F:'7 (E)
and the estimated cumulative distribution
functions Fj (E) are presented on the Fig. 5 for

upper and lower layers of the CLT panel.

0.9

Fgf(E) 0.8

I
0.7)

emp
FEm» (E) 0.6
1 0.5
Fy (B)
i 0.4

0.7 0.8 0.9

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
E. Pa-10'°

Figure 5. Statistical tests for elasticity modulus of the CLT panel’s upper and lower layers: a) Test
of a control sample; b) Cumulative density functions for elasticity modulus

As can be seen from Fig. 5(b), the random
variable models for the elasticity modulus of
upper and lower layers of the CLT panel are
quite different. The coefficient of variation is
higher and the expected value is lower for upper
layer. The graphs in Fig. 5 also reflect the fact
that the lower and upper layers of the CLT panel
can be made of different timber, which can lead
to a shift of the neutral axis and a redistribution
of stresses. As a rule, the variability of this
value is small and can be ignored at the first
analytical stage of calculation. Probabilistic
design can take into account such aspects. It will
be taken into account in numerical calculations.

Normal distribution is adopted for the elasticity
modulus of upper and lower layers. Following
parameters are taken: mpg,, =11.53GPa,
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Sg.p =1.63GPa,
Sk down =1.31GPa.

Ten control samples were also tested on
bending. By the same way, following sample
parameters were obtained: m; ,;, =38.93MPa,

S =4.85MPa.

c,ult

It should be noted that for more accurate
modeling of random variables by a small
sample, it is necessary to use alternative models,
for example, such as p-boxes [10]. However, to
demonstrate the method, the hypothesis is used
that the sample parameters estimates correspond
to the parameters of the population.

Next, 100’000 values of random variables are
generated in PTC MathCAD by the above
statistical data. The number of failures is

Mg down = 12.37 GPa,
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calculated on given value of the bending moment
for tested CLT panel. Substituting the bending
moment values according to Table 1 into the g
function (3) for each of the 100,000 cases, it is
possible to obtain the number of failed CLT
panels for the total number of generations and to
estimate the failure probability Pr and the
corresponding reliability index f3.

The relationship between reliability (probability
of non-failure Ps= 1 — Py) and bending moment
is presented on Fig. 6.

1.000000

0.990000

0.980000

0.870000

0.960000

0.830000

0.940000

0.830000
30.00 32.00 34.00 36.00 3800

Table 1. Reliability of the tested CLT panel

Bending Reliability Failure
moment M, index B probability Py

kN-m
30.00 5.00 0.00004
35.00 3.40 0.00033
40.00 2.74 0.00312
45.00 2.12 0.01709
50.00 1.53 0.06253

40.00 4200 4400 46.00 48.00 50.00

M, KN-m

Figure 6. Relationship between reliability and test load on the CLT panel

To obtain a more accurate solution, it becomes
necessary to take into account the
inhomogeneities of each individual board in each
layer of the CLT element. The solution of such
problems is the domain of numerical solutions,
for example, the finite element method [12-15].
The task is to build a model in a FEM program,
and then simulate inhomogeneities by generating
initial data (elasticity modulus, timber strength,
etc.) using the Monte Carlo method. Reliability
will also be determined by the ratio of the
number of non-failure FEM models to the total
number of initial data generations. However, as a
rule, the use of such algorithms is associated with
high costs of time and computing power.

CONCLUSIONS

Cross-laminated timber (CLT) is an innovative
timber product that was introduced in the early
1990s in Austria and Germany and has been
gaining popularity in many civil applications. The

Volume 20, Issue 2, 2024

article presents a probabilistic approach to
estimate the reliability level (reliability index or
failure probability) of a CLT element in bending
according to the strength criterion of normal cross-
sections. The elasticity modulus and bending
strength of wood have a high coefficient of
variation (up to 20-25%), which is important to
model in CLT elements, since they consist of
many sub-elements (glued boards). The Monte
Carlo method based on wood test data can be used
in both analytical and numerical methods for
structural design of CLT elements to further
assess their reliability in probabilistic terms. P-
boxes as random variables models can be used in
case of limited statistical data.
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THE EFFECT OF MONTMORILLONITE ON THE
RHEOLOGICAL AND PHYSICO-MECHANICAL PROPERTIES
OF A THERMOSETTING POLYMER COMPOSITE

Pavel V. Monastyrev !, Tatiana F. Elchishcheva !, Maxim V. Makarchuk ',
Viadimir T. Erofeyev %, Vladimir I. Rimshin ?, Irina V. Erofeeva *

! Tambov state technical University, Tambov, RUSSIA
2 NRU Moscow State University of Civil Engineering (National Research University), Moscow, RUSSIA

Abstract: The study investigates a thermosetting polymer filled with montmorillonite. Montmorillonite is a
naturally occurring layered mineral with particle sizes ranging from 8 to 12 um. The thermosetting polymer was
DER-330 epoxy resin and FCH-S hardener. Rheological and physical-mechanical studies of the properties of
epoxy resin modified with montmorillonite were carried out. Viscosity versus shear rate is shown for uncured
pure epoxy resin and resin modified with montmorillonite particles at room temperature. At low shear rates, a
significant effect of montmorillonite on the properties of the composite is observed. The low shear rate further
allowed epoxy molecules to leak between the layers of montmorillonite platelets, causing swelling and
increasing the distance between them. As the shear rate increased from 8§ to 20 s-1, the percolation time of
montmorillonite decreased, which affected the decrease in viscosity. When the shear rate increases above 20 s-1,
no significant changes in viscosity occur; for both samples a monotonic line is observed on the graph. The
addition of montmorillonite to epoxy resin changes the chemical composition of the composite, which leads to
changes in rheological and physical-mechanical properties. The addition of montmorillonite retards gelation,
which can affect processability, cure time, and final properties of the composite. Morphological studies were
carried out to determine the degree of dispersion of montmorillonite particles in the polymer composite using a
transmission electron microscope. The uneven distribution of montmorillonite particles predominated in all
samples. Apparently this is due to the curing conditions of the polymer composite and insufficient dispersion
time. Physical and mechanical studies were carried out on samples made of a composite with montmorillonite in
comparison with samples from pure epoxy resin. The flexural strength of samples made from the resulting
composite is comparable to the strength of samples made from pure epoxy resin. In turn, the viscosity increased
by 170%.

Keywords: polymer materials, epoxy composite, montmorillonite, polymer fillers, thermosetting resins

BJAUAHUE MOHTMOPUJIVIOHUTA HA PEOJIOTUYECKHUE
U ®U3UKO-MEXAHUYECKHUE CBOMCTBA
TEPMOPEAKTUBHOI'O ITIOJIMMEPHOI'O KOMIIO3UTA

I1.B. Monacmuipes ', T.®. Envuuwesa 'y, M.B. Maxapuyk ',
B.T. Epogpees ?, B.U. Pumuiun >, H.B. Epogpeesa ’

! TamGoBCKuUit roCy1apCTBEHHBIN TEXHUUECKUH yHUBEpcuTeT, T. Tam6os, POCCHUI
2 HNY MoCKOBCKHII TOCYIapCTBEHHBII HHKEHEPHO-CTPOUTENBHBIN yHuBepcuTeT (HalMOHaIBHBINA NCCIIEN0BATENLCKUIH
yHHBepcHTeT), T. MockBa, POCCUA

AnHoTtanusi: B manHO#I paboTe OBIIM MPOBEACHBI UCCICIOBAHNS TEPMOPAKTHBHOTO ITOJIMMEpa, HATTOTHEHHOTO
MOHTMOPHWIOHUTOM. MOHTMOPHIIIOHHUT TIPEACTABIACT COOON BCTPEUAOIIUIACS B MIPUPOJIEC CIOUCTHI MUHEpAIL,
pasMep dYacTWI[ KOTOPOTO cocTaBiasieT OoT 8§ mo 12 MkM. B kadecTBe TepMOpPEaKTHBHOTO TOJIHMMEpa
ucnonp3oBaiack smokcuanas cmoia DER-330 u orBepautens FCH-S. IlpoBenens! peosorndeckne U QU3MKO-
MEXaHUYECKUE HCCIIEIOBAHMS CBOMCTB OMOKCHUIHOW CMOJbBI, MOJU(PUIMPOBAHHOW MOHTMOPUIIOHHTOM.
Iloka3ana 3aBUCMMOCTb BSI3KOCTH OT CKOPOCTH CABMIa JUlsl HEOTBEP)KIEHHOW YUCTOM SMOKCUIHON CMOJBI U
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Pavel V. Monastyrev, Tatiana F. Elchishcheva, Maxim V. Makarchuk,
Vladimir T. Erofeyev, Vladimir I. Rimshin, Irina V. Erofeeva

CMOJIBI, MOJU(UIMPOBAHHOW YaCTHLAMM MOHTMOPWJUIOHHMTa TIpM KOMHATHOH Temmeparype. Ilpu HH3KOi
CKOPOCTH CJ[BHra HaOJIIOAaeTcs 3HAYMTENIbHOE BJIMSHHE MOHTMOPWIJIOHMTA Ha CBOWMCTBA Kommosuta. Huskas
CKOpPOCTb CIBUTa IIONOJHHUTENBHO T03BOJIMIA MOJIEKYJIaM SIOKCHIHOM CMOJBI IPOCAYMBATHCSA MEXKIY CIOAMHU
TUIACTUHOK MOHTMOPHWJUIOHWTA, BBI3bIBAas HaOyXaHWE W yBEIWYEHHE PACCTOSIHUS Mexay HuMH. llo mepe
yBEJIMYEHUS CKOPOCTH casura ¢ § a0 20 ¢! Bpems NepKONANMM MOHTMOPHMIUIOHMTA YMEHBIIAIOCh, UTO
TOBJIMAJIO Ha YMEHBIIEHUE BA3KOCTH. [IpH yBeJIMYEHHE CKOPOCTH CABUIa Bbiule 3HaueHns 20 ¢! kakux-nmu6o
3HAYMMBIX M3MEHECHUH BA3KOCTH HE NMPOMCXOANT, Al 00omx oOpasiax HaOmogaercs Ha rpaduke MOHOTOHHAS
muaust. JloOaBieHne MOHTMOPHWIIZIOHUTA B STIOKCHIHYIO CMOJY M3MEHSET XUMHUYECKHH COCTaB KOMIIO3HTA, YTO
MIPUBOJUT K M3MEHEHUSIM PEOJIOTHYECKNX U (PU3UKO-MEXaHHMUECKHX CBOMCTB. J00OaBiIeHNEe MOHTMOPWIIIIOHUTA
3aMeUIAeT Tresieo0pa3oBaHKe, YTO MOXKET BIHMATh HA TEXHOJIOTHYHOCTb, BPEMsI OTBEPKACHHS U KOHEYHBIC
CBOHCTBAa KOMIIO3MTAa. bbIIM TpoBeneHbl MOP(OIOrHYecKne HUCCICNOBAaHMS JUI ONPENCIICHUS CTENeHH
JUCIEPCHOCTH 4aCTULl MOHTMOPWIJIOHUTA B IIOJIMMEPHOM KOMIIO3UTE C MCIIOJb30BAaHUEM IIPOCBEUMBAIOLLEIO
3JIEKTPOHHOT0 MUKpocKoma. HepaBHOMepHOE pacipesesieHue YacTHI] MOHTMOPHUIOHHUTA NIPeo0iIaaio BO BCEX
obpasuax. [lo-BUAMMOMY 93TO CBS3aHO C YCIOBHMSMH OTBEpPXKACHHS IOJIMMEPHOTO KOMIIO3UTA |
HEI0CTaTOYHOCTH BPEMEHH JWCIIeprupoBaHus. [IpoBoaINCh (GU3MKO-MEXaHMYECKHE HCCIIEIOBaHMs 00pas3LoB
13 KOMITO3UTa C MOHTMOPWIJIOHUTOM B CPaBHEHUH C 00pa3laMy M3 YHCTON AIOKCHAHOW cMoutbl. [IpouHOCTh Ha
n3rud 00pasIoB M3 MOJYYEHHOTO KOMITO3HMTAa COINOCTABHMa C IPOYHOCTHIO OOpa3IoB W3 YHCTOW ATOKCHIHOM
cMoJbl. B cBoro ouepens BA3KOCTh yBenuunnack Ha 170%.

KaroueBble ciioBa: MOJIMMEPHBIC MATCPHUAJIbI, 3HOKCI/I,I[HBII>'I KOMIIO3UT, MOHTMOPUWJIJIOHUT,
HaMOJHUTEIN JJIA MTOJIUMEPOB, TEPMOPECAKTUBHBIE CMOJIBI

1. INTRODUCTION

Thermosetting polymers are widely used in
the construction industry as repair compounds
for cracks (defects), anti-corrosion protection
of building structures, and in decorative and
finishing works. Depending on the conditions
of use of thermosetting polymers, it is
necessary to use various structural and
functional fillers to obtain the necessary
physical, = mechanical and rheological
properties. To improve the mechanical and
thermal properties of the composite, small
amounts of montmorillonite are introduced
into its composition [1-3]. Montmorillonite
has a unique morphology in the form of flakes
with a thickness of about 1 nm with linear
surface dimensions of 50-150 nm, which
provides good barrier properties to moisture
and volatile substances [4]. Studies [5] have
shown that montmorillonite accelerates the
rate of chemical reaction of the polymer
composite. The interaction of montmorillonite
particles with epoxy resin molecules affects
the viscosity and mobility of the reacting
particles during the curing process, which
changes the curing rate, reaction time,
enthalpy, glass transition, activation energy,
viscoelastic properties and cross-linking
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density of the final composite [5, 6]. In
addition, it was shown in [7, 8] that the type
and amount of fillers and organic modifiers,
as well as their interaction with the polymer
base and their hardeners, affect the properties
of the resulting composites.

The fillers introduced into its composition have
a significant impact on the curing parameters of
a polymer composite. Therefore, the
manufacturer's recommended instructions for
the use of thermosetting polymers and hardeners
are not suitable for correct use. It is necessary to
take into account the influence of fillers on the
kinetic parameters of curing (activation energy)
of polymer composites.

Gelation is of decisive importance in a
thermosetting reaction. The use of a liquid
polymer composite beyond the gelation point
becomes virtually impossible due to the onset
of crosslinking coupled with the rapid

increase in viscosity. Therefore,
understanding the influence of
montmorillonite ~ morphology on the

rheological properties of thermoset polymer
composites is critical, since it is directly
related to the consistency of fluidity during
use and the effect on the physical and
mechanical properties of the thermoset
polymer composite product.
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2. MATERIALS AND METHODS

The following materials were used for the study:
epoxy resin DER-330 (diglycidyl ether of
bisphenol A, DGEBA); slow hardener FCH-S,
manufactured by The Dow Chemical Company
(Germany); montmorillonite Garamite 7305
(BYK, Germany). The montmorillonite used is
a naturally occurring layered mineral with a
chemical composition of
Ao03(Al13Mgo7)[Si4]010(OH)2H20,

where "A" is the exchange cation, K *, Na " or
0.5Ca ?*. The chemical structure is shown in
Figure 1. The particle size distribution of
montmorillonite clusters ranged from 8 to 12
microns. This section specifies and describes in
detail the chosen research method. The
description should be in such a way that a
qualified reader can reproduce it as a whole.

e = ——”
\eX L/ \

= Tetrahedral
—L

\ — Octahedral

Manomer .28E-quaternary trimethyl
Stearylunmoniurn 4 Tetrahedral
Cloisite 10A-quaternary benzyl
Hydrogenated tallow ammonium
Cloisite 30B-quaternary
Dimethyl dihydrogenated tallow  *

ammonium

OALFeMgli @0

@ OH © Li, Na, Rb, Cs

Figure 1. Chemical structure of montmorillonite

9]

The components were mixed using a magnetic
stirrer MSH-300 (Biosan, Latvia). All
formulations contained 10.0 g of resin and 3.3 g
of hardener. A hardener and montmorillonite
were alternately added to the working epoxy
mixer. The mixing time of each component was
2 minutes, which made it possible to obtain a
homogeneous mixture.

Morphological studies were carried out using an
EMV-100A electron microscope (JSC SELMI,
Ukraine).
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The rheological properties of the formulations
were measured under normal environmental
conditions using a REOTEST RV2.1 rotary
viscometer (VEB MLW, Germany) with a
cylinder—cylinder working unit in the
concentration range of 0.5 — 20.0%. The shear
rate range was 0.3-1312 s,

Samples for physico-mechanical studies were
carried out with dimensions of 61x12x3.2 mm.
The obtained samples were hardened in two
stages at two temperature conditions — first at
100 °C for 24 hours, and then at 220 °C for 2
hours in a drying cabinet SHSU-MI
(manufactured by NPO  Laborkomplekt,
Russia).

Before taking measurements, the samples were
purified with acetone. Three samples were
tested for each composition. Bending tests were
performed at room temperature on a universal
testing machine TC 101-5-1-U (TEST SYSTEM
production, Russia). In accordance with GOST
R 56810-2015 "Polymer composites. Bending
test method for flat samples" the dimensions of
the sample span are regulated depending on its
thickness. With a thickness greater than 1,6 mm,
the span between the supports should be 16
times the thickness of the sample (tolerance + 1
time). Therefore, during the bending test, the
span between the supports was 51 mm, and the
slider speed was 1.3 mm/min.

3. RESULTS AND DISCUSSION

The change in the rheological and
physicomechanical properties of a thermosetting
polymer composite using montmorillonite
directly depends on the degree of dispersion, the
uniform distribution of montmorillonite in the
volume of the composite. Improving the
properties of the composite also depends on the
chemical reaction of the epoxy resin molecules
occurring on the large surface area of the
montmorillonite particles.

The greatest change in the rheological and
physicomechanical properties of a thermosetting
polymer composite and the effectiveness of
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using montmorillonite particles will be achieved
with a uniform distribution of the latter in the
volume of the polymer composite with the
largest surface area of montmorillonite particles
participating in a chemical reaction with epoxy
resin molecules.

Morphological studies were carried out to

determine the degree of dispersion of
montmorillonite particles in the polymer
composite using a transmission electron

microscope. The distribution of montmorillonite
particles in the polymer composite is shown in
Figure 2.

Figure 2. Polymer composite with
montmorillonite particles

The uneven distribution of montmorillonite
particles predominated in all samples.
Apparently, this is due to the curing conditions
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of the polymer composite and insufficient
dispersion time.

Experimental viscosity versus shear rate curves
for uncured pure epoxy resin and resin modified
with  montmorillonite particles at room
temperature are shown in Figure 3.

5
©4
[
-
£3
w
=
o
=
-2

1

0

0 5 10 15 20 25
Shear rate 1/s

—8— Epoxy resin with
montmorillonite

—@— Epoxy resin

Figure 3. Dependence of viscosity on shear rate

At low shear rates, the effect of montmorillonite
on the properties of the composite is very
noticeable. The interaction ~ of  the
montmorillonite particles with the epoxy resin
significantly influenced the initial viscosity
response to the applied shear stress. These
interactions, combined with interactions
between montmorillonite particles within the
epoxy resin in response to applied stress,
resulted in higher viscosity values at low shear
rates (0-5 s'). The low shear rate further
allowed epoxy molecules to leak between the
layers of montmorillonite platelets, causing
swelling and increasing the distance between
them. As the shear rate increased from 8 to
20 s’!, the percolation time of montmorillonite
decreased, which affected the decrease in
viscosity. When the shear rate increases above
20 s!, no significant changes in viscosity occur;
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a monotonic line is observed in both samples.
This behavior may have been due to insufficient
time for the epoxy molecules to move further
into the montmorillonite layers to form a
mesoscopic mixture in response to increasing
shear rates. Identical rheological properties at
different viscosities demonstrate the dependence
of viscosity on “particle—particle” and “particle—
host interactions”, as studies have shown [5, 10—
14]. In general, the viscosity of the
montmorillonite sample showed higher values
throughout the study compared to pure epoxy
resin.  This  indicates an  anisotropic
microstructural behavior in which epoxy
molecules move into the interlayer space of the
montmorillonite flakes and cause them to swell.
It can be assumed that with an increase in the
dispersion time of the composite, the epoxy
resin molecules will penetrate more deeply
between the montmorillonite flakes, with its
subsequent swelling, affecting the viscosity and
final properties of the composite. By the end of
the study, the viscosity of the composite,
compared to pure epoxy resin, increased by
170%. Montmorillonite significantly affects the
viscosity of the base polymer, which can affect
processability and cure, leading to changes in
rheological and physical-mechanical properties
[15-18].

The flexural test results for epoxy resin and
epoxy-montmorillonite composite specimens
are shown in Table 1. The cast pure epoxy resin
has a flexural modulus of 2.8 GPa and a flexural
strength of 83.0 MPa.

The composite containing 2 wt%
montmorillonite showed a flexural modulus of
4.7 GPa and a flexural strength of 82.0 MPa.
The elastic modulus of the composite increased
by 25% compared to pure epoxy resin. The
flexural strength of a composite with
montmorillonite compared to pure epoxy resin
is  not significantly  different.  Thus,
montmorillonite significantly affects the elastic
modulus of the composite, which can have a
significant impact on its technological and
operational properties [19, 20].
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Table 1. The modulus of elasticity and bending
strength of cast and layered samples

Name of material Elastic Flexural
modulus, | strength,
GPa MPa
Epoxy resin 2.8 83.0
Epoxy resin with 3.5 81.0
montmorillonite
4. CONCLUSION
The work investigated the influence of

montmorillonite on the rheological and
physical-mechanical properties of composites of
two compositions - two-component (from epoxy
resin and hardener) and three-component (from
epoxy resin, hardener and montmorillonite).

The scaly, branched surface of montmorillonite
has a significant influence on the gelation and
curing time of the composite. More research is
needed on composites with  different
percentages of montmorillonite to obtain
predictable properties of the final composites.
The results of the study showed that
montmorillonite increases the viscosity of the
composite by 170%, which affects its
technological, rheological and physical-
mechanical properties. The elastic modulus of
the composite increased by 25% compared to
pure epoxy resin. Montmorillonite significantly
affects the elastic modulus of the composite,
which can change its technological and
operational properties. The flexural strength of a
composite with montmorillonite compared to
pure epoxy resin does not differ significantly.
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CONCRETE DELAYED FAILURE TIME

Vu Ngoc Tuyen, Fedorova Nataliya Vitalyevna

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

Abstract: At a single action on a concrete and reinforced concrete structure short-term dynamic load, the value
of which may exceed the value of the static load-bearing capacity of the structure, it was observed that failure
will occur not immediately, but after a certain time (delayed failure time #;). If the dynamic load action is
stopped before the moment 7, the structure will not collapse. Therefore, the accurate determination of the de-
layed failure time of concrete is an important and relevant problem. To solve this problem, the paper presents a
visco-elastic-plastic model to describe the stress-strain state of concrete under dynamic loading. This model con-
sists of 2 elements: a nonlinear spring A and a piston B connected in parallel. Element A describes the nonlinear
elastic-plastic properties of concrete, and element B takes into account the high-strain-rate effect of concrete.
Under the action of sudden dynamic loads with an intensity greater than the static bearing capacity of the con-
crete, piston B helps to inhibit the development of deformations initiated in element A. Based on the proposed
model, the delayed failure time is defined by the time interval required for the deformation of concrete to reach
its ultimate value. The main factors affecting the deformation and failure of concrete such as concrete compres-
sive strength, overload level, and viscosity are also investigated. Specifically, as follows: The higher the static
compressive strength of concrete, the lower the delayed failure time. When a dynamic force of greater intensity
is applied compared to the bearing capacity of the concrete, the faster the specimen will destroy. In addition, the
viscosity coefficient significantly reduces the strain rate of concrete and the corresponding delayed failure time
increases as the viscosity increases.

Keywords: Dynamic increase factor, delayed failure time, visco-elastic-plastic model, concrete,
strain rate effect, viscosity, Kelvin—Voigt model

BPEMA 3AIEPKKHU PASPYIIEHUA BETOHA

By Hzok Tyen, H.B. ®@eooposa

HannonanbHblil necnenoBaTesibckuil MOCKOBCKHI ITOCYIapCTBEHHBIN CTPOUTEbHBIN YHUBEPCUTET, I'. MOCKBa,
POCCHUA

Annoranusi: [Tpyn opHOKpaTHOM JieiicTBMM Ha OETOHHOE M HKElIe300€TOHHOE COOPY)KEHHE KPaTKOBPEMEHHOI
JMHAMUYECKOW HAarpy3Ku aBapUHOIO THUIIA, BEJIMYMHA KOTOPOW MOXKET IIPEBBIIATH BEJIMYMHY CTAaTUYECKON He-
Cyliedl CrocOOHOCTH KOHCTPYKIMH HaOJIIOAAIoCh YTO pa3pylICHHE IMPOM30MIET HE cpa3y, a MO HCTCYECHHH
OIIPEJICTICHHOTO BPEMEHH (BpeMsl 3aIep’KKU pa3pylIeHus /;). Ecin neficTBre MTMHAMUUECKON Harpy3KH HpeKpa-
TUTH 10 MOMEHTA #4, TO KOHCTPYKILUS He pa3pymurcs. [loaToMy TOUHOrO onpeneneHnue BpeMeHH 3a1epKKU pas-
pyumieHusT OSTOHA SIBIIICTCS BaKHOW W aKTyalbHOHW mpoOmeMoii. s pelmeHus AaHHOW MpOOJIEeMBI, B CTAaThe
TIpeICTaBIICHA BSI3KO-YIIPYTO-TIaCTHYECKAast MOJIEIb, TO3BOJISIONIAs OIMCHIBATH HANIPSKEHHO-1e()OPMUPOBAHHOE
COCTOsIHHME O€TOHaA IMPU AMHAMUYECKOM Harpy>KeHHH. DTa MOJIENb COCTOUT U3 2-X 3JIEMEHTOB: HEJIMHEHHas Mpy-
KUHA A ¥ TIOpIIeHb B, COeMHEHHBIX MEXay cO00H mapaiiensHO. DIEMEeHT A ONHCHIBACT HETHMHEHHBIC YIpY-
TOITACTHYECKHE CBOWCTBA OETOHA, a JIeMEHT B yuHThIBaeT BIMSHHE CKOPOCTHOrO Ne(OpMHUPOBaHUS OEeTOHA.
Ion meficTBuEM BHE3AIHBIX AMHAMUYECKHX HArpy30K ¢ MHTEHCHBHOCTHIO OOJBIIEH, YeM CTaTHUYECKas HECyIast
CIIOCOOHOCTh OETOHA BSI3KMil 2JIEMEHT B crocoOCTBYeT TOPMOKEHHUIO pa3BUTHs AeOopMaliii, HHUIIMAPYEMBIX B
anemenTe A. Ha ocHoBe mpeanaraeMoil MOJENIH BpeMsl 3aA€PKKH pa3pyLICHUs ONPEeseTcs OTPEe3KOM BpeMe-
HU, HEOOXOMMBIM JUIsl TOTO, YTOOBI JedopMaliysi OeTOHA JOCTUIIIA CBOETO MPEAEIbHOr0 3HaYeHus. Taroke 1o-
Ka3zaHbl OCHOBHBIE (DaKTOPBI, BAMsIONINE Ha Ae()OPMAIHMIO U pa3pylleHne OeToHa, Takue Kak OeToHa o MPOYHO-
CTH Ha C)KaTHe, ypOBEHb NepeHarpyxeHus 1 Kodp UIMEHT BA3KOrO CONMPOTHBIICHUS.

Katouessie cioBa: KoadunmeHnt auHaMnieckoro ynpodHeH!s, BpeMs 33I€PKKH pa3pyIIeHHs,

BSI3KO-YTIPYTO-TIACTHYIECKast MOJIENb, OETOH, CKOPOCTH Ae(pOpMUPOBAHHS, MOIYIh BSI3KOTO COMPOTHBIICHHS,
moxaenb KensBuna-doiirra
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1. INTRODUCTION

In practical structural calculations, an important
independent variable, time, is excluded from
concrete deformation models. Such models ade-
quately describe the inelastic behavior of a ma-
terial only in the case of loading with low
speeds, when the effect of strain lag can be ne-
glected (quasi-static loading regime). Under
high-speed loading, the deformation and frac-
ture patterns of concrete specimens are very dif-
ferent from those under static loading . A large
number of experimental studies have been de-
voted to the study of dynamic mechanical char-
acteristics of concrete, conducted mainly under
uniaxial loading [1-3]. Based on experimental
results in uniaxial compression as well as in ten-
sion it was shown that with increasing strain
rate there is an increase in concrete strength and
modulus of elasticity [4] [5] [6]. In addition, the
strain rate effect on the increase of concrete
strength becomes significant when the strain
rate is higher than a certain value, which is es-
timated differently in different scientific publi-
cations [7-9].

It has also been shown that the dynamic strength
of concrete depends on the properties of the ma-
terials used, the characteristics of the concrete
structure, and the moisture content [10—12]. The
inhomogeneity of concrete microstructure and
the presence of initial defects (especially large
defects) affect the reduction of the dynamic
strength of concrete to a greater extent than the
static strength [13—15]. The dynamic strength of
concrete increases when saturated with water
[16,17].

One of the main criteria determining the behav-
ior of concrete under dynamic loading is the dy-
namic increase factor (¢, ), i.e. the ratio of the

strength of concrete under dynamic loading o,
to its static strength R, . To obtain the average

dependence of the dynamic increase factor for
concrete in compression and tension on the du-
ration of increasing load intensity (7 ) Y.M. Ba-
zhenov tested 500 specimens of various con-
cretes [1]. During this time, the load intensity is
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gradually increased from O to the maximum
value o, .

The obtained empirical dependences of the dy-
namic increase factor by Y.M. Bazhenov for
heavy concrete are presented in the form of:

In compression:

0, =1.58-0.351g7+0.07(Ilgz)’ (1)
In tension:
9, =142-0.151g7z+0.01(lgz)’ (1)

where the duration of increasing load intensity
is expressed in milliseconds and is limited in the
interval 1-2000 msec.

These results show that as the loading time de-
creases, 1.¢. as the strain rate increases, concrete
hardening occurs. All these facts suggest that
the basic physical law linking stresses to strains
must contain time.

Further in [18] Y.M. Bazhenov, V.S. Udaltsov
tested concrete specimens under sudden applica-
tion of a constant load, the value of which is
greater than the static compressive strength
(o, =const > R,). It has been found that failure

will not occur immediately, but after a certain
amount of time, and this will no longer require
an increase in load. That is, a lag of defor-
mations is observed. In scientific publications,
the value of ¢, is referred to as the delayed fail-

ure time (i.e., the time interval from the begin-
ning of the loading moment until the element
fails). The value of ¢, depends mainly on the

overload level, i.e., on ¢, =0, /R, , and can be

determined by the empirical formula applied by
V.S. Udaltsov [18]:

lgt, =7.55-4.88¢, 3)
where ¢, is expressed in milliseconds.

If the load action is stopped before the moment
¢, that the strain in the concrete does not have

time to reach its ultimate value, the concrete
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will not fail. It should be noted that the values of
t, and 7 are not identical due to different load-
ing regimes in studies [1] and [18].

Similar conclusions are made in the work of
V.A. Rakhmanov [19]. In addition, V.A. Rakh-
manov also observed that the lag of transverse
deformation is much larger than that of longitu-
dinal deformation.

In recent years, numerous experiments have
been conducted on reinforced concrete frames
subjected to sudden column failure scenarios
[20,21]. When observing the deformation and
failure process of the frame under the slow-
motion camera, it is seen that after the removal
of the load-bearing column, progressive failure
in characteristic cross-sections occurs only after
a certain time interval 7, [22]. Therefore, the

determination of the concrete delayed failure
time is very important in calculations for the
progressive collapse of buildings and structures.
It should be emphasized that the studies con-
ducted by the above scientists are descriptive
and will not explain the nature of concrete be-
havior under high-speed loading.

In parallel with the experimental studies, many
theoretical studies on the establishment of ana-
lytical laws of deformation of concrete take into
account the influence of strain rate. The com-
plexity of this problem is because the concrete
in its structure is an inhomogeneous material,
which consists of cement stone forming a spatial
lattice, aggregate of crushed stone and sand, and
a large number of micropores and capillaries,
containing water, water vapor, and air. The sim-
ultaneous presence of solid, liquid, and gaseous
phases in concrete determines a complex picture
of concrete behavior under loading.

Speed deformation of concrete structure causes
the redistribution of liquid-gas phase in pores
and capillaries and disturbs internal equilibrium
between phases of the concrete. In this case, the
greater the rate of deformation, the stronger the
resistance of the liquid-gas medium. This ex-
plains the fact that the resistance of concrete in-
creases under rapidly increasing loads. Taking
into account all these factors inevitably leads to
cumbersome dependencies that are of little use
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as a basis for practical methods of calculation of
reinforced concrete and concrete structures.

To obtain sufficiently simple structure calcula-
tion formulas and dependencies between the
level of overloading of concrete (¢, =T/T,)

and the delayed failure time 74, G.A. Geniev
considered concrete as a two-phase medium
consisting of solid and liquid-gas phases [23].
This allows us to explain many processes occur-
ring in concrete, including the peculiarities of its
behavior under short-term loading. Taking that
the tangential stress intensity and shear strain
intensity of the solid phase (element A of the
model) are related by a nonlinear law

T,=2T,(1-I'/I',)I"/ T, and the stress state

of the liquid phase (viscous element B of the
model) depend on the strain rate and change ac-
cording to the law of ideally viscous fluid
T, =KdI'/dt, we obtained a model of elastic-

plastic-viscous body (K- viscosity). When stress
intensity 7' =7 ,+7, =const is applied to a
structural element, shear strain intensity devel-
ops and reaches its maximum value
I' =2T, /G, within a very small time interval

ta (delayed failure time). During this time inter-
val, the liquid phase contributes to the inhibition
of the development of deformations initiated in
the solid phase.

Based on the proposed model, A.G. Geniev es-
tablished a relationship between the delayed
failure time and the level of overloading of con-
crete ¢,

2arccot\|@p, -1
w =

t
‘ \/(Pd_l

It can be said that this model is the simplest and
most successful for explaining the dynamic
strength under the action of external dynamic
(impact) loads in a short time. On the other
hand, in the considered model, the ultimate de-
formation of concrete under uniaxial compres-
sion can be calculated by the formula
&, =2R, / E, . This value is approximately 1.75

(4)
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times less than the ultimate strain of concrete
specified in the current normative documents
(&,,=0.0035). Therefore, the delayed failure

time calculated from the ultimate strain
&, =2R,/ E,, will not be estimated accurately

and is many times less than the actual value.
The purpose of the present work is to eliminate
the above-mentioned shortcomings of A.G. Ge-
niev's model to describe the nonlinear dynamic
behavior of concrete under external (impact)
loads. By correcting the solid phase deformation
diagram, the delayed failure time of concrete is
more accurately specified.

2. METHODS

Consider a specimen of heavy concrete with ax-
ial uniaxial compressive strength R» and initial
modulus of elasticity E». For simplicity, we will
take only the case of the uniaxial stress state, in

o(t)=c>R,

% o (1)

a) Concrete specimen loading scheme

which it is easier to understand the essence of
the phenomenon. At the initial moment of time ¢
= 0, we suddenly apply a dynamic load with a
constant value ( P(¢) = P = const) to this speci-

men (see Fig. 1a). Thus, the uniaxial stress aris-
ing in the concrete specimen under the action of
an external dynamic force P can be determined
by the formula

P(1)

G(l):T:J:const ®))

where F is the cross-section area of the concrete
specimen

When the stress in concrete exceeds the value of
concrete compressive strength (o >R,) the

above experimental studies show that concrete
does not fail immediately at time 7 = 0, but de-
forms and then fails after a certain short period
(delayed failure time #) (see Fig. 1a).

Failure
‘ 0
\ |
| |
| \
| |
0 Lo t, t

b) graph of stress variation as a function of time

Figure 1. Concrete specimen loading scheme and graph of stress variation as a function of time

%O'(f):Cpr

AAAA
444444

1B

% (1)

Figure 2. Model describing the behavior of con-
crete under dynamic loading
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In this paper, we will determine the delayed
failure time td of concrete by analytical meth-
ods based on the model of G.A. Geniev. This
model includes two elements A and B con-
nected in parallel and under stress

O'(I) =0 > R, (see Fig. 2).

In this case, element A represents the nonlinear
behavior of concrete under static loading and is
depicted as a nonlinear spring (see Fig. 3). Un-
der axial compression, we accept a nonlinear
concrete deformation diagram according to the
formula:
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gA
E)| 1- e,;0<¢,<¢,
o,= 2¢,,

R ;6,<¢,5¢,

(6)

Where o, and ¢, - stress and relative strain of
element A, respectively; ¢,, =2R, / E, - relative

strain of element A at the point corresponding to
the maximum value of stress on the diagram o, -

£,; &,,- limiting relative strain of element A.

e
The stress-strain diagram of spring A is shown

graphically in Fig. 3.

oft) |
Ryl Failure

| |

| |

| |

| |

Eo—tm{z a I

. | |

Figure 3. Concrete deformation diagram under
uniaxial compression

Thus, according to Fig. 3, the concrete specimen
1s considered to be ruined under the action of
sudden constant stress when the deformation in
it reaches the value of ¢,,. According to the

Russian standard for the design of concrete and
reinforced concrete structures SP
63.13330.2012, this value is assumed to be
0.0035 for concrete of compressive strength
class B60 and below.

Element B describes the viscosity of concrete
and is represented as a piston as shown in Fig-
ure 2. The simplest law of deformation in time
of piston B is established for an ideal fluid in
which stresses are proportional to the strain rate

Op =K dt (7

where the value of K is the viscosity.
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According to the adopted model, the relative
deformation of element A and element B is
equal

E,=E3=¢

(2)

The total stress in element A and element B is
equal to the stress o (1) =0 > R, caused by the

external force:

o,+t0,=0

)

Let's consider two stages of concrete defor-
mation: when the relative deformation of con-
crete is less than and ¢,, =2R, /E, when it is
within the [&,,,&,,].

Stage 1: 0 <& <¢,,- By substituting Eq. (6) and
Eq. (7) into Eq. (9), we have

E, (I—LJE-FKEZO' (10)

2&,, dt

Eq. (10) is a first-order differential equation
with separating variables. Using basic transfor-
mations, Eq. (10) takes the following form

de dt
K (11)

EO

& -E¢c+o
2¢,,

To obtain the solution of the initial differential
equation, it is necessary to integrate both parts
of Eq. (11)

J' de
E
&’ ~Ec+o

2¢&,,

t
=—+C,

(12)

where C, - integration constant.

From Eq. (12) it is necessary to calculate the
integral
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de
ag* +bs+c

f(e)=] (13)

The solution of the integral (13) depends on the
sign of the discriminant

E
A=b’ —4016‘:(—E0)2—42820 o
E, o]
=(~E,) 2R, “Ei (4)
2570% b
EO

=E§(1_(/7d)

where ¢, =0 /R, - is called the level of con-

crete overload. According to the condition of
the problem o >R, it should be deduced that

@, >1 and corresponds to the value A<0. Thus,
the solution of the integral is written in the form

/(e)=]—

ag* +be+c s
2 arctan(ﬂ}rc ()
~ /A J-A :
or
2 £, e-E,
&
/(&) =—————arctan| —2——
E(f (¢7d _1) Eg (q)d _1)
(16)
.
Epo
+(C| = ——arctan| ——— |+ (|
E\o, -1 @, 1

Substituting Eq. (16) into Eq. (12) we obtain

£
o =L+C
1

Jo,-1| K

arctan

EO\/ (2

17)

Volume 20, Issue 2, 2024

To determine the value of the integration con-
stant C,, let us use the initial conditions of the

problem: At time t=0, the relative deformation
of the concrete specimen is 0 (&=0). Substitut-
ing them into Eq. (17) we find the value of

arctan (18)

2 -1
C=—_= -
l EyJp, -1 Vo, 1

Thus, the partial solution of Eq. (9) satistying
the initial conditions has the form

£
ﬁ arctan | 220 1
oNPu (0 (19)
t 2 -1
=—+ arctan

K EO\/§0d_1 @, 1

From Eq. (19), through some simple transfor-
mations, we obtain a formula representing the
value of the relative strain of concrete over time

E, (Dd_lt
2K

E -1
tg(ozﬁt]+‘/%—l

Ep0 " Pa 'tan(

E= ; (20)

It is easy to see that Eq. (20) describes the
change in the relative strain of concrete in the

range ¢ €[0,¢,,] with time 7. At time =0, the
concrete is not deformed. At time 7=t¢,,, the

concrete deformation reaches the wvalue
&, =2R, / E,. We find the value of #,, by sub-

stituting € = g, into Eq. (20). We have

2K 1
t,, = —F—4qarctan ——— 21
E\o, —1 VP 1 @)

Taking the derivative of both parts of Eq. (20),

we obtain the formula for the strain rate in time
in the interval 7 €[0,7,,]
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Ey&y00, ((/7d - 1)

E o, -1 E -1
K[Z o, -1 -sinlo?t}—i—((p‘, —2)cos(°?’t}+¢d}

Stage 2: ¢,, < & < g,,- then the stress of the non-
linear spring A has a constant value and is equal
to o, = R, . Substituting Eq. (6) and Eq. (7) into
Eq. (9), we have

de
R+K—=0 23
K 23)

From Eq. (23) we obtain the formula for deter-
mining the strain rate

24)

Solving the differential Eq. (24), we find an ex-
pression for the relative strain of concrete as a
function of time

o—R,
= t+C 25
Gy 25)
The integration constant C, is determined from
the initial condition as follows: at time 7 =7, the

relative strain of concrete reaches the value
&E=¢,,. We have

o—-R,

Epo~ ty + G, (26)
or
oc—R 27
G, :51)0'Tbtb0 @7

Substituting the found value C, into Eq. (25),
we have

L(t—ty)+ €y s €26y (28)
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(22)

Note that Eq. (28) describes the change in the
relative strain of concrete in the range

e €[&,.€,,] with time z. When the relative
strain reaches the limit value ¢=¢,,, the con-

crete specimen is considered to have failed. By
substituting & =¢,, into Eq. (28), we can find

the time required for the concrete specimen to
fail when subjected to a sudden dynamic load

O'(t):a>Rb.

N (gbz _‘91;0)K
R, (§0d _1)

Z, arctan (29)

1
\/(Dd_l

The values of 7,, and ¢, in Eqgs. (21)-(29) can
be expressed as a function depending on the
level of concrete overload, as shown in the fol-
lowing Fig. 4.

From Fig. 4, we see that the diagram ¢,- ¢, can

) EO\/¢d -1

be obtained by moving the diagram ¢,,-¢, to
the right - along the time axis ¢ by a distance

equal to M .
R, ((/’d - 1)
@d

Ly, Lap
Figure 4. Dependence of t,, and t, on the level
of overload ¢,

Generalizing the above two cases, we have a
formula for determining the relative strain of
concrete over time as follows:
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1]
;0<e<g,

€= tg(EO “26;;_111+1/(pd -1

(30)

and a formula for determining the strain rate of
concrete over time:

R, (%f — 1)

% 3 € SESE,

From Egs. (30)-(31), we can plot the strain and
strain rate versus time (see Fig. 5 and Fig. 6).

g i
Failure
S ——————r3
Epo-——— }
| |
| |
\ |
\ \
0 tiw tg ot

Figure 5. Dependence of € —t

Figure 6. Dependence of & —t

3. RESULTS AND DISCUSSION

3.1 Effect of strength class on deformation
and failure of concrete over time

Based on the proposed model, the influence of
concrete compressive strength class R» on the

Volume 20, Issue 2, 2024

(1)

strain state, as well as the process of concrete
failure over time under the action of an external
load, the value of which exceeds the load-
bearing capacity of concrete (o > R,), is con-
sidered. Mechanical parameters of concrete of

different classes according to Russian standard
SP 63.13330.2018 are presented in Table 1.

Table 1. Mechanical parameters of concrete of
different compressive strength classes

B20 B30 B40 B50

Ro(MPa) 15 22 29 36
E,-0,001

27 32,5 36 39
(MPa)
R,
8b0:2E— 0,0011 0,0014 0,0016 0,0018
b
Epo 0,0035

Based on Eq. (6) and input data in Table 1, we
can construct the stress-strain curves of concrete
with different compressive strength classes
when subjected to axial static force (see Fig. 7).

It is noticed that as the compressive strength
classes increase, the ultimate compressive
strength of concrete and strain at that strength
value become larger.

To facilitate the study of the influence of con-
crete compressive strength class on the delayed
failure time, we assume the value of viscosity
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K=400 MPa-sec, and the level of overload -
@, =0/R, =1.4. Then based on Egs. (21)-(29)
it is possible to plot the relationship between the

delayed failure time and the compressive strength
class of concrete (see Fig. 8).

36
321
28
241
20
16
121

Stress (MPa)

41 |IB20 EB30 M B40 IBSO|

0 T T T T T
0 0.0006 0.0012 0.0018 0.0023 0.0029 0.0035

Strain

Figure 7. Stress-strain curves of concrete of dif-
ferent compressive strength classes under the
static uniaxial compressive loading

0.214
0.18+1
0.151
0.121
0.091
0.06 1

0.03 . T .
20 30 40 50

Bty Mty

t (sec)

Concrete class

Figure 8. Relationship between concrete com-
pressive strength class and delayed times

It is observed that for concrete B20 when the
external dynamic load exceeds the bearing ca-
pacity 1.4 times, the relative strain reaches the
value &,,=0.0011 after a period of 7,,=0.047

sec. Concrete is considered to fail after a time
interval 7, = 0.206 sec when the relative strain

in it reaches the limit value &,, =0.0035. When

increasing the concrete class, the delayed failure
time decreases significantly. In particular, when
the concrete class is increased by 2.5 times
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(from concrete B20 to concrete B50), the time
t,, decreases by 1.4 times, and the delayed fail-

ure time 7, by 2.6 times. Thus, when increasing

the concrete class, the delayed failure time will
decrease faster than the time for the concrete to
deform to the value ¢,,.This can be explained

as follows. The compressive strength class of
concrete is closely related to its brittleness. The
higher the class of concrete, the more brittle it
is. Consequently, when subjected to impact
loads exceeding its bearing capacity, concrete
with a high compressive strength class will un-
dergo brittle failure, and the delayed failure time
will be shorter than that of concrete with a low
strength class.

3.2 Effect of level of overloading on defor-
mation and failure of concrete over time

Based on Egs. (21)-(29), it is possible to ex-
press the effect of the level of overloading on
the time of delayed fracture in the case of B20

concrete with viscosity taken K=400
MPa-sec (see Fig. 9).
1.81
Hoy(ty) M ey(tg)
1.61
& 14
1.2
1 T T T

0O 01 02 03 04 05
t (sec)

Figure 9. Dependence of delayed times on the
level of overloading

From Fig. 9 we see that at sudden application of
dynamic load with intensity exceeding the bear-
ing capacity of the concrete specimen more than
1.1 times, the time required to reach the value of
strain &,, =0.0011, is 7,,= 0.118 c. And the

concrete failure occurs at time ¢,=0.756 c.

Thus, the time ¢, is 6.4 times longer than 7.
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When the level of overload increases, the delay
times will decrease dramatically. For example,
when ¢, increases 1.6 times from 1.1 to 1.8, 7,

will decrease 4.2 times. The delayed failure time
will accordingly be reduced by 7.1 times.

3.3 The influence of the viscosity on the de-
formation and failure of concrete over time

To study the effect of the viscosity on the de-
formation and failure of concrete over time,
consider the example of concrete of class B20
with different viscosities (K =200, 500, and 800
MPa/s). In practice, the viscosity can be adjust-
ed by changing the porosity value or changing
the water-cement ratio of the concrete mixture.
Based on Eq. (29), we find out the effect of vis-
cosity on the graph of "overload level - delayed
failure time " (see Fig. 10). It is found that when
the viscosity increases, the delayed failure time
increases significantly. At an overload level of
1.4 and a viscosity of 200 MPa/s, the delayed
failure time reaches a value of 0.103 s. When the
viscosity increases by 2.5 times (K=500 MPa/s),
the delayed failure time increases by 2.5 times
(ta=0.258 s).

1.81
175
1.61
1.5
1.41
185
1.2+
14

M At K=200 MPa/sec
M At K=500 MPa/sec
B At K=800 MPa/sec

Py

001 03 05 07 09111 13 15
ty (sec)

Figure 10. Effect of viscosity on delayed failure
time

Eq. (30) gives us the characteristics of relative
strain variation in time. Let's draw graphs
"e—t" for 3 cases (at k=200, 500, and 800
MPa/s) (see Fig. 11). It is easy to see that when

1 is in the range of [0,7,,], the graph has a cur-

Volume 20, Issue 2, 2024

vilinear shape. When t is in the range of
[tdo,t d] , the relative strain depends on time in a

linear relationship. At any instant of time (e.g.,
t=0.05 s), the relative strain achieved is differ-
ent in cases of different viscosity. At K=200
MPa/s, the relative strain at this moment is
0.002. At K=500 MPa/s the attainable strain is
2 times lower (£=0.001). At K=800 MPa/s, the
relative strain reaches 0.00075. Thus, it can be
concluded that the relative strain of concrete at
any moment in time depends on the value of
viscosity.

0.0035
0.0028-
c 000214
®
7] i
0.0014 B At K=200 MPa/sec
0.0007 - [l At K=500 MPa/sec
Il At K=800 MPa/sec

0+ T T T T T T T T T
0 005 01 015 02 025 03 035 04 045

t (sec)
Figure 11. Effect of viscosity on & —t curves
Based on Eq. (31), we investigate the change of

strain rate in time in cases of different K coeffi-
cients (see Fig. 12).

0.1051
l At K=200 MPa/s

0.0851 [l At K=500 MPa/s
e H At K=800 MPa/s
S
w
T 0.0451

0.025-\\

0.005

0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 0.45

t (sec)

Figure 12. Effect of viscosity on the strain rate
of concrete

It can be seen that when a sudden dynamic force
with intensity o > R, is applied to the concrete

specimen, the strain rate in the concrete at the
time of applying the force reaches its maximum
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value. This maximum value can be determined
by substituting /=0 into Eq. (22):

gmax — M (3 2)
2K

Eq. (32) shows that the maximum strain rate is

proportional to the overload level and inversely

proportional to the viscosity of the concrete.

The strain rate decreases very rapidly over time

in the range [0,7,,] and keeps a constant value

in the range [#,,.7,].

5. CONCLUSIONS

This paper presents a model that explains the phe-
nomenon of delayed failure of concrete when a
sudden dynamic load is applied to a structure, the
intensity of which exceeds the bearing capacity of
concrete. Using the analytical method, we can ac-
curately determine the delayed failure time, rela-
tive strain, and strain rate at each time t. The main
factors affecting the deformation and failure of
concrete, such as concrete compressive strength,
overload level, and viscosity, are thoroughly stud-
ied. The results of this study can be used in dy-
namic problems of reinforced concrete structures,
for example, in the problem of calculating struc-
tural stability against progressive collapse of
buildings and structures under the scenario of
sudden removal of load-bearing elements.
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CALIBRATION OF THE NONLOCAL DYNAMIC
DEFORMATION MODEL OF A FLEXURAL BEAM BASED ON
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Abstract: In this paper, the problem of numerical modeling of the dynamic behavior of bending beams made of
the materials with a developed internal structure is considered. The simulation is performed taking into account
the non-local elastic properties of the material in time. According to the principals of nonlocal mechanics, it is
assumed that elastic forces in a structure depend on the entire history of its deformation, and not only on the
instantaneous deformed state. The proposed dynamic deformation model is proposed as an alternative to detailed
three-dimensional models. The nonlocal dynamic deformation model is integrated into the algorithm of the FEA
method to make it applicable to solving applied engineering problems. The numerical implementation of the
model is performed in Python. A technique for selecting the scale parameter of a non-local model based on
experimental data using the least squares method and the dichotomy method has also been developed and
implemented. To identify the possibility of extrapolation of the scale parameter values determined according to
the developed methodology, a series of numerical experiments were conducted, on the basis of which scale
parameters for beams of different lengths were obtained and the stability of the nonlocal model was eval uated.

Keywords: Nonlocal mechanics, nonlocal damping, numerical simulation,
finite element method
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AHHOTanMsi: B Hacrosmield paboTe paccMaTpuBaeTcsl 3ajada YHCICHHOTO MOJCIHPOBAHMS JAWHAMHUYECKOTO
MOBEICHUsT M3TMOaeMbIX OajloK, BBIMOJHEHHBIX W3 MaTepHalioB C pa3sBUTOW BHYTpPEHHEH CTPYKTYpOH.
MojenupoBaHue BBIIOJIHEHO C YYETOM HEJIOKaJIbHBIX BO BPEMEHM YIPYTUX CBOHCTB MaTepuana. CoryiacHo
MOJIOKEHHUSAM HEJIOKAJIbHOM MEXAHUKU MPEeAINojaraercs, 4To YNpyrue CUibl B KOHCTPYKIMU 3aBUCSIT OT BCEH
ucropuu e€ e)OpMUpPOBaHHs, & HE TOJIBKO OT MCHOBEHHOTO Jie(hopMHpOBaHHOTO cocTosiHus. [IpeacraBieHHast
MOJIeTIb JTUHAMHYECKOro ae(hOPMUPOBAHUS MPEAJIaraeTcsi B Ka4eCTBE aJbTEPHATHBBI MOJPOOHBIM TPEXMEPHBIM
MmozemsiM. HenmokanbHast Moaenb IUHAMHUYECKOTO Ae(OPMUPOBAHUS HHTETPUPOBAHA B aITOPUTM METOJA
KOHEYHBIX 3JIEMEHTOB, 4TOOBI CAENaTh €& MPUMEHUMOM AJsl PElIeHWs NPHUKIAJHBIX HMHKEHEPHBIX 3ajad.
UYucrieHHas peanu3anysi MOJAEIN BBIOJIHEHA Ha si3bike Python. Takxke paspaborana m peann3oBaHa METOANKA
nojbopa MacmTabHOTO TMapamMeTpa HEJIOKAIBHOH MOJENM Ha OCHOBAHWM SKCIEPHUMEHTAIBHBIX JAHHBIX C
INPUMEHEHUEM METOJAd HAUMEHBIINX KBaJpaTOB M METOJa AUXOTOMHUH. /[l BBISBIEHUS BO3MOXKHOCTH
SKCTPAIOJSIIMK  ONPEICNIEHHBIX 110 pa3padoTaHHON METOAMKE 3HaueHM MacmTaOHOro mapamerpa, Obuia
MIPOBE/ICHA CEPHsl YUCICHHBIX AKCIIEPUMEHTOB, HA OCHOBE KOTOPBIX OBLIM MOJYYEHbl MacIITaOHbIC MapaMeTphl
Juist 0AJIOK Pa3HOM JUTMHBI M IIPOBE/ICHA OIIEHKA YCTOWYHBOCTH HEJIOKATbHOW MOJIEIIH.

Knruesble ciaoBa: HenokanpHas MCXaHHKa, HCJIOKAJIbHOC I[CMH(l)I/IpOBaHI/IC, YUCJIIEHHOC MOACIINPOBAHUE,
MECTO KOHCYHBIX 3JICMCHTOB
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INTRODUCTION

The active use of composite materials to
address various production challenges requires
new approaches to describe their behavior
under dynamic loads. To achieve sufficient
accuracy in numerical calculations, detailed
three-dimensional finite element models are
often employed, allowing for a reasonably
accurate representation of materials with
complex internal structures. However, such
models are resource-intensive and laborious to
analyze.

To optimize the calculation and design
process, there arises a need to employ one-
dimensional rod element models which are
constructed on the Dbase of specific
mathematical hypotheses. Such hypotheses
become necessary as classical viscoelastic
models, proposed, for instance, in the works
of W. Kelvin [1], J. Maxwell [2], J. Rayleigh
[3], and Voigt [4], do not always accurately
describe the behavior of materials with
intricate internal structures.

As an alternative to classical models ones
based on the principals of nonlocal mechanics
can be used. Among such models the nonlocal
elasticity model proposed in article [5], the
model of nonlocal damping in space [6], and
model [7] that combines the nonlocality of
elastic and damping properties can be
mentioned. The continuous spatial nonlocal
damping model is described in article [8],
while the nonlocal temporal internal friction
model, based on the finite element method, is
presented in article [9]. Article [10] discussed
various damping mechanisms for a quasi-
isotropic ~ pultruded  composite = beam,
including: viscous damping; internal damping
dependent on strain rate; spatial hysteresis;
and temporal hysteresis. Additionally, the
article examines various combinations of
these mechanisms [11].

In this work a proposed model is based on the
assumption of the material's nonlocality in its
elastic properties over time.
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DYNAMIC MODEL OF BENDING BEAM
DEFORMATION WITH CONSIDERING
NON-LOCAL IN TIME ELASTIC
PROPERTIES OF THE MATERIAL

The non-local model for dynamic deformation
has been integrated into the finite element
method algorithm. This approach allows using
of the model in applied analyses of structures
with the relatively complicated geometry. In the
finite element method algorithm, the equation of
motion is formulated in matrix form and is
expressed in displacements [12]:

M-Vt)+D-V()+K-V(t) = F(t) (1)

Here: K is the stiffness matrix, M is the mass
matrix, D is the damping matrix, F(t)is the
vector of external force influences, V(t) is the
displacement vector.

When accounting for non-local material
properties, it is assumed that the elastic forces
within the system at the considered time
moment ¢ depend not only upon the
instantaneous value of displacement V(t), but
also upon the displacement values at prior time
instances 1. Moreover, the impact of time points
on each other weakens proportionally with
increasing time gap [13]. To formulate a model
for the deformation of a beam element
considering material memory, let us express
equation (1) in the subsequent manner:

M-V(t)+D- V() +

1K f Rt — 1) V(©)d = F(©) 2)
0

Here, the stiffness matrix K is superimposed
with the kernel of the non-local elasticity
operator R(t-t) or influence function. This
function characterizes the attenuation of the
influence of displacements at previous time
instances T on the elastic forces at the current
moment ¢, while ensuring adherence to the
normalization condition.

133



t

fR(t—T)dT=1

0

€)

For the memory function modeling, kernels of
various types can be used [6]. In the present
study, the non-local operator kernels employ the
error function, which takes the form when
condition (3) is satisfied:

2
R(t —1) = \/_% o~ (t-1)? @

Like for all non-local models, in this case, a
defining characteristic is the scale parameter 7,
which determines the nonlocality in the elastic
properties of the material over time. Figure 1
illustrates how this parameter influences the
shape of the kernel.

— n=0.21/s
/ rlo
n= 1, 1]’3 "l
] r0.8
. i
4 rl
& ! Fos
" !
/ ro4
1}
;
/
//_70.2
’
-
T T T T 0.0
-10 -8 -6 4 -2 0

|t-T], s

Figure 1. Graphs showing the effect of the
parameter 1 on the nonlocality of the model

To solve the equation of motion, an implicit
scheme (Newmark's method) [14] was
employed. In this case, the velocities and
accelerations of the finite element model nodes
are represented as:

Vier = Vi
, At
Vier = F(VHl —V;=V,-At) -,

Vi+1 =
)

Here: V; is the vertical displacement of a node at
a time t;, V; is the speed of the node at a given

timet; , V; is the node acceleration at a point in
timet;, At is the time step
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Since, in the case of employing an implicit
scheme, the memory function is imposed on the
entire deformation process starting from the
moment t;,, the discrete analog of the integral
kernel has been divided into two parts [15]: a -
the weighting coefficient associated with Vi1, B
- the sum of all other weights:

2n 2 2
aQ=—" e_n (ti+1_ti) . At-
\/E )
L 2 )
g = Atz_n e~ (ti=tj-1)
j=1 \/E

Then, the expression (1) can be presented as:

2 . . 1
M| (Vier = Vi = V- 8t) = V| + D~
Vier = V) +K-B+K-a=Fy (7)

After all transformations, the computational
scheme takes the form:

Q'Vi+1:Fi+1+M'Vl+Q1'VL+Qz'Vi_K'

B, (8)

here:
=2M+—D+K- =2ZM, Q=
Q - Atzz Af Q, Ql - At QZ -
FM-I_ED 9)

ASSESSMENT OF THE INFLUENCE OF
THE SCALE PARAMETER ON THE
NATURE OF THE OSCILLATORY
PROCESS.

For further improvement of the model, it is
necessary to determine how the variation of the
scale parameter affects the nature of the
vibrations. In the implementation of this model
using the MATLAB software, a 12-meter beam
clamped at both ends was considered. The
material chosen for the beam is a thermoactive
vinyl ester glass-reinforced plastic of Class I,
with a Young's modulus in the longitudinal
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direction equal to 17.2 GPa. The beam, in its
cross-sectional profile, is a rectangle with a
height of 0.3 meters and a width of 0.2 meters.
The material's relative damping coefficient is set
at 0.042. The beam is subjected to an instantly
applied and uniformly distributed load with an
intensity of -10 kN/m. At the first step, with 1 =
1, the initial conditions are set as Vo = 0.

Displacement in the middle of the beam

0.00

****** n =40
—0.024 &
g . n=70
g —0.04 — n=150
g —0.06
o]
S —0.08
=
2 0104
a
-0.12¢

o 1 2 3 4 5 & 7 8 8 10
Time, s
Figure 2. Graphs of the vertical displacement of
the central node of the beam obtained for three
calculation scenarios with different scale
parameters

Analyzing the presented graphs, it can be
observed that decreasing the parameter n
(increasing the degree of non-locality) leads to
an increase in the amplitude of oscillations.

DETERMINATION OF THE NON-LOCAL
PARAMETER BASED ON THE RESULTS
OF THE NUMERICAL EXPERIMENT.

In order to apply the non-local material model
in practical calculations, it is necessary to
determine the value of the non-local parameter.
For this purpose, in the current study a
calibration methodology of the non-local model
using the least squares method was used based
on the results of the numerical experiment [16].
The numerical experiment data consisted of the
outcomes of three-dimensional finite element
modeling of the beam. The geometrical and
physical characteristics are the same the ones
discussed in the previous section. The model
was constructed using the MIDAS-Civil
computational software, taking into account the
orthotropic material properties. The material
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characteristics
presented in Table 1.

used in the modeling are

Table 1. Characteristics of thermoactive vinyl
ester glass-reinforced plastic Class I:

Young's Modulus (Longitudinal),

g wlus - (Longitudinal). |17 5 Gp
Iw

Young's Modulus (Transverse), E_ | 12.2 GPa

Poisson's Ratio (Longitudinal), | 0.32

Poisson's Ratio (Transverse), p_ 0.15

Density, p 1900 kg/m’

Damping Coefficient, y 0.042

As a result of the calculation, a displacement
diagram of the mid-section of the analyzed
beam was obtained. Subsequently, the ordinate
values of the oscillation graph obtained in
MIDAS-Civil were exported and used to
determine the scale parameter of the non-local
model with an algorithm that was implemented
with Python.

The numerical method employed to search for
the minimum value of the sum of squared
deviations between experimental data and
numerical results was the bisection method.

The resulting diagrams are presented in Fig. 3
and Fig. 4. In comparison with the classical
local deformation model (fig. 3), the calibrated
non-local bending beam model (fig. 4) gives
better alignment with the results of the
numerical experiment.

Displacement in the middle of the beam

0.00
— Local Kelvin-Voigt model

~0.027 ---- 3D Model

t, m

; —0.04

—0.06 1

—0.08 §

-0.10

Displacemen

-0.12
Y

T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Figure 3. Comparison of numerical experiment
results with one-dimensional modeling results
using a model approximating the classical local
Kelvin-Voigt model
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Displacement in the middle of the beam

0.00

g —0.027 —— Non-Local model n = 38.34
5 —0.04

g

g —0.06

[

S —0.08

2 _0.10

b

A o124

T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Time, s
Figure 4. Comparison of numerical experiment
results with one-dimensional modeling results
using the calibrated time-nonlocal deformation
model with the utilization of the error function
kernel

As a result of calibration, the value of the scale
parameter has been obtained n = 38.34 1/s. The
root mean square error is 0.0034 m.

EVALUATION OF THE SCALE
PARAMETER EXTRAPOLATION
POSSIBILITY

The application of models requiring constant
determination of the scale parameter by the
experimental data may be impractical and can
be extremely labor-intensive in application.
Therefore, the question arises about the
method for determining the scale parameter of
a non-local model as a material constant or
identifying dependencies that enable the
determination of this parameter for elements
of various geometry.

The damping model employed in conducting
numerical experiments within the computational
suite Midas is frequency dependent, hence the
viscosity coefficient depends on the geometric
attributes of the beam. Therefore, to
demonstrate the correlation between the
viscosity coefficient and the scale parameter, a
series of numerical experiments were conducted
involving beams of varied lengths. The
outcomes tabulated in Table 2.

It can be seen from Table 2 that there is a
correlation between the ratios of the viscosity
coefficients and the ratios of the scale
parameter. Consequently, given numerical or
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empirical data obtained for a beam of specific
length and a non-local model calibrated by
this data, it becomes possible to determine the
scale parameter by values of frequency ratios
or viscosity coefficients applicable to beams
of different geometries but composed of the
same material. Should damping in the material
prove frequency-independence, the scale
parameter for said material will inherently
remain constant.

Table 2. The results of a series of experiments

The ratios The ratios

L, X T of viscosity of scale
m | Pas /s

coefficients | parameters
10 | 0,014 | 52.9 1,00 1.00
110,017 | 44.8 0,83 0.85
12 |1 0,021 | 38.3 0,69 0.73
130,024 | 34 0,59 0.64
14 |1 0,028 | 29.6 0,51 0.56
150,032 | 26.3 0,44 0.50
16 | 0,036 | 22.9 0,39 0.43
17 | 0,041 | 20.6 0,35 0.39
18 | 0,046 | 18.3 0,31 0.35

Here L is the Beam length, y is the Viscosity coefficient,
n is the Scale parameter

For clarity the proportion between viscosity
coefficients and the proportion between scale
parameters is visually presented in Figure 5.

1.0 4

—— The proportion of viscosity coefficients
---- The proportion of scale parameters

0.8 1

0.6 1

0.4 4

0.2 A

0.0 T T T T T T T
10 11 12 13 14 15 16 17 18

Beam length, m

Figure 5. The correlation between the
proportion of viscosity coefficients and the
proportion of scale parameters

Thus, knowing the scale parameter for a 10-
meter beam, it is possible to determine the
scaling parameter for a 12-meter beam with
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sufficient accuracy. According to Table 2, the
scaling parameter for a 10-meter beam is n =
52.9 1/s, and the viscosity coefficient ratio for a
12-meter beam relative to a 10-meter beam is
0.69. Therefore, by multiplying these values, the
approximate scaling parameter for a 12-meter
beam can be determined, which in this example
will be n = 36.50 1/s. The obtained root mean
square error for the results obtained using the
calculated scaling parameter will be 0.0051 m

(Fig. 6).

Displacement in the middle of the beam

0.00

—— Non-Local model L=12 n = 36.5
---- 3D Model

g -0.02 4

|
o
=)
-

L

—-0.06 7
-0.08 1
-0.10

Displacement,

-0.12

o 1z 3 1 5 6 1 8 9 1
Time, s

Figure 6. Comparison of numerical experiment

results with one-dimensional modeling results

using the time-nonlocal deformation model at

the calculated scaling parameter n = 36.50 1/s

CONCLUSION

During the present study, a non-local
deformation model of a bending beam was
constructed using the finite element method.
The Newmark method was applied for the
numerical solution of the motion equation.
The relationship between the scale parameter
n and the amplitude of the bending beam
oscillations has been demonstrated. It was
shown that an increase in the material's
nonlocality leads to an increase in the
amplitude of oscillations. The model has been
supplemented with a calibration algorithm for
the scale parameter based on experimental
results. The developed calibration algorithm
has been tested using numerical experiment
data, taking into account the orthotropic
properties of the material. In comparison with
the classical local model, the calibrated non-
local deformation model of the bending beam
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allows for better convergence with the results
of the numerical experiment. Additionally, a
correlation between the viscosity coefficient
of the model and the scale parameter has been
identified, that allows to determine of the
scale parameter through frequencies or
viscosity coefficients ratio. Thus, the scale
parameters can be determined for the beams
of different geometry using this correlation,
and there is no need to determine it from
experimental data all over again. The
correlation was obtained for the numerical
experiment results obtained with the
frequency dependent damping model. For the
materials  characterized by  frequency
independent damping properties, the scale
parameter will be the constant of material.
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ANALYTICAL MODEL FOR BUCKLING LENGTH
COEFFICIENT DETERMINATION IN STEEL TRUSSES:
A LATERAL TORSIONAL BUCKLING APPROACH

D. Boukhalfa, T. Belaid, A. Slimani, F. Ammari
University of Science and Technology Houari Boumediene (USTHB), Algiers, ALGERIA

Abstract: This paper presents a contribution to the study of the stability of steel trusses. The paper proposes
an analytical model for the determination of the buckling length coefficient of the truss N by the lateral
torsional buckling approach. The model is derived by considering the equilibrium of the truss under the action
of the applied loads and the buckling load. The buckling load is determined by considering the lateral
buckling of the equivalent beam and the interaction between the members. The model is validated by
comparing the predicted buckling loads with the experimental results of several steel trusses. The results show
that the model can predict the buckling loads with good accuracy. The proposed model is a valuable tool for
the design of steel trusses. The model can be used to determine the buckling length coefficient of the truss
and to ensure that the truss is safe and reliable.

Keywords: Buckling, Truss, LTB, Equivalent Web, Ritz, Steel, Stability

AHAJIMTUYECKASA MOAEJIb IJI1 OITPEAEJIEHUA KOOOOUITUEHTA
JJIMHBI CMSATHUA B CTAJIBHBIX ®PEPMAX: ITOAXO
K OITPEAEJIEHUIO BOKOBOI'O KPYTHJIBHOI'O CMATHUA

/. byxanga, T. bearauo, A. Chumanu, @. Ammapu
YuuBepcurer Hayku u TexHonoruu Yapu bymensena (USTHB), r. Amxup, AJDKUP

AnHotanusi: JlaHHas paboTta mpencraBisieT coOOW BKIIAJ B MCCIEIOBAHUE YCTOMYMBOCTH CTAIBHBIX (epM.
[Ipemioxkena aHaIMTHYECKas MOZENb IS onpeneieHus Koddduuuenta JIMHbI cMATUS N-QepMbl 0 METORY
60K0BOrO KpyueHus. Mosiesib MoCTpOEHa ¢ y4eTOM paBHOBECHUS (DEPMBI B YCIOBUSAX MPHII0KEHHBIX HArPy30K U
Harpy3ku cmsaTusa. Harpyska cmsitust ompenensercs ¢ yd4eToM OOKOBOTO CMATHS SKBHUBAJICHTHOM Oalku u
B3aUMOJICHICTBUSA MEXIY JIeMEHTaMu. Mojenb ImpoBepeHa IyTeM CPaBHEHMs MPOTHO3UPYEMBIX HAarpy3oK Ha
CMSITHE C DKCIIEPUMEHTAIbHBIMU PE3YJIbTATAMHU JJIsl HECKOJIBKUX CTAIBHBIX (pepM. Pe3ysibTaThl MOKa3bIBAIOT, YTO
MO/JIENIb MOXET TPeACKa3bIBaTh HATPY3KH HA CMATHE C XOpolIeld TOYHOCThIo. IIpennoxkenHas Moenb ABIsIeTCs
LICHHBIM HWHCTPYMEHTOM JUIS IIPOEKTUPOBAHUS CTAIBHBIX (epM. Mojenb MOXXeT OBITh HCIIOJIb30BaHa IS
ornpezeneHust KO3 GUIMEHTa JUTMHBI CMATHSL PepMbI 1 0OecTiedeH st ee Oe30ITacHOCTH U HaIeKHOCTH.

Karouesbie ciioBa: Cmsitie, pepma, LTB, skBuBaneHTHOE MOIOTHO, PUTIL, CTaNb, yCTOWYMBOCTD

INTRODUCTION

In steel frame buildings, trusses can provide
better performance in terms of strength and
stiffness than I-section beams. Trusses are made
up of a series of interconnected members that
form triangles. The triangles distribute the load
evenly across the structure, making it more
resistant to buckling and other forms of failure.

Volume 20, Issue 2, 2024

I-section beams, on the other hand, are made up
of a solid web and two flanges. The web is
responsible for carrying the shear force, while
the flanges carry the bending moment. I-section
beams are strong and stiff, but they are also
more susceptible to buckling than trusses.

The equilibrium of a truss subjected to
transverse loads can be obtained by developing
exclusively axial forces in the bars that
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constitute it. This means that the bars are only
subjected to tension or compression, and not to
bending. This makes trusses more efficient than
I-section beams, as they can carry more load
with less material.

However, trusses are susceptible to two kinds of
instability: local buckling and overall transverse
buckling. Local buckling occurs when the
individual members of a truss buckle under
compression. Overall transverse buckling occurs
when the entire truss buckles under the
combined action of compression and bending.
To prevent local buckling, the members of a
truss must be designed to have a sufficient
slenderness ratio. The slenderness ratio is a
measure of the slenderness of a member, and it
is calculated by dividing the member's length by
its radius of gyration. To prevent overall
transverse buckling, the truss must be designed

Buckling plan

D.Boukhalfa, T.Belaid, A.Slimani, F. Ammari

to have a sufficient bracing system. The bracing
system is a network of members that are used to
prevent the truss from buckling under the
combined action of compression and bending.
Despite the potential for instability, trusses are a
very efficient and versatile structural system.
They are often used in steel frame buildings
because they can provide better performance in
terms of strength, stiffness, and weight than I-
section beams.

The local buckling of compressed bars occurs at
a buckling length that is generally equal to the
length of the bar. The buckling length can be
less if the nodes are rigid. The buckling length
depends on the type of connection and whether
the bar belongs to a chord or a diagonal. The
buckling length can be up to a factor of 1.0
times the length of the bar[1]or even less[2, 3];

Out-of-plane buckling

With intermediate supports

Without intermediate supports

Figure 1. Buckling of a compressed chord

q, Top Chords
I Am.
N —— ,\K T~_ e
N\
-
“-
hu ‘:"LI. :"‘!. |
d.
ﬁ‘hh‘
Hwh‘
L e —————————————————— S — — - -
Am.
Bottom Chords
Ln

Figure 2. A panel of N-truss models for analyses
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The overall transverse buckling, or Lateral
torsional buckling (abbreviated as LTB), is
induced by the transverse instability of a
compressed chord involving several bars and
carrying with it the rest of the truss. This can
occur when the chord isn’t braced laterally.
Increasing chord component, therefore, has a
transverse length of buckling greater than or less
than its individual length.

This paper presents a contribution to the study
of the stability of steel trusses. The paper
proposes an analytical model for the
determination of the buckling length coefficient
of the truss N by the lateral torsional buckling
approach.

The model is derived by considering the
equilibrium of the truss under the action of the
applied loads and the buckling load. The
buckling load is determined by considering the
lateral buckling of the equivalent beam and the
interaction between the members.

The stability of steel structures has been the
subject of many studies[4-11], starting with
Horne [12], who equated truss stability to
compressed member buckling, while modelling
the truss as a bar with elastic supports to taking
into account the contribution of braces and
members. Morino & al [13] has produced a
literature review of truss instabilities by
assimilating the system to a lattice column.
More recent analytical [14-16], numerical [3,
17] or experimental [2, 8, 9, 18, 19] works have
been interested in the buckling stability of the
trusses as well as in the buckling length
coefficient of the compressed member, for
different configurations. The design codes[I,
20], consider checking the lateral buckling
stability of a truss beam by considering the
buckling of the compressed chord; the results
found [2, 3, 17], show that this solution is too
safe. Moreover, consideration of the location of
the load and consideration of the force of shear
in the web of the beam remains limited [14].
Biegus and Wojczyszyn [3] evaluate the out-of-
plane loss of stability of chords of one-way
trusses. The values of the out-of-plane buckling
length coefficients of the chords have been
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presented. The model of the compression chord
as a straight member isolated from the one-way
truss associated with the space model of lateral
buckling of the truss has been analysed.

The problem has been studied parametrically by
varying the number of web plates. For the
models studied, comparative analyses of the
out-of-plane buckling length coefficients have
been carried out regarding the guidelines of
selected design codes.

This article presents a general analytical
approach to obtain the expression of the
buckling length of a chord of N-truss by the
LTB approach. The use of the notion of the
equivalent web in the development of a critical
moment formula of N trusses will allow us to
analyze the effect of the position of the load in
the calculation of the critical moment of LTB of
an N truss considering the equivalent web. After
that, an expression of the buckling length
coefficient . by the LTB approach with the

equivalent web has been proposed. The results
will be compared and discussed with those
found in the literature.

1. METHODS

1.1. Basic assumptions

According to the Timoshenko theory [21], the
model is based on the following assumptions:
The truss is composed of straight, slender
members.

The members are connected by rigid joints.

The loads are applied at the joints.

The buckling is assumed to be elastic.

1.2. Critical moment expression

In the case of I-section beams, the wusual
differential equation of the elastic curve
assumes that the curvature is proportional to the
bending moment. In truss beams, the
deformations due to shear stress cannot be
neglected. The equivalent web of a truss beam is
the cross-sectional area “A.” of the web which
would have the same deformation under the
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influence of shear stress. It is only a convenient
device for the calculation of deformations due to
shear stress.

The value of “A.” is determined so that the
transverse deformation of a panel of length /», of
a reticulated member, whose distance between
the neutral fibbers of the members is ho, as
shown in Figure 1 and which is subjected to a
shear stress V., for N truss, is written under
equation 1:

2’“[’27 2,64 cotgh

64, cotg

A = 0o — d 1

T A4, @
a4 n A, sin’ 6@

t 0

Eurocode 3 [1] defines the critical moment of a
double-symmetric beam subjected to a uniform
load as given in equation (2).

El
Furthermore, the  following  parameters
designate:

L length of steel beam;

E modulus of elasticity;

I second moment of the area to z axes;

I,  warping constant;

J torsional constant;

G shear modulus;

e, the eccentricity between the shear centre
and load;

C,;C, factors depending upon the loading and

restraint conditions.

To take into account the effect of the equivalent
web, we develop the expression of the critical
moment from the total potential of a bi-
symmetrical truss beam; This total potential is
developed for an I-section beam from the
kinematics by Belaid et al [7].

The potential of a Truss Beam, considered as an
I beam with an equivalent web is given by:
equation 3
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+2M, = pg. )" p,)

1
+'!.E(ZQ -2,)q.¢* dx

: El av
With =T M) :Kq—zzx[L —x]ﬂ

(4.a-4.b4.c)

Two main methods are used in the literature for
the calculation of critical loads, namely the Ritz
and Galerkin methods. With both methods, the
displacement modes are first approached by
functions that are compatible with the boundary
conditions of the beam. While knowing that the
resolution by the Galerkin method was solved
by Ammari et al. [14]

It is important to note that solving an equation
by approximate methods requires proposing a
solution to that equation that satisfies the
boundary conditions. The adopted solution
represents the shape of the torsional
deformation, which is taken as a trigonometric
series. However, the solution of the buckling
mode is known to be sinusoidal [7, 21].
Therefore, for the load cases studied in this
paper, the solution will be of the first-order
sinusoidal. This solution, which 1is an
approximate solution, has been assumed by
many authors[6, 7, 14, 21, 22].

Approximated functions are adopted for the
solutions of the lateral displacement and the
torsional rotation and are given as follows:

e
=V, sin— 5a-5b
v vosmL (5a-5b)

= sinz
Q. =@, 7

These functions fit ideally the boundary
condition of the beam v(0) =v"(0)=0 and:

9. (0)=¢ "(0)=0
According to the theory of the minimum of total
o _

. oIl
potential energy [6], one gets: —— = —
0 ov,

The system of an equivalent simply supported
steel beam loaded by uniform was developed,

0
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Therefore, by setting the determinant equal to
zero we obtain the expressions of the critical
loads as given in(6)

24

2L = 2L L?

2 2 2 7? 3 2 2
—Elz(ez)éi\/[ﬂz(ez)ﬂ +4[(” 3y p”} 2L Ez,”{m/mj}

2[(7r2+3)L_p

24

Multiplication of the critical load by L?*8 and
adaptation to the Eurocode, the critical moment

become:
2 ) [ 2
i -Cle + [C;ez] + —+ﬂL—
L? : I El «°

(7)

M=C'EI

Where C and C, given by Eq. (8-a and 8-b)
are factors depending upon the loading (uniform

load for this case) taken into account the shear
deformation of the equivalent web.

z’ . 1
- (r*+3) m?
_2p
[ 6 pL2

(8a; 8b)

L 2 27
16 (7 +3)_p V4
24 217

2. RESULTS AND DISCUSSION

2.1. Parametric study

In the case of a symmetrical truss beam, the Top
and Bottom Chords are the same, so the
geometrical characteristics of the truss beam are
calculated as follows:

I =2xA, x(ﬂj (9.2)
’ 2 ).
1, =2x1,, (9.6)
J=2xJ +J,
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7] 2r
2L z (6)
. 26K [, cotgd
with J, = r 24008 (9.0)
I, 1
4
I, sin’@
1. xh’
I,=— 9d
. 9.d)
L =nhytg0 (9.e)
Where:
A reference cross-sectional area (unit);

A, =mxA4 cross-sectional area of a chord;

m

A, =1t x A cross-sectional area of a strut;

A, =dx A cross-sectional area of a diagonal,

ho distance between the centres of
gravity of the two chords;

Lm second moment of area (for z axes
of the truss beam) of a chord;

Im torsional constant of a chord;

Jur torsional constant moment of the
truss beam;

K coefficient of the connection

conditions of the & trusses on the chords;

lretla second moment of area of struts and
diagonals respectively;

n number of panels constituting the
beam;

0 the degree of inclination of the

diagonal about the chord.

Replacing equation (9) in equation (7) allows us
to write the critical moment as a function of the
characteristics of the components of the truss in
equation (10)
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2.2. Effect of the equivalent web section on

coefficients ' and <>

While knowing that Ci depends on the moment
distribution and C: involves the position of the
load and in the absence of the effect of the
shearing force (p =0), the coefficients defined

in equation (8) whose values are 1.150 and
0.466 respectively are close and similar to those
of Eurocode 3.

The use of Galerkin's method makes it possible
to have in the case of ( p = 0) the same values as
those given by the codes[14].

When we compare C;and Ci of a truss beam
excluding the effect of the shear force with that
of a simply supported beam loaded by uniform
load, the difference is not very significant, this
value was obtained for I section beam solved by

D.Boukhalfa, T.Belaid, A.Slimani, F. Ammari

the Ritz method [6, 7] The development carried
out in this work assumes that for a descending
load on the Top chord we have (e; = +ho / 2) and
for an ascending load on the Bottom chord we
have (ez =- ho / 2). The relationship between the
section height and the length of a beam is given
by (9.e) and shown in Figure 1.

The coefficients C| and C, vary according to
the ratio p/ L?. This ratio depends on the cross-

sections of the chords, diagonals and trusts. So
it depends on the ratios "m, t, d" respectively, as
well as the number of truss panels "n".

Figures 3 a -b show the variation of the

coefficients C, and C, respectively according

n..n

to the number of panels "n" , for chord and
diagonal section ratios (m/d =, 1, 1,5 and 2).

Jm+ r
E+ 2 ) n*hy*tg*0

2 2
M, =2CEL,—"—|—cale s || el | 2 (10)
nhy1g20 2 2 4 26<I, x
a : Takes into account the position of the load.
|—-AM=A — - A =15A,—-A =2A, iji!el |—-A —A,— A =15A,—-A_ =24, e

T i
RN
|

1

Figure 3-a : variation of C’ according to the
number of panels "n"

We observe that for the number of panels
greater than 15, for any section ratio "m/d", the

values of C; and C; tend towards the values of
1.150 and 0.466

respectively, which are
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Figure 3-b: variation of C. according to the
number of panels "n

obtained without taking into account the effect
of the shear force or those of a free beam under
uniform load. This can be explained by the fact
that when the beam is slender, the shear effect
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on the beam has a very small influence unlike
the case of short beams, where we observe that

the coefficients C| et C;

and are inversely proportional to the number of
panels. It is also important to note that the cross-
section of the chords has a significant and
proportional influence on the coefficients and
thus on the critical moment, regardless of the
ratio of the cross-sections.

take higher values

2.3. Buckling length of the chord by the
Lateral Torsional Buckling approach
The critical force N__of the chords for the out-

of-plane buckling has been obtained by dividing
the critical moment by ho:

Ncrz = Mcr /hO (1 1)

The coefficients of buckling lengths have been
determined using equation [1, 3, 17]:

T EIzm
H: = z] NCVZ (12)
El,, : Represents bending stiffness of the chord

in the plane of buckling.

By substituting (Eq. 10) and (Eq. 11) into (Eq.
12), then the coefficients of buckling lengths
can be expressed as:

1 c;'[—c;m\/[c;a]z+{1+4§K”—2}] (13)
M, £z

K :[Jm +ﬁj/1m
2

as mentioned above, the coefficient K takes into
account the ratio of torsional and bending
stiffness

With: (14)

—f = A e o = —_— = A =4 = =
| =2y A =15A, A =2A, =2y A =154 A =24,
1_
K=25
0.8+
Top chord loaded

0.6
1

0.4 -

0.2+

0 T T T T T T T T T T T T T 1

4 8 il 10

12 14 14 13 20
n

Figure 4. Coefficients of buckling lengths according to the number of panels K =2.5
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Figure 5. Coefficients of buckling lengths according to the number of panels K =1.5
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Figure 6. Coefficients of buckling lengths according to the number of panels K =0.5
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Figure 7. Coefficients of buckling lengths according to the number of panels K =0.05

This ratio depends on the support conditions
which are represented by (Eq 9-¢)

For §=45° and A; = 4,, Figures 4, 5, 6 and 7
show the values of the coefficient x as a

function of the number of panels constituting
the truss for chord and diagonal section ratios
(m/d =, 1, 1,5 and 2), this for two cases of load,
namely: load applied at the Top chord ( TC );
load applied at the Bottom chord (BC),
The values of K, are chosen to reflect the
respective cases of a beam composed by :
e tubular section with a rigid connection
K=2.5;
e hinged tubular section K= 1.5;
e open sections with rigid connection
K=0.5;
¢ hinged open rolled sections K= 0.05;
We observe, for all the cases studied, that the
coefficient u_varies significantly with the

number of panels, and this occurs in two phases:
For a number of panels less than 6, the
coefficient shows an ascending variation. This
can be explained by the fact that the beam is not
highly slender, and thus, the effect of shear
rigidity (equivalent web) favours the risk of

Volume 20, Issue 2, 2024

local buckling of the components (diagonal and
strut).

For a number of panels greater than 6, the effect
of shear rigidity diminishes, favouring the risk
of global buckling of the beam.

Nevertheless, for all the cases studied, the
coefficient remains below the regulatory limits.
The use of tubular sections, as observed in
Figures 4 and 5, shows that the variation of the
coefficient x_is not significantly affected by the

variation in the sections composing the truss or
the effect of load position, unlike the use of
rolled sections (Figures 6-7). The maximum
value that the coefficient x_ can reach does not

exceed 0.5 for the most unfavourable case,
namely, a hinged connection of the components
(K=1.5), the section of the web being the same
as that of the uprights and diagonal, and the load
being applied to the upper chord (destabilizing
effect of the load). This leads us to confirm the
remarks made by Biegus and Wojczyszyn
[3]that, in this case, the calculation codes
overestimate the values of 1, .

The use of rolled sections (Figures 6-7) shows
that the variation of the coefficient g is
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affected by the wvariation in the sections
composing the truss or the effect of load
position, unlike the use of tubular sections. The
maximum value that the coefficient g _can

reach is 0.9 for the most unfavourable case,
namely, a hinged connection of the components
(K=0.05), the section of the web being the same
as that of the uprights and diagonal, and the load
being applied to the upper chord (destabilizing
effect of the load). The value obtained by our
approach is the one used by Eurocode 3 [1].

In comparison with the limits given by
Eurocode [1], we can see that the buckling
length coefficient varies considerably depending
on the number of panels, the cross-sections
constituting the truss as well as the position of
the load. The values are given by Eurocode [1],
remain too safe when the Bottom Chord is
loaded.

2.4. Comparison and example

The purpose of this section is to compare the
coefficient x_ developed for the uniform load
defined by Equation (13) with those reported in
the literature and which is presented in Section
1. likewise, Table 1 compares the coefficient z_

In this table, columns from 1 to 8 represent

Table 1.
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respectively number of panel(1), limit given by
NF EN 1993-1-1/NA [23](2), coefficients of
buckling lengths obtained by the present work
(3) and (5) , as well as those of Biegus and
Wojczyszyn [3] (4) and (6) , and, comparison
between the code and the present work are
given on the columns (7) and (8) for the case of
loads applied at the Top chord and Bottom
chord respectively.

Although the model of beams developed by
Biegus and Wojczyszyn [3], and the model
developed in the present work are different, as
well as the method, the results are very similar
for the case of loads applied at the upper chord.
Table 1 shows the values obtained for K=1.5
using equation (13) and those obtained by
Biegus and Wojczyszyn [3] in the case of a truss
composed by RHS.

The buckling lengths assumed according to
Eurocode for the out-of-plane instability of the
truss may be overestimated for the cases when
the buckled segment covers several panels of
the system. This effect leads to the
underestimation of the critical load and in
sequence to uneconomical consumption of
material.

Comparison of coefficients of buckling lengths 1,
coefficients of buckling lengths .

number of EC3 Top chord Bottom chord Comparison A=EC-
panels Eq/EC
1 2 3 4 5 6 7 8

“n” 1] Eq,(13) 31 Eq,(13) [3] a=+1 a=-1
4 0,9 0,7 0,71 0,57 0,64 22% 37%
5 0,9 0,63 0,65 0,53 0,6 30% 41%
6 0,9 0,57 0,6 0,49 0,56 37% 46%
7 0,9 0,53 0,56 0,47 0,52 41% 48%
8 0,9 0,49 0,53 0,44 0,5 46% 51%
9 0,9 0,46 0,5 0,41 0,47 49% 54%

The examination of the results has shown the
significant effect of the Equivalent web, this
model constitutes a more accurate basis of
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computation and material savings in comparison
code. The buckling length coefficients of the
studied cases have given p, =0.70-0.57, which
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increases the critical load about 22% and 37%
(for n = 4), and 49% - 54% (for n = 9) referred

to p, = 0.9, for the load applied at Top and

Bottom chord respectively
However, it is important to note that in all the
cases studied, the coefficient x_ remains below

the regulatory limits, indicating that the truss
structures analyzed meet the required stability
criteria.

We also compared the influence of different
types of sections on the coefficient x_. The use

of tubular sections showed less significant
variation in the coefficient compared to rolled
sections, regardless of changes in section
composition or load position. This highlights the
advantage of using tubular sections in terms of
stability performance.

Furthermore, our results aligned with previous
findings by Biegus and Wojczyszyn, supporting
the observation that existing calculation codes
tend to overestimate the values of x_for the

specific case analyzed.

CONCLUSION

This work has allowed establishing an analytical
expression of the critical buckling moment for
an N-truss, taking into account the influence of
the load through the use of coefficients €} and

Cy . By using the LTB approach with “the

equivalent web”, an expression of the buckling
length coefficienty, has been proposed. In

comparison with the limits given by Eurocode
[1], we can see that the buckling length
coefficient varies considerably depending on the
number of panels, the cross-sections
constituting the truss as well as the position of
the load. The values given by Eurocode [1] (1
and 0.9 respectively), remain too safe when the
Bottom chord is loaded.

In conclusion, our study focused on the
variation of the coefficient x_ in truss

structures. We observed that the coefficient
exhibits two distinct phases depending on the

Volume 20, Issue 2, 2024

number of panels. For a lower number of
panels, the coefficient increases due to the
beam's lower slenderness, which enhances the
risk of local buckling. Conversely, for a higher
number of panels, the effect of shear rigidity
diminishes, leading to an increased risk of
global buckling.

However, it is important to note that in all the
cases studied, the coefficient x_remains below

the regulatory limits, indicating that the truss
structures analyzed meet the required stability
criteria.

We also compared the influence of different
types of sections on the coefficient x_. The use

of tubular sections showed less significant
variation in the coefficient compared to rolled
sections, regardless of changes in section
composition or load position. This highlights the
advantage of using tubular sections in terms of
stability performance.

Furthermore, our results aligned with previous
findings by Biegus and Wojczyszyn, supporting
the observation that existing calculation codes
tend to overestimate the values of x, for the

specific case analyzed.

Overall, our study provides valuable insights
into the behaviour of truss structures and
emphasizes the importance of considering the
number of panels and section types when
assessing their stability. These findings
contribute to the ongoing refinement of design
codes, such as Eurocode 3, for accurate and
efficient structural analysis
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IMPLEMENTATION OF BIM TECHNOLOGIES IN THE
MANAGEMENT OF MULTI-APARTMENT BUILDINGS DURING
THE OPERATION PHASE

Dmitry A. Matveev
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The paper discusses the main aspects of implementing BIM technologies in the management of multi-
apartment buildings. It highlights the features of implementing the system, including the stages of creating a
digital model of the building, requirements for personnel, and specific skills. The advantages and opportunities
that arise in the management process of multi-apartment buildings with information modeling technologies are
noted. Specifically, it simplifies processes such as document storage and transmission, organization of building
operations, current repairs of buildings and structures, and more. The prospects for the implementation of
information technologies in the housing and utilities sector in the Russian Federation are already outlined: by
2023, developers are required to use these technologies when planning and constructing multi-apartment
buildings. The government is implementing a series of systemic initiatives and measures aimed at the
digitalization of multi-apartment building management, supporting the development of the sector towards a
service model, and ensuring comfortable living conditions for citizens. To support these initiatives, it is
necessary to unify requirements for services, standards for data collection, transmission, processing, and access,
and to clarify the rules of interaction among participants, taking into account the active implementation of digital
technologies in practice. The primary principle of digitalization should be economic feasibility. The
implementation of digital technologies should provide real value for developers, management organizations,
owners of residential and non-residential premises, and authorities. To achieve digitalization results, it is
necessary to create conditions that stimulate the efficiency of interaction between subjects involved in the
digitalization of multi-apartment building management. In particular, it is required to establish requirements for
the implementation of information technologies at the legislative level.

Keywords: BIM technologies, information modeling technologies, digitalization of housing and utilities sector,
digital model, management organization, multi-apartment building

BHEJIPEHUE BIM-TEXHOJIOI'MH B YIIPABJIEHUE
MHOI'OKBAPTUPHBIMU IOMAMM HA OTAIIE
IKCIIVIYATALIUHU

.A. Mameeee

HauunonanbHelil necnenoBaTenbckuil MOCKOBCKH TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCU

AnHoTanusi: PaccMOTpeHbl OCHOBHBIE acnekThl BHeApeHUss BIM-texHosoruii B yIpaBiieHHE MHOIOKBapTUp-
HbIMH JoMaMu. [loka3aHbl OCOOCHHOCTH BHCAPCHHS CHCTEMbBI, B TOM YHCJC - 3Tallbl CO3MaHUS HUPPOBOM
MOJICJIA JTOMa, TPEOOBaHMsI K KaJpOBOMY IEPCOHANY U CICIHAIbHBIM HaBblkaM. OTMEUYCHBI MPEUMYIIECTBA U
BO3MOXXHOCTH, KOTOpBIC TMOSIBISIOTCS B TIPOIECCE YMPABICHUM MHOTOKBAPTUPHBIM JIOMOM MPU HAIUYUU
TEXHOJIOTUH MH(POPMAIMOHHOTO MOJACIHPOBAHUS. B YaCTHOCTH, YIPOMIAFOTCS MPOLECCH XPAHCHUS U TIepeIadn
JIOKyMEHTOB, OpraHMU3alysl HKCIUTyaTallud KOHCTPYKIUH 37aHusl, TEKYLUIETO PEMOHTA 3[aHUi U COOpY>KEHUU U
np. [lepcriekTUBBI BHEPEHUST WHPOPMAIIMOHHBIX TEXHOJIOTHH B c(hepy KITUIIHO-KOMMYHAIIBHOTO X03SICTBA B
Poccuiickoit @enepanun yxxe HameueHsl: B 2023 roay 3acTpONIIMKHN AOKHBI MCIOJB30BAaTh 3TH TEXHOJIOTMH
MpH TUIAHWPOBAHWHM W IIOCTPOHKE MHOTOKBAPTHPHBIX TOMOB. [OCymapcTBO peamu3yeT psI CHCTEMHBIX
WHUIMATHB W MEPONPHITHH, HANPaBICHHBIX Ha IM(QPOBHU3ANNIO YIPABICHUS MHOTOKBAPTHPHBIMH JOMaMH,
TTOIICPKKY Pa3BUTHSA OTPACIH B HAINIPABICHHH CEPBUCHOW MOJEIN M OOCCIeUYeHHUs TPaKIaH KOMQPOPTHBIMU
YCIOBHSIMA TIPOKUBAHUS. J{JIs TOAMSP KK STUX MHALMATHB HEOOXOINMO MTPOBECTH YHU(PHUKALINIO TPeOOBAHMHA K
yciyram, cTanjapraM coopa, nepeaadu, 00OpabOTKH M JOCTYyMNa K JaHHBIM U paOOThI C HUMH, YTOUHUTH MTpaBUIIa
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Dmitry A. Matveev

B3aUMO/ICHCTBUS YYaCTHUKOB C YYETOM aKTHBHOTO BHEAPEHUs IU(POBBIX TEXHOJIOTHH B MPakTuKy. IIpu 3TOM
OCHOBHBIM TIPHHIMIIOM IM(POBH3ALMHK JOIDKHA CTaTh SKOHOMHYECKas Ielecoobpa3HocTs. BHenpenue
IU(POBBIX TEXHOJOTHH JIOJDKHO MMETh PEajbHYI0 LEHHOCTh M IS 3aCTPOMIIMKOB, W /Sl YNPaBIISIOIINX
OpraHM3alyi, 1 U1 COOCTBEHHNKOB JKIJIBIX W HEKMIIBIX TOMEIIEHHUH, U [UI OPraHOB BIACTU. J{1sd JOCTHKEHHS
pe3yabTaToB LU(POBH3ALMH HEOOXOAMMO CO34aTh YCIOBHS, CTUMYJIHMPYIOLIME MHOBBILICHHE 3(P(PEKTHBHOCTH
B3aMMOZACHCTBHS MEXIY CyObekTaMi NU(POBU3ALUK YIPABICHHS MHOIOKBApPTHPHBIMH JoMaMu. B wactHOCTH,
Ha 3aKOHOJATEJILHOM YpOBHE TpeOyeTcsi yCTaHOBHTh TpPeOOBaHUsS IO BHEIPEHHIO HH(POPMAIIMOHHBIX

TEXHOJIOTUH.

KaioueBsie cioBa: BIM-TeXHOJI0THH, TEXHOJIOTMH HH(OPMAIIIOHHOTO MO/IEINPOBAHUS,
1 poBU3ALNS KITHITHO-KOMMYHAIBHOT'O X03HCTBA, IU(POBast MOJIEIb, YIIPABIISIONIas OpraHu3arys,
MHOTOKBapTHPHBIN 10M

INTRODUCTION

Digitalization of the housing and utilities sector
(HUS) is one of the priorities of the Russian
Federation. An example is the approval by the
Government of the Russian Federation to use
information modeling technologies (BIM) in the
construction and operation of buildings,
including multi-apartment buildings (MAB).
The Government Decree of December 20, 2021,
No. 3719-r contains a plan aimed at creating
conditions for the implementation of BIM in the
construction industry and improving the quality
of construction projects [1]. Digitalization of
HUS allows integrating interaction and
reporting processes at all management levels
into a single information field. This allows for
the optimal allocation of common resources,
including natural resources, to improve the
overall quality of life in the country. In this
regard, studying new technologies that can
improve the management system of HUS in
general and MAB in particular becomes
especially relevant.

In relation to buildings, this is an approach to
their construction, maintenance, and repair,
which involves the collection and processing of
comprehensive data about the building in digital
format. The authors of the work consider that
building information modeling is a modern
innovative approach to designing, constructing,
and operating buildings [2]. Technically,
building information modeling represents a
complex process based on the use of accurate
and coordinated data at all stages — from the
development of the building concept to its
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construction and  commissioning. The
theoretical analysis revealed trends in the
construction sector and the directions of BIM
use. The authors note that such technologies are
most often used in the construction of stadiums
in Moscow, St. Petersburg, Saransk, Volgograd,
Nizhny Novgorod, Samara, Sochi, and Kazan.
This is primarily due to the complexity of the
objects and social responsibility since stadiums
accommodate from 20,000 people and more,
hence the increased responsibility for
inadequate structures and risks associated with
the safety of life and health of people.

The new Volgograd Arena stadium was built
using BIM technologies due to the technical
complexity of the object. 3D models of
structurally complex elements were created, and
the data from these models were directly
transferred to the manufacturer of the structural
elements. The oval Mordovia Arena stadium
was characterized by a technical feature of 88
interconnected consoles 40 meters high with a
span of 49 meters. Thanks to BIM, a solution
was quickly found, and the stadium was built
without problems. The Skolkovo Research
Center was also built wusing digitized
architectural structures, allowing for all the
structural features of the future building to be
considered.

As can be seen, specialized literature mainly
identifies sports facilities or buildings and does
not contain examples of how BIM helps in the
management of MAB. Consequently, this issue
is insufficiently studied, although some authors
show interest in it [3].
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Implementation of BIM Technologies in the Management of Multi-Apartment Buildings During the Operation Phase

MATERIALS AND METHODS

Building information modeling (BIM) is
essential for managing the maintenance, current,
and capital repairs of MABs, as well as for
analyzing the operational characteristics of
buildings [4]. The operational model (AIM) of
an object contains complete information about
the object [Figure 1], and this information can
be used in various activities at the operation
stage [5]. Moreover, the BIM model provides
accurate construction data and can be integrated
with other tools that perform energy efficiency
analysis, schedule  replacements, and
maintenance of engineering systems [6]. Such a
model can be considered an integrated set of
technologies that facilitate building
management throughout its life cycle [7].

PIM - Project information model
AIM - Asset information model (operatiohal information model)

The operator |

| Technical Client

Stages of the life|cycle

| Building operation | |Demo|ition|

|Pre-projecl| | Project | | Construction

Building information|modeling
PIM Il AlM |
pim| [PIM| [PIM|

Major repairs, reconstruction, demolition

Figure 1. Stages of the Object's Life Cycle

Thus, the AIM information model has the
potential to conduct maintenance and repair
work on the building's engineering structures
and systems more efficiently [18].

V.T. Talapov specifies [8] that BIM is aimed at

calculating and modeling construction work and

erecting new buildings, but it also finds
application in housing and utilities management.

In particular, the author shows how this

technology can be applied to achieve the

following goals:

1. The ability to model changes in the
building's structure in case certain
circumstances arise (works in non-
residential premises by private property

Volume 20, Issue 2, 2024

owners-entrepreneurs who may make
adjustments to the structures);

Designing the re-equipment of the building
with new engineering equipment, bringing
its operational characteristics to the modern
level of requirements (this situation is
especially relevant for long-operated houses
where heating equipment, particularly the
piping system, has not been changed for
many years, mainly due to lack of funding
or the unwillingness of the managing
organization (MO) to allocate funds for
this, as the budget of such an event may
increase during the equipment replacement
process);

Monitoring the current state of the building
(this process is currently outdated in the
traditional view, as inspections and checks,
as well as rounds by MO engineers, are
conducted irregularly, and most often only
in response to owners' complaints and
inspections by municipal authorities);
Properly operating existing facilities (this is
possible, for example, with the help of a
digital model of the building, which clearly
shows all the features of architecture, water
supply, heating, and other engineering
systems) (Figure. 2).

Figure 2. Information Model of Engineering
Systems of Multi-Apartment Buildings

157



5. Managing the building's energy
consumption, such measures can benefit
both residents and society [9].

6. BIM provides accurate data about the
object and can be integrated with other
tools that perform energy efficiency
analysis, resulting in reduced resource
consumption costs [10].

Maintenance and current repairs of buildings
and structures are very important and quite
costly (considering the operating periods) types
of day-to-day activities for managing
organizations. This is the main type of work
with the building during its service life, and here
information modeling allows the listed tasks to
be carried out timely and efficiently, minimizing
overall costs.
BIM technologies can facilitate communication
between various stakeholders involved in the
management of multi-apartment residential
buildings (MKB), such as building owners,
managers, and tenants, by providing a common
platform  for sharing information and
collaborating on building-related tasks. Thus,
the information model can be applied for digital
calculations and conducting financial activities
between the managing organization and the
owners of non-residential premises, who must
pay monthly for maintenance and repairs. In
practice, this process occurs "the old-fashioned
way," by delivering paper payment receipts
from the representative of the managing
organization to the tenant’s location. A digital
version of this process would simplify the
procedures for delivering receipts and
generating reports.

One of the most important tasks in managing

MAB is document management. The
advantages provided by BIM technologies in
managing MAB are that with their

implementation, there is no need to maintain a
paper archive with all the documentation about
the object. The problem of paper archives is
inherent in the entire bureaucratic system, and
especially in the housing and utilities sector.
Many managing organizations still store
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archives in folders without proper storage
conditions, which affects their preservation.
Experts believe that the digital model of the
house must also be included in the electronic
technical passport of the house. This will allow
the managing organization to control the state of
all communications and load-bearing structures
of the house, and the owners to see the real
picture of what the managing organization has
done in terms of building operation, preparation
for the winter period, etc. [11].

Another aspect referred to by R.I. Surzhikov is
the guarantee of the preservation of all
executive and other documentation.
Undoubtedly, when transferring management
rights of the MAB, documentation is lost or
deliberately damaged to hide disadvantages,
risks, and deficiencies. With a digital model of
the document archive, such situations will no
longer concern companies entering the right to
manage the MAB [12].

BIM allows for the creation of an accurate
digital model of the MAB, which includes
information about every part of it, from the
foundation and walls to engineering systems
and equipment. This facilitates the work of
survey engineers, as they can easily access
information about the building without the need
to be physically present on site. Moreover, this
approach reduces the time required for
engineering surveys, as the information about
the building is available in one digital place. It
also helps reduce the costs of engineering
surveys since there is no need for constant
repeat trips to the site [9]. Overall, this
optimizes the work of survey engineers,
eliminating bureaucratic procedures.

Several authors address the topic of organizing
new processes based on BIM: new technologies
cannot simply be introduced into the housing
and utilities sector [14], which is characterized
by specific processes that have not changed for
years. Thus, a number of authors [15] note the
importance of personnel potential and the
availability of special knowledge. To implement
an operational information model of a multi-
apartment residential building, it is necessary to
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have appropriate personnel. The authors divide
the process into two parts: in the first part, the
building is designed and put into operation, in
the second, the object continues to be operated
by the specialists of the managing organization
or the homeowners' association (HOA). The
first part requires specialists such as BIM
manager, BIM master, BIM coordinator, and
BIM technician. In the subsequent operation of
the object, the specialists should be provided by
the staff of the managing organization or other
controlling organizations for the operational
information model of the multi-apartment
residential ~ building (FIM) [16]. These
specialists include:

o FIM manager (specialist in modifying the 3D
model and its implementation during
operation);

e FIM dispatcher (specialist operating the
building based on the 6D model: 3D model +
time + information + operation);

e FIM engineer (specialist in developing
engineering transformations of the building,
such as major repairs, reconstruction,
restoration, implementation  of  new
technologies, and engineering networks) [15].

The application of BIM technologies in

managing MAB in Russia is still at an early

stage, and full-scale implementation will require
investments in infrastructure and personnel
training for interested parties.

K.V. Borodulin raises an important topic in his

article [17] about the implementation of BIM in

the management of MAB. The author envisages
the implementation of information modeling in
three stages:

1. Formation of the project team and
development of the regulatory framework.

2. Collection and analysis of information about
the object and organization.

3. Conducting laser scanning of the object and
creating the information model.

Digitization of the housing and utilities sector

faces specific problems, such as low demand for

quality IT solutions: lack of initiative from
housing and utilities organizations, resistance
from managing organizations and HOAs, and

Volume 20, Issue 2, 2024

lack of a competitive environment [18, 19].
However, the advantages of BIM make them a
promising tool for increasing the efficiency of
MAB management. There are already promising
steps in this direction. For instance, the Ministry
of Construction has mandated developers to
implement BIM even at the foundation and
planning stages. In 2023, this work was
conducted in the construction of MAB, and in
2024, the technologies will be implemented in
the construction of individual housing.

CONCLUSIONS

BIM technologies can help optimize the
management of multi-apartment buildings by
providing a comprehensive digital building
model that can be used for monitoring and

controlling various aspects of building
operation, such as energy consumption,
maintenance, and repairs. Moreover, BIM

technologies will definitely help reduce costs
associated with building maintenance and
repairs by providing a more accurate and
detailed understanding of the building's
condition and needs.
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EXCAVATION CONSTRUCTION

Phuong Tuan Nguyen ', Truong Xuan Dang ?, Thuan Anh Nguyen >,
Hoa Van Vu Tran?

! Mien Tay Construction University, Vinh Long Province, VIETNAM
2 Ho Chi Minh University of Natural Resources and Environment, Ho Chi Minh City, VIETNAM
3 University of Transport Ho Chi Minh City, Ho Chi Minh City, VIETNAM

Abstract: In the realm of geotechnical engineering, deep excavation projects face intricate challenges, especially
concerning the stability of barrette walls, which are highly susceptible to deformation and stress at their joints.
This study focuses on evaluating the deformation and force behavior of barrette wall joints at the position of
greatest deformation. The Finite Element Method (FEM) is utilized to simulate the behavior of these structures
under various load conditions. The Analysis of Variance (ANOVA) method is employed to statistically analyze
the FEM data, assessing the impact of different factors on deformation and force distributions within the barrette
wall joints. The specific objective of this study is to determine the statistical significance of the observed
deformations and understand the influence of construction stages on joint integrity. This methodological synergy
enhances the predictability of engineering assessments and ensures that design and construction decisions are
grounded in solid empirical evidence. The study's findings emphasize the importance of precise monitoring and
advanced predictive techniques to mitigate potential risks associated with deep excavations, particularly at
critical joint locations. The results indicate that the deformation patterns are primarily influenced by the
geometrical setup of the walls and the mechanical properties of the soils. The greatest deformations were
typically observed where the wall joints experienced the highest bending moments and shear forces, conditions
exacerbated by unfavorable soil mechanics and hydrostatic pressures. The clear and consistent increase in total
displacement highlights the progressive destabilization of the wall as the excavation depth increases. By
integrating ANOVA with FEM, this study contributes to enhancing safety and efficiency in deep excavation
projects by ensuring that decisions are grounded in empirical evidence.

Keywords: Barrette walls, Deep excavation, Finite element method, Wall thickness optimization, ANOVA tests,
Deformation, Construction strategies
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BO3BEJEHUS OBBEKTOB I''IYBOKOI'O 3AJIOKEHUS
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AnHoTanusi: B cdepe reorexHHUEeCKOil HHKCHEPHH, MPHU MPOCKTHPOBAHUN OOBEKTOB TIIyOOKHX 3aJI0KCHHS
CTAJIKABAIOTCS CO CJIOKHBIMH MPOOJIEMaMK, 0COOCHHO KACAIOIIUXCsl YCTOWYUBOCTH OAPPETHBIX CTCHOK, KOTOPBIC
OUCHb UYYBCTBHUTCIBHBI K Jc(opMamusM ¥ HaNpsDKCHHSIM B MeCTaX HMX CTHIKOB. JlaHHOE uCClienoBaHUE
HATIPABJICHO Ha OIICHKY Jc(OpMaIlliil W CHJIOBOTO IOBCICHUS COCJAWHCHHN CTCHOBBIX 3aKOJIOK B COCTOSIHUU
HanOompIuX nedopmanuii. Merton KoHEYHBIX dneMeHTOB (MKD) wmcnonp3yercs mis MOACTHPOBAHUS
MOBEACHUS OSTUX KOHCTPYKLMHA MpU Pa3IMYHBIX YCJIOBHUSX HArpy3kd. MeTojJ AUCIEpPCHOHHOTO aHaau3a
(ANOVA) wucnonp3yercst Ui CTaTUCTUYECKOTO aHAIW3a JMaHHBIX NOXy4eHHBIXx MKD, OIeHKN BIHSIHUSA
pa3muyHBIX ()aKTOPOB Ha MePOPMAIIUIO M paclpelelieHe YCHINKA BHYTPHU 3aKOJIOYHBIX COCTUHCHHN CTEHOK.
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KoHkpeTHast menb [TaHHOTO WCCIIEIOBaHUS — ONPENCNIUTh CTaTUCTUYECKYI0 3HAYMMOCTH HAOIIOJaeMBIX
nedopmanuii ¥ TOHSTH BIMSIHUAE STAallOB CTPOUTEIHCTBA Ha LIEIIOCTHOCTD COeTMHEHUH. Takast MeTooornyeckas
CHUHEprusi MOBBIIIAET MPEACKAa3yeMOCTb HWH)KEHEPHBIX OLIGHOK U TrapaHTHpPYeT, 4YTO pEeLIeHHUs IO
MIPOCKTUPOBAHUIO W CTPOUTEILCTBY OCHOBBIBAIOTCS HA HAICKHBIX OMIIMPHYECCKUX JAHHBIX. Pe3ynbTarsl
WCCIIEIOBAHNS TTOTYEPKUBAIOT BAYKHOCTh TOYHOTO MOHMTOPHHTA W TIEPEJOBBIX METOJI0B IIPOTHO3UPOBAHUS JUIS
CHIKCHUSI TOTEHINAIBHBIX PUCKOB, CBSI3aHHBIX C HKCILIyaTalleil 00bEKTOB TITyOOKOTr0 3aJI0KEHHUS, OCOOCHHO B
KPUTHYECKHUX MECTaxX COeAMHEHHMI. Pe3ybTaThl MoKa3bpIBaloOT, YTO Ha XapakTep AedopManuii B mepByro ouepenp
BIIMSIIOT TEOMETPUUECKOE PACHONIOKEHNE CTEH M MEXaHHWYECKHe cBoicTBa rpyHTOB. Hanbonbmue nedopmarin
0OBIYHO HAOJIONANNCH TaM, TAE CTHIKA CTEH HCIIBITBIBAIN CaMbIe BBICOKHE M3THOAIOIINE MOMEHTHI M YCHIIHSA
C/IBUTA, MPUYEM JTO COCTOSIHUE YCYryOIsuIoCh HEOJaronpusiTHOW MEXaHMKOH TPyHTa M THIPOCTATHYECKUM
JaBJIeHHEM. SIBHOE M IOCIENOBATEIbHOE YBEINYCHUE OOLIEro CMEIICHUS MOJYEPKHBACT MPOTPECCHPYIOLIYIO
JecTaOMIIN3aIMIO CTEHBI 10 Mepe yBEIMUYCHUS IIyOHHBI oIokeHust 00bekTa. MuTerpupanus ANOVA ¢ MKO B
9TOM HCCJICIOBAHUH CHOCOOCTBYET TIIOBBIILICHUIO 0€30macHOCTH M 3((PEKTUBHOCTH MPOEKTOB OOBEKTOB
rIIyOOKNX 3aJI0’KEHUS], TAPAHTHPYSL, UTO PEIICHHUS OCHOBAHbI HA YMITUPUYCCKHUX JTAHHBIX.

KiroueBbie ciioBa: CteHbI-0appeTsl, ITyOOKOE 3aJI05KEHNE, METO]] KOHEUHBIX 3JIEMEHTOB,
ONITUMHU3AIMS TONIIMHBI cTeH, TecTsl ANOVA, nedopmariyst, crpaTeriy CTpOUTENBCTBA

1. INTRODUCTION

In the realm of geotechnical engineering, the
structural stability of deep excavation projects
presents a complex interplay of challenges that
demand rigorous analysis and precise
monitoring [1]. As urban centers grow and the
demand for underground space increases, so too
does the complexity of ensuring the safety and
integrity of deep foundations such as barrette
walls [2, 3]. These structures, crucial for
supporting large loads in poor soil conditions,
are particularly susceptible to deformation and
stress at their joints, which can compromise the
overall stability of the construction project. The
evaluation of deformation and forces at the most
critical points of these structures is not just a
technical necessity but a safety imperative. This
study focuses on providing a comprehensive
evaluation of the deformation and force
behavior of barrette wall joints at the point of
greatest deformation, utilizing the Finite
Element Method (FEM) to simulate the intricate
behaviors of these structures under various load
conditions. The FEM is renowned for its ability
to provide detailed insights into the stress-strain
relationships and deformation characteristics of

complex structures [4, 5], making it an
indispensable tool in modern geotechnical
engineering.
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However, the vast amount of data generated by
FEM simulations poses a significant challenge
in terms of analysis and interpretation. This is
where the Analysis of Variance (ANOVA)
method comes into play [6, 7]. ANOVA is
employed in this research to statistically analyze
the FEM data, allowing us to systematically
assess the impact of different factors on the
deformation and force distributions within the
barrette wall joints [8]. This statistical approach
not only enhances the reliability of the
simulation results but also helps in identifying
key patterns and anomalies that could inform
better  construction practices and risk
management strategies. The criticality of this
approach stems from recent failures observed in
similar engineering projects, where unforeseen
deformations led to catastrophic failures,
causing not only financial losses but also
endangering human lives. Such incidents
underscore the wurgent need for advanced
predictive and analytical techniques that can
provide a more accurate and comprehensive
understanding of potential risks associated with
deep excavations.

By integrating ANOVA with FEM, this study
aims to evaluate the overall deformation and
force of the diaphragm wall joint at the weakest
position [9, 10]. The specific objectives are to
determine the statistical significance of the
observed deformations and understand the
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influence of different construction stages on
joint integrity. This methodological synergy
enhances the predictability of engineering
assessments and ensures that design and
construction decisions are grounded in solid
empirical evidence.

2. METHODS

2.1. Materials

The geological setup of the excavation site
comprises two primary layers: the upper layer
consists of mixed clay extending 7.5 meters
deep, followed by a sandy soil layer with a
thickness of 32.5 meters. At this site, an
excavation pit measuring 11 meters by 44
meters is situated adjacent to a single-story
building, with a targeted depth of 15 meters.
Excavation activities are initiated from both
ends of the site to optimize access and
efficiency [11, 12].

To ensure the stability of the excavation walls
and prevent any structural failures, a
comprehensive shoring system consisting of
four layers is strategically employed. These
layers are positioned at various depths: -1 meter,
-4.6 meters, -7.1 meters, and -9.6 meters. The
structure of the shoring system is reinforced
with H-beam steel sections, each measuring
400x400 mm, which are critical in maintaining
the structural integrity of the excavation walls
(Table 1).

Table 1. Parameters describing shoring
system materials

Parameter Value
Material type Elastic

Y (kN/m3) 78.5

A (m2) 0.02187
12 (m4) 0.666E-3
I3 (m4) 0.224E-3
E (kN/m2) 210.0E6

Above these walls, a cap beam with dimensions
of 800x800 mm is installed to connect the
barrette walls, further enhancing the stability of
the overall structure. The barrette walls
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themselves are 800 mm thick and extend down
to a length of 25 meters (Table 2). The presence
of groundwater at a depth of -4 meters adds an
additional layer of complexity to the excavation
process [13].

The methodology employed for excavating this
site starts with the installation of the cap beam,
which is crucial for providing lateral support
and stability from the outset. This initial step
forms the foundation for all subsequent
excavation and shoring activities. After the cap
beam is securely in place, excavation begins
with the careful removal of the soil layer (Table
3). Following this, the first layer of the shoring
system is constructed. This system is vital as it
offers temporary support to the excavation
walls, effectively preventing their collapse.

As the excavation progresses deeper, careful
management of the groundwater table is
necessary [14-16]. The water table is gradually
lowered to counteract hydrostatic pressure, thus
mitigating the risk of water inflow that could
destabilize the excavation site. This iterative
process of excavation, shoring installation, and
water table management is  repeated
meticulously with each descending layer of soil,
ensuring that the excavation progresses in a
controlled and safe manner toward the desired
depth (Figure 1).

Table 2. Cap beam material description

parameters
Parameter Value
Material type Elastic
Y (kN/m3) 25
Height (m) 0.8
Width (m) 0.8
A (m2) 0.02187
12 (m4) 0.666E-3
I3 (m4) 0.224E-3
E (kN/m2) 210.0E6

Table 3. Altitude of excavated soil layers

No The soil layer Altitude (m)

1 Layer 1 0-(-2)

2 Layer 2 (-2)-(-5.1)

3 Layer 3 (-5.1)=(-7.6)
4 Layer 4 (-7.6) — (-10.1)
5 Layer 5 (-10.1)—(-13.1)
6 Laver 6 (-13.1) = (-15)
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Figure 1. Overview of excavation pit models

2.2. Methods

This research meticulously investigates the
deformation of barrette wall joints in deep
excavation sites, employing the Finite Element
Method (FEM) to conduct a detailed analysis of
the soil-structure interactions under various
loading and environmental conditions [17, 18].
The complex dynamics inherent in such
constructions require a nuanced understanding

of how different stressors—such as soil
pressure, moisture variations, and adjacent
structural activities—affect the structural

integrity and behavior of excavation walls.

In the methodological framework of this
study, a generic FEM model is constructed to
represent both the geometry and material
properties of the barrette walls and the
surrounding soil (Table 4) [19].

This model effectively incorporates key
parameters, including the elasticity,
permeability, and plasticity of the soil, as well
as the mechanical properties of the concrete
used in the barrette walls and diaphragm wall
joints has a length of 200 mm (Table 5).

By simulating the excavation process, a
comprehensive analysis of how deformations
collectively affect the barrette wall joint and the
overall structural integrity of the walls is
enabled.

In this study, we employed the Analysis of
Variance (ANOVA) to examine whether there
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are statistically significant differences in
technical parameters across various
excavation stages (Figure 2) [20]. Data were
collected for axial forces, bending moments,
shear forces, and torsion moments from six
distinct stages of excavation. Each parameter
was measured at specific nodes and elements,
providing a comprehensive dataset suitable for
multivariate analysis. The primary goal was to
evaluate the impact of changes in excavation
techniques and geotechnical conditions on
structural integrity and to identify any patterns
or anomalies.

Table 4. Soil description parameters with
Hardening soil model

Soil type

Parameter Clay Sand

Soil model Hardening soil Hardening soil

Drainage Undrained Undrained

Yw (KN/m?) 20.25 20.12

Ysat 20.57 20.55

Cinit 0.5879 0.5810

Ninit 0.3702 0.3675

Esof 6875 13.45E3

Eode ™ 6875 13.45E3

By ™ 20.63E3 40.35E3

Var 0.2 0.2

Power (m) 0.8 0.65

pref 38 400

Cref 7.1 5.7

¢ (°) 30.40 30

Y (©) 0.4 0

K, 1.43E-05 6.91E-6

(m/day)
Ky =Ky 3.59E-05 0.138E-3

Table 5. Description parameters of barrette
wall and diaphragm wall joints material

Parameter Barrette Diaphragm
Walls Wall Joints

Material type Elastic Elastic

Y (kN/m3) 8 8

E1 (kN/m2) 32.50E6 32.50E6

E2 (kN/m2) 32.50E6 32.50E6

D (m) 0.8 0.8

G12 (kN/m2) 16.25E6 0.0001

G13 (kN/m2) 16.25E6 13.54E6

G23 (kN/m2) 16.25E6 0.0001
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2.3. ANOVA Analysis

ANOVA was conducted by first ensuring that the
data met the assumptions of normality and
homogeneity of variances, which were assessed
using Levene’s test, respectively [21]. After
confirming the assumptions, one-way ANOVA
was applied to compare the mean values of each
technical parameter between different stages [22,
23]. Post-hoc comparisons were performed using
the Games-Howell test to determine which stages
differed significantly from each other [24, 25]. This
statistical approach provided a robust framework
for interpreting the complexities of geotechnical
behavior during progressive excavation stages [26].

Sig Levene
Test
4
Sig
r Levene 1
Yes >0.05 No
\ 4
ANOVA Robust
r Test Test 1
g Sig
S:)gOF: Welch
- <0.05
rYesJ_No_l rYCS_I_NO_l
There's There's no There's There's no

difference difference difference difference

Figure 2. ANOVA General Inspection Process

3. RESULTS AND DISCUSSION

3.1. Analyze model deformation and forces

The research, through the application of the Finite
Element Method (FEM), reveals that the
deformation of barrette walls is significantly
influenced by a combination of soil characteristics,
wall geometry, and external loading conditions

(Figure 3).

Total displacements |U| The largest is 0.0555 m
at the red spot in Figure 3. This is the
deformation analyzed at the time when it was
dug to a height of -15 m.

The position of the coupling wall joint
has the largest deformation
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Figure 3. Deformation |U| of the barrette wall
and the location of the largest deformed
diaphragm wall joints

The research conducts an analysis of the
deformation, shear force, and moment
parameters at this diaphragm wall joint site.
From the initial to the final stage of excavation,
there is a clear and consistent increase in the total
displacement (|U|), which suggests a progressive
destabilization of the wall as the excavation depth
increases (Table 6). Starting from a minimal
displacement of 0.0063 meters in the first stage,
the displacement escalates to 0.0532 meters by the
sixth stage. This pattern of increasing
displacement is a typical response in excavation
projects, reflecting the cumulative effect of stress
and strain on the structure as more soil layers are
removed. Deformation [U| through the stages of
earthdigging are depicted in Figure 4.

Table 6. Deformation statistics of diaphragm wall joints during earthworks

Total Total displacements Ux Total displacements Uy Total displacements Uz
Stages displacements [U| min max min max min max
1 6.30E-03 -1.22E-05 1.21E-05 1.66E-03 4.55E-03 4.30E-03 4.37E-03
2 0.01707 -3.7E-05 3.97E-05 0.003566 0.0128 0.0112 0.0113
3 2.64E-02 -6.16E-05 5.78E-05 2.44E-03 2.10E-02 1.59E-02 1.61E-02
4 3.46E-02 -9.41E-05 7.23E-05 1.47E-03 2.83E-02 1.98E-02 2.00E-02
5 4.41E-02 -1.41E-04 8.38E-05 6.80E-04 3.78E-02 2.25E-02 2.28E-02
6 532E-02 -1.73E-04 R 7RE-05 1.53E-04 4 ROE-0?2 2.27E-02. 2 30E-0?2
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Displacements in the Ux axis (lateral) show a
fluctuation within a narrow range, but there's a
noticeable trend where the maximum
displacement slightly increases from 0.0000121
meters in the first stage to 0.0000878 meters in
the last stage. This indicates lateral movements
are relatively controlled but do increase as the

excavation  progresses. Uy and Uz
displacements (vertical and longitudinal),
however, exhibit more substantial changes. The
vertical displacement (Uz) increases

significantly from 0.0043 meters in the first
stage to 0.023 meters in the sixth stage,
highlighting a notable vertical settling or
sinking of the wall under the excavation load.

e

| ! |

(2)

(D 3) @ S (©
Figure 4. Deformation change |U| through the

stages

The observed displacement patterns across Ux,
Uy, and Uz axes suggest that while lateral
stability is maintained to a certain extent, the
primary challenge lies in managing vertical and
longitudinal stresses. The consistent increase in
these displacements indicates that the wall
experiences significant downward and outward
forces, which could be attributed to the
unloading of soil and the consequent
redistribution of stresses within the soil mass
and the wall structure.

Throughout these stages of earthwork, there is a
noticeable trend of increasing absolute values in
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both minimum and maximum axial forces for
N1 and N2 (Table 7). This suggests a
progressive escalation in structural loads as the
excavation deepens, which is typical in such
operations due to the increasing depth and the
subsequent impact on lateral earth pressures.

Table 7. Axial forces value statistics

Axial forces N1 Axial forces N2
Stages min max min max
1 -81.04 55.05 -327 248.1
2 -257 264.5 -553.5 4472
3 -418.6 416.4 -611.2 507.1
4 -662.8 536.6 -620.7 522.2
5 -1050 627.3 -612 519.1
6 -1329 653.7 -839.3 502.8

In the initial stage, axial forces are relatively
low, indicating lesser stress and strain on the
structure. As the excavation progresses to stages
2 through 6, there is a significant increase in
both the compressive and tensile forces. This
increment points towards growing challenges in
maintaining structural stability, demanding
enhanced reinforcement or support systems in
deeper excavation stages.

For axial force N1, the shift from predominantly
negative values in the early stages to a mixed
range in the later stages highlights varying stress
conditions, possibly due to changes in earth
pressure or the activation of support systems
like anchors or struts. Similarly, axial force N2
shows a broadening range between the
minimum and maximum values, reflecting the
uneven distribution of loads across the structure,
which could be attributed to asymmetrical
excavation or irregular soil conditions.

Notably, as the stages progress, both M11 and
M22 show substantial increases in their
maximum  values, indicating heightened
structural stresses due to deeper excavation
(Table 8).

For M11, the minimum value starts at -14.07
kN/m in the first stage and drops slightly to -
29.4 kN/m by the sixth stage, showing a
moderate downward trend. On the other hand,
the maximum value significantly increases from
20.5 kN/m in the first stage to 229.5 kN/m in
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the sixth stage. This sharp rise suggests that
elements experiencing MI11 forces are
increasingly subjected to tensile stress as the
excavation deepens.

as lateral earth pressures intensify with each
subsequent stage of excavation.

Table 8. Moment value statistics through mining

M22 illustrates a more pronounced trend with stages
even larger fluctuations. Starting from a Bending M11 Bending M22

minimum of -28.51 kN/m in stage one and __Stages min max min max
plummeting to -716.5 kN/m in stage six, 1 -14.07 20.5 -28.51 10.53
coupled with a maximum of 10.53 kN/m in the 2 124 43.08 -33.6 289.2
. . 3 -7.627 87.1 -124.4 527.9
first stage surging to 130‘6 kN/m in the‘ .last 4 102 116.7 51 4 688.5
stage. These values are indicative of the critical 5 21.14 174.8 -479.9 930.5
bending loads that the structure must withstand 6 -29.4 229.5 -716.5 1306
Table 9. Shear forces value statistics

Shear Q12 Shear Q13 Shear Q23
Stages min max min max min max

1 1.47E-07 -13.92 19.96 1.25E-07
2 5E-07 -62.69 53.48 5.13E-08 1.11E-06
3 -2.89E-07 7.82E-07 -112.6 89.9 6.50E-08 1.90E-06
4 -2.90E-07 8.73E-07 -173.6 108.6 7.09E-08 2.62E-06
5 -2.91E-07 8.46E-07 -265.8 112.8 7.10E-08 3.63E-06
6 -2.93E-07 7.88E-07 -414.3 167.6 7.08E-08 4.59E-06
The values presented indicate significant Similarly, the maximum values for Shear Q23

differences in the behavior of shear forces
across three different shear directions, namely
Q12, Q13, and Q23, across all stages (Table 9).
In the case of Shear QI2, the values remain
relatively small and consistent, exhibiting
minimal variations from 1.47E-07 to 8.73E-07
kN/m. This consistency suggests that the
excavation process does not significantly affect
shear forces in this direction, possibly due to the
orientation of the excavation or the inherent
structural properties resisting changes in this
shear direction.

Conversely, Shear QI3 shows a substantial
increase in both the maximum and minimum
shear values as the excavation progresses,
ranging from -13.92 kN/m to 19.96 kN/m in the
first stage to -414.3 kN/m to 167.6 kN/m in the
sixth stage. This trend indicates a growing
imbalance or redistribution of forces within the
structure as deeper layers are excavated,
highlighting potential areas of structural stress
or failure that could require reinforcement or
careful monitoring.
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escalate dramatically from 1.25E-07 kN/m in
the initial stage to 4.59E-06 kN/m in the final
stage. This progressive increase in shear forces
could be indicative of increasing lateral
pressures as the excavation depth increases,
potentially compromising the stability of the
excavation sides and necessitating the
implementation of adequate shoring systems to
prevent collapse.

Table 10. Torsion moments M12 value statistics

Torsion moments M12

Stages min max
1 1.98E-07
2 -1.8E-06 1.81E-06
3 -3.05E-06 3.04E-06
4 -4.18E-06 4.16E-06
5 -5.78E-06 5.76E-06
6 -7.30E-06 7.27E-06

The analysis of torsion moments M 12 across the
six stages of excavation reveals a consistent
pattern of increase in both the maximum and
minimum values (Table 10). Initially, the
torsion moments are extremely low, with the
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first stage having a maximum value of only
1.98E-07 kN/m. This indicates minimal
torsional stress at the commencement of
excavation.

As excavation progresses to deeper levels, there
is a significant increase in torsional moments,
indicating increased structural stress. By the
second stage, torsion moments fluctuate around
zero, showing a slight increase to -0.000001812
kN/m and 0.000001808 kN/m for the minimum
and maximum values, respectively. This shift
from nearly negligible initial values suggests
that the torsional demands on the structure begin
to become more significant as the depth of
excavation increases.

The trend continues with more pronounced
increases through stages three to six. The third
stage shows torsion moments at -3.05E-06
kN/m and 3.04E-06 kN/m, nearly doubling by
the fourth stage to -4.18E-06 kN/m and 4.16E-
06 kN/m. The increasing trend underscores the
cumulative effect of excavation depth on
torsional stresses within the structure.

By the fifth and sixth stages, torsion moments
reach -5.78E-06 kN/m and 5.76E-06 kN/m, and
-7.30E-06 kN/m and 7.27E-06 kN/m,
respectively. These values illustrate a steady
increase in torsional demands, reflecting the
ongoing impact of successive excavation layers
on structural integrity.

3.2. Statistical analysis of inspection

The results of ANOVA analysis given with the
independent variable are the parameters Torsion
moments, shear force, Bending moment, Axial
forces, U, Ux, Uy, and Uz deformation values.
The dependent variable is the stages.

The variables Ux, Uy, Uz, U, N1, N2, Q12,
Q23, Q13, M11, M22, and M12 all have a P-
value of 0.000, which indicates that there is a
significant difference in variance between
groups for each variable (Table 11). This
implies that the assumption of homogeneity of
variance is rejected at the level of statistical
significance. Therefore, reviewing the Robust
Test analysis results is necessary (Figure 2) in
Table 12.
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Table 11. Test of Homogeneity of Variances

Levene
Statistic dfl df2 Sig.
Ux 388,483 5 2730 ,000
Uy 550,886 5 2730 ,000
Uz 246,247 5 2730 ,000
U 741,690 5 2730 ,000
N1 401,832 5 2730 ,000
N2 139,325 5 2730 ,000
Q12 130,977 5 2730 ,000
Q23 320,255 5 2730 ,000
Q13 123,458 5 2730 ,000
Mil1 423,197 5 2730 ,000
M22 195,237 5 2730 ,000
MI12 83,469 5 2730 ,000

Table 12. Robust Tests of Equality of Means

Statistic® dfl df2 Sig.
Ux Welch 264,606 5 1109,881 ,000
Uy Welch 1600,059 5 1115,924  ,000
Uz Welch 12643168,594 5 1197,841 ,000
U Welch 8531,537 5 1111,466 ,000
N1 Welch 340,604 5 1098,680  ,000
N2 Welch 269,004 5 1200,865 ,000
Q12 Welch 364,783 5 1197,433 ,000
Q23 Welch 550,395 5 1067,969 ,000
Q13 Welch 10,313 5 1100,477 ,000
M1l Welch 1233,368 5 1193,499 ,000
M22 Welch 14,136 5 1068,621 ,000
M12 Welch ,096 5 1069,925 ,993

a. Asymptotically F distributed.

In the Robust Test table, the Sig values of the
variables Ux, Uy, Uz, U, N1, N2, Q12, Q23,
QI13, M11, and M22 are all 0, proving that these
variables have differences between stages. Only
variable M12 has Sig = 0.993, this variable has
no difference between digging stages.

Use Games-Howell analysis to post-test to find
the variable with the largest difference among
the variables with differences between
construction stages. The results of the Ux
variable compared between stages have a
significant difference (Sig. = 0.000), the Uy
variable decreases significantly as the stages
progress (from Stage 1 to Stage 2 the difference
is -0.006072711, Sig. = 0.000), Uz is similar to
Uy, Uz also decreases significantly in later
stages (from Stage 1 to Stage 6, the difference is
-0.018497660, Sig. = 0.000), U changes greatly
across stages. Period (significant decrease from
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Period 1 to Period 6, difference is -
0.032850999, Sig. = 0.000), Group of variables
N1 and N2 show a significant increase in later
periods compared to previous periods ( NI
increases from 121,921 at Stage 1 to Stage 2 up
to 460,343 from Stage 1 to Stage 6 with Sig =
0.000), Groups Q12 and Q23 show a significant
change, although the actual values are very
different. small, reflecting small but statistically
significant differences (Q12 from Phase 1 to
Phase 2 is -0.000000187, Sig. = 0.000), M11
and M22 show significant changes across
phases (M11 decreased from -27,638 in Stage 1
to Stage 2 to -134,048 from Stage 1 to Stage 6
with Sig. = 0.000).

In the analysis from the Games-Howell post hoc
tests, the wvariable Uz exhibits the most
substantial differences between stages. This
difference is quantitatively significant and is
represented with very precise statistical values.
For instance, the mean difference between Stage
1 and Stage 3 for Uz is -0.011647417, with an
exceptionally  low  standard  error  of
0.000002713 and a significance level (Sig.) of
0.000, indicating not only a significant
difference but also one with high precision. The
magnitude of the changes in Uz is notably larger
than those observed in other variables, with p-
values consistently indicating these differences
are statistically significant.
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Figure 5. Mean plot of deformation Uy and Uz
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Figure 6. Mean plot of Ux

In addition to the variable Uz, which shows the
most significant differences among the stages
studied, attention should also be directed
towards the variable Uy. This variable, similar
to Uz, displays substantial stage-to-stage
variations with consistently significant results,
indicating its critical role in the study. Uy
demonstrates a clear creasing trend as the stages
progress, which could suggest a systematic
change in the experimental conditions or the
effect of accumulating variables across stages.
The increment in Uy from Stage 1 to Stage 6 is
notably significant, with the difference marked
at 0.025413693, a p-value of 0.000 underscoring
its importance in reflecting the underlying
phenomena being studied (Figure 5).

Besides the variables that increase according to
the stage, the variable Ux also decreases
according to the construction stage (Figure 6).

3.3. Discussion

This research has underscored the critical
importance of monitoring and evaluating
deformations within geotechnical engineering
projects, particularly those involving deep
excavations like the one studied. The detailed
analysis of deformation across different stages of
the excavation process has  highlighted
significant transformations in the structure's
behavior under varying geotechnical conditions.
Integrating the Finite Element Method (FEM)
with the Analysis of Variance (ANOVA),
provides a nuanced understanding of the
structural ~ behaviors  underpinning  deep
excavation projects, specifically focusing on
barrette wall joints. The significance of the
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deformations observed at these joints, the
underlying causes, and their implications for
structural safety are crucial for refining
construction practices and enhancing project
outcomes. Through the FEM, we have been able
to simulate detailed scenarios that reflect real-
world conditions under which these deep
excavations are subjected. The FEM results
reveal that the deformation patterns are primarily
influenced by the geometrical setup of the walls
and the mechanical properties of the soils. For
instance, the greatest deformations were typically
observed where the wall joints experienced the
highest bending moments and shear forces,
conditions that are exacerbated by unfavorable
soil mechanics and hydrostatic pressures. The
ANOVA analysis further assists in decoding the
influence of various factors such as load
conditions, soil consistency, and construction
stages on these deformations. Significant
findings from the ANOVA suggest that
variations in soil properties across different
layers significantly affect the deformation
outcomes. For example, softer soil layers were
associated with higher degrees of deformation at
wall joints. This relationship underscores the
necessity for precise soil assessment and
characterization in the planning stages of
construction to mitigate potential risks.

In this context, the variable Uz, which records
vertical displacements, has demonstrated the
largest and most significant changes across all
stages. These findings are particularly important
as they provide clear evidence of the progressive
destabilization that can occur as excavation depths
increase. The substantial increases in deformation
measurements from the earliest to the final stages
suggest that the structural integrity of the
excavation walls could be compromised without
adequate monitoring and intervention.
Additionally, the variable Uy, indicative of lateral
displacements, also shows significant
transformations, reinforcing the necessity of a
comprehensive ~ monitoring  strategy  that
encompasses multiple axes of deformation. The
clear decreasing trend in Uy values as the
excavation progresses could indicate lateral shifts
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or bending of the walls under load, which, if not
adequately braced, could lead to catastrophic
failures. The interaction of these variables with the
mechanical properties of the soil and the
construction materials used (as detailed in the
earlier tables of material properties and design
specifics) provides a complex picture of the
dynamic interactions within the excavation site.
For instance, changes in soil moisture, which
affect soil stiffness and permeability, could further
exacerbate the deformation rates observed.

By comparing these results with existing
studies, such as those by Arabaninezhad, A., &
Fakher, A. (2021) who investigated similar deep
excavation projects in urban environments, it
becomes evident that our findings align with
broader observations in the field. These studies
also highlighted the critical impact of soil
heterogeneity on wall stability and emphasized
the value of integrated approaches in predicting
and managing structural responses.

One of the critical insights from our study is the
demonstration of how specific deformation
patterns, identified statistically through ANOVA,
correlate strongly with increased risks of structural
failure. For instance, where significant statistical
differences in deformation across stages of
excavation were noted, these often coincided with
stages where historical data indicate a higher
incidence of structural failures. This correlation not
only validates the FEM and ANOVA as effective
tools for this field of study but also enhances our
ability to predict and prevent failures.

Moreover, the application of these analytical
methods allows for a proactive approach to
construction management. By understanding
which stages of the excavation process are most
susceptible to critical deformations, project
managers can implement targeted reinforcement
strategies and adjust construction plans in real
time to ensure structural integrity.

4. CONCLUSIONS

This research has provided comprehensive
insights into the deformation behaviors of barrette
wall joints under various construction conditions
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through the combined use of the Finite Element
Method (FEM) and Analysis of Variance
(ANOVA). By integrating these two powerful
analytical tools, we have been able to pinpoint
critical factors influencing structural deformations
and thereby propose more effective risk
management and mitigation strategies in
geotechnical engineering projects. The application
of FEM has allowed for a detailed simulation of
the complex interplay between soil properties,
wall geometry, and loading conditions. This
method revealed that deformations at the barrette
wall joints are significantly affected by variations
in soil composition and moisture content, as well
as by the physical constraints imposed by the

surrounding  structures. The results have
highlighted the critical need for precise
monitoring and evaluation mechanisms in

geotechnical engineering projects, especially those
involving significant changes in the structural
environment. The variables Uz and Uy, which
measure vertical and lateral displacements
respectively, have shown significant increases in
deformation with Uz experiencing a peak
deformation of 0.0555 meters at the maximum
excavation depth of -15 meters. This significant
deformation  underscores the  progressive
destabilization of the excavation walls as the
depth increases. For instance, the increase in Uz
from 0.0043 meters at the first stage to 0.023
meters in the final stage illustrates a more than
fivefold increase in vertical displacement, which
clearly indicates the gravity of structural shifts that
could potentially lead to wall failures if not
properly managed.

Similarly, Uy presented a significant reduction
from an initial deformation at the first stage to a
decrease by the sixth stage, which corresponds
to the lateral adjustments of the wall under
different loading conditions. These quantitative
changes in Uy from 0.00455 meters in the initial
stage to of 0.0480 meters by the final stage
highlight the lateral movement tendencies that
need continuous monitoring to prevent any
unforeseen structural failures. Furthermore, the
utilization of ANOVA has provided a robust
statistical framework to assess the impact of
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these variables systematically, confirming the
hypothesis that certain construction stages and
soil conditions pose greater risks than others.
The major contributions of this study include the
identification of specific stages in construction that
are prone to critical deformations, and the
clarification of how different soil layers' properties
can drastically influence the stability of deep
excavation sites. Such insights are invaluable for
construction engineers and project managers, as
they highlight the need for tailored construction
strategies based on the specific conditions of each
site. Additionally, the research findings advocate
for the implementation of continuous monitoring
systems at construction sites to dynamically assess
and respond to potential structural failures. Real-
time data obtained from such systems can be
analyzed using the methodologies described in this
study to make immediate adjustments to the
construction process, thereby enhancing safety and
efficiency. For future research, it is recommended
to expand the application of these methodologies to
a wider range of geotechnical structures and
conditions. Investigating different types of soil and
more varied construction scenarios will further
validate the versatility and robustness of the FEM
and ANOVA integration. Moreover, longitudinal
studies that track structural integrity over time post-
construction could provide deeper insights into the
long-term impacts of the identified factors on
structural health and safety.

In practical terms, this study serves as a
foundation for developing advanced predictive
models that can be incorporated into
construction  planning and management
software. These models, equipped with the
ability to simulate various scenarios and predict
outcomes, could significantly improve decision-
making processes in construction projects,
especially those involving complex
underground constructions. By identifying key
factors affecting structural integrity and
demonstrating the effective use of advanced
analytical techniques, this study contributes to
the enhancement of safety standards and the
optimization of construction practices globally.
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THE COEFFICIENT OF LONGITUDINAL BENDING FOR
COMPOSITE STEEL-CONCRETE RODS UNDER SHORT-TERM
LOADS
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Construction", Moscow, RUSSIA

Abstract: The norms (codes) for calculations of compressed composite steel and concrete columns, as well as
experimental and theoretical studies by other authors, are considered. An experimental study of compressed
columns with small eccentricity at a range of flexibility [,/h from 6 to 20 was performed. Finite-elements
modeling of various variants of structures has been performed: with concrete class from B30 (C25/30) to B100
(C90/105), with I-beam core, with square form core. The experimental and FEM data obtained are compared
with theoretical curves of the longitudinal bending coefficient. It was found that the coefficient curves in SP
266.1325800 and Eurocode 4 are not in the correct shape and do not reflect actual work of composite
compressed columns. The use of SP 266.1325800 curve, based on the curve for reinforced concrete structures, as
well as Eurocode 4 curves, which are accepted as for steel sections by Eurocode 3, does not provide load-bearing
capacity reserve and does not ensure reliability. Both codes ignore different work of low- and high-strength
concretes. As a result of the research, it was found that class of concrete affects the stability of columns with
flexibility l,/h from 6 to 10, while there is no influence on the shape of the cross-section of the core (type of
rigid reinforcement). For flexibility ly/h from 10 to 20, a uniform coefficient curve can be adopted for all
concretes. Curves of the coefficient ¢ have been developed for calculating compressed elements at small
eccentricities and short-term action of loads; a formula for calculating the bearing capacity of compressed racks
has been proposed.

Keywords: concrete, high-strength concrete, steel, composite structure, rigid reinforcement, eccentrical
compression, stability, buckling, coefficient of longitudinal bending

KOODOUIMUEHT ITPOJOJBHOI'O U3I'UBA
CTAJIEXEJIE3OBETOHHBIX CTOEK ITPH
KPATKOBPEMEHHOM AEUCTBUU HAT'PY3OK

/I.B. Konun
[MHUUCK um. B. A. Kyuepenko AO "HUIL] "Ctpourensctso", r. Mocksa, POCCU S

AHHOTanusi: PaccMOTpeHbl HOpPMBI 1O pacueTy CXKaTbhIX CTaJeXKeJIe300€TOHHBIX CTOEK, a TaKkKe
9KCIEPUMEHTAILHO-TEOPETUUECKHE ~ MCCIICNOBAHUS  APYTMX aBTOPOB. BBINONHEHO OSKCHEPHUMEHTAIBHOE
HCCIIeI0BaHNE PabOThI CHKATHIX CTOEK ¢ MaJbIM JKCIIEHTPHCUTETOM Ha Juarna3one rubkocteit [y/h ot 6 no 20.
BblInosHeHO YKMCIIEHHOE MOJICTMPOBAaHKE PA3IMYHBIX BAPHAHTOB KOHCTPYKIMiA: ¢ 6eToHamu ot B30 (C25/30) no
B100 (C90/105), ¢ cepacyHUKOM B BHIC IBYTaBpa, C CEPACUYHUKOM B BHIC KBajapara. [lolyucHHBIC TaHHEIC
9KCIIEPUMEHTOB M PACUETOB COIMOCTABIICHBI C TEOPETUUECKUMU KPUBBIMH KO3 PHIIEHTA TPOJOIBHOTO N3rnoa.
YcranoBieHo, uto kpuBble koddpdummenta B CII 266.1325800 u Eurocode 4 nmMeroT He KOPPEKTHYIO GOpMy H
HE OTPa)XaroT NEHCTBUTEIHFHONW PabOTHI CTANCKEIe300€TOHHBIX CHKATBIX AJIEMEHTOB. VIcromb3oBaHME KPUBOM
CII 266.1325800, ocHOBaHHOM Ha KPHBOM IS KEIC300CTOHHBIX KOHCTPYKIMH, a Takke KpuBbiX Eurocode 4,
KOTOpBIE€ TIPUHSATHI KaK JJIs CTANbHBIX cedenwuii (1o Eurocode 3) — He maeT HopManbHOTO 3amaca KOHCTPYKITUH U
He obecrieunBaeT HaJe)KHOCTh. O0a HOpMaTHBAa UTHOPUPYIOT Pa3IHMYHBIN XapakTep paboTsl 0eTOHOB OOBIYHON U
BBICOKOH TNPOYHOCTH. B pesynbpTare HMcclieoBaHWA yCTAHOBJIEHO, YTO KJIacC NMPOYHOCTH OETOHA Ha CXKAaTHe
BJIASIET HA YCTOMYMBOCTD CTEP)KHEW ¢ THOKOCTBIO OT 6 110 10, mpu 3TOM BIHSIHUS (POPMBI MIONIEPEYHOTO CEYCHUSI
cepyieuHUKa (BHJa YKECTKOTO apMHUpOBaHMs) Ipakthuuecku HeT. Jlimst ruOkocreit or 10 mo 20 Moxer ObITH
NPUHSTA eluHasi JUIs BceX OeTOHOB KpuBas koddduumenta. Paspaboranbl kpuBble KoddduimeHra ¢ ams
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pacdera CXAaTbIX OJJIEMEHTOB IIPH MaJbIX OKCIEHTPHCUTETaX M KPATKOBPEMEHHOM JICHCTBHM HArpy3oK;
npeasoxkeHa (hopMylia pacdera HECyIeH CIIOCOOHOCTH CHKAThIX CTOEK.

KunroueBsble ciioBa: 6eTOH, BEICOKONIPOYHBIH OETOH, CTAJIb, CTANIEKEIe300eTOHHAS KOHCTPYKIHS, )KECTKast
apMaTypa, BHEIICHTPEHHOE C)KaTHE, YCTOWIHBOCTD, KO3 (QUIIUEHT POTOIHHOTO H3THda

INTRODUCTION

Consideration of buckling effects for steel
reinforced concrete compressed struts is an
extremely actual problem. Ignoring the effects
of buckling in the design of columns of multi-
storey buildings, supports of large-span roofs,
bridge piers with large effective lengths can lead
to design errors and accidents. Using only
idealized design schemes, even taking into
account geometric and physical nonlinearities,
cannot fully account for the variety of random
factors, which in combination can lead to
premature failure of a critical building structure.
Such random factors include: external
eccentricities; internal eccentricities resulting
from misalignment of steel and reinforced
concrete sections; inaccuracy of manufacturing
and assembly of structures; quality and
variability of material properties, etc. Some
effects can be accounted for by introducing
appropriate coefficients in calculations, but the
determination of these coefficients must be
based on experimental studies of models or full-
scale structures. The buckling coefficient
simultaneously takes into account the nonlinear
behavior of materials in the cross-section. In
steel-reinforced concrete structures, this is
primarily nonlinear deformation and cracking in
concrete. As well as it is possible eccentricities
of the load applied to the columns and "internal"
eccentricities due to inaccurate assembly.

For long-term loading, the coefficient ¢ for
reinforced concrete elements with rigid
reinforcement should be taken from the table of
SP  266.1325800.2016 depending on the
slenderness ratio of the element and the
compressive strength of the concrete. For short-
term loading, it should be calculated using the

following linear relationship: ¢ =0,9 at %0=

10 (1 =345) and ¢ = 0.85 at £=20 (4=

178

69), where /o is the effective length of the
element, h is the depth of the section in the
plane of determination of the coefficient ¢. The
values of the coefficient ¢ are shown in Figure 1
with a red line. The values of the coefficient ¢
for a rectangular cross-section at central
compression taken from [1] are marked with a
black dotted line.

1,0
4
0,9
0.8
0,7

0,6

0,5

L,/ h
5 7 9 1113 1517 19 21 23 25 27 29 31
Figure 1. Comparison of coefficients ¢

0,4

EN 1994-1-1 (2004) "Eurocode 4: Design of
composite steel and concrete structures..."
(hereinafter referred to as Eurocode 4) requires
that the condition 6.44 must be met when
designing compressed bars

NEg
XNpiRa =1 (1,
where Ny, is the design load acting on element,
and Ny pq 1s the ‘plastic’ cross-section bearing
capacity, defined by formula 2. The
nomenclature of parameters in the formula is
taken in accordance with SP 266.1325800).
Value Ny rq is calculated by simply summing
up the constituent parts of the cross-section:
Npl,Rd = RyAst + 0;85Rb,cA + RscAs ot (2
where Ry, R, are the design yield strength for
rigid steel profile and for rebars, Rj. is the
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design compressive strength of concrete
cylinder specimens, Ag, A, Agtor are the
cross-section areas of rigid reinforcement,
concrete and steel rebars respectively. Also
formula 1 utilizes the buckling coefficient 7,
which is defined according to the corresponding
table 6.5 in Eurocode 4. This table specifies the
type of curve of the y coefficient depending on
the type of section and refers to the provisions

of clause 6.3.1.2 of EN 1993-1-1: 2005
"Eurocode 3: Design of Steel Structures..."
(hereinafter referred to as Eurocode 3). An
extract from Table 6.5 of Eurocode 4 and from
the corresponding section of Eurocode 3 is
given in Table 1. The curve types for the [-beam
section, in the corresponding planes (column 5),
are also shown there for comparison.

Table 1 — Comparison of Eurocode 3 and Eurocode 4 stability calculation requirements

Curve type
T £ Curve type for steel I-beam from steel S355
ype ?ci C;OSS Design axes | according to Table | Imperfect element | according to table 6.2 Eurocode 3
sectio 6.5 Eurocode 4 h/b> 1.2, h/b <12,

tr <40 mm tr < 100 mm

1 2 3 4 5 6

I Yy b L/200 a b

y4_ e
z-Z c L/150 b c
Iz

The data given in the table shows that curves for
hot-rolled column I-beams (column 3) which have
approximately the same flange height and width
(column 6) are adopted when designing steel
reinforced concrete structures of compressed
struts in the form of fully concreted I-beams. Note
that there is a differentiation in Table 6.2 of
Eurocode 3 in the assignment of buckling curves
for hot-rolled beam (column 5) and column I-
beams, and for welded and hot-rolled sections.
Table 6.5 in Eurocode 4 does not take into
account the actual design of the [-beam (welded or
rolled), its shape (column or beam) or the concrete
class. Curve types are taken as the most
unfavorable, i.e., in margin. In addition to the one
considered in Table 1, there are partially concreted
section made of I-beams, for which the curve
types are the same as for the one considered.
There is also partially concreted section made of
two I-beams made in a cross (curve type b), pipe-
concrete section with the percentage of
reinforcement up to 3% and from 3 to 6% (curve
types a and b, respectively), pipe-concrete section
with rigid reinforcement in the form of I-beams
(curve type b). In Figure 1, the dashed blue and

Volume 20, Issue 2, 2024

green lines represent curves b and c, respectively.
The slenderness ratios are given for the /o/A ratio
used in SP 63.13330 and SP 266.1325800, as for
the S355 steel bar.

Steel reinforced concrete structures working in
compression have been studied quite well in the
USSR and Russia since the second half of the 20th
century by A.N. Vasiliev [2], E.L. Zhitnitskaya
[3], N.A. Slavinsky, S.K. Mikadze, N.A. Egorov
[4], Khandzhi V.V. [8], Travush V.I. with the
participation of the author [12] and others. The
paper [24] provides justification of the possibility
of calculating such structures using a nonlinear
deformation model. Among foreign studies in
recent years, the researchs of PRC scientists [15,
18, 19], as well as Western scientists [20, 21, 22,
23] have drawn attention. However, they
investigate  relatively  short  steel-reinforced
concrete bars (/o/h from 3 to 6), where the stability
effects or the influence of deformation of the bar
are minimal. Nevertheless, they will be used to
analyze the results in the future.

The stability of reinforced concrete bars has been
investigated in the studies of E.A. Chistyakov
[11], V.M. Bondarenko, V.I. Murashev, as well as
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A.D. Beglov and R.S. Sanzharovsky et al [9, 10],
V.V. Gichko [7], A.L. Krishan. [17], Teryanik
V.V. [16] and others. The studies of E.A.
Chistyakov formed the basis of the current norms
for the design of reinforced concrete structures SP
63.13330. The stability of reinforced concrete bars
taking into account creep phenomena, including
under the application of short-term acting loads, is
studied in [13, 14]. The performance of modern
concretes under load with different aggregates,

their deformation diagrams and Poisson's ratio are
studied in [25, 26].

2. RESEARCH METHODS

To verify the existing buckling coefficient curves
(Figure 1), it is necessary to analyze the available
experimental data on the performance of bars of
different slenderness with different percentages of
reinforcement. Due to the relatively small number
of experiments on steel-reinforced concrete
structures, test data on reinforced concrete bars of
different slenderness are analyzed. This is
justified, since the strains of concrete in steel-
reinforced concrete bars at the central location of
rigid reinforcement elements fully correspond to
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the strains of reinforced concrete structures. The
comparison does not include the results of tests of
pipe-concrete structures, since their operation is
significantly influenced by the presence of a steel
enclosed shell and concrete strains in such
structures have certain peculiarities.

In order to supplement the existing test base, a
full-scale test of steel-reinforced concrete strut
models in the range of slenderness /o/4 from 6 to
20 was carried out. The general cross-sectional
view and the view of one of the failed models
are shown in Figure 2. The slenderness of the
elements was varied by changing the length of
the models. The steel of rigid reinforcement was
C355 and that of steel rebars was A500C. The
concrete had a compressive strength class of
B100, which was confirmed by cube specimen
tests. The percentage of cross-sectional
reinforcement for all models is 10.3%. All
models were tested under eccentric compression
with an eccentricity of 5 mm along the flanges
of the I-beam, which is close in value to random
eccentricity (4#/30=5.3 mm). During testing, the
strains on the surface of steel and concrete,
vertical absolute displacements, and the value of
compressive load at the beginning and end of
the holding time were recorded at each step.

Crack Width
Cod!
[m]
0.0000162
0.0000141
0.0000121
0.0000101
0.0000081
0.0000061
0.0000040
0.0000020
0.0000000

¢)

Figure 2. Experimental models: a - cross section, b - fractured model with slenderness ratio of
20, ¢ - ultimate state of the model with slenderness ratio of 20 according to FEA
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Similar struts were also studied using finite
element modeling in ATENA software,
considering the nonlinear performance of the
materials: a three-line diagram for concrete and
a two-line diagram for steel. Models were
created that fully replicate the experimental
models in terms of geometry, boundary
conditions, eccentricities and materials. In
addition, struts with concrete of compressive
strength classes B30, B60, and B80 were
modeled to extend the results to all material
strength ranges. Poisson's ratio was assumed
differentially according to the strength class of
concrete [26]. The number of steps and mesh
size for each model was also selected
individually. The minimum number of loading
steps was at least 20 and the mesh size was
about 20 mm. The Fracture-Plastic Constitutive
Material Model (CC3DCementitious2), which is
based on a combination of a tensile fracture
model (Rankine-Fracturing Model) with a
compressive material fracture model (Menétrey-
Willam), was used to describe the performance
of the concrete. The calculations of all
structures were performed considering the
formation and opening of cracks in concrete.
The limit state of the slender column is shown
in Figure 2, c. Also, as part of preliminary finite
element modeling, strut models with simulation
of contact interaction between steel and concrete
were tested. It was found that for struts with
small  eccentricities, regardless of the
slenderness and shape of the core, the presence
of a certain contact interaction at the steel-
concrete joint practically does not affect the
results of calculations. That is, there is no
influence of the contact on the value of the
ultimate load, the wvalue of the ultimate
longitudinal strain of the core. There is
influence on the buckling deformation within 3-
5%. The difference between forces and
deformations for the same type of models with
and without contact interaction modeling is less
than 0.5%. Therefore, further analysis and
modeling were performed for finite element
models of struts in which the contact interaction
at the steel-concrete joint was not modeled in a
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special way, and the steel and concrete FEs had
common nodes in the design scheme.

3. RESULTS AND DISCUSSION

The main difficulty in analyzing previously
conducted studies is that it is not always
possible to reliably determine from descriptive
materials the design length of elements that
should be considered from hinge to hinge of the
test bench. In some studies, only the length of
the tested structures is given, which introduces a
distortion in the results of the analysis. Often
tests with small or zero eccentricities were
performed in one or two instances, which did
not allow to establish reliably the magnitude of
the failure load. Therefore, it was possible to
analyze 79 tests of reinforced concrete and
steel-reinforced concrete struts out of the whole
variety of studies based on the works [4, 6, 7,
11, 12, 22, 23], in which the eccentricity value
did not exceed the value of 4/30, as well as the
tests described above, conducted by the author.
The selected test results fall within the range of
slenderness lo/h from 5 to 32, for concrete on
heavy aggregate with compressive strength
classes from B20 to B100. The rigid
reinforcement  elements in  almost all
experiments are in the form of a single I-beam
made of steel similar to C255..C390. In
experiments [22, 23] 4 I-beams made of S460
steel were used as a rigid reinforcement. The
investigated reinforcement percentage over the
whole range of the study is from 0.08 to 46.6%.
The cross sections were all rectangular or
circular. Thus, a fairly representative array of
experimental data was investigated over a wide
range of slenderness, percent reinforcement, and
compressive strength class of concrete. The
longitudinal bending coefficient was calculated
from the experimental results using the formula:

® = Neese/Neneor. 3)
where N, is the fracture load based on test
results, Nipeor 18 the theoretical load-bearing
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capacity of the strut, defined as the sum of the
compressive load-bearing capacity of concrete,
steel, reinforcement according to the actual values
of material strengths and their actual dimensions.
Figure 3 shows the test results as discrete values,

Denis V. Konin

as well as the theoretical values of the coefficient
¢ according to various sources. Reinforced
concrete structures are marked in the figure with
round markers, steel-reinforced  concrete
structures are marked with triangular markers.
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Figure 3. Comparison of theoretical curves of the coefficient ¢ with experimental data

While considering the data of the experiments, a
rather large variation in the values of the
coefficient ¢ attracts attention. At slenderness 6
the variation is from 0.81 to 1.0 (Ap=0.19), at
slenderness 10 - from 0.78 to 0.96 (Ap=0.18), at
slenderness 15 - from 0.64 to 0.98 (Ap=0.34), at
slenderness 20 - from 0.55 to 0.84 (Ap=0.29), at
slenderness 30 - from 0.48 to 0.65 (Agp=0.17).
The minimum squares approximation by a
linear function leads to the following system of
equations for the coefficient ¢ (shown in Figure
3 by the gray dashed line):

@ =097 — O’O(:lll",for 5<l,/h <18
0,019l )
@ =114 - ,for18 <l,/h < 32

Significant variation of test results is related to
the complexity of the modeled structures. First
of all, it is steel and reinforced concrete
structures, in which the influence of internal
eccentricities is high. In addition, it is difficult
to take correct readings from load cells and
displacement sensors in case of sudden brittle
failure of the structure at the last stages of
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testing. These features are typical for all
analyzed studies. A significant variation of data
within one study is representative if model
fabrication and measurements are performed by
the same groups of specialists. The line of the
characteristic coefficient according to SP
266.1325800 (red dotted line) lies above a
significant number of tests and has a smaller
slope  with increasing slenderness than
expessions (4).

Eurocode 4 lines b and ¢ (blue and green dashed
lines) also have an unsatisfactory correlation with
lines plotted by expressions (4). Line b lies above
a significant number of tests, i.e., calculations
that use it will not give a margin. Line c lies
substantially below almost all tests, which will
lead to unjustified overconsumption of materials.
At the same time, both of these lines at the value
of slenderness of 5 are practically equal to 1,
which does not ensure the reliability of structures
and does not take into account the peculiarities of
nonlinear operation of the combined steel-
reinforced concrete section.

Expressions (4) are constructed for all concretes
and slenderness ratios. If other smaller samples
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by concrete strength classes, reinforcement
percentages or other design parameters were to
be separated in the investigated sample. The size
would be unsatisfactory for approximation
(n=3..5) and statistical analysis of the test
results. Therefore, the mean function of the
coefficient @ presented in expressions (4) over
the entire range of concretes, reinforcement
percentages and slenderness ratios can only be a
guide. For example, the results of tests of steel-
reinforced concrete structures with  rigid
reinforcement and concrete of strength class
B90..B100 by different groups of specialists
show that mainly at slenderness ratios from 10 to
20 the values of the coefficient ¢ lie below the
approximation lines (4). This indicates the
peculiarities of the performance of such
structures and the need for a separate analysis.
The peculiarities of the performance of structures
with different types of cores can be investigated
in detail using verified finite element models.

3000
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Finite element analysis of models with different
slenderness ratios and concretes allowed us to
construct curves of the coefficient ¢, which was
calculated using Formula 3. In this formula, the
value of Nrem is the ultimate compressive force
based on the results of the finite element modeling
that was utilized used instead of the failure load
during the tests Nes. Extremes of the force-
displacemt graphs for strut shortening and
buckling were taken as the ultimate state (Figure
4, a). The plots of the coefficient ¢ for the whole
considered range of slenderness ratios and B30,
B60, B80 and B100 concretes are shown in Figure
4, b. The curves for all concretes at slenderness
greater than 15 follow practically the same
trajectory, and at slenderness from 6 to 15 they lie
one under the another. The least strong concrete
(B30) has the maximum coefficient ¢=0.95 at
slenderness of 6 (blue line). A core of the stronger
concrete (B100) at the same slenderness has a
value of ¢=0.85 (green line).

1,00
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Figure 4. Comparison of finite element analysis results for different concretes: a - force-
displacement graphs for identifyving the buckling of struts made of B100 concrete for different
slenderness ratios; b - diagrams of the coefficient ¢ for different slenderness ratios and concretes

Compared to the normative line of the coefficient
¢ (red dashed line, Figure 4), all obtained lines are
lower, especially for slenderness ratio of 20 and
more. At a slenderness of 20, the difference is
more than 30%. Based on the obtained data from
the analysis of validated finite element models, the
refined graphs of the coefficient ¢ can be plotted.
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In addition, we evaluate the influence of the cross-
sectional shape of the rigid reinforcement on the
performance of a bar compressed with a small
eccentricity. For this purpose, finite element
models of bars of different slenderness were
created with a core in the form of a solid square
section that is equivalent in area to the previously
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studied bars with I-beams (Figure 5). The same
options for creating and for analysis of models in
ATENA were used for simulation as presented
above. According to the results of the simulations,
we can plot the buckling coefficients and compare
them with those previously obtained for the bars
with I[-beam reinforcement (Figure 6). Solid lines
in the graphs show the curves of the coefficient ¢
for bars with I-beam core, dotted lines indicate the
curves of the coefficient ¢ for bars with square
core. Despite the insignificant difference in the
coefficient values (about 5-10%), the curves run
parallel and there is almost no significant
influence of the shape of the core cross-section.
Unlike steel bars in compression, where the
influence of cross-sectional shape on the type of ¢
coefficient curve has been established, here the
effect is minimal and can be ignored for most
common cross-sections with central and
symmetrical arrangement of rigid reinforcement
elements. This is primarily due to the fact that the
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value of the coefficient ¢ in steel-reinforced
concrete structures is primarily influenced by the
concrete and its deformation diagram. Therefore,
the different character of deformation of concretes
of different strengths should be accounted by the
new curves of the ¢ coefficient, also taking into
account the studies [25, 26].
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Figure 5. Cross-section of a strut with a square
core
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Additionally, let us analyze the pattern of
cracking in the cross-section of struts with
different types of rigid reinforcement. Table 2
shows comparative cracking patterns at the last
calculation step before the ultimate state is
reached. Crack patterns are given for a strut of
slenderness 20 for an example with varying
concrete performance diagrams from B30 to
B100. It can be seen that the struts with B30
concrete  exhibit more active material
involvement throughout the cross-section. That
is, cracks (and thus plastic strains in concrete
under compression) propagate more actively
from the periphery of the most compressed fiber
to the axial areas of the cross-section. Thus, in

structures made of concrete B30 the steel core is
more actively involved in the work. In the case
of high-strength concrete the steel core is used
less effectively. In the actual performance of
structures, this pattern will also be confirmed
due to the fact that ordinary strength concrete
(B20...B35) has a smoother deformation
diagram and a descending branch after reaching
the tensile strength [25]. Unlike high-strength
concretes (B80...B100), which have brittle
fracture behavior, the use of ordinary strength
concretes increases the reliability of the
structure, although it has the effect of increasing
material consumption.

Table 2. Comparison of cracking patterns for different concretes and cross sections for slender

struts ly/h =20

Class of concrete compressive strength

B60

I-section

Square section

There is also a pronounced cracking in the space
between the flanges of the I-beam in the most
compressed part of the cross-section. The
analysis of the principal stresses, as well as
stresses in separate directions shows that the
concrete actively works not only in compression
along the main axis of the core, but also in
compression in the horizontal plane due to the
constraint of lateral strains by the I-beam
flanges. A "cage" effect is observed. This causes
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the I-beam core columns to work more
efficiently (see Figure 6) and have a slightly
higher value of the ¢ coefficient and ultimate
bearing capacity than the square core columns.
The comparison of ultimate bearing capacity of
cores with different cores is summarized in
Table 3. The maximum bearing capacity
difference of 9.8% in favor of I-beam core is
recorded in columns with maximum slenderness
made of B60...B100 concrete. The fact that the
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difference will be maximum for high-strength
concrete is obvious since as the strength class of
concrete increases, the actual value of Poisson's

Denis V. Konin

ratio also increases from 0.2 for B30 to 0.245
for B100 according to [26].

Table 3. Comparison of ultimate bearing capacity of struts with different reinforcement

Concrete ok I-section Square section - Neem(s)
class 0 Nrewm, Ntheor @ Nrgwms Ntheor @ Nrem(e)
kN kN kN kN
1 2 3 4 5 6 7 8 9
20 1628 0,649 1502 0,599 -8,4%
15 1925 0,768 1874 0,748 -2,7%
B100 2507 : 2507 - :
10 2130 0,849 2113 0,843 -0,8%
6 2219 0,885 2285 0,911 2,9%
20 1434 0,657 1315 0,603 -9,1%
15 1693 0,776 1635 0,749 -3,6%
B8&0 2182 : 2182 - -
10 1876 0,860 1855 0,850 -1,1%
6 1979 0,907 2017 0,924 1,9%
20 1213 0,653 1105 0,595 -9,8%
15 1449 0,780 1392 0,749 -4,2%
B60 1857 - 1857 - -
10 1626 0,875 1594 0,859 -1,9%
6 1713 0,922 1732 0,932 1,1%
20 872 0,636 848 0,619 -2,8%
15 1061 0,775 1048 0,765 -1,2%
B30 10 1221 1370 0,891 1166 1370 0,851 -4,7%
6 1294 0,945 1251 0,914 -3,4%

Summarizing the research data presented above,
and also considering the peculiarities of steel-
reinforced concrete structures in the form of
reinforced  concrete  struts  with  rigid
reinforcement, it is proposed to carry out the
bearing capacity calculation for compressed
elements with eccentricities not exceeding the
random eccentricities by the following formula:

N
<1, (5)
@(RpA+RscAs tot+RyAst)

where Ry, Ry, Ry are the design strengths of
concrete in compression, yield strength for
rigid reinforcement and rebars respectively,
Agt, A, Agior are the cross-section areas for
rigid reinforcement, concrete and steel rebars
respectively. The values of the coefficient ¢
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for continuous action of loads are accepted
according to Table 7.1 of SP 266.1325800,
and for short-term action of loads are accepted
according to Table 4 of this paper.
Comparison of the proposed coefficients (blue
and green lines) with the requirements of SP
266.1325800 (red dashed line) and Eurocode 4
(blue and green dashed lines) is shown in
Figure 1.

The proposed values of the coefficient ¢ take
into account the nature of the performance of
concrete of different compressive strengths, as
well as the peculiarities of the performance of
steel-reinforced concrete compressed elements
under load with different types of cores, the
operation of the structure under deformed
scheme.
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Table 4. Coefficient @ for short-term loads

Slenderness ratio of the element
Concrete class | [,/h= 6 10 15 20
A= 208 34.6 52.0 69.3
1 2 3 1 5
B30 0.945 0.891
B60 0.920 0.875
B8O 0.890 0.860 0.78 0.61
B100 0.860 0.850

4. CONCLUSIONS

1) Experimental and theoretical studies of the
performance of compressed steel-reinforced
concrete struts of different slenderness ratio
have been performed. Russian and foreign
studies of the stability of compressed reinforced
concrete and steel reinforced concrete bars have
been analyzed.

2) The curves of buckling coefficient contained
in SP 266.1325800 and Eurocode 4 do not
accurately reflect the peculiarities of steel-
reinforced concrete compressed bars with small
eccentricities. =~ The  coefficient of SP
266.1325800, which is based on the standards
for the design of reinforced concrete structures,
does not correspond to the theoretical
assumptions in its current form, as it does not
smoothly decrease with increasing slenderness
ratio. It is also not confirmed by the analyzed
experimental data. The coefficient in Eurocode
4, which gives a reference to the curves of a
similar coefficient for steel structures from
Eurocode 3, also cannot be considered
sufficiently justified. It actually ignores the
performance of reinforced concrete in the cross-
section. The concrete at the periphery of the
cross-section is included in the work at the very
first stages of loading of the structure and
significantly changes the performance and
hence the coefficient curve of the compressed
steel column surrounded by concrete. The
concrete significantly improves the stability
performance of the compressed strut, which
should be taken into account in the calculations.
3) It is found that the compressive strength class
of concrete affects the stability of bars with
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slenderness ratios from 6 to 10, with little or no
influence of the shape of the cross-section of the
core type of rigid reinforcement. The curves of
the ¢ coefficient for the calculation of
compressed elements at small eccentricities and
short-term action of loads have been developed.
A formula for calculating the load-bearing
capacity of compressed struts has been
proposed.

4) Based on the analysis performed, the
buckling coefficients should be checked and
updated when calculating the long-term action
of loads, taking into account the shrinkage and
creep of materials. Due to the presence of
cracking concentrators in the form of steel-
concrete joints, studs, etc., the creep measure
used to calculate steel-reinforced concrete
structures may differ from standard reinforced
concrete structures.
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Abstract: Solution of the problem of two-dimensional theory of elasticity with the use of discrete-continual finite el-
ement method in the presence of crack is under consideration in the distinctive paper. The original operational contin-
ual and discrete-continual formulations of the problem are given, an example of analysis are presented.
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PEIIEHUE IBYMEPHO! 3AJIAYUY TEOPUMU YIIPYTOCTH
C UCIIOJIB30BAHUEM JUCKPETHO-KOHTUHYAJIBHOI'O
METOJA KOHEYHbBIX JIEMEHTOB IIPU HAJIMYUH LIEJIN

M.JI. Mo3zaneea, I.A. Akumoe

HauunonanbHelil neecnenoBaTenbckuil MOCKOBCKHN ITOCY1apCTBEHHBINA CTPOUTENIbHBII YHUBEPCUTET,
r. Mocksa, POCCHUA

AHHOTaumsi: B HacTos1Iel cTaThe paccMaTpuBaeTCsl pEIICHUE IByMEPHOM 3a/1a4i TEOPUM YIIPYTOCTH € UCIIOJb30Ba-
HUEM JTUCKPETHO-KOHTUHYAJIbHOI'O METOJa KOHCUYHBIX 3JIEMCHTOB MPHU HAJTMYNH LICIIN. le/IBe)leHbl HCXOJHBIC OIcpa-
TOPHBIE KOHTHHYAIbHAs U TUCKPETHO-KOHTHUHYAIbHAs TOCTAaHOBKHU 3a/1a4H, IIPEICTABIICH IIPUMEp pacyuera.

KurodeBble cjioBa: TUCKPETHO-KOHTUHYAIBHBIA METO/ KOHEUHBIX 2JIEMEHTOB, YUCIECHHOE pelleHHeE,
JIByMepHas 3afjauya TEOPUH yIPYrOCTH, PaCYEThl KOHCTPYKLIUI

INTRODUCTION

Numerical solution of the problem of two-
dimensional theory of elasticity with the use of dis-
crete-continual finite element method (DCFEM) has
been already considered in [1, 2, 4-8, 12]. Systemat-
ic literature review has been presented in [1, 2, 4-8,
12] as well. In this regard, let us immediately move
on to the main material of the distinctive paper in
case of presence of a crack.

1. FORMULATIONS OF THE PROBLEM

Let the constancy of the parameters of the prob-
lem be in the direction corresponding to x,

192

(main direction). The operational formulation of
the problem with the use of so-called method of
extended domain [5], taking into account the
selection of the main direction, is determined by
the equation [6]:

Lu=F, 0<x </,0<x,</,, (1.1)
where we have

L=-L,0s+L 0,+L,; (1.2)

Luu = a:DITCYDlal 7 (13)

L, =0,D/CD,-D]CD/,; (1.4)

L, =D]CD,; (1.5)
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1 0 0 0
D =|0 0|; D,=|0 1]; (1.6)
0 1 1 0
2u+A A0
C=| A2 2u+i1 0}; (1.7)
0 0 Y7,

?¢,,0, are corresponding dimensions of extended

domain (linear dimensions of considering struc-
ture) [3]; x=(x,, x,); X, x, are Cartesian coor-

dinates; p# and A are Lame parameters; Q is
the domain, occupied by structure;

Q={(x,x): 0<x,<l; 0<x,</,};

(1.8)

O(x,, x,) 1s characteristic function of domain
Q; 0,=0,(x,x,) 1is the delta function of
boundary I'=0Q; n=[n n, |

normal vector; F is the load vector in domain
Q; f is the corresponding boundary load vec-

is boundary

tor; u is the vector of displacements (unknown
vector function),

(1.9)
0,=0/ox,, s=1,2;0,=-0/0ox,, s=1,2.

Let us introduce the following notations

— — "
V=0,u= ; (1.10)
VZ
u'=0u; V=0 (1.11)
Thus, we can rewrite (1.1)
L w+Lv—Ldv=F (1.12)

Finally we obtain system of differential equa-
tions with operational coefficients:

Volume 20, Issue 2, 2024

i=v
{ —rnaenie-nF o O
or
7 =Lz+F, (1.14)
where
Z:[L;:OLW Lviw] IR

F=
{ } (1.16)

The system of equations (1.14) is supplemented
by boundary conditions, which are set in sec-

tions with coordinates x, =0 and x; =/, .

The discrete component of the numerical solu-
tion is represented by direction along the axe x,.

2. EXAMPLE OF ANALYSIS

2.1. Formulation of the problem.

As a model example, let us consider the deter-
mination of the displacements of a beam-wall,
fixed along the side faces in three directions,
under the influence of a load concentrated in the
center (Figure 2.1).

Let us consider the following geometric pa-
rameters:

(i =1m; /,=1m.

Let us consider the following design parameters
of material of the beam: coefficient of elasticity
E =2650-10* kN/m?; Poisson's ratio v =0.15 .
Let external load parameter be equal to
P =100 kN.
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Figure 2.2. Design model

Let us consider the initial problem in the form
of a combination of two boundary problems
(Figure 2.2).

The contact boundary runs vertically, including
the crack. In this case, the contact boundary
equations at nodes outside the crack represent
the conditions of ideal contact. The equations at
the nodes that fall within the crack zone repre-
sent the free edge conditions. The load is speci-
fied on both sides of the contact boundary at a

distance of 2-10” m. The discrete component

194

includes n =21 nodes (finite elements): 20 up-
per and 7 lower nodes for ideal contact equa-
tions; internal 7 nodes for equations of free edg-
es on the left side and right side.

Figures 2.3-2.6 are graphical visualizations of
the numerical solution (displacements, stresses)
at the contact nodes, while “L” means the solu-
tion for the boundary value problem on the left
side, and “P” means the solution for the bounda-
ry value problem on the right side.
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The presented sample of analysis illustrates the
effectiveness of using the discrete-continuous
finite element method, since the length signifi-
cantly exceeds the width of the beam-wall, and
the traditional finite element method [9-11]
would lead to a significant increase in the nodes
of the mesh region.
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