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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 ¢ naameopmoil Web of Science. ypHan nmeet MeXTyHapOIHBINA CTATyC U BBHICHUIAETCS 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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Penen3upoBanue. Bce HayuHbIe CTaThH, MOCTYNUBIIME B PEAAKIIUIO JKypHAJA, MPOXOMIST
o0s13aTeIbHOE JIBOMHOE clIernoe pelieH3MpoBaHue (PELEH3EHT HE 3HAeT aBTOPOB PYKOMMCH, aBTOPHI
PYKOIMCH HE 3HAIOT PELIEH3EHTOB).

3auMcTBOBaHUS M Muaruar. PenakumonHasi KoOJUIerus KypHaia Mpu pacCMOTPEHUH CTaThbU
IIPOBOJIUT MPOBEPKY MaTepuaia C MOMOIIBI0 CUCTEMBI «AHTHILIAruaT». B ciydae oOHapyxeHus
MHOT'OYHMCIIEHHBIX 3aMMCTBOBaHHUM pelakiys 1eHcTByeT B coorBeTcTBUU ¢ nipaBuiamu COPE.
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cetu UnTepHeT: http://www.rosp.ru/) uin B U31aTeIbcTBO ACCOIMAITIN CTPOUTETHHBIX By30B (ACB)
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xypHana akanemuky PAACH Cuodoposy Braoumupy Huxonaesuuy (anpeca 3JIE€KTPOHHOU TMOYTHI:
sidorov.vladimir@gmail.com, sidorov(@iasv.ru, iasv(@iasv.ru, sidorov(@raasn.ru) uim K TEXHHYECKOMY
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REFLECTION OF WAVES FROM HYDROTECHNICAL
STRUCTURES IN DETERMINING THE PORT WATER WAVES

Izmail G. Kantarzhi ', Alexander G. Gogin ?, Zhanna I. Nagornova’

' National Research Moscow State University of Civil Engineering (National Research University) (MSUCE),
Moscow, RUSSIA
2JSC "KIS Istok", Moscow, RUSSIA
3 National Research Moscow State University of Civil Engineering (National Research University) (MSUCE),
Moscow, RUSSIA

Abstract: The article considers the influence of taking into account wave reflection and the discrepancy between
the results of waves without reflection and with reflection in numerical modeling, compares the results of
numerical modeling and the analytical method for determining dangerous directions of waves when servicing ships
in the port. The reflectivity of hydraulic structures and the factors on which it depends are considered. Empirical
formulas for obtaining the reflection coefficient for the designs of slope structures are presented. An expression
for the reflection coefficient is used not only for smooth slopes, but also for permeable ones. The results are
compared with the methodology given in normative SP 38.13330.2018. The stepwise behavior of the reflection
coefficient is analyzed, depending on the gentleness of the wave and the slope laying.

Keywords: numerical modeling, analytical methods, reflection waves, reflection factor, critical parameter

OTPA’KEHUE BOJIH OT THAPOTEXHUYECKHUX
COOPYXEHMUMU ITPU ONIPEJAEJIEHNUN PACYHETHBIX BOJIH HA
AKBATOPUU ITIOPTA

Kanmapycu U.T'. ', F'ozun A.I'. °, Hazopnosa K. H. >
! HanoHaabpHBIN HCCIeI0BaTeNbCKuii MOCKOBCKHUI TOCYIapCTBEHHBIN cTpouTenbHbIN yHuBepcuTeT (HUY MI'CY),
ropox Mocksa, POCCU
2 AO «KHUC Hctok», Mocksa, POCCUS
3 HanMoHaNbHBIN UCCIeN0BaTENLCKU MOCKOBCKHI TOCY TapCTBEHHBIN CTPOUTENbHEIH yauBepcuter (HUY MI'CY,
ropox Mocksa, POCCU S

AHHOTALMSA: B CTaTbe PACCMATPUBACTCA BIMSIHHUE yueTa OTPAXKCHHUS BOJIH U PACXOXKIEHUS PE3yIbTaTOB MEXKIY
BOJIHAMHM 0€3 OTPAKEHUS M C OTPAKEHUEM IPU UYUCICHHOM MOJCIHUPOBAHUH, CPAaBHUBAIOTCS DPE3YJIbTaThl
YHCJICHHOTO MOJIEINPOBAHUS U AaHATUTHYECKOTO METO/1a AJIsl OIPEECIICHNUS ONTAaCHBIX HANIPABJICHUH BOJTHEHUH IpU
00cIy’KMBaHUU CYJIOB B IOPTy. PaccMaTpuBaeTcs oTpakaroas CIOCOOHOCTh T’UAPOTEXHUUYECKUX COOPYKEHUH U
(akTopbl, OT KOTOPLIX OHA 3aBUCUT. IIpencraBnens! sMnupudeckue GHopMyJibl A MOJNydeHus kodpduurueHTta
OTpaXXCHUsI MJIi KOHCTPYKLMH OTKOCHBIX COOpY>XeHUH. Mcnosb3yloTcst BbIpakeHHe uid koddduumenra
OTPa)KEHUSI HE TOJIBKO ISl INIaJKUX OTKOCOB, HO U JIJIsl IPOHULIaeMbIX. Pe3yIbTaThl CPaBHUBAOTCSI C METOIUKOM,
npusenenHoi B CIT 38.13330.2018. Ananu3upyercsi CKauyKoOoOpas3HbIM XapakTep IoBeneHHsi Kod3(duuueHra
OTPaXKCHUS, 3aBUCSIINH OT I10JIOTOCTH BOJIHBI U 3aJI03KEHHS OTKOCA.

KaroueBble cjioBa: 4UCIEHHOE MOJICIIMPOBAHNE, AaHATUTUYECKUE METObl, OTPA’KEHHE BOJIH,
K03 GULHEHT OTpakeHUs, KPUTUYECKHUI mapaMeTp

INTRODUCTION

permissible wave heights, permissible wind
An important aspect of port operation is ensuring speed and, in some cases, permissible current
safe interaction of vessels with berthing facilities speed. As is known, ports can be protected and
[1]. The criteria for this safety are assessed by unprotected from waves. At the moment, there is
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one regulatory document designed to determine
the permissible wave parameters when servicing
vessels for berths that are not sufficiently
protected from waves. ' There are also guidelines
and recommendations that combine the ability to
determine acceptable wave parameters for
servicing ships and determine the port's
security.??, while the use of these documents
does not exclude their use for unprotected ports.
At first glance, in all three presented documents
the methodology for determining safe conditions
for interaction of vessels with berthing facilities
during mooring, parking and cargo operations is
quite similar, but upon closer examination, some
differences are revealed. Further, it is considered
how critical the existing differences in the
methods are and how they can affect the final
conclusion on the safety of mooring.

As an example, the conditions of the facility,
hereinafter referred to as the Terminal (Fig. 1),
which is located in the Kola Bay of the Barents
Sea, are considered. For comparison, the
calculation data obtained as a result of numerical
modeling (the SWAN wind wave calculation
model [2-3] and the COASTOX-CUR current
and water level model) and the results of
analytical calculation in accordance with the SP
38.13330 methodology were considered.?, 2018
edition. Examples of combined modeling are
presented in [4-9].

The assessment of safe conditions is carried out
for piers No. 1, No. 2 and the port fleet pier; the
design vessels with their characteristics are given
in Table 1.

According to Figure 1, pier #1 corresponds to
control points 5, 6 and 22, pier #2 — 7, 8, 40, 23
and 24 and the harbor fleet pier — 10. Control
points 5, 6, 7, 8 and 40 are used to determine
wave heights directly at the berth, and control
points 22, 23 and 24 are located at a distance

'R 31.3.07-01. Guidelines for calculating loads and
impacts from waves, ships and ice on marine hydraulic
structures: Supplement and clarification of SNiP 2.06.04 -
82*. Moscow, 2001.

%RD 31.33.10-87. Recommended Practice for Accounting
for Hydrometeorological Conditions in the Design of

from the berth for approximately the width of the
vessel. The wave parameters based on the results
of the analytical calculation give values only near
the object. For numerical modeling, the
directions of the calculated storms include 5
rhumbs: N, NE, E, SE and S; for the analytical
method, calculated storms of 4 rhumbs were
tested: NE, E, SE and S.

Table 1. Parameters of design vessels

Name of the vessel
Parameter SK- Tugboat
SK-6000 | |00 | Arc8
Draught in 135 150 | 14.00
cargo, m 6.0
Draft in ’
ballast. m 8.2 9.0 11.45
Maximum 40.0 4561 | 41.90 13.0
width, m
T(’talrfngth’ 286.45 | 363.57 | 289.60 | 30.0
Displacement, | = 5 ¢ 17829 | 12420 | 0.645
thousand tons

area with indication of control points for issuing
results

Further, based on the results of wave calculations,
a table of dangerous wave directions is presented
for servicing calculation vessels (for mooring

Wharves with Insufficient Protection from Wave Action.
Moscow, 1987.

SRD 31.33.03-88. Recommended Practice for the Deter-
mination of Permissible Wind and Wave Conditions for
Design of Seaports. Moscow, 1989

4SP 38.13330.2018. Loads and impacts on hydraulic
structures (wave, ice and from ships): Updated version of
SNiP 2.06.04-82*. Moscow, 2018.
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operations, parking of a moored vessel and Table 2. Dangerous wave directions for servicing

performing cargo operations) at the Terminal. vessels at piers No. 1, No. 2 for design vessels
Table 2 shows that there is practically no and the port fleet pier for tugboat
V4 V4 g
difference in the results when using different Wa"fls VtV_ithO“t W"g’est_Wi‘h Analytical
.. . reflection, reflection, nalytica
methods for determining safe waves, but taking numerical numerical method
into account wave reflection plays a significant modelin, modelin
. . . (o]
role. When taking into account reflection, four e B - a2 s]
. . . . o . . o o
directions of waves become dangerous, instead of | Alldesien | S | S | 5| S | S| 5| = | B
one, S without taking into account reflection. It is vessels - = g2 T 2| ¢
. . o o = o
also clear that the results diverge for two adjacent = = 2| =
berths (along one berth wall). At the same time, R I‘IIEE - E.
approaching the corner of the cordon line (i.e., to 31-3-107- S 1S |- |s | s |S Sg:, S
the berth of the port fleet) the waves increase S
. . . . NE,
significantly, especially taking into account RD E | sE E,
. 313310- | S | S |8 ’ | s | SE | s
reflection. 7 SE, | S S
. S
Wave fields for the berthing area and on the NE
. . RD : E,
approach to it for a storm with arecurrencerate of | 5,5305. | s | s | . | B |SE| g | sE | s
ot og SE, | S ’
once per year for all dangerous directions based 88 S S
on the results of numerical modeling are shown in
Table 3.

Table 3. Fields of significant wave heights during storms of the N, NE, E, SE and S direction with a
probability of once a year with and without reflection

no reflection reflection

Once a year

Sign. Wave Height [m]

bove 1150 [__] 0.925-1.000 I 0600-0725 I 0375-0450 M 0.150-0.225
075-1.150 [ 0.800-0925 [ 0.525-0600 [ 0.300-0375 M 0.075-0.150
000-1.075 [ 0.725-0.800 [ 0.450-0525 [ 0.225-0.300 [ 0.000-0.075
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Continuation of table 3

Wave

parameters p-3 p-6 p-22 p.7 p-8 p.40 p-23 p-24 p.10

North direction of wave approach without reflection/ with reflection
A M 0.10/0.10 | 0.10/0.10 | 0.70/0.80 | 0.10/0.10 | 0.10/0.10 | 0.10/0.10 | 0.60/0.60 | 0.30/0.30 [ 0.10/0.10
T,c 0.30/0.30 | 0.30/0.30 | 0.70/0.80 | 0.20/0.20 | 0.30/0.30 | 0.30/0.30 | 0.60/0.60 | 0.40/0.40 [ 0.30/0.30
?_L, M 0.01/0.01 | 0.01/0.01 | 0.04/0.04 | 0.01/0.01 | 0.01/0.01 | 0.01/0.01 | 0.04/0.05 | 0.02/0.03 | 0.02/0.01

hse, M 0.02/0.02 | 0.02/0.02 | 0.02/0.08 | 0.02/0.02 | 0.02/0.02 | 0.02/0.02 | 0.02/0.08 | 0.02/0.05 | 0.02/0.03

no reflection reflection

Once a year

Sign. Wave Height [m]
B Above 1.150 [ 0.925-1.000 [ 0.600-0.725 [ 0.375-0.450 [ 0.150-0.225
B 1075-1150 ] 0800-0925 I 0525-0600 [ 0.300-0.375 M 0.075-0.150
[ 1000-1075 [ 0.725-0800 I 0.450-0525 M 0.225-0.300 [ 0.000-0.075

par?;:‘:em p.5 .6 p.22 p.7 p8 p.40 p.23 p24 | p.lo
North-east direction of wave approach without reflection/ with reflection
A m 7.10/11.50 | 7.00/10.80 | 6.80/10.70 [ 6.30/10.10 | 3.90/8.10 | 1.30/71.30 | 6.30/10.20 | 6.00/5.00 | 0.50/0.50
T, s 2.10/270 | 2.102.60 2.10/2.60 200250 | 1.60/230 | 090/090 | 2.00/2.60 | 2.00/2.40 | 0.60/0.60
h, m 0.16/031 | 0.16/022 | 0.19/027 | 0.14/0.19 | 0.10/0.13 | 0.05/0.06 | 0.18/021 | 0.17/0.17 | 0.03/0.03
hss, m 0.29/0.54 | 0.29/040 | 029/0.48 | 029/0.34 | 0.29/024 | 0.29/0.10 | 0.29/0.37 | 0.29/0.30 | 0.29/0.06

E no reflection reflection
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Continuation of table 3

Once a year

B Above 1.150
B 1.075-1.150

Sign. Wave Height [m]

0925-1.000 I 0.600-0.725 M 0.375-0.450 M 0.150-0.225
0.800-0925 B 0525-0600 I 0.300-0.375 M 0.075-0.150
1 1000-1.075 [ 0.725-0.800 I 0.450-0525 [ 0.225-0.300 [ 0.000-0.075

Izmail G. Kantarzhi, Alexander G. Gogin, Zhanna I. Nagornova

.......

Ha‘;ﬁimm p.s p.6 p.22 p.7 p.8 p40 | p23 | p24 | plo
East direction of wave approach without reflection/ with reflection
j, m 6.10/7.50 | 6.00/6.80 | 6.10/7.20 | 5.80/6.40 | 5.00/590 | 3.80/5.00 | 6.00/6.80 | 590/6.40 | 3.50/4.80
T, 5 200/220( 2.00/2.10 | 2.00/2.00 | 1.90/2.00 | 1.80/190 | 1.60/1.80 | 2.00/2.10 | 2.00/2.20 | 1.50/1.80
?_1, m 0.20/0.33 | 0.19/0.26 | 0.21/0.29 | 0.18/0.24 | 0.15/020 | 0.11/0.14 | 0.20/0.25 | 0.19/0.22 | 0.08/0.09
hss, m 0.35/0.58 | 0.35/0.47 | 0.35/0.52 | 0.35/042 | 0.35/036 | 0.35/026 | 0.35/0.49 | 0.35/0.39 | 0.35/0.16

SE

no reflection

reflection

Once a year

Sign. Wave Height [m]
B Above 1.150 0925-1.000 I 0.600-0.725 I 0.375-0.450 M 0.150-0.225

B 1.075-1.150 0.800-0925 ] 0525-0.600 M 0.300-0.375 M 0.075-0.150
[ 1000-1075 [ 0725-0.800 I 0.450-0525 [ 0.225-0.300 M 0.000-0.075
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Continuation of table 3

Once a year

pmﬁz:em p.5 .6 p.22 p.7 p8 .40 p.23 p.24 p.10
South-east direction of wave approach without reflection/ with reflection
Am 5.40/5.80 | 5.40/5.50 | 5.50/5.60 | 5.30/530 | 5.00/5.10 | 4.50/4.80 | 5.40/540 | 5.30/5.20 | 4.40/4.80
T,s 1.90/1.90 | 1.90/1.90 | 1.90/1.90 | 1.80/1.80 | 1.80/1.80 | 1.70/1.70 | 1.90/1.90 | 1.80/1.80 | 1.70/1.80
h, m 0.21/0.29 | 0.21/027 | 0.21/0.27 | 0.21/0.26 | 0.19/0.25 | 0.17/0.25 | 0.21/0.27 | 0.21/0.26 | 0.15/0.20
hse, m 0.37/0.51 | 0.37/0.47 | 037/0.48 | 0.37/0.46 | 0.37/0.45 | 0.37/0.43 | 0.37/0.47 | 0.37/0.46 | 0.37/0.36
no reflection reflection

Sign. Wave Height [m]
B Above 1150 [_]0.925-1.000 [ 0.600-0.725 [ 0.375-0.450 M 0.150-0.225

1 1.075-1.150 [ 0.800-0925 [ 0.525-0.600 M 0.300-0.375 M 0.075-0.150
[11000-1.075 [ 0.725-0.800 [ 0.450-0525 [ 0.225-0.300 [ 0.000-0.075

parf;:em p.5 p.6 p.22 p.7 p8 p40 | p23 p24 | plo
South direction of wave approach without reflection/ with reflection
.;I._, m 7.60/8.20 | 7.90/8.50 | 7.90/8.00 | 8.20/8.50 | 8.30/8.40 | 7.10/8.50 | 8.20/8.30 | 8.30/8.50 | 8.40/9.10
T, s 2.20/230 | 2.20/2.30 | 2.20/2.30 | 2.30/2.30 | 2.30/2.30 | 2.10/230 | 2.30/2.30 | 2.30/2.30 | 2.30/2.40
hom 0.33/0.44 | 0.35/0.46 | 035/0.42 | 037/046 | 0.37/0.46 | 037/0.48 | 0.37/0.44 | 037/0.46 | 0.37/0.51
hse, m 0.58/0.78 | 0.58/0.80 | 0.58/0.74 | 0.58/0.80 | 0.58/0.81 | 0.58/0.84 | 0.58/0.78 | 0.58/0.81 | 0.58/0.90

The largest discrepancy between the wave
parameters calculated with reflection and without
reflection is obtained for the NE direction, since
in this direction the wave front is almost normal to
the cordon line and the ship's side, while the port
fleet pier is in the wave shadow for both scenarios,
as is pier no. 2. And for waves in the N direction,
the results with and without reflection are the
same practically. For points located at a vessel's
width from the berth, for berth no. 1 from the NE
to the S direction, the differences in the heights of
reflected waves of different strengths from waves

without reflection decrease. For berth no. 2 from
the NE to the S, the difference in the heights of
reflected waves of different strengths from waves
without reflection increases.

Thus, wave reflection plays an important role in
the resulting wave heights, taking into account the
configuration of port facilities relative to the
direction of the waves. In turn, this can
significantly affect the conclusions about the safe
conditions for servicing ships in the port.

When wind waves interact with hydraulic
structures, they undergo transformation — mainly
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diffraction and reflection of waves, often multiple
times. At the same time, underwater channels and
natural bottom irregularities [10-11], as well as
floating objects, which, in turn, act as sources of
secondary waves due to their own oscillations
[12], can also influence wind waves.

the wave climate in the port water area is formed
by the interference of approaching, reflected and
secondary generated waves.

The layout of sea ports assumes maximum
protection of the inner water area from the impact
of large wind waves. However, during a storm, the
water area of any port may experience weakened
but noticeable waves [13]. In this case, taking into
account the reflection of waves from the port's
hydraulic structures plays an important role in
shaping the wave climate in the port water area. If
the degree of reflection is underestimated, the
wave load on the structures will be
underestimated, and the danger of wave impact on
ships sheltering in the port water area during a
storm will be underestimated. In addition,
incorrect consideration of wave reflection will
also affect the unpredictable development of
lithodynamic processes in the water area.
Washout at berth and protective structures can
lead to a loss of local stability of structures, as well
as to excessive accumulation of sediments and the
accompanying need for extraordinary dredging
operations in the shipping waters of the port. If the
degree of wave reflection from structures is
unreasonably overestimated, there will be an
overspending of funds and materials. In any case,
incorrect consideration of wave reflection can
have negative consequences for both the port's
economy and its operational functionality.

METHODS

The reflectivity of hydraulic structures is usually
characterized by the reflection coefficient, which
is the ratio of the height of the reflected wave to
the height of the approaching wave, that is:

href
kref =

(1)
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The reflection coefficient depends on both the
type and roughness of the reflecting surface and
the parameters of the approaching waves, as well
as on the angle between the front of the incoming
waves and the axis of the reflecting surface.
Determining the exact values of the reflection
coefficient for a specific hydraulic structure
design for different approach angles and wave
parameters can only be done through physical
experiments. Therefore, in engineering practice,
they resort to a set of empirically obtained
reflection coefficients collected in the scientific
literature [14-16] and shown here in the figure
below.

vertical type [- ridge above the water
pier - ridge under the water

[- plates, 1:1.5-1:2.5

impermeable |- stones, 1:1.5 - 1:3

slope

- stones, <1:3
- shaped blocks

-—swnes‘ L3

permeable
slope - stones, 1:2.5

- shaped blocks

natural beach

0 01 02 03 04 05 06 07 08 08 1
reflection factor

Figure 2. Approximate wave reflection factor of
various structures

The choice of reflection coefficient values in the
given ranges depends on the steepness of the
suitable waves - the longer the waves, the greater
the reflection coefficient. The upper limit of the
ranges roughly corresponds to long-period swell
waves.

In this case, if when calculating the parameters of
wind waves in the port water area, the degree of
wave reflection from berths with a vertical wall
is intuitively clear and with sufficient accuracy
and engineering reserve is specified by a
reflection coefficient of 0.8-0.9. Then when
considering alternative options for the design of
a berth wall (for example, with a berth slope), as
well as when it is necessary to take into account
reflection from slope coastal protection
structures, the assignment of a wave reflection
coefficient becomes a non-trivial task.

Empirical formulas are known for obtaining the
reflection coefficient for some designs of slope
structures. They are based on the connection with

International Journal for Computational Civil and Structural Engineering
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a critical parameter similar to the wave breaking
parameter, which was obtained in [17-18] for a
regular monochrome wave and the expression for
which is written as follows:

tana

f = J2nh/gT? (2)

where h— wave height; 7— wave period; a— slope
angle.

The dependence of the reflection coefficient on
the critical collapse parameter for a smooth slope
(for example, reinforced with slabs), obtained in
work [18], is written as follows:

kref = 0.1¢? 3)

It was later shown that this expression is valid
only for small values of the critical parameter
&.Therefore, it was further refined in the work
[19] for large values of the critical parameter to
the following form:

kyer = tanh(0.1&%) 4)

and also, in the approximation of irregular waves,
with the breaking parameter determined by the
significant wave height and the average period
over the spectrum:

ay-éh
kref = f%i+b1 (5)

The authors of the work [19] first proposed to use
the same expression to calculate the reflection
coefficient not only for smooth slopes, but also
for those with significant porosity. For this
purpose, the following values of calibration
coefficients were proposed:

Table 4. Values of calibration coefficients for
slopes with significant porosity to formula (5)

Slope structure aq by
Permeable, stones or shaped blocks | 0.75 | 15
Impermeable, stone or shaped 0.80 | 10
blocks
Plate slope 1.00 | 4.54

Later, based on newly obtained extensive
experimental data on reflection coefficients, it
was shown in [20] that this dependence with the
proposed coefficients allows obtaining reliable
results only for smooth slopes. In the same work,
the authors proposed a new formula for smooth
and porous slopes with a steepness from 1:1.5 to
1:4.0:

kref = tanh(4 - &3), (6)

Where 4 and B are calibration coefficients that
take the following values:

Table 5. Values of calibration coefficients for
slopes with significant porosity to formula (6)

Slope structures A B
Permeable, stones 0.12 | 0.87
Permeable, shaped blocks 0.10 | 0.87
(tetrapods, cubes)
Impermeable, stones or shaped 0.14 | 0.90
blocks
Plate 0.16 | 1.43

Then this method of determining reflection
coefficients was developed in terms of
reflection from smooth slopes of mixed waves
(mainly bimodal — wind waves together with
swell waves) [21], in terms of using the
capabilities of neural networks [22-23], and
also received additional confirmation from
natural data [24].

As can be seen from the figure below, the use
of expression (4) allows us to approximate
expression (3) in the region of small values of
the critical parameter £<2, and in the region
&>2 - to get the reflection coefficients that
asymptotically tend to 1.0, i.e., total reflection.
The graph shows the boundary solutions of
expressions (5) and (6) - for a smooth
impermeable slope and for a permeable porous
slope. This allows us to estimate the minimum
and maximum reflection coefficients from
slope structures that can be obtained.
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Reflection factor k_ref

oL —0,182[f 3]
01 L —- (1 2Q/(e2+454) [F5]  —- tanh(0 1684 43) |£.6]

1anh(0,18°2) [£ 4]

07582)/(82+15) [F5]  —- tanh(0,12640 87) [£ €]

1 2 3 4 5 & 7 3
Critical parameter ¢

Figure 3. Dependence of the reflection
coefficient on the critical parameter, obtained
using expressions (3 — 6) for smooth and porous
slopes

In domestic engineering practice, the method
given in SP 38.13330 is used to determine the
reflection coefficients of waves from slope
structures. The expression for the reflection
coefficient according to this method can be
written as follows:

kref = krkpkref,i\/cos 0, e_O'OST/A’ (7)

where k, and k,,— coefficients of slope roughness
and permeability, taking the following values:

Table 6. Values of the coefficient of slope
roughness and permeability (SP 38.13330.2018

Table D.1)
Relative
roughness, r/h
Slope structure a(lyeizrgt:ersil;}z k, k,
the material
fixing)
Concrete
(reinforced - 1 0.9

concrete) plate

Less than 0.002 1 0.9

Gravel-pebble or

stone covering 0.005-0.01 0.95 | 0.85
concrete ’ 0.02 09 | 0.8
(reinforced 0.05 0.8 0.7
0,1 0.75 | 0.6

concrete) blocks

More than 0.2 0.7 ] 05
kyef,i— the coefficient depending on the flatness
of the wave and the slope is taken from the
following table:

Table 7. Values of the coefficient depending on

the wave flatness and slope laying (SP
38.13330.2018 Table A.4)

Wave Values k.., at slopes of the
flatness, A/ reflective surface i
h 1 0.5 0.25
10 0.5 0.02 0,0
15 0.8 0.15 0,0
20 1 0.5 0,0
30 1 0.7 0.05
40 1 0.9 0.18

The analysis of the coefficients proposed by
the normative methodology shows that the
reflection coefficient is a function of the
steepness or flatness of the waves, the slope
and the angle between the wave front and the
axis of the reflecting structure. If we assume
that the waves approach the structure
normally, and the wavelength, according to
the linear wave theory, is expressed through
the period of the waves according to the

dispersion relation (without taking into
account the water depth):
2
A= ar” (8)
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then it becomes possible to analytically link the
value of the normative reflection coefficients and
the critical parameter &.

For example, the figure below shows a
comparison of the reflection coefficients that
can be obtained using expressions (5) and (6), as
well as using the normative methodology. As
above, the boundary conditions of reflection
from the slope are considered: from an
impermeable smooth slope and from a
permeable extremely porous slope. It should be
noted that taking into account the characteristic
size of the slope fastening material, r, gives the
normative reflection coefficients in the region
between the absolutely smooth and extremely
porous slope.
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Reflection factor k_ref

=
—
s

— - (1-82)i(°2+4 54) £ 5]
075-L2)/(E2+15) [£ 5]
@ Sp38.13330-smoth slope

—- tanh(0, 1651 43) [£.6]
—- tanh(0, 1260 87) [£ 6]
H Sp38.13330-permeable slope

1 2 3 4 5 6 7 H

Critical parameter &
Figure 4. Comparison of reflection coefficients
obtained using expressions (5) and (6) and
using the normative methodology

According to the obtained results, there is a
connection between the reflection coefficients
and the critical parameter. A jump in the value of
the normative reflection coefficients is noted in
the interval 2 < & < 3.152. In this case, the
reflection coefficients in the interval 2 < & <
2.23 are characterized by a sharp increase in the
growth rate, while the reflection coefficients in
the interval 2.23 < ¢ < 3.15 increase with
moderate intensity. Note that a jump in the
reflection coefficients is observed on both
smooth and porous slopes.

RESULTS AND DISCUSSION

An analysis of the behavior of the standard
reflection coefficients made it possible to
determine that the abrupt nature of the behavior
is manifested in the coefficient, which depends
on the gentleness of the wave and the slope and
is determined according to the table:

Table 8. Values of the reflection coefficient
depending on the wave flatness and slope
embedment

Wave Values k¢ ; at slopes of the
flatness, 1/ reflective surface i
h 1 0.5 0.25
10 0.5 0.02 0,0
15 0.8 0.15 0,0
20 1 0.5 0,0
30 1 0.7 0.05
40 1 0.9 0.18

In this case, the area where the reflection
coefficients jump is highlighted in color in Table 8.
Bringing the normative coefficients to smooth
growth relative to the critical parameter seems to be
an important task today, since it allows us to obtain
a more reasonable result. The assumption about the
smoothness of their behavior relative to the critical
parameter is associated with the functions of the
dependence of the reflection coefficients on the
critical parameter, obtained in the literature cited
above and confirmed by extensive experimental
data. In this regard, in this paper we propose to
consider the updated wave reflection coefficients in
the part of Table 8 highlighted by the color scheme.
The wupdated parameters of the reflection
coefficient, depending on the wave flatness and
slope laying, are given in Table 9.

Table 9. Updated values of the reflection
coefficient depending on the wave flatness and
slope embedment

Wave Values k. ; at slopes of the
flatness, A/h reflective surface i

’ 1 0.5 0.25

10 0.5 0.02 0,0

15 0.8 0.15 0,0

20 1 0.25 0,0

30 1 0.40 0.05

40 1 0.55 0.18

The position of the reflection coefficient values
in relative dependence on the critical parameter
is shown in Figure 5.

" —_————
- e

,/‘/,”

08 was P
g e
ol /// [ ]
~ 07 »
p 7 e
g o -~ et
g " =
g os s *® s
g s b4 T
% 04 //,/ ® _/-”
& 4 e gu" % ® = om

03 s o L7

02 7 /’,‘ =B" "
lﬁ/' S (1-52(E2+4 54) [£5]

o / & Y 075 TiEzs) (18]
e H

@ 5p38.13330-smooth slope
1 2 3 4 5 é 7 8

— - tanh(D,16¢1 43) [£6]
— - tanh(0,1260,67) [£6]
M 5p38.13330-permeable slope

Critical parameter &

Figure 5. Comparison of reflection coefficients
obtained using expressions (5) and (6) and using
the normative methodology with adjusted

coefficient values K, £ii
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The obtained distribution of reflection
coefficients depending on the critical parameter
is more consistent with modern ideas about the
interaction of waves with slope hydraulic
structures, which is confirmed by the comparison
given above.

When analyzing the reflection of wind waves
from a structure, it is also necessary to take into
account the irregularity of wind waves. Thus,
with total reflection, the height of a monochrome
wave doubles at all nodes of the standing wave
formed. Thus, the height of the waves at a
distance from the reflecting structure will be 2h.
At the same time, the significant wave height that
characterizes irregular waves doubles only at the
reflective surface, and in the water area in front
of the structure (at a distance greater than one
wavelength) it increases by 1.4 times.

This is important to take into account, for
example, when calculating the wave protection
of berths located opposite wave-reflecting
structures.

CONCLUSION

It is shown that taking into account the reflection
of waves from the berth under consideration can
lead to a significant change in the conclusion
about the safety of the conditions for mooring
vessels at the berth. This applies both to the
methods for determining the conditions of
mooring according to normative documents and
to the numerical modeling of waves at the berth.
The reflection coefficient from the surfaces of
hydraulic structures depends on the steepness or
flatness of the approaching waves, the slope, the
roughness and permeability of the reflecting
structure, and the angle between the wave front
and the axis of the reflecting structure. Analysis
of the normative methodology SP 38.13330 for
determining the reflection coefficient, performed
as a function of the reflection coefficient on the
critical parameter &, showed a jump in values at
a certain value of the critical parameter. A
method is proposed to eliminate this problem and

obtain corrected values of the reflection
coefficients.
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THE CONCEPT OF REPRESENTATION OF GEOMETRIC
SOLIDS IN BUILDING INFORMATION MODELING

Evgeniy V. Konopatskiy, Maxim V. Bezsolnoy
Nizhny Novgorod State University of Architecture and Civil Engineering, Nizhny Novgorod, RUSSIA

Abstract. The problem of using the boundary model of geometric solids representation in BIM is formulated. A
new concept of solid geometric modeling is presented, which allows to define geometric solids as a selected part
of space, according to which geometric solids are represented by an organized set of points by analogy with other
geometric objects. The mathematical apparatus “Point Calculus” is used for analytical description of geometric
solids. Examples of modeling geometric solids in point calculus are given. The advantages of this approach are
the possibility of representation of geometric information in BIM in compact vector form and realization of parallel
calculations at the level of mathematical apparatus. The prospect of further research is the use of the proposed
concept for the representation of various elements of building structures with the subsequent optimization of the
representation of geometric objects in the IFC format. This will significantly reduce the volume required for the
transfer of geometric information between the systems of information modeling and computer-aided design,
increase their performance and radically solve the problem of interoperability of existing BIM software packages.

Keywords: BIM, geometric modeling, solid modeling, parametric modeling, parallel computing, BREP, IFC

KOHUIENIUA NTPEACTABJIEHUA 'TEOMETPUYECKUX TEJI
B TUM

E.B. Kononaukuii, M.B. be3convnoe
Hioxeroponackuii rocy1apcTBEHHBIN apXUTEKTYPHO-CTPOUTEIbHBIN yHUBepcuTeT, Hikuuit Hosropon, POCCU A

AnHotanusi. CdopmynupoBana mpobieMa  HCHONB30BaHUS — IPAHWYHOM  MOAENM  TPEJICTABICHHA
reomerpuueckux Tten B THM. IlpencraBieHa HoBasg KOHLENUUS TBEPAOTEIBHOIO TE€OMETPUUYECKOTO
MOJICTTMPOBAHMS, KOTOpas TIO3BOJIAET OINpPEAETIATh TI'€OMETPHUECKHE Tela B BHJAE BBIJECICHHOW 4YacTH
MPOCTPAHCTBA, B COOTBETCTBUHU C KOTOPOW F€OMETPUYECKHE TeJIa 110 aHAJIOTUHU C JPYTHMH [E€OMETPUYECKIMU
00bEKTaMH TPEJICTABISIOTCSI OPraHW30BaHHBIM MHOXKECTBOM TO4YeK. /[l aHaIMTHYecKOro OIMCaHHs
reOMETPHUECKUX TN HCIIONb3yeTCsl MaTeMaTnyeckuii anmapat « ToueuHoe ncuncienuey. [IpuBeneHs! mpuMepsI
MO/JICJINPOBAHHS TEOMETPUUIECKHUX Tell B TOUEYHOM HcuUucieHuH. [IpenMyiecTBaMu Takoro mojaxoja siBiseTcs
BO3MOJKHOCTB MPEACTAaBICHUSI TeoMeTprueckoii nHpopmanmu B TMIM B KoMmakTHO# BekTopHOH (opme n
peanu3anys napauleibHbIX BEIYUCICHUN HA YPOBHE MaTeMaTHdecKoro amnmapara. [lepcrnektuBoii qanpHeHmmx
HCCIICZIOBAaHUM SBISIETCS HCIIOJIb30BAaHUE NPEJIOKEHHON KOHIENIUU JUIsl MPECTABICHUS Pa3IMUHBIX
9JIEMEHTOB CTPOUTEIBHBIX KOHCTPYKIHH C TOCIEIYIOMIeH ONTHMH3annel MpejCTaBICHUSI TeOMETPHUYECKUX
06bekToB B (hopmare IFC. DT0 03BOIIUT B 3HAUNTEIBHONW MEpE COKPATUTh 00bEM HEOOXOJMMBIHN IS ITepeiaun
reoMeTpuieckod  MHMOPMAMM  MEXIy  CHCTEMaMHd  HH()OPMAIMOHHOTO  MOJCIUPOBAHUS |
ABTOMATH3MPOBAHHOTO MPOEKTHUPOBAHMSA, TOBBICUTh MX OBICTPOAEHCTBHE M PAAMKAIBHO PEHINTH MpoOIeMy
HHTepoIepadesHOCTH cymecTByommx THM B cTpoUTEIpHOM OTpaciu.

Kirouesbie cioBa: TUM, reomerprudeckoe MOICTUPOBAHUE, TBEPAOTEIHHOE MOJIETUPOBAHHE, TTAPAMETPUIECKOE
MOJeIMpOBaHue, napauienbabie BeranciaeHus, BREP, IFC

INTRODUCTION

Modern society is rapidly entering the
information age. One of the areas of active
implementation of information systems is the

construction industry. Being conservative by
nature, the construction industry imposes special
requirements to  software products for
information modeling of buildings and
structures. Such models contain a huge number
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of components, so in the process of working with
them there is a need to operate huge amounts of
information in real time. This necessity arises not
only at the stage of creating a model of the object
in the form of a full-fledged digital twin of capital
construction objects, but also for its support at all
stages of the life cycle. Existing domestic and
foreign BIM are well suited for solving
engineering problems with a limited number of
construction objects and at this stage cannot
provide the necessary performance to create a
full-fledged digital twin at the level of
neighborhood, district, city or region.

Another disadvantage is the lack of a single
integrated software for construction and
architecture, combining the capabilities of BIM
and CAE. This leads to the need to import
information models of capital construction
objects into calculation complexes and is the
source of the next problem associated with
insufficient interoperability of domestic and
foreign BIM and CAE. In addition, there are
certain problems with the continuity of
information models for different versions of the
same software product, which significantly
complicates digital support of construction
objects at all stages of the life cycle, which,
unlike software product versions, is counted in
decades.

Many of the above-mentioned problems are
related to the limited possibilities of
representation of geometric information about
the shape and position of objects in three-
dimensional space or, in other words, the
geometric core of BIM. At the moment there are
several types of representation of geometric
models, which include point, wireframe,
boundary, structural and voxel models. The use
of point and wireframe models is fraught with
significant drawbacks. For example, the
computational burden 1is high. Since the
representation of even one geometric solid in the
form of a point cloud can load a rather powerful
computer. It is simply impossible to operate a set
of them in real time. Therefore, the most widely
used in BIM is the boundary model [1], which in
foreign literature sources is represented by the

abbreviation BREP (Boundary REPresentation)
or B-rep [2-4]. If we use the CSG structural
model, the result is still the representation of a
geometric solid in the form of a closed shell [5-
71.

Note that it is geometrically incorrect to call a
closed shell a full-fledged solid model. This is
just such a common convention, which is
nevertheless widely used, including the popular
data representation format IFC [8], which since
2019 is included in the National Standard of the
Russian Federation [9]. All the more so that in
computer-aided engineering (CAE) systems
realized on the basis of the finite element method
[10-12], it is often the volumetric finite elements
that are used.

Ideologically the closest to the description of real
geometric solids is the voxel model [13-15]. It
provides representation of objects as a three-
dimensional array of volumetric (cubic)
elements. In essence, the voxel geometric model
is a generalization of the pixel (raster) model for
three-dimensional space and inherited all the
disadvantages of raster models, which include:

— large amounts of information required to
present voluminous data;

— significant memory overhead;

— a set of problems related to enlarging or
reducing images.

In contrast to all of the above approaches, a
fundamentally new concept of geometric solids
definition was proposed in [16-18], which is
devoid of the described disadvantages and can
become an effective basis for the creation of
high-performance BIM of the new generation.

1. METHODS

According to [19], a solid in geometric modeling
is a connected set of points located on the inner
side of one outer shell and several inner shells
located inside the outer shell, together with the
points of these shells. This definition is too
complicated to wunderstand and requires
explanation of additional terms. But its meaning
boils down to the fact that a solid is represented
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as a closed shell. In English-language literature
there is a different but similar in meaning
definition of a solid in the form of a closed shell
(B-Rep): “A solid is represented as a collection
of connected surface elements, which define the
boundary between interior and exterior points.”.
The same approach is described in other works
related to the representation of geometric solids
in various information modeling and computer-
aided design systems.

In contrast, in [16-18] a fundamentally new
concept of defining geometric solids as a three-
parameter set of points belonging to three-
dimensional space was proposed, based on which
the point equations of the set of prismatic,
pyramidal, cylindrical, conical, spherical, elliptic
and toroidal solids in the point calculus were
derived.

What is the new concept based on? The simplest
of geometric objects is a point. The point itself
does not even have a size. It is a geometric analog
of an infinitesimal value. However, using a set of
points, it is possible to obtain geometric objects
of any degree of complexity. As our organism
consists of atoms, so any geometrical object of
any space can be described by an organized set
of points.

Let's consider examples and for this purpose first
answer the question - what is the difference
between a circle and a circle? In the first case it
is a closed curve, in the second case it is an area
inside a closed curve or, in other words, a
selected part of the plane inside a circle.
Generalizing to three-dimensional space, we get
the definitions of sphere and ball. As in the plane
case, the difference between these geometric
objects is that a sphere is a closed shell, and a
sphere is the set of all points of three-dimensional
space bounded by a sphere, or, in other words, a
selected part of three-dimensional space bounded
by a sphere. As can be seen from the above
examples, geometric solids and surfaces are
completely different geometric objects that
cannot be identified. Moreover, in [16-18] it is
convincingly shown by examples that a surface
is a two-parameter set of points, and a geometric
solid in three-dimensional space is a three-

Evgeniy V. Konopatskiy, Maxim V. Bezsolnov

parameter set. In both cases we are talking about
variables or current parameters.

One of the possible realizations of the new
concept is the use of multidimensional
interpolation tools [20-22]. However, in the
absence of the mathematical apparatus of point
calculus, which allows any geometric object to
be represented as an organized set of points, these
works do not implement full-fledged solid
models, but models based on parametric porous
objects. Significantly better results are given by
the geometric theory of multidimensional
interpolation [23], already based on the use of the
mathematical apparatus of “Point Calculus”,
which is ideologically better suited for analytical
representation of solid models of geometric
solids.

There is an opinion that solid models cannot be
described by an equation. If we consider only a
set of equations in explicit form, this is indeed
true. And this is due to the fact that one of the
axes of the coordinate system is used as a
function. Accordingly, the number of variables
of an explicit equation is always one less than the
dimensionality of the space in which the
geometric object is defined. At the same time, the
point calculus, which uses the apparatus of
projection on the axes of the global coordinate
system, allows to use all coordinate axes, the
system of which defines the space of the required
dimension. This makes it possible to obtain
equations of geometrical solids by means of
simple arithmetic operations on coordinates of
points and functions from parameters. It is
important that the number of parameters
corresponds to the dimensionality of the space.
Let's consider an example. One of the most
commonly used geometric objects in BIM is a
parallelepiped. Parallelepiped is used to model
walls, floors, roofs, window and door openings,
etc. If you use the BREP boundary geometric
model to specify the parallelepiped, then for its
parameterization in general case it is necessary to
define 6 planes. Each of these planes should be
defined with the help of geometrical objects and
conditions of their mutual position. In the general
case there will be 54 such parameters: 3 points
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for each of the 6 planes plus 3 coordinates to
define each point. Of course, this is not the most
optimal parameterization and the parameters can
be less, but each of the parameters will have to be
replaced by geometric conditions. And the
programmatic implementation of each geometric
condition is a computational burden on the CPU.
When there are few modeled objects on the
screen, this load actually remains unnoticeable.
But when creating and supporting digital twins of
capital construction objects with a large number
of elements (for example, with a digital twin of a
micro district or a city district) it will be at least
uncomfortable to work with such a model. In
order to provide more comfortable work, it is
necessary to sacrifice the model detailing.

If we implement the proposed concept of solid
modeling, in the most general case, only 12
parameters will be sufficient to unambiguously
determine the shape and position of a
parallelepiped. This was possible because the
geometric conditions were described using
simple point equations and represented in a
compact vector form.

How was this realized in practice? First, a rather
primitive geometrical scheme of the solid model
of the parallelepiped was developed (Fig. 1).

Figure 1. Geometric scheme for defining the
solid model of a parallelepiped

To parameterize the solid model of the
parallelepiped we will use simple relations of
three points of lines DA, DB and DC on its
sides (Fig. 1):

As a result, we have three point equations of
straight lines:

P:(A—D)u+D, Q:(B—D)v+D,
R:(C—D)W+D.

To determine the current point M of the desired
three-parameter set of points, we use the
pointwise parallel transfer formula twice:

N=P+0-D
M=R+N-D
U (1)

M=(A—D)u+(B—D)v+(C—D)w+D.

Equation (1) 4, B, C, D — are contains the
initial points, which not only form a local
simplex of the three-dimensional space to
determine the desired set of points, but also
uniquely determine the position and dimensions
of the parallelepiped in the global coordinate
system. The parameters #, v, w in the proposed

parameterization (Fig. 1) vary from 0 to 1,
ensuring that the interior of the parallelepiped is
filled with points.

Using the properties of the point calculus, we can
represent equation (1) in another, more compact,
form:

M:Au+Bv+Cw+D(1—u—v—w).

These two forms of representation of geometric
objects in the point calculus are completely
identical and can always be derived one from the
other. The choice of the form of representation of
the point equation depends on the particular
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problem and is determined solely by the
convenience of use.

It should be noted that the points
A, B, C, D, M in equation (1) are coordinate
vectors. The number of coordinates depends on
the dimensionality of space. Transitioning to the
coordinate form for three-dimensional space, we
obtain the following system of parametric
equations:

X, :xAu+va+wa+xD(l—u—v—w)

Yy =Y utyy+yw+y, (l—u—v—w). 2)

Zy =ZAM+ZBV+ZCW+ZD(1—M—V—W)

Thus, for unambiguous determination of all
parameters of position and shape of the
parallelepiped solid model in the global
coordinate system, only 12 parameters were
needed without exception.

Note that all equations of the system (2) are
completely identical except for the coordinates of
the points. If each of the equations of the system
(2) is assigned a separate thread for computation,
we will get the result 3 times faster. With this
approach, the computational threads are
completely balanced. They start and end at the
same time, performing the same number of
computational operations. This minimizes the
downtime of a multi-core processor and
optimizes its computational load.

Of course, this is not the only possible
parameterization of the solid parallelepiped
model. Besides, it should be noted that in
equations (1) and (2) the parameters u, v, w
change linearly. But the same parameters can
also change nonlinearly. Then, by controlling the
functions of the parameters, it is possible to
construct a non-uniform distribution of points
inside a geometric solid and thus model
anisotropic  geometric solids. Using this
approach, it is possible to determine physical
properties by means of geometrical solids with
non-uniform distribution of points inside the
geometrical solid.
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The described solid parallelepiped model is a
general case of representation of geometrical
solids as a selected part of three-dimensional
space. In other words, it is a generalization of the
BREP boundary model, which can be obtained
by fixing the boundary values of the parameters
u, v, w:

u=0=BCD. wu=1=allBCD.
v=0= ACD. v=1= FIACD.
w=0=A4BD. w=1= ylA4BD.

Similarly, we can obtain the frame geometric
model by simultaneous fixation of two
parameters, thus determining all 12 edges of the
parallelepiped (Fig. 1). At simultaneous fixation
of three parameters, we obtain all 8 nodal points
of the parallelepiped, including initial points
A, B, C, D. By changing the parameter values
from 0 to 1, we can obtain a point geometric
model in the form of a cloud of discrete points.
Note that the proposed concept is not limited to
geometric solids of simple shape. The same
concept can be used to model more complex
geometric solids. For example, Figure 2 shows a
visualization of a solid model of a channel
surface, whose axis is a transcendental curve and
whose constituent is a closed curve of the
“sinusoid” type, whose axis is a circle.

)

o —;__-‘_“‘6‘.‘:3\\\\!

-20

Figure 2. Visualization of the solid model of the
channel surface
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2. RESULTS AND DISCUSSION

Comparing the proposed solid modeling concept
with existing approaches and methods, we
highlight several aspects.

1. A distinctive feature of the proposed concept
compared to existing methods is the
representation of solid models in the form of an
organized set of points, where the dimensionality
of the space coincides with the number of current
parameters.

2. Voxel geometric models are close in their
ideology to full-fledged solid modeling. The
proposed concept of modeling geometric solids
as an organized set of points can be defined as a
vector representation of voxel models. After all,
if the size of a voxel is set to infinitesimal, it
becomes a point, and we ideologically come to
the description of geometric objects as an
organized set of points, but at the same time we
get rid of the above-described disadvantages of
the voxel model. Thus, we will get a vector
geometric model of solid, which is more
preferable in BIM compared to the raster model
because it provides a more convenient and
compact approach to the use and storage of
geometric information.

3. Another ideologically similar approach is the
use of finite element methods, finite volumes,
boundary elements, etc. In engineering
mechanics, it is called analytical solid modeling
[24]. It 1s more related to engineering
calculations than to information modeling in
construction. If the size of a volumetric element
tends to an infinitesimal value (to a point), we
will obtain a point solid model, which is close in
its meaning to the proposed one, but the
computational complexity of the finite element
method will tend to infinity and remain
unattainable for modern computing systems. At
the same time, these same models are described
by simple vector equations in point calculus and
can be effectively used to calculate the stress-
strain state of elements of building structures,
buildings and structures. In addition, the
proposed concept opens new possibilities for

modeling thermal, sound, light, electric,
magnetic and other fields.
4. In [25], -equations in homogeneous

coordinates similar to the system of equations (2)
are given. It is noted that they describe the
mapping of a linear tetrahedron. As an argument,
a verification of the equation using the nodal
points of the tetrahedron is given. In Figure 1,
these are the points 4, B, C, D . Note that if a

nodal mesh is created to solve the problem and
only the nodes of this mesh will be used in the
calculation, then this statement is valid and gives
the desired result. But if the parameters are
variable, then we will get exactly the solid model
of a parallelepiped. It is easy to check this if we
substitute the values of the parameters
u=1,v=1, w=1 for the system of equations
(2). Then the obtained point will be outside the
tetrahedron ABCD and will form one of the
vertices of the parallelepiped built on its basis.

5. As can be seen from equations (1) and (2)
solid models of geometric solids in the point
calculus are defined directly in the space in
which they are located. This approach allows us
to fully realize the new paradigm of three-
dimensional design and eliminates the need to
use transformation matrices, since all the
necessary information about the shape and
position of a geometric solid is contained in a
rather compact form.

CONCLUSIONS

The proposed approach is very science-intensive
and at the moment it has not been fully
investigated. Since in fact the mathematical
apparatus of vector representation of a new class
of geometric objects, previously unexplored, is
proposed. But already at this stage it is possible
to highlight the advantages of the proposed
approach and the prospects for its further use in
information modeling of capital construction
objects:

1. A new concept of solid modeling directly in
three-dimensional space.
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2. New methods for storing geometric-graphic
information based on the use of compact point
equations and computational algorithms based
on them.

3. No need to use transformation matrices.

4. Realization of parallel calculations on data at
the level of mathematical apparatus “Point
Calculus”.

5. Realization of parallel computations on tasks
due to the use of constructive algorithms of
geometric modeling on projective and affine
basis.

6. New methods for calculating the stress-strain
state of solids based on functionally controlled
anisotropy and alternative to the finite element
method.

7. Replacing voxel models with vector models.
And this is by no means a complete list of the
opportunities that the proposed concept opens up
for BIM.
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DEFLECTION AND AXIAL FORCE IN GEOMETRICALLY NON-
LINEAR BEAM WITH PINNED SUPPORTS

Alexander P. Suvorov, Irina A. Makarova
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The problem of beam bending for large deflections is described in general. The nonlinear
beam theory is considered for a simply-supported beam subjected to uniform load. The governing equa-
tions for displacements of this beam are derived. Numerical method for solving the governing equations
is proposed. Convergence of the numerical method is studied. Numerical results are shown in the form of
figures and formulas. These results suggest that the deflection predicted by the nonlinear theory at a spe-
cific point can be expressed solely as a function of the linear deflection at the same point. It is also
shown how the axial force in the beam depends on the nonlinear deflection. Analytical expression for the
axial force in the beam for small deflections is derived without solving the differential equation. For
larger deflections, another representation for the axial force is obtained in terms of auxiliary functions
that are defined only in terms of nonlinear and linear deflections. Comparison of the present results with
the ABAQUS results is given. It is shown that the present theory can quite accurately predict the deflec-
tion and axial force in the beam for large deflections. However, the product of the axial force by the co-
sine of the slope angle at the support rather than the axial force itself will be a more accurate estimate of
the horizontal support reaction.

Keywords: large deflection, axial force, nonlinear beam theory, finite difference method,
convergence of iterative method, ABAQUS, nonlinear differential equations, principal of virtual work

ITPOT'UB U OCEBASI CUJIA B CBOBOJTHO-OITEPTOM
TEOMETPUUYECKHU-HEJIUHEMHOM BAJIKE

A.IL Cysopoe, H.A. Maxapoea

HaunonanbHelil nccaenoBaTenbekuil MOCKOBCKUI TOCYIapCTBEHHBIN CTPOUTEIBHBIN YHUBEPCUTET, I. MOCKBa,
POCCHA

AHHoTanusi: B o0mux ueprax omucana 3ajnada o0 m3rude O6anku npu Oonpmux nporudax. Teopus Henu-
HEeWHOW 0anku paccMaTpuBaeTcs JJisi CBOOOTHO ONepTol Oanku, HaAXOJMsIIecs MoJ AeHCTBUEM paBHOMED-
HOM Harpys3ku. BbIBeleHBI onperensioniie ypaBHEHUs IS mepeMenieHuil »Toi 6anku. IlpenmoxkeHn guc-
JICHHBI METOJ peLIeHUs ONpeAeNdIoIlUX ypaBHeHui. lMccienoBaHa CXOAMMOCTbH YMCIEHHOIO METOJA.
UucneHHbIE pe3yJIbTaThl MPEJACTaBICHBI B BUJIE PUCYHKOB M ()OPMYJI. DTH PE3ysIbTaThl MO3BOJSIOT TIPEATIO-
JIOKUTH, YTO MPOTUO, MpeAcKa3aHHbI HEIMHEHHOW TeopHuell B KOHKPETHOH TOYKE, MOXKET OBITh BBIPAXKCH
HCKITIOYUTENbHO KaK (YHKIMS JUHEHHOTro mpornda B TOH ke Touke. TakxKe IMOKa3aHO, Kak OceBas CHia B
Gaske 3aBHCHUT OT HEIMHEIHOro mpornba. AHAINTHYECKOE BBIPAXKCHUE JIJISI OCEBOM CHIIBI B OasKke MpH Ma-
JBIX TpoTHOax moxydeHo 0e3 pemeHus nudQepeHnrnanbHoro ypaBHeHus. s 601pmmx mporuOoB moxyde-
HO Jpyroe MpelCTaBICHNE OCEBOW CHJIBI Yepe3 BCIIOMOTATENbHbIC (DYHKIIMH, KOTOPHIC 3aBUCAT TOIBKO OT
HEJTUHEHHBIX MW JTUHEHHBIX Mporudos. IIpuBegeHO cpaBHEHHE HACTOSIINX PE3yJIbTAaTOB C PE3yJIbTaTaMH
o nporpamme ABAQUS. IlokazaHo, 4To HacTosAIas TEOPHSI MOXKET JOBOJBHO TOYHO MpeICcKa3aTh IPOrud
U OCeBYIO0 cHily B Oasike mpu 0oibinnx mnporndax. OJHAaKO IMPOU3BEIACHHE OCEBOW CHIIBI HA KOCHHYC YTIJa
HaKJIOHA Ha OIope, a He cama oceBasi Cuia, OyJeT Bce jke 0ojiee TOUHOM OLEHKOI TOPU30HTAIBHON peakinu
OTIOPBI.

KawueBble cjioBa: 00JbIIHC HpOFI/I6BI, ocCeBasd Culia, HEJIMHEHHAS TEOpUa 63..]'[01(, MCTO KOHCYHBIX paBHOCTeﬁ,

CXOANMOCTB UTEPAIMOHHOTO MeToxa, porpamma ABAQUS, nenmHeitHbIe mud depeHaasHble YpaBHEHNS,
NPUHIHI BUPTYaJIbHON paboThI
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1. INTRODUCTION

In this paper we analyze a beam of length L
subjected to the uniformly distributed load ¢ .

The beam is simply supported at its ends and
also constrained from the axial movement at the
supports. When dealing with thin metal sheets,
we often have the situation when the thickness
of the sheet ¢ is small compared to the distance
between the supports. In this case, it becomes
important to take into account possible large
deflections of the beam, which may be compa-
rable with the thickness ¢ and even larger than
t. Denote the deflection of the beam by v.

The elementary beam theory allows us to ac-
count for these large displacements by incorpo-
rating axial strain of the beam into the equa-
tions. This strain is represented as the sum of

the usual term % that is linearly dependent on
X

2
the axial displacement u, and the term %(?j
h

that depends on the vertical displacement v
nonlinearly. This approach is used in almost all
previous investigations [1-11].

The axial strain naturally leads to the existence
of the axial force N . For the theory in its sim-
plest form, the axial force N is assumed con-
stant along the length of the beam and it is also
equal to the horizontal reaction at the supports.
This assumption is very accurate only for suffi-
ciently small displacements.

Timoshenko and Woinowsky-Krieger [1,2] de-
rived exact solutions for beams with various
supports. In particular, for a beam with pinned
supports they obtained a nonlinear equation that
can be solved for the axial force N

Y
(qL" J

2
:135 tanhs +Ztanh s 135 N 9

16 s 16 &  16s° 8s°
where
2 _3NL
Ef
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Here E is the Young’s modulus.
For faster calculations various approximate ex-
pressions were also proposed [1,3]. If we set

3841 NL(V,M(L/Z)j
v

then the axial force N (and subsequently, the
horizontal reaction) can be found as a root of the
cubic equation

%a(l+a)2 = (sz

t

where v,, is the known displacement predicted

by the linear theory, evaluated here at the center
of the beam, x=L/2.

For larger displacements, more accurate formula
for calculation of the horizontal support reaction
R_ 1is desired. It can be obtained by using the

fact that the axial force will vary along the
length of the beam and the support reaction is
equal only to the axial force at the center of the
beam.

In this paper, we will obtain certain estimates
for the axial force that are very simple and don’t
require solutions of any nonlinear equations.
The exact solution of the differential equation is
also not required. In addition, we will obtain a
simple upper bound for the axial force.

In our governing equations, we still assume that
the axial force N is constant along the length (to
simplify the equations), but after finding N, the
deflection v, the beam’s slope v' at the support,
we will be able to estimate the horizontal support
reaction more accurately by evaluating the prod-
uct of the axial force and the cosine of the slope
angle at the support, i.e., R, = Ncosv'. By com-

paring R_ with ABAQUS software calculations,

we have obtained a good match for the horizontal
support reaction both for smaller and larger de-
flections. The value of the axial force N slightly
overestimates the actual value of the horizontal
support reaction if the displacements become
large enough.
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2. METHODS
2.1 Governing equations

Consider a simply-supported beam of length L
subjected to the uniformly distributed load ¢.
The x-axis is directed along the beam and
0<x <L (Fig. 1). Let the vertical displacement
or deflection of beam’s cross-section be denoted
by v =v(x). Assume that the height of the cross-
section of the beam is equal to 7, the width is 1.

Then the flexural stiffness of the beam £/ can
be found as

3

El-EL
12

where E is the modulus of elasticity, the stiff-
ness in tension or compression is

FEA=Et.

Nx=0 q >(=LN
AL T T TPl PP TP T TP ] ] Tl
- —_>
o L

Figure 1. Beam geometry, applied loads and
support reactions

If N is the internal axial force (assumed con-
stant along the length of the beam), and M, is
the internal bending moment caused by the ap-
plied load, the differential equation for the
beam’s deflection v can be written as

EN —Nv=M,.

For uniformly distributed load and for simply-
supported beam the bending moment is given by

M, = x(L —x).

(RN

Due to the supports the boundary conditions for
the function v are

v(O) = V(L) =0.

Obviously, for the simply supported beam the
second derivative of v at the support points is
also equal to zero, as the bending moment is
equal to zero at the supports

v'(0)=v"(L)=0.

Let u(x) be the axial displacement, i.e., the dis-

placement along the x-axis of the axis of the
beam. It is known from the non-linear strain
theory that the longitudinal strain for the points
lying on the axis of the beam can be found as

Therefore, the axial force is determined from
A Y
N = EA(M +5(v') j

where EA is the stiffness of the beam in tension
or compression, A is the cross-sectional area.

From the equilibrium in the direction of the x -
axis, the axial force must be constant, i.e.,

d—NZO, and therefore, the second differential

dx
equation for the function u can be written as

%(EA(L/ +%(v')2jj =0.

Since the axial stiffness is constant, this differ-
ential equation can be put in another form

u +vv =0,

where we have used the fact that
d (1 . 2j w
— —(v ) =vv.
dx\ 2
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Boundary conditions for the function u(x) are
given by

u(0)= u(L) =0.

We note that these differential equations can be
derived from principal of virtual work. Let

5(u' +%(v’)2j be the virtual axial strain, and

ov" be the virtual curvature. Then the internal
virtual work can be represented as

j" EIV'ov'dx

b
+:[EA(Z4' +%(V')2 Jé(u +%(v')2 jdx
and the external virtual work is

j). qovdx.

Equating these works leads to the final form of
the equation

b
I EIV'ov dx
+j)'EA '+l( a5 '+l( ) |d :j Svd
u > \4 u 5 \% X q X.

Of course, the virtual displacements must satisfy

ov(0)=ov(L)=0,
ou(0)=ou(L)=0.

When integrating the expression for the axial
force N along the length of the beam, we ob-
tain
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since the axial force is constant and
I ude=0.

Therefore, the differential equation for the de-
flection can also be written as

v EA (o Fate= L~
ER'(x) Y3 (v)dx 2x(L x).

2.2 Numerical solution

Numerical solutions of two-point boundary val-
ue problems by finite difference method have
been discussed in [12-15]. Let us describe nu-
merical algorithm for solving the present prob-
lem. To solve the given problem numerically,
one can proceed with the algorithm that consists
of the following steps:

1. Assume first that the axial force N is equal
to zero.

2. Solve equation for the deflection v. The
right-hand side of this equation is the moment

caused by transverse loads, namely, %x(L -X).

3. Find the first and second derivatives of the
deflection v denoted by v' and v'’.

4. Solve equation for the axial displacement u .
The right-hand side of the equation becomes
equalto —v'v'".

5. Find the first derivative of u denoted by u'.
6. With the knowledge of the displacements u

and v, find the new estimate for the axial force as
Y
N,, =EAl u +E(v') .

This force should be independent of x coordi-
nate, and it does not matter at which point this
quantity is evaluated.

7. Check for convergence if N

new

close to N . If not, set N=N
axial force) and go to step 2.

is sufficiently
(update the

new
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Although this algorithm seems to be harmless it
actually diverges when the load ¢ gets large
enough and deflections grow. To remedy the
situation, we propose using in step 7 a different
way of updating the axial force, namely,

W N
2 2

Thus, we take the average of the previous value
of the axial force N and the new value of the
force N, . With this important correction, this

algorithm works well even for large values of
the load ¢, and it converges in a smaller num-
ber of iterations.

We use standard finite difference scheme to
solve differential equations for the displace-
ments v and u. We divide the beam length into
n —1 small intervals, where » is the number of
points chosen to be sufficiently large. The
length of each interval 4= L/(n—1). Then, if we

denote v, and u, as the displacements evaluat-

ed at point i, 1<i<n, the differential equations
can be written in finite difference form as

Vi —2v, tv,
B

U —2u; tu,, _ Vi TV Vi~ v, tvy,

h’ 2h h’

- Nv, =M,

In the first equation the axial force N is as-
sumed constant, chosen as described in the algo-
rithm presented above. To evaluate accurately
the second and first derivatives at the boundary
points i =1 and i = n, we introduce ghost points
with the coordinates x=0-/4 and x=L+h.
We give them numbers i =0 and i=n+1, re-
spectively. Then, the system of linear equations
for finding v, or u, will comprise of n+2

equations because there are now n+2 points.
The first equation in this system of equations
will correspond to the finite difference equa-
tions evaluated for the left support with i=1,
ie.,

El Vo —2v, tv,

hZ

- Nv, =M,

u, —2u, +u, _ VY vy —2v, tv,

h’ 2h h’

Similar expressions can be formed for the last
equation in the system of linear equations. They
are the finite difference equations evaluated at
right support point with i=n.

2.3 Axial force for small displacements

Let us consider the limit of small vertical dis-
placements and obtain estimate for the horizon-
tal support reaction N in this case. In the limit
of small deflections, the deflection predicted by
the nonlinear theory is approximately equal to
the displacement predicted by the linear theory.
In the linear theory, the vertical displacement is
given by

3 4 3
_q(xL x qlL
H“*ﬂ?“a}a“

and the slope can be found as

2 3 3
o N_q|x L x qL
Y (x)_E(T_?j_Z'

The axial force can now be evaluated from the
relationship

N = % (v')zdx .

After substitution of the derivative of the linear
displacement into this equation and subsequent
evaluation of the integral, the axial force can be
found as

3 2
yoEAT (qr)
8 5040\ EI

Now consider a beam with a cross-section of
height 7, and the unit width. The area of this
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cross-section 4=1¢ and the moment of inertia
I =1¢"/12. In this case, the axial force becomes

171 ,L1°

280Eq £

and thus the axial force depends on the applied
loading quadratically.
It is also known that the deflection v at the cen-
ter of the beam can be found as

w(L/2) 5 qI’
t 32 Et*

Using this expression, the above formula for the
axial force can be transformed to

N _136v(L/2)L
qL/2

=0.777—= (L/2)
175 ¢ t t t

This is our estimate for the axial force in the
case of small deflections. This formula gives the
ratio of the horizontal support reaction force to
the vertical support reaction force.

2.4 Representations using dimensional theory
Let us obtain representations for the axial force
and displacements using dimensional theory.
Again consider a beam with a cross-section of
thickness 7 and unit width. Introduce dimen-
sionless (normalized) deflection as

Denote the deflections predicted by the linear
and nonlinear theories as w;,, and w,, =w.Itis

well known that in the linear theory the dimen-
sionless deflection w at the center is given by

) qL"
"3 B

By analyzing numerical results (presented be-
low) we can discover that the nonlinear vertical
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displacement at a particular point of the beam
can be expressed solely in terms of linear verti-
cal displacement evaluated at the same point.
Let the function that relates nonlinear and linear
displacements be denoted as g . Then

Wnl = g(wlin ) .

This function is, of course, varies from point to
point of the beam, but it is remarkable that in
this relationship there is no dependence on L/z.
Let us prove this fact. Recall that our differen-
tial equation for the deflection has this form

)= v EA (0 Pt = L x(L -
EN'(x) =Y (v)dx 2x(L x).

Let us write this equation in dimensionless
form. We introduce dimensionless coordinate
x, as x, =x/L. Then, again using definitions

for the area and the moment of inertia, we can
derive

d2 3 qL4
& -6 j(dxj x,—6ﬁxl(1—xl).

Therefore,

4
- CIL4 = gwlin
Et 5

is a dimensionless parameter that the deflection
will depend on. But this parameter can be relat-
ed to the displacement w,, predicted by the lin-

ear theory. Therefore, we proved that upon fix-
ing a point on the beam with the normalized co-
ordinate x, , the nonlinear deflection will de-
pend only on the linear deflection at the same
point.

The axial force can also be written in terms of
dimensionless deflection w as follows

) 2
Nzﬂt—2 ﬂ dx, .
2 LY\ dx,
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But Young’s modulus can be expressed in terms
of linear displacement at the center

Substituting this result into the equation for the
axial force we obtain

Thus, the axial force N admits the following
representation

Here f is some function of nonlinear displace-
ment, the shape of which will be established be-
low, and ¢gL/2 is the vertical reaction force
Ry . This representation for the axial force was

obtained by using dimensional analysis on the
equation for the deflection v(x). It follows that
for a fixed value of nonlinear vertical displace-
ment, the ratio of the axial force to the vertical
support reaction force gL/2 will depend only
on L/t, and therefore, will be twice larger for
the beam with L/ =20 compared to the beam
with L/t=10. Remember, however, that the
nonlinear displacement will also depend on L /¢
in some nonlinear fashion.

Another important observation can be made
from the fact that the nonlinear deflection can
be expressed solely as a function of the linear
deflection. The loading ¢g can be found in terms

of the linear deflection at the center as follows

32 ()
=—F —|w, .
q 5 (Lj lin

For the same loading ¢ and for the same geom-
etry of the beam, the nonlinear deflection can be

found. Using the connection between the linear
and nonlinear displacements, this nonlinear de-
flection is therefore related to the magnitude of
the loading by

q =2E(ij4gl(wnz)-

5 L

Thus, for the nonlinear theory, similar to the
linear theory, the loading will also vary as
(¢/L)" for a fixed nonlinear deflection. This
tells us, for example, that to produce the same
nonlinear (normalized) deflection in the beam
that is twice longer it is required to apply the
loading that is 16 times smaller.

Let us obtain representation for the axial dis-
placement in terms of vertical displacement.
Since the first part of the axial force is given by

N, =Ea%
dx

we can obtain, using the representation for the
axial force, that

e i[szf(wn,)-

dx 2E\ 1

Thus, using our representation for the loading
q , we obtain

o !

dc 5\ L

Introduce the dimensionless axial displacement
and coordinate x as follows

It is easy to show that

@:E(ijf(wn, ' (,).

dx, 5\L



or
16( ¢ _
du, = dx, ?(zjf(wnz )g 1(Wn/)'

Therefore, for the same increment in the coordi-
nate dx, starting from the support (take, for ex-
ample, quarter of the beam length) and for a
fixed value of nonlinear deflection, the incre-
ment in the axial displacement will depend only
on t/L, and therefore, the dimensionless axial
displacement will be twice larger for the beam
with L/t=10 compared to the beam with
L/t =20. This result will be illustrated below.

3. RESULTS AND DISCUSSION

Consider a simply-supported beam of length L
subjected to the uniformly distributed load ¢ .
The height of the cross-section of the beam is
denoted by ¢ (thickness), while the width of the
cross-section is assumed equal to 1.

Introduce dimensionless (normalized) deflec-
tions as

Denote the deflections predicted by the linear
and nonlinear theories as w, and w,,. In the

linear theory the dimensionless deflection w at
the center can be found as

5 gL’
Wlin = 4"
32 Et

In what follows we investigate beams with two
different geometries with L/¢ equal to 10 and
20. The beams are subjected to the same load ¢ .
On the following plots the results for the shorter
beam with L/t =10 are shown with solid lines.
For the longer beam with L/¢=20 the results
are shown with dashed lines. The size of the
markers correspond (approximately) to the

Alexander P. Suvorov, Irina A. Makarova

magnitude of the applied load g applied — the

marker with the larger size corresponds to the
larger magnitude of the load.

Figure 2 shows how the nonlinear displacement
(normalized with respect to the thickness of the
beam) depends on the linear displacement (also
normalized).

Beam deflections predicted by nonlinear and linear theories

144~ Ut=10
——- yt=20 x=L12
x=L{4
1.2 1 =
2
S
= 1.0
=l &
-
]
L 031
(18]
=l
L
m 0.6
[H]
£
S 04
ey
0.2 -
0.0 : ; ; : :
0 2 4 6 8 10

linear deflection v/t
Figure 2. Dependence of the nonlinear dis-
placement at the center of the beam on the line-
ar displacement

The displacement is evaluated at the center of
the beam, and thus it is maximum, and at a
quarter of the total length of the beam. It is clear
that the results for the two beam geometries
overlap and thus the function that relates non-
linear and linear displacements at a specific
point is independent of L/¢,i.e.,

Wnl = g(wlin )

We see clearly that the nonlinear displacements
are significantly lower than the linear displace-
ments. For example, for the linear displacement
equal to 1, the nonlinear displacement is about
0.52; for the linear displacement equal to 4, the
nonlinear one is only 1.

Figure 3 is central in our presentation. This fig-
ure shows by how much the horizontal support
reaction N is smaller or larger than the vertical
support reaction gL/2. Let us call the ratio of
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the horizontal support reaction to the vertical
reaction as the support reactions ratio. The fig-
ure shows how this ratio depends on the value
of the normalized nonlinear displacement (at the
center of the beam) for two geometries of the
beam with L/¢#=10 and L/t =20. Size of the
circles in the figure corresponds approximately
to the magnitude of the applied load ¢ .

Initially, of course, when the displacements are
very small and the load is small, the horizontal
support reaction is smaller than the vertical sup-
port reaction. It was shown in the previous sec-
tion that for small loads the support reactions
ratio can be well fitted with the function
0.777L/t(v/t) where v/t is normalized deflec-

tion at the center (linear or nonlinear deflections
are about the same). It is seen from the graph
that this approximation can be used with good
accuracy when the deflection v/¢ is smaller
than 0.2.

The point where the support reactions ratio be-
comes exactly equal to 1 depends on the ratio
L/t : for more flexible beams with larger L /¢ it
happens earlier, at smaller loads and at smaller
displacements. After this point the horizontal
support reaction quickly becomes larger than
the vertical support reaction. It is interesting to
observe that the point where the support reac-
tions ratio reaches maximum does not depend
on L/t: it happens when the nonlinear deflec-
tion at the center is about 0.59. For this value of
nonlinear displacement the support reactions
ratio can be evaluated approximately as
0.22L/t. Therefore, the maximum of the sup-
port reactions ratio for L/t =20 is twice larger
than for L/t =10.

In addition, the figure shows the ratio of R _,

defined as Ncos(v'(O)), to the vertical support
reaction. It is seen that R_ is about the same as
N except for very large displacements when it

becomes somewhat smaller than N . This im-
plies that the angle of slope of the deflected

shape of the beam v'(0) remains small even for
large displacements.

We note that both the horizontal support reac-
tion and vertical support reaction always grow
with the increase of the load and the nonlinear
displacement, but this figure shows that the rate
of growth of the horizontal support reaction al-
ways changes during the loading. Indeed, for
very large displacements the support reactions
ratio decreases and again reaches the value of 1
and lower. Let us predict the support reactions
ratio for large deflections from the elementary
theory of flexible cables. Neglecting bending
moment at the center we can obtain from the
equilibrium of the half of the beam that this ra-
tio is equal to L/(4t)1/(vn, /t), where v, /t is
normalized nonlinear displacement at the center.
Thus, this formula shows that the support reac-
tions ratio for cables will eventually approach
zero with the growth of nonlinear displacement,
and thus also with the growth of vertical support
reaction gL /2. This approximation for the sup-
port reactions ratio can be used with the good
accuracy when v , /¢ is larger than 2.

But to use this graph for prediction of the axial
force N or support reactions ratio, we must also
remember that for different L /¢ ratios, the non-
linear displacement v , /¢ will also be different.

Support reactions ratio: N and R, = Ncos(v'(0)) over gL/2
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Figure 3. Ratio of the horizontal reaction force
to the vertical reaction force as a function of the
nonlinear displacement for two geometries with
L/t equal to 10 and 20.
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Figure 4 shows how f depends on the nonline-
ar displacement evaluated at the center of the
beam. The function f is obtained by dividing

the axial force N by gL/2 and L/¢,1i.e.,

N
f(an)—qL—

2

The results shown in Figure 4 do not depend on
L/t, as expected.

We see that the maximum value of the function
f is about 0.22. This maximum is achieved

when the nonlinear displacement is 0.59.

— Ljt=10
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0.20 1 Bt

o
=
w

function flwy)
o
o
s
o

0.05

0.00 4

0 1 2 3 a 5
nonlinear deflection at the center v/t
Figure 4. Dependence of the function f on the
nonlinear displacement at the center of the
beam

Using this maximum value, we can always ob-
tain an upper bound for the axial force N,

although it will not be accurate if the nonlinear
deflection is very different from 0.59.

The function f can also be expressed in terms
of the linear displacement since we know from
Figure 2 how the nonlinear deflection depends
on the linear one. This dependence f(w,, ) is

shown in Figure 5. To avoid skewed graph, we

Alexander P. Suvorov, Irina A. Makarova

plot logarithm of the linear displacement on the
horizontal axis of the graph instead of the linear
displacement. We clearly see that the maximum
of the function f is equal to about 0.22 and it is
achieved when the normalized linear displace-
ment is equal to about 1 (log,,1=0). Instead of

using Figure 5 to find the value of the function
f for a given linear deflection, one could use
another option for determining the value f.
Namely, find first the nonlinear displacement
from Figure 2, and then determine the value of
the function f from Figure 4.

Figure 6 shows maximum horizontal displace-
ment (normalized with respect to thickness) ver-
sus vertical displacement for two beam geome-
tries with L/¢ equal to 10 and 20.

— t=10

-—- Ljt=20
0.20 Y

o
=
w

function Aw;,)

o
=
o

4

0.05 -

0.00 A

-3 - -1 0 1 2
log 10 of linear deflection at the center v/t
Figure 5. Dependence of the function f on the
logarithm of the linear displacement at the cen-
ter of the beam

The vertical displacement is evaluated at the
center of the beam, but the maximum of the hor-
izontal displacement occurs at x=3/4L and
x=1/4L. It is seen that the horizontal dis-
placement is much smaller than the vertical dis-
placement. Also, for the same value of the verti-
cal displacement, the horizontal displacement
for the beam with L/7=10 is twice larger than
that for the beam with L/#=20. Since the hor-
izontal displacement is maximum at x=3/4L
and x=1/4L . it follows that the horizontal dis-
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placement has extremums exactly at these
points. This fact, however, requires a strict
proof.

Comparison of the numerical results obtained
using the present technique with the ABAQUS
software results is presented in Figure 7.

On the top figure we plot dependence of R_,

computed as product Ncosv'(L), on the vertical
reaction force R, =gL/2. On the bottom figure

we plot the axial force N, computed using the
present method, versus the vertical reaction
force. On both figures we compare these quanti-
ties with the horizontal reaction force computed
in ABAQUS program R (aba).

For convenience, we show absolute (not nor-
malized) quantities for some specific choice of
geometrical and physical parameters. But as be-
fore, solid line corresponds to L/¢=10, and
dashed line corresponds to L/t = 20.

Maximum horizontal displacement u/t at x = 3/4L
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nonlinear deflection at the center v/t
Figure 6. Maximum horizontal displacement
versus maximum vertical displacement

The horizontal reaction force computed via
ABAQUS R (aba) is shown with circles for
L/t=10 and diamonds for L/7#=20. A good
match is observed between the results on the top
figure, but on the bottom figure we see some
discrepancy between the results for larger val-
ues of the load ¢g. Thus, the axial force multi-

plied by the cosine of the slope angle at the sup-

port N cosv'(L) is a better estimate for the hor-

izontal reaction force than simply N .

Note that this graph shows that the horizontal
support reaction always increases with in-
creasing load ¢ although the rate at which
the horizontal support reaction grows dimin-
ishes.
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Figure 7. Comparison of R_ and the axial

force N, computed using the present method
(lines), with the horizontal reaction obtained in
ABAQUS (dots). ABAQUS results are shown
with markers — circles for L/t =10 and dia-
monds for L/t=20.

4. CONCLUSIONS

In this paper we have considered a well-known
problem of determining deflection and horizon-
tal support reaction for the simply-supported
beam constrained from axial movement at the
supports and subjected to the uniformly distrib-
uted load along the length. The axial strain of

the beam included not only the usual term du

dx
linearly dependent on the axial displacement u ,

2
but also the term l(ﬂj depending on the
2\ dx

vertical displacement v nonlinearly.
We have presented numerical procedure for
solving the governing system of equations for
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the displacements » and v. This procedure is
iterative in which on each step the axial force
N is updated. In order to ensure convergence of
this scheme, we have come up with the rule for
updating the axial force N, namely, the value
of the axial force for the next iteration is taken
as the average of the axial force used at the cur-
rent iteration and the predicted value of the axial
force also evaluated at the current iteration.
With this update, the iterative scheme was con-
vergent even for large loads and displacements.
Convergence was achieved within a small num-
ber of iterations.

We have shown on the plots that the nonlinear
deflection can be represented as a function of
the linear deflection only. Also we have pre-
sented the graph for the function f that enables

us to evaluate the axial force according to

=L
2t

The function f can be represented as the

function of the nonlinear displacement or as
the function of the linear displacement. The
maximum of the function f is equal to 0.22,

and this allows us to obtain an upper bound on
the axial force N for any magnitude of the
load ¢:

N < 0.22££.
2t

The maximum of the function f is achieved

when the normalized nonlinear displacement is
equal to about 0.59, and the normalized linear
displacement is equal to about 1.

We have also obtained an expression for the
axial force in the limit of small displacements
and it was shown that for small displace-
ments the axial force depends on the loading
quadratically. The support reactions ratio was
shown to be a linear function of the vertical
displacement. These approximations work
well when the normalized deflection at the

Alexander P. Suvorov, Irina A. Makarova

center does not exceed 0.2. We have also es-
tablished that when the normalized deflection
exceeds 2, the bending moment can be ne-
glected in the beam and the cable approxima-
tion can be used to predict the axial force.

By comparing our results with more accurate
ABAQUS finite element results, we have ob-
served a very good match for the axial force
N . However, the horizontal support reaction
can be more accurately predicted by using the
formula

R, =Ncosv(0)=Ncosv (L)

This formula becomes more accurate for larger
displacements and our calculations allow us to
obtain R_ by using this formula since the

beam’s slope v’ is available at each point.
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STRESS-STRAIN STATE OF CRANE SECONDARY TRUSSES
WITH HORIZONTAL BENDING

Yulia D. Markina, Boris B. Lampsi
Nizhny Novgorod State University of Architecture and Civil Engineering, Nizhny Novgorod, RUSSIA

Abstract: Crane secondary trusses perform the functions of crane and secondary structures. The lower chord of
the truss is designed to resist torsion, vertical and horizontal bending forces. The aim of the study was to investi-
gate the stress—strain state of the truss under horizontal bending conditions. The influence of geometric parame-
ters on the horizontal flexibility and internal forces within the beam during horizontal bending was analyzed.
Various techniques were employed to determine horizontal displacements, internal forces, and stresses in the
beam due to the one-sided location of the crane and the braking of the crane trolley. Contributions from horizon-
tal bending stresses to the overall stress state of the chord were demonstrated. Factors affecting the accuracy of
calculations for horizontal bending were identified. The validity of the research findings was confirmed by com-
paring numerical calculation results with those from a field survey. The differences between the stress-strain
states of the truss chord and the equivalent beam have been analyzed. It has been justified that a more accurate
method for the preliminary calculation of the riding chord for horizontal bending needs to be developed. For ver-
ification calculations of the crane secondary truss, a spatial finite element shell calculation scheme should be
used in specialized software systems. The stiffness of the truss chord during horizontal bending greatly exceeds
that of the crane beam. When checking crane structures for deflections in the horizontal plane, deflections should
be determined based on the braking forces from the trolley of a single crane acting across the path, as per the re-
quirements of SP 20.13330.2016. When torsion occurs, the ride chord of the crane secondary truss undergoes a
horizontal bending, therefore, when checking for horizontal maximum deflections, it is necessary to also take in-
to account asymmetric vertical loads due to the one-sided arrangement of the crane.

Keywords: crane structures, crane secondary truss, stiffness of nodes, braking load, horizontal bending, torsion,
malleability

HAIPAKEHHO-IE®@OPMHUPOBAHHOE COCTOAHUE
HOAKPAHOBO-IIOACTPOIINJIBHBIX ®EPM I1PU
I'OPU30OHTAJIbBHOM U3I'UBE

10./]. Mapxuna, b.b. /lamncu

Hmxeropoacknii TocyJapCTBEHHBIH apXUTEKTYyPHO-CTPOUTENBHBIN YHUBEpcuTeT, T. Hmxanit Horopoa, POCCHUA

Annortauus: [TogkpaHoBo-oaCTPONIMIbHBIE (hePMbI BHIIONHIIOT (YHKIMU MMOIKPAHOBBIX U MOJACTPOIMIBHBIX
(epm. EznoBoii HIDKHMI TIOsIC (hepMBl TIpeTHa3HaueH /st paboThl HA KPyUeHHE, BEPTUKAIbHBIA U TOPU30HTAIIb-
HbIIl n3ru6. Llenap paboThl — N3ydeHne HaNpsHKEeHHO-1e(OPMUPOBAHHOTO COCTOSHHS ()epMbI ITPU TOPH30HTAb-
HOM u3rude. [IpoaHann3upoBaHoO BIMSHHE 'E€OMETPUUECKHX MMapaMeTpoB (epM Ha TOPH30HTAIBHYIO MOIATIN-
BOCTb U BHYTPEHHHUE YCUJIMS B €€ €3710BOM I0s5iCe MPU FOPU30HTAIBHOM H3rube. PasnuyHsiMu MeTonamu ompe-
JIEJICHbl TOPU30HTAJIbHBIE TIEPEMELICHNS], BHYTPEHHUE YCUIIUS U HAINIPSDKEHUSI B 1105ICE OT HArpy30K, BBI3BAHHBIX
OJHOCTOPOHHUM DPACIIOJIOKEHUEM KpaHa U TOPMOXKECHHEM KpaHOBOU Tenekkd. IIokazaH Bkiaj HalpspKEHUN OT
TOPU30HTAIILHOTO M3rM0a B 00IIee HANpPsHKEHHOE COCTOsSTHKE rosica. [IpuBeieHbl akTopbl, OKa3bIBAIOIINE BIIH-
SHUE Ha TOYHOCTHb pacyéra NpH TOpPU3OHTAILHOM H3rube. [l0CTOBEpHOCTH PE3yJbTATOB HCCIEAOBAHUS TOJ-
TBEPIKJIAETCSI COMOCTABUMOCTBIO PE3yJIbTaTOB YMCICHHOI'O pacyera ¢ pe3ysbTaTaMi HaTypHOTO 00CIIeOBaHMSI.
[Ipoananm3upoBaHbl OTIMYNI HaANPSUKEHHO-IE()OPMHUPOBAHHOTO COCTOSIHUS TOsica ()epMbl OT HAINpsKEHHO-
JeopMHUPOBAaHHOTO COCTOSTHHS SKBUBAJICHTHOH Oankn. O60CHOBaHA HEOOXOMMOCTh Pa3padOTKH 0ojIee TOYHO-
r0 METOZa MPEJBAPUTEIHLHOTIO pacdyéTa €370BOTO I0sca Ha TOPU3OHTAIBHBIN M3ruo. {1t moBepoyHoro pacuéra
MTOJJKPAHOBO-TIOACTPOITMIIBHOHN (DepMBI B CIIEHHATN3UPOBAHHBIX IPOrPAMMHBIX KOMIUIEKCAX CIIETYeT HCIIONb30-
BaTh MPOCTPAHCTBEHHYIO PAacYETHYIO CXEMY M3 000JI0YEYHBIX KOHEUHBIX JIeMEHTOB. JKecTKocTh mosica (hepMbl
IIPY FOPU30HTAIBHOM M3rH0€ 3HAUUTENBHO MPEBBIIIAET )KECTKOCTh MoJKpaHoBoN Oanku. B coorsercTBuu ¢ CII
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20.13330.2016 mpu mpoBepke MOIAKPAHOBBIX KOHCTPYKLHUH MO AedopMalysM B FOPU30HTAILHON IIOCKOCTH,
nporud ciemyer ONpeiesiiTh OT CHJI TOPMOKEHHUS TEJeKKH OJHOTO KpaHa, HalpaBIeHHBIX Honepek myTH. [pu
KPYYCHUH €3[0BOH MOSIC MOJKPAHOBO-IIOACTPONMILHON (DEepMBbI MCHBITHIBAET TOPU30HTAIBHBIN U3TH0, II03TOMY
IpU €ro MpoBepKe MO TOPU3OHTAJIBHBIM IMPEACIBbHBIM NporubaM B pacuére Takke HEOOXOIMMO YUYHTHIBATH
HECUMMETPUYHbIE BEPTUKAJIbHBIC HATPY3KH OT OJJHOCTOPOHHETO PAacIOI0KEHHS KPaH.

KaroueBbie ci1oBa: MOAKPAaHOBBIC KOHCTPYKIIUH, TOAKPAHOBO-TTOACTPOIIUIIbHAA q)epMa, JKECTKOCTD Y3JIOB,
TOpMO3HasA Harpyska, I‘OpI/I3OHTaJ'H>HI)II71 I/IBFI/I6, KpYy4€HHUE, MOAATINBOCTD

INTRODUCTION

Crane secondary trusses (CST) are unique large-
span structures that combine the functions of
crane and secondary trusses [1]. The riding low-
er chord is designed not only to work on vertical
bending, but also on torsion caused by the one-
sided arrangement of the crane [2, 3], as well as
on horizontal bending caused by braking the
crane trolley [4]. The riding chord is a prismatic
folded system, which was studied on the basis
of the theory of thin-walled rods by V.Z. Vlasov
and A.A. Umansky [5-7] by B.B. Lampsi, E.A.
Beilin and others [8, 9]. The stress-strain state
(SSS) of thin-walled beams of a closed profile
and methods of its analysis are considered in
[10-15]. According to the recommendations
[16], with horizontal bending and torsion, the
forces in the CST riding chord should be deter-
mined both in a single-span beam, with a span
and a section corresponding to an equivalent
chord. The inclusion of lattice elements in the
operation of the CST for horizontal bending is
not taken into account. The disadvantages of the
calculation method used are noted in [17-21].
The purpose of this research are to identify the
differences between the SSS of the truss chord
and the SSS of an equivalent beam, to analyze
the contribution of stresses from horizontal
bending to the overall stress state of the chord
and to consider factors affecting the accuracy of
calculating the horizontal bending rate. To
achieve the set goals, the following tasks were
solved:

1) Study of the influence of the geometric pa-
rameters of the CST on the horizontal compli-
ance and internal forces in its lower riding chord
under horizontal load;

2) Determination by various methods of internal
forces and stresses in the CST chord from an

asymmetric vertical load caused by the one-
sided position of the crane and a horizontal load
caused by the braking of the crane. Analysis of
the results obtained;

3) Determination of the maximum horizontal
movements of the riding chord when the crane
is positioned one-way and the trolley is braking.
Calculation of the CST for the second group of
limit states for horizontal limit deflections in
accordance with SP 16.13330.2017 and SP
20.13330.2016.

METHODS

The first stage of the research is to analyze the
influence of the geometric parameters of CST
on the horizontal compliance and internal forces
within its lower riding chord during horizontal
bending. Four types of CST with different geo-
metric characteristics are considered:

- Three-panel CST No. 1 with a span of 36 me-
ters and a height of 6.5 meters;

- Three-panel CST No. 2 with a span of 36 me-
ters and a height of 15.44 meters;

- Four-panel CST No. 3 with a span of 48 me-
ters and a height of 13 meters;

- A three-panel experimental model CST No. 4
with a span of 9 meters and a height of 3.3 me-
ters [17].

The change in the stiffness ratio of the lower
chord and the entire CST, as well as the ratio of
the height of the prefab to its span, is considered
[22].

To obtain statistical data in order to assess the
impact of the geometric characteristics of the
CST on the horizontal flexibility of the chord,
we constructed 52 flat computational schemes.
To analyze the influence of the height-to-span
ratio of the CST, we sequentially changed the
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height of each of the four CST's in six stages, so
that the ratio of CST height to span length was
consistently reduced from 0.5 to 0.1. To analyze
the effect of stiffness ratio for each CST, we al-
so sequentially changed the stiffness of lattice
elements in six stages. In each case, we deter-
mined bending moment in horizontal plane,
torque, malleability of junction between lattice
and lower chord, and stiffness of lattice [23] us-
ing formula (1):

C —
5CST

€Y
where 6.gr — liability of the CST, determined
by the formula:

Ocst = fjpﬁ [%],

where f-gr — deflection of the CST at the point
where force F is applied.

8p — compliance of an equivalent beam with a
section corresponding to the CST driving chord,
determined by the formula:

(2)

6y =

fo [ 3)

il

where f;, — deflection of an equivalent beam at
the point of application of force F.

The decrease in maximum displacements in the
driving chord of the CTS relative to the equiva-
lent beam is determined by the formula:

CST

_(1 u
= 5,

The decrease in the ratio of span and height of
the CST is determined by the formula:

AS

)-1000%L @)

Aﬁ — (1 - ﬁ) =100 [%]; 5)

l l

where h — height of CST, m;
[ — CST span, m.

The relative increase in lattice stiffness is de-
termined by the formula:

AC (1—C—> 100 [%]; (6)

Ci

where C; — lattice stiffness of the first (highest)
CST from a number of studied;

C; — stiffness of the elastic supports of the in-
vestigated CST.

The ratio of the stiffness of the lattice and the
riding chord from the CST plane is defined as
the ratio of the shear stiffness of the lattice sec-
tion to the bending stiffness of the section of the
riding chord. A concentrated force F' = 100 kN
is applied to the node in question from the CST
plane.

The second stage of the study is to determine
displacements, internal forces and stresses
caused by the unilateral location of the crane
and braking of the crane trolley. The object of
research i1s CST No. 3, with an uncut lower
chord. The calculation is performed using the
following calculation schemes (CS):

- CS No. 1 — equivalent beam according to the
recommendations [16];

- CS No. 2 — single-span flat rod CST consider-
ing misalignment of nodes [24] and rigid con-
nections at supports [25];

- CS No. 3 — single-span CST flat rod consider-
ing alignment of nodes and supports;

- CS No. 4 — continuous flat CST core;

- CS No. 5 — uncut spatial CST using shell finite
elements (Fig. 1).

Loading was carried out by a single crane with a
lifting capacity of 450 tons. The weight of the
cargo is 396 tons. Two of the most dangerous
positions of the crane are considered [26, 27] —
in the middle of the span and on the support.
The value of the horizontal load from braking of
the trolley i1s determined by [28] in accordance
with SP 20.13330.2016. For CS No. 1-4, equiv-
alent stresses were calculated analytically ac-
cording to SP 16.13330.2017, the geometric
characteristics of the section of the riding chord
were determined by [28].
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Figure 1. Deformations of CS No. 5 under horizontal load from crane braking in the middle
of the span

The horizontal movements of the CST driving
chord were calculated and the calculation was
performed for the second group of limit states in
accordance with SP 16.13330.2017 and SP
20.13330.2016.

In accordance with the appendix. D SP
20.13330.2016 horizontal maximum deflection
of crane track beams for a group of crane oper-
ating modes 7K-8K:

l

fu= 3000

(7)

where [ — calculated span of the structural ele-
ment.
The deflection is determined from the braking
forces of the trolley of one crane directed across
the track, at the mark of the head of the crane
rails.

RESULTS AND DISCUSSION

The results of the study of the influence of the
geometric parameters of the CST on the hori-
zontal compliance and internal forces in its low-
er riding chord are shown in Fig. 2 and 3.

When changing the ratio of height and span of
the CST, the ratio of horizontal movements in
the riding chord and the equivalent beam does
not exceed 8.5%. When the stiffness ratio
changes, the ratio of horizontal movements in
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the riding chord and the equivalent beam does
not exceed 12.7%.

With an increase in the height and span ratio of the
CST, horizontal compliance increases and the ri-
gidity of the lattice decreases from the CST plane.
The ratio of maximum movement in the CST rid-
ing chord and equivalent beam also decreases.
When the stiffness of the grating and CST driving
chord increase, the horizontal compliance decreas-
es and the stiffness of the grating increases from the
CST plane in a linearly proportional manner.

The graphs of percentage increase in lattice
stiffness for all CSTs coincide when considering
the dependence on percentage ratio of height,
span, and stiffness. This confirms the reliability
of the numerical experiment results.

Considering the calculation of the lower beam
for horizontal bending of lattice elements leads
to a reduction in the bending moment from the
CST plane. When designing the core of the en-
tire CST structure, the bending moments in the
horizontal plane are at most 11% less than when
calculated according to the equivalent girder
beam design scheme. At the same time, using
the beam design scheme does not allow us to
obtain the torque values that occur in the drive
chord during horizontal bending. As the ratio of
CST height and span increases, the bending
moment from the CST plane decreases. As the
stiffness ratio of the grating and drive chord of
the CST increases, so do the torque and bending
moments from the CST plane.
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Figure 2. Effect of geometric parameters of CST on horizontal compliance of riding chord:

a) effect of ratio of height and span on horizontal compliance,; b) reduction in maximum horizontal
movement in CST riding chord compared to equivalent beam, c) effect of ratio of height and span
on rigidity of lattice; d) effect of stiffness of CST elements on horizontal pliability; e) effect of CST
element stiffness on lattice stiffness, f) effect of CST element stiffness on lattice stiffness
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Figure 3. Effect of geometric parameters of CST on internal forces and movements of riding chord:

a) effect of stiffness ratio on horizontal movement and horizontal plane moment of CST No. I riding

chord; b) effect of stiffness ratio on torque of CST No. 1, c) effect of height and span ratio on hori-

zontal movement and horizontal plane moment for CST No. 2; d) effect of height and span ratio on
torque for CST No.2

The operation of the riding chord under a hori-
zontal load caused by crane braking is more
challenging than under an asymmetric vertical
load resulting from a one-sided arrangement of
the crane [29, 30]. With an asymmetric vertical
load, the operating scheme of the CST can be
divided into vertical bending and twisting of the
riding chord, along with bending and twisting of
lattice elements. Under a horizontal load, bend-
ing of the chord away from the CST plane oc-
curs along with its twisting, and twisting is ac-
companied by horizontal bending. Simultane-
ously, both linear and angular displacements
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have opposing signs when dividing the effect
into components, reducing the bending moment
of the chord relative to the plane of the CST
compared to the bending moment in the hori-
zontal plane of an equivalent beam.

The results of the analysis of displacements, in-
ternal forces, and stresses caused by an asym-
metric vertical load due to the one-sided posi-
tioning of the crane, as well as a horizontal load
resulting from the braking of the crane, are pre-
sented in Table 1 and Fig. 4 and 5.

Due to braking with a one-way crane, the max-
imum torque in the driving chord increased by
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16%, the bending moment from the CST plane
increased by 39%, the transverse force increased
by 35%, and the maximum horizontal move-
ment increased by 43%. The maximum horizon-
tal movement determined by CS
No. 1, according to the recommendations [16],
is more than three times higher than the move-
ment determined by spatial CS No. 5. The max-

imum horizontal movements determined by the
flat rod CS No. 1-4 are at least 1.6 times higher
than the movement determined by the spatial CS
No. 5 of the shell elements. The forces and
stresses determined by CS No. 1 for the beam
differ significantly from the results of numerical
calculations for the riding chord as part of CST.

Table 1. Forces and movements of the CST driving chord

N in N in Nk, max in Mk in My,max Mz,max Q in Q
Horiz. e the the the inthe | inthe e S
No. the . . . . the in the
cg | MOVe | e most middle | outermost | middle | middle | middle outermost | middle
mm pancls, t panel, | panels, | panel, | panel, | panel, panels, t | panel, t
’ t tm tm tm tm ’ ’
The load from the crane on one side and the braking
1 26,8 0 0 -1563 -768 8198,0 | 3443 26,3 -315,1
2 13,2 29,2 -55,5 420,9 7,53 1048,9 | 286,3 51,2 -311
3 58,3 43,0 -82,5 3714 8,39 901,0 744,6 50,0 -311
4 14,9 314,6 207,8%* 400,9 14,88 | 1047.,4* | 391,9 54,1 -309
5 8,5 - - - - - - - -
Crane load on one side without braking
4 | 143 | 3146 | 2078 | 3333 | 1244 | 10474 | 2383 | 349 | -309
Breaking load
1 26,8 - - - - - 3443 26,3 -
2 5,3 - - 24,1 - - 111,9 24,2 -
3 19,9 - - 40,6 - - 253,1 22,0 -
4 5,7 - - 41,1 - - 153,6 24,7 -
5 3,5 - - - - - - - -
Note: forces with * were used to plot the stresses of CS No. 1-4
856 il 768 g4 a1t &y
e 429 22 I% 480 427 _H‘ij' m 450 10
ag 50 73 %8 7178 37 795 7 677 38
243 1576 58 404 57 688 295 576 243 438
[ W T o o } ol
247 617 1880 07 HE 35 3% 675 s 8 237 30 7o 1570 133 180 307 664 135 1060 310 463 650 %5 b66

b

a

c

d

e

Figure 4. Diagrams of equivalent stresses [kgf/cm?] of the driving chord in the middle of the span,

obtained by analytical calculation: a — according to CS No. 1; b — according to CS No. 2; ¢ — ac-

cording to CS No. 3; d— according to CS No. 4, numerical calculation; d — according to CS No. 5.
The load from the crane on one side and the braking of the trolley
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Figure 5. Diagrams of equivalent stresses [kgf/cm?] of the driving chord in the middle of the span,

obtained by analytical calculation: a — according to CS No. 1; b — according to CS No. 2; ¢ — ac-

cording to CS No. 3; d— according to CS No. 4, numerical calculation; d — according to CS No. 5.
Braking load of the crane trolley

tal movement determined CS

From a one-way crane load with braking, the
torque according to CS No. 1 was four times
higher than according to CS No. 2, and the
bending moment from the CST plane was al-
most eight times higher. When braking without
considering the vertical load from the crane, the
bending moment on the CST plane, according to
CS No. 1, is three times greater than according
to CS No. 2. When switching from rigid con-
nections on the supports, according to CS No. 2,
to articulated ones, according to CS No. 3, un-
der braking loads, the maximum torque increas-
es by a factor of 1.7, the bending moment in the
horizontal plane increases by a factor of 2.3, and
the horizontal movement increases almost four-
fold.

In the split CST according to CS No. 2, relative-
ly uncut according to CS No. 4, under braking
load, the torque is 1.7 times lower, the bending
moment in the horizontal plane is 1.4 times
lower. At the same time, the first typical single-
span CSTs have a minimum zero survivability
[31, 32]. Later CSTs [33, 34], to ensure the
smoothness of the axis of the riding chord dur-
ing deformations and increase its rigidity, are
made continuous [35].

Due to braking with a one-way crane, the max-
imum torque in the driving chord increased by
16%, the bending moment from the CST plane
increased by 39%, the transverse force increased
by 35%, and the maximum horizontal move-
ment increased by 43%. The maximum horizon-
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by
No. 1, according to the recommendations [16],
is more than three times higher than the move-
ment determined by spatial CS No. 5. The max-
imum horizontal movements determined by the
flat rod CS No. 1-4 are at least 1.6 times higher
than the movement determined by the spatial CS
No. 5 of the shell elements. The forces and
stresses determined by CS No. 1 for the beam
differ significantly from the results of numerical
calculations for the riding chord as part of CST.
From a one-way crane load with braking, the
torque according to CS No. 1 was four times
higher than according to CS No. 2, and the
bending moment from the CST plane was al-
most eight times higher. When braking without
considering the vertical load from the crane, the
bending moment on the CST plane, according to
CS No. 1, is three times greater than according
to CS No. 2. When switching from rigid con-
nections on the supports, according to CS No. 2,
to articulated ones, according to CS No. 3, un-
der braking loads, the maximum torque increas-
es by a factor of 1.7, the bending moment in the
horizontal plane increases by a factor of 2.3, and
the horizontal movement increases almost four-
fold.

In the split CST according to CS No. 2, relative-
ly uncut according to CS No. 4, under braking
load, the torque is 1.7 times lower, the bending
moment in the horizontal plane is 1.4 times
lower. At the same time, the first typical single-
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span CSTs have a minimum zero survivability
[31, 32]. Later CSTs [33, 34], to ensure the
smoothness of the axis of the riding chord dur-
ing deformations and increase its rigidity, are
made continuous [35].

The deflection from the braking forces of the
trolley of one crane, directed across the path, is
3.5 mm (Table 1). Checking for the second
group of limit states along the horizontal limit
deflection is performed with a large margin:

_3s < —36000—18
fo=35mm<f, = 5000 = mm.

For an equivalent beam at a given load, the maxi-
mum horizontal displacement is 26.8 mm (Table
1), the rigidity condition is not met. The stiffness
of the CST chord for horizontal bending is 7.7
times higher than the stiffness of the beam.

Since the CST riding chord undergoes horizon-
tal bending during torsion [30], the horizontal
deflection limit should include a component of
horizontal displacement caused by an asymmet-
ric vertical load due to the one-sided location of
the crane. The maximum horizontal displace-
ment resulting from the combined effects of the
loads caused by the single-sided position of the
crane and the braking of the crane trolley is 8.5
mm (Table 1). The contribution to the overall
horizontal movement from the asymmetric ver-
tical load component is 1.4 times greater than
that from braking, and should not be ignored
when checking for stiffness.

36000

m = 18 mm.

foece =85mm < f =

The check is in progress. Taking into account
the component of the asymmetric vertical load,
the stiffness of the chord is more than 3 times
higher than the stiffness of the equivalent beam.
As part of the author's supervision, specialists
from TSNIIproektstalkonstruction and Chelyab-
proektstalkonstruction carried out an inspection of
the converter shop of the Magnitogorsk Metallur-
gical Combine [36-39], commissioned in 1990,
which uses longitudinal CSTs. A series of full-

scale tests was carried out with the measurement
of SSS in the most frequently damaged nodes of
CST No. 3 using the strain gauge method. In [29,
30], the results of numerical calculation of CS No.
5 are compared with the results of a field survey.
They have a relatively small discrepancy, presum-
ably caused by the influence of welding stresses
and the accumulation of crack-like defects in the
near-seam zones [40, 41].

CONCLUSIONS

1. The CS of the beam [16] does not display the
operation of the CST riding chord for horizontal
bending. The horizontal displacements deter-
mined by the CS of the beam greatly exceed the
displacements determined by the spatial CS of
the shell finite elements. The forces and stresses
determined by the CS of the beam differ signifi-
cantly from the results of numerical calculations
of the riding chord as part of the CST. The use
of a CS beam does not allow to obtain the val-
ues of the torque that occurs in the driving chord
during horizontal bending. It is necessary to de-
velop a more accurate method of preliminary
calculation of the CST driving chord for hori-
zontal bending.

2. With horizontal bending of the riding chord
caused by braking of the crane trolley, flat rod
CS give a significant error in determining dis-
placements and stresses (analytically calculated
from internal forces) relative to the spatial CS.
For the verification calculation of the CST, it is
recommended to use spatial CS from shell finite
elements. The entire frame or part of the struc-
ture should be included in the CS [42].

3. Verification of the second group of limit states
is carried out in accordance with SP
20.13330.2016, which does not distinguish CST
from other crane structures. It is recommended to
determine the deflection from the braking forces
of the trolley of one crane directed across the path.
During torsion, the CST riding chord experiences
horizontal bending, the contribution to the total
horizontal movement of the component from the
asymmetric vertical load caused by the one-sided
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arrangement of the crane may exceed the contri-
bution from the horizontal load caused by the
braking of the trolley. When checking the CST for
the second group of limit states for horizontal lim-
it deflections, it is necessary to take into account
not only the horizontal forces from braking the
crane trolley, but also the asymmetric vertical
loads from its one-sided location. The rigidity of
the CST riding chord for horizontal bending sig-
nificantly exceeds the rigidity of the crane beam.
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Abstract: Concreting of massive hydraulic structures is accompanied by the phenomenon of exothermic heating of
structures caused by the process of cement hydration. Under natural conditions, the heat released in massive concrete
is slowly removed from the structure. Often, a significant temperature difference occurs between the central part of the
massif and its surface. If the critical value of the temperature difference is reached, temperature cracks occur, violating
the monolithicity of the structures.

In order to solve the problem of crack formation, the article considers the possibility of obtaining hydraulic concrete
using a composite binder based on finely dispersed aluminosilicate rocks - perlites, a colloidal additive in the form of
silicic acid sol and a superplasticizer.

To obtain a composite binder, aluminosilicate materials - perlite rocks with different degrees of crystallinity were ground
in a laboratory vibratory grinder to the required specific surface. To obtain a colloidal additive - silicic acid sol, the meth-
od of hydrolysis of soluble salts was used in the work, in particular sodium fluorosilicate Na,SiFs without removing sodi-
um cations Na'. The crack resistance index of hydraulic concrete Ktr was determined indirectly by the ratio of the tensile
strength of concrete under bending to the compressive strength - Rben/Rcom. The grade of concrete water resistance was
assessed by an express method for determining the water resistance of concrete by its air permeability.

It has been established that the most rational compositions are composite binders containing 10-20% glassy perlite, with a
specific surface area of 600 m?/kg, a colloidal additive in the form of silicic acid sol in an amount of 0.4% of the cement
weight and the Polyplast superplasticizer, which provides an increase in the compressive strength of hydrated stone after
28 days by 33% and an increase in bending strength by 40-45% compared to the control composition. At the same time,
the crack resistance index of hydraulic concrete Ktr using finely dispersed perlite, silicic acid sol and the Polyplast poly-
carbide superplasticizer increases by 21% compared to the control concrete composition, the concrete grade for water re-
sistance is W16, which is 60% higher than the water resistance grade of the control concrete composition.

Keywords: hydraulic concrete, plasticizing additive, silica sol, glassy perlite, crystallized perlite,
degree of dispersion, specific surface, water resistance, crack resistance, compressive strength

T'MAPOTEXHUYECKUA BETOH HA OCHOBE
KOMITO3UIIUOHHOI'O BAKYILIEI'O C IPUMEHEHUEM
AUCIIEPCHOI'O HEPJIUTA U KOJVIOUAHOU 1OBABKH

JLA. Ypxanoea ', A.A. Heanoe ?, C.A. J/Ixacapanoe ?

! HanmoHanbsHelii necienoBarenbcknii MOCKOBCKHIT TOCY/IaPCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET, T. MOCKBa,
POCCHUA
2 BocTouno-CHOUpCKHI TOCYIapCTBEHHBINA YHIBEPCUTET TEXHOIOTHI U yIpaBiaeHus, I. Yiaan-Y 13, POCCHUI

AHHOTauust: beToHnpoBaHNe MacCUBHBIX TMAPOTEXHUUECKUX COOPYKEHMI COITPOBOKAAETCS SIBIEHUEM SK30TEpMHYE-
CKOTO Pa3orpeBa KOHCTPYKLHH, BBI3BAHHOTO MPOLIECCOM THIpATAlY LIEMEHTA. B eCTECTBEHHBIX YCIIOBUSX BBIIEISIEMOE
B MaCCHBHOM OETOHE TEIJI0 MEUIEHHO OTBOJIUTCS W3 KOHCTPYKIMU. YacTo MeX /Ty LEHTPaIbHOMN 4acTbI0 MAacCHBa U €T0
TIOBEPXHOCTBIO BO3HMKAET 3HAYMUTENIBHBIN TeMIepaTypHbIH nepernana. B ciydae HOCTWKeHHs KPUTHUYECKOM BETHYUHBI
TeMIIepaTypHOTo Nepernasia BOZHUKAIOT TEMITEPaTypHbIE TPEIIMHBI, HAPYIIAIOIE MOHOIUTHOCT KOHCTPYKITHIL.

B crarbe st pemieHus Bopoca TperrHO00pa30BaHKsI paCCMOTPEHa BOZMOXKHOCTD MOJY4EHHs THAPOTEXHUYE-
cKOro OeTOHa ¢ MCIOJIb30BAHUEM KOMIIO3UIIMOHHOTO BSDKYIIETO Ha OCHOBE TOHKOJMCIEPCHBIX AJIFOMOCHIIMKAT-
HBIX TIOPOJI - IEPJIUTOB, KOJUIOWIAHOW JT00aBKH B BUJIE 30151 KPEMHHUEBON KHCIOTHI U CyNepIuIacTi(UKaTopa.

69



Larisa A. Urkhanova, Andrey A. Ivanov, Solbon A. Lkhasaranov

J1J1s1 TOJTyYeHMST KOMITO3UIIMOHHOTO BSHKYIIETO aTFOMOCHIMKATHBIC MaTePUAIIBI - MICPIUTOBBIC TIOPOJIBI C Pa3HOI CTe-
MICHBIO KPUCTAUTMYHOCTH U3MEJIBYAIIN B JIAOOPATOPHOM BHOPOUCTUPATEIIC 10 HEOOXOMMOM Y ICIbHON TOBEPXHOCTH.
J1J1s1 oty YeHUsI KOJUTOMTHOM J00AaBKH - 30711 KPEMHHEBOM KHCIIOTHI B Pa00TE MPUMEHSUTH CIIOCO0 THAPOJIH3a PACTBO-
PHMBIX COJIeH, B 4acTHOCTH KpemHedTopuctoro Hatpust NaxSiFs 6e3 ynanenus karuoHoB Hatpusi Na'. Tlokazarens
TPEIMHOCTONKOCTH THJIPOTEXHUIECKOTro OeToHa Koy, Onpesessuicss KOCBEHHO 10 OTHOLICHHIO POYHOCTH OETOHa Ha
pacTsDKCHUE TPU U3ru0e K MPOYHOCTH TPH CHKATHH - Ryyr/ Rex. Mapka 1o BOJIOHETIPOHUIIACMOCTH OCTOHA OIICHUBAIACH
AKCIIPECC-METOIOM OIPEICIICHIS BOIOHEPOHUIIAEMOCTH OETOHA TT0 €T0 BO3AYXOIMPOHUIIACMOCTH.

YcTaHoBIeHO, 9YTO HanboJee paIOHATEHBIMH SBISTFOTCS COCTABBI KOMITO3UIIMOHHBIX BSOKYIIUX C COACPIKaHIEM
10-20% CTEKJIOBHIHOTO IIEPIINTA, ¢ yACIBHOM MOBEPXHOCTBIO 600 MZ/KT, KOJUIOMTHON MOOABKH B BUIE 3011
KpEeMHHEBO kuciotel B konmuectBe 0,4% oT Macchl ieMeHTa U cynepruiactudukaropom [lomumnacr, obecre-
YUBAIONIUM MIPUPOCT MPOUYHOCTH HA CXKaTHE THAPATHOTO KaMHs 4yepe3 28 cyTok Ha 33% ¥ mpUpOCT MPOYHOCTH
Ha u3rub - Ha 40-45% 1O CpaBHEHHUIO C KOHTPOJIBHBIM CcOCTaBOM. [Ipu 3TOM TOKa3aTellb TPEHIMHOCTOWKOCTH
THIPOTEXHUUECKOro 6eToHa Ky, C MCIOJIb30BaHMEM TOHKOAMCIEPCHOTO MEPIINTa, 3011 KPEMHHUEBOH KUCIOTHI U
MOJIMKapOpKCUITaTHOTO cyrepruiactudukaropa «[lomummact» yBenuurnbaercs 21% Mo CpaBHEHUIO ¢ KOHTPOJIb-
HBIM COCTaBOM OeTOHa, Mapka OETOHA IO BOJIOHEIPOHHUIIAEMOCTH cocTaBisieT W16, 4ro GoibIe MapKe O BO-
JIOHETIPOHHUIIAEMOCTH KOHTPOJBHOTO cocTaBa OeToHa Ha 60%.

KnroueBble cioBa: rupoTexHuueckuii OETOH, macTH(GUIMpyomas 100aBKa, 3016 KPEMHHEBOW KHCIIOTHI,
CTEKJIOBUIHBII MEPIINT, 3aKPUCTAITM30BaHHBIN MEPINT, CTEIICHD AUCTIEPCHOCTH, YAEIbHAs TOBEPXHOCTB,
BOJIOHETIPOHUIIAEMOCTh, TPEIIMHOCTONKOCTD, IPOYHOCTD TIPH CKATHN

INTRODUCTION

Currently, due to the development of hydraulic
engineering construction in the Siberian and Far
Eastern regions of Russia, there is a need for con-
crete for hydraulic engineering structures. Accord-
ing to GOST 26633-2015, it is recommended to
use sulfate-resistant and pozzolanic cements as a
binder for the production of hydraulic engineering
concrete. However, the use of such cements leads
to a significant increase in the cost of hydraulic
engineering concrete, since these types of Portland
cement are much more expensive than ordinary
Portland cement and the production volume of
such cements is limited [1].

Concretes for hydraulic engineering structures
must meet increased durability requirements
imposed on them under operating conditions at
the boundary of air and water environments.
Under such conditions, cracking in hydraulic
engineering concrete is most dangerous. As a
result of cement hydration, heat is released,
which initially causes compressive stresses in
hydraulic engineering structures. Then, as a re-
sult of a decrease in temperature, concrete
shrinkage occurs and tensile stresses appear. At
the moment when tensile stresses exceed the
tensile strength of concrete, cracks are formed
[2-4].

Improvement of the characteristics of hydraulic
concrete can be achieved by introducing active
mineral additives into Portland cement, which
eliminate the negative impact of a high tempera-
ture gradient during cement hydration by modi-
fying the structure of the cement stone, increas-
ing water resistance, increasing corrosion re-
sistance, reducing overall porosity, increasing
the physical and mechanical and operational
properties of hydraulic concrete [5-7]. In addi-
tion, the formation of the physical and mechani-
cal characteristics of concrete is interconnected
with the formation of new complex hydrate
compounds with improved characteristics and a
certain crystallization structure, which also af-
fects the physical and mechanical properties of
concrete. There are works on the use of micro-
silica in combination with surfactants, which, in
accordance with their chemical nature, have a
positive effect on improving the properties of
artificial stone, but the effectiveness of their ac-
tion as a result of limited reaction activity does
not ensure the creation of concrete of a new lev-
el of properties [8].

In the presented work, perlite rocks subjected to
mechanochemical activation in energy-intensive
devices, an ultrafine silica additive and a super-
plasticizer based on polycarboxylate were used
to obtain hydraulic concrete. An ultrafine silica
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additive in the form of a sol and an active min-
eral additive subjected to mechanical activation
will contribute to improving the microstructure
of cement stone due to water reduction of the
cement system, the formation of a dense pack-
ing of particles of a dispersed composite binder
and hydration interaction of Portland cement
with silica-containing additives [9], improving
the physical and mechanical properties of con-
crete with their use.

MATERIALS AND METHODS

To improve the properties and increase the
crack resistance of hydraulic concrete based on
finely dispersed, colloidal additives and surfac-
tants, Portland cement CEM 1 42.5 N GOST
31108-2020 OOO Timlyuycement was used as
a binder. Finely ground glassy and crystallized
perlite from the Mukhor-Talinskoye deposit
(Republic of Buryatia) were used as active min-
eral additives depending on the composition.
The chemical compositions of glassy and crys-
tallized perlite are given in Table 1.

Table 1. Chemical composition of glassy and
crystallized perlite, mass.%

Material | Si02 | ALOs | FexOs | FeO| Ca0 | MzO | Ti0z | 805 | KaO | N0 | RO | ppop.
Perlte viteous | 6840 | 1375 | 030 | 006] 00| 030 | 015 | 00| 391 | 337 | - | 597

Coystallized | 7303 | 1L7 | L8 [ 171] 0355 | 030 | - | - | - | - | 64|76
perlite

Perlites were pre-crushed in a laboratory vibra-
tory grinder VI-4x350 to a specific surface of
550 - 600 m?/kg. A superplasticizer based on
modified polycarboxylates (OOO "Polyplast-
Sibir") was used as a surfactant, introduced into
the cement with mixing water in an amount of
0.2% of the cement weight. The basis of the su-
perplasticizer "Polyplast" are polycarboxylate
esters. To obtain a silicic acid sol - a colloidal
additive, a method of hydrolysis of soluble salts
was used in the work, in particular sodium
fluorosilicate NaxSiF¢ without removing sodium
cations Na'. The optimal concentration of the
sol is 0.75%. Hydrolysis of sodium fluorosili-
cate occurs according to the following reaction:

NaxSiF¢ +4H20 —2NaF+4HF+H4Si04, (1)

The resulting silicic acid sol in the form of an
aqueous solution has a density of 1.018 g/cm?,
the value of the hydrogen index pH = 4.5-4.8,
was introduced into the composition of concrete
with mixing water with an optimal concentra-
tion of 0.4% of the cement weight.

The superplasticizer "Polyplast PK type S"
based on modified polycarboxylates (OOO
"Polyplast-Sibir") was used as a surfactant, in-
troduced into the composition of cement with
mixing water. The basis of the superplasticizer
"Polyplast" are polycarboxylate esters.

The binder was prepared by thoroughly mixing
Portland cement and finely dispersed glassy and
crystallized perlite, crushed to a specific surface
of 550-600 m?/kg.

Concrete mix using composite binder with
workability grade P3 (cone slump 12 cm) was
prepared by mixing in a laboratory concrete
mixer for 1 min pre-dosed components - Port-
land cement, finely dispersed perlite, sand
with fineness modulus Mkr. = 2.1, crushed
stone of fraction 10-20 mm and water contain-
ing dosed silica-containing component - silicic
acid sol and superplasticizer Polyplast. From
concrete mix of equal mobility, cube samples
measuring 100x100x100 mm were molded,
which were tested according to standard
methods. For each type of test, samples were
made in accordance with the requirements of
GOST 10181-2014 "Concrete mixes. Test
methods", GOST 10180-2012 "Concretes.
Methods for Determining Strength Using Con-
trol Samples", GOST 12730.5-2018 "Con-
crete. Methods for Determining Water Re-
sistance", GOST 24452-2023 "Concrete.
Methods for Determining Prism Strength,
Elastic Modulus, and Poisson's Ratio". The
crack resistance index of hydraulic concrete
Ktr was determined indirectly by the ratio of
concrete tensile strength under bending to
compressive strength - Rben/Rcom.
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RESULTS AND DISCUSSION

All the components under study in rational
quantities provide improvement of physical and
mechanical properties of hydraulic concrete
(Table 2).

Table 2. Effect of dispersed perlite, specific
surface area of 600 m’/kg and silica sol on
physical and mechanical properties of hy-
draulic concrete

Name Compressive
strength, in MPa,

after hardening for

Bending Ktr
strength, in (Rben
MPa, after | /Rcom)
hardening

for

3 7 28 7 28
days | days | days | days | days

Control
composition

246 | 348 [ 387 | 41 | 7.1 0,18

PC+
10% Vitreous
perlite+
Polyplast

254 | 36,3 | 399 | 43 7.3 0,18

PC+
20% Vitreous
perlite+
Polyplast

256 | 374 | 40,7 | 45 | 69 0,17

PC+
Sol ¢+
Polyplast

30,8 | 37,4 | 40,9 | 5,6 9,1 0,22

PC+
10% Vitreous
perlite+
+ Sol +
Polyplast

33,1 | 39,0 | 48,6 | 6,9 | 10,6 0,22

PC+
20% Vitreous
perlite + Sol
+

Polyplast

352 | 424 | 534 | 7.8 | 10,9 0,20

PC+
10% Crystal-
lized perlite +
Sol +
Polyplast

32,6 | 38,5 | 41,1 | 4,0 6,9 0,16

PC+
20% Crystal-
lized perlite +

Sol +

Polyplast

332 | 40,0 | 429 | 44 7,6 0,17

Introduction of finely ground perlite into the
concrete composition leads to an increase in the
water-binding ratio by 7-13%. The use of the
polycarboxylate superplasticizer Polyplast in an

optimal amount of 0.2% of the binder weight
not only reduces water consumption by 9-16%,
thereby compensating for the loss of strength of
hydrated stone associated with a decrease in the
amount of cement in the composition, but also
changes the structure of hardened concrete.
Colloidal additive in combination with finely
ground perlite and plasticizer has a positive ef-
fect on increasing the strength of concrete. The
maximum values of compressive strength were
shown by the compositions with the addition of
vitreous perlite and silicic acid sol: PC + 20%
vitreous perlite + sol in the amount of 0.4% of
the cement mass + Polyplast - 53.4 MPa, which
is 33% higher than the strength of the control
composition, respectively.

The use of polycarboxylate polymer in combi-
nation with fine and ultrafine silica-containing
additives, to the greatest extent, starting from an
early age, increases the tensile strength of con-
crete in bending. The maximum values of con-
crete tensile strength in bending at the age of 28
days were shown by concrete compositions: PC
+ 10% vitreous perlite + sol in the amount of
0.4% of the cement mass - 10.6 MPa; PC + 20%
vitreous perlite + sol in the amount of 0.4% of
the cement mass — 10.9 MPa, which is on aver-
age 40-45% greater than the flexural strength of
the control concrete composition.

The increase in strength is the result of the influ-
ence of perlite on the structure and chemical and
mineralogical composition of hydraulic concrete
on a composite binder. A significant role is played
by the chemical factor of perlite action, which is
expressed in a change in the balance between the
hydrated phases in the composition of cement
stone towards an increase in the volume of strong-
er and more stable low-base calcium hydrosili-
cates (CHS) with the formation of dense con-
glomerate structures [9, 10]. The amorphous
phase of silica, contained in large volumes in vit-
reous perlite, leads to an increase in compressive
strength due to the replacement of the mechanical-
ly weak phase of calcium hydroxide with a
stronger hydrosilicate phase [11].

The presence of a glassy phase (60-80%) in the
perlite composition causes an increase in the
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strength of composite cement compared to the
use of crystallized perlite of equal chemical
composition, which is associated with an in-
crease in the content of the amorphous phase in
aluminosilicate rocks, their further amorphiza-
tion during fine grinding in energy-intensive
grinders [12]. Amorphous silica in perlite binds
free calcium hydroxide formed during cement
hydration, with the formation of an additional
amount of low-basic calcium hydrosilicates.

In addition, as studies have shown, the morpholo-
gy of the particles of the original crushed materi-
als of natural and artificial origin changes depend-
ing on the grinding method [13]. In an energy-
intensive grinder, which includes a rod vibratory
grinder, during the grinding of glassy perlite, more
rounded grains of the material are formed with a
small amount of roughness on the surface, as a
result of which the particles fit more tightly to
each other with an increase in the contact surface,
which indicates the efficiency of grinding the raw
material in the rod vibratory grinder. When grind-
ing crystallized perlite, grains of a flat, elongated
shape are formed with the formation of a less
dense packing of mixtures using it.

A colloidal additive, represented by a silicic acid
sol, turns into a gel, compacting the microstruc-
ture of the hardening system, and also enhances
the hydration activity of silicate-containing miner-
als of Portland cement and interacts with hydrolyt-
ic lime, thereby ensuring the formation of tober-
morite-like calcium hydrosilicates, which in turn
reinforce the hardening system, providing in-
creased bending strength [14].

The crack resistance index of hydraulic concrete
Ktr, indirectly estimated by the ratio Rben/Rcom,
using finely dispersed perlite and silica sol is 0.22,
which exceeds the crack resistance index of con-
crete without additives by 21%.

The results of the physical and mechanical
properties of concrete confirm the resistance of
concrete based on a composite binder, with col-
loidal and plasticizing additives to crack for-
mation. To increase the durability and crack re-
sistance of hydraulic concrete, studies were car-
ried out to determine the deformation properties
of concrete (Table 3).

Table 3. Deformative properties of hydraulic
concrete based on composite binder

Compound Prism Modulus of Poisson's
strength, elasticity Eb, ratio
MPa MPa x 10°
3 28 3 28 3 28
days | days | days days | days | days
PC 19,8 | 34,6 | 22974 | 32362 | 0,18 | 0,216
PC+20% | 23,4 | 40,2 | 24084 | 35680 | 0,18 | 0,202
vitreous
perlite +
Polyplast
PC + Sol + | 25,6 | 39,6 | 23742 | 34493 | 0,17 | 0,191
Polyplast
PC+20% | 30,1 | 46,3 | 26247 | 37345 | 0,17 | 0,199
vitreous
pearl + Sol
+ Polyplast

The prismatic strength of hydraulic concrete on the
optimal compositions with the combined use of
finely dispersed perlite, silica sol and superplasti-
cizer Polyplast in relation to the compressive
strength is 17%, while on the control samples this
ratio is 9%, which confirms the increased resistance
of concrete to cracking. The increase in the pris-
matic strength of hydraulic concrete is mainly due
to the high cubic strength of the presented concrete
compositions compared to the control sample.

The modulus of elasticity of the hydraulic con-
crete compositions using finely dispersed perlite
+ superplasticizer Polyplast and the composition
of silica sol + superplasticizer Polyplast in-
creased on average by 3-5% in 3 days and by 7-
10% in 28 days compared to the control compo-
sition. The composition with the combined use
of vitreous perlite, silica sol and the superplasti-
cizer Polyplast increases the modulus of elas-
ticity compared to the control composition at 3
days by 14%, at 28 days - by 15%, respectively.
The increase in the modulus of elasticity of hy-
draulic concrete based on a composite binder oc-
curs due to the compaction of the structure due to
the interaction of perlite, sol and superplasticizer
with cement hydration products and the formation
of additional bonds in the form of calcium hydro-
silicates. Also, the increase in the modulus of elas-
ticity is associated with a lower water-cement ra-
tio, at which porosity decreases, which causes an
increase in the modulus of elasticity [15, 16].
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The Poisson ratio at the age of 3 days for the
composition with vitreous perlite remained un-
changed compared to the control composition.
The Poisson ratio for the compositions with sili-
ca sol + Polyplast and the composition with vit-
reous perlite + sol + Polyplast decreased by 5%
compared to the control composition. At the age
of 28 days, the Poisson's ratio for the composi-
tions: vitreous perlite + Polyplast; sol + Poly-
plast; vitreous perlite + sol + Polyplast de-
creased by 6, 11 and 8%, respectively.

The decrease in the Poisson's ratio of modified
concrete can be explained by the fact that when
introducing a polycarboxylate superplasticizer and
silicic acid sol, due to the modification of the con-
crete structure, a greater number of structural ele-
ments are formed in the hydrated shells of the
grains, and, consequently, the sliding surface of the
particles increases, which leads to a more intensive
reduction in transverse deformations and a decrease
in the Poisson's ratio [17, 18].

To ensure the durability of hydraulic concrete, it
is important to ensure a high value of water re-
sistance. The concrete grade by water re-
sistance, estimated by the express method of
determining the water resistance of concrete by
its air permeability, for the compositions of hy-
draulic concrete using finely dispersed perlite +
superplasticizer Polyplast and the composition
of silica sol + superplasticizer Polyplast is W12
and W14, which exceeds the water resistance of
concrete without additives by 20 and 40%, re-
spectively (Table 4). The composition with the
combined use of glassy perlite, silica sol and
superplasticizer Polyplast increases the concrete
grade by water resistance by 60% compared to
the control composition - up to W16.

The increase in water resistance can be ex-
plained by the fact that during the polyconden-
sation process, which takes place at all stages of
the sol-gel process, microgel structures are
formed containing molecules of different mo-
lecular weights (from monomer to polymers)
[19-21]. Polycondensation in the volume of par-
ticles leads to their compaction. At the gelation
stage, this reaction helps to strengthen the coag-
ulation contacts between particles [22]. In turn,
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the gelation products fill the micropores of the
concrete structure with sol particles and the
products of its interaction, thereby creating a
dense structure [23-25]. The introduction of per-
lite into the composition of concrete leads to the
formation of low-basic calcium hydrosilicates,
which in turn also increase water resistance.

Table 4. Concrete grade by water resistance

Compound Time of pressure Concrete grade
drop in the cham- by water re-
ber of the VV-2 sistance
device, s
PC 186 cex. W10
PC + 20% vitreous 294 cek. Wi2
perlite + Polyplast
PC + Sol + 391 cex. W14
Polyplast
PC +20% vitreous 573 cek. W16
perlite + Sol + Pol-
yplast
CONCLUSIONS

It is possible to obtain durable concrete for hy-
draulic structures with high initial strength, in-
creased water resistance and crack resistance by
using highly effective plasticizers, active miner-
al additives of natural origin, subjected to me-
chanical activation in order to obtain finely dis-
persed additives, and ultra-dispersed additives
obtained using sol-gel technologies.

Thus, it can be concluded that the additive for
hydraulic concrete using vitreous perlite, silicic
acid sol and superplasticizer based on polycar-
boxylate polymers is effective, the use of which
promotes the formation of low-basic calcium
hydrosilicates, the formation of a denser micro-
structure of cement stone, while improving the
strength properties of modified cement stone in
concrete, which, in our opinion, can increase the
thermal crack resistance of hydraulic concrete.
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VARIATION OF PORE WATER PRESSURE IN OVER-
CONSOLIDATED CLAY UNDER CYCLIC LOADING:
EXPERIMENTAL INVESTIGATION
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Abstract: Under cyclic loading, the cyclical effect of external load during loading time will result in
multiple rearrangement of soil particles, and thus causing the particles to arrange more closely together
than un static loading. As the soil volume decreases with increase in the number of loading cycles, the
accumulated excess pore water pressure dissipates through draining of the soil. This study presented results
of prediction the behavior of clay in partially drained cyclic plane test. The results from cyclic triaxial test
on a highly plastic marine clay were formulated to predict the time dependent variations of excess pore
pressure and axial strains during partially drain cyclic loading. The study further revealed that when
saturated clay is exposed to cyclic loading, the reduction in effective stress due to the generation of excess
pore water pressure leads to a decrease in soil strength. Over the long term, the accumulation of pore water
pressure in saturated clay is influenced by various factors, including the magnitude of the applied load, its
frequency, and the intrinsic properties of the soil.

Keywords: Soft Clay, Consolidation, Cyclic Loading, Excess Pore Water Pressure

W3MEHEHHE JABJIEHUAA MMOPOBOM BOJbI B
HEPEYIIVIOTHEHHOMX I'"IMHE TP HUKJINYECKOM
HATI'PY XEHUUNU: DOKCIIEPUMEHTAJIbBHOE NCCJIIEJOBAHUE

Hzok-Txanz Hzyen!, I'yo-Beiit JIu *
! Ornenenne rpakJaHCKOTO U MPOMBIIILIEHHOTO CTPOUTENBCTBA, (PAKyJIBTET TPAKIAHCKOTO CTPOUTENLCTRA,
Yuusepcurter Txyinoi, r. Xanoir, BBETHAM
2 I'naBHas abopatopust MUHMCTEPCTBA 0OPAa30BaHMs M0 TEOTEXHUKE M CTPOMTENBCTBY GEPErOBBIX COOPYIKEHMUIA,
Yuusepcurer Xoxa#, r. Hankun, KUTAUN

AnHoranusa: Ilpy LMKINYECKOM HArpykKeHUM LUKIMYECKOE BO3AEHCTBHE BHEIIHEH Harpy3ku B TEU€HHE
BPEMEHU HArpy’KeHHs NIpPUBOJUT K MHOIOKPAaTHON NEeperpynnupoBKE YacTUI] IPYHTa, B PE3yJbTaTe 4Yero
JaCTHIBl PACIIONAraroTCsl Oosee IIOTHO APYT K APYTY, YeM NPH CTaTHIECKOM HarpyxeHud. [lockombky oObeM
TPYHTa YMEHBIIIACTCS] C YBEIMUCHNEM KOJMYECTBA LIUKIOB HArPYXXCHUS, HAKOIUIEHHOE M30BITOYHOE IABJICHHUE
MIOPOBOM BOJBI PACCEMBACTCS 3a CUET JAPECHUPOBAaHHWA TPyHTAa. B JaHHOM HCCIIeIOBAaHWM TIPECTaBIICHEI
pe3ynbTaThl IMPOTHO3UPOBAHUS IOBEACHHs IJIMHBI B YAaCTHUYHO JPEHHMPOBAHHOM IMKIMYECKOM IJIOCKOM
UCHbITaHUU. Pe3ynbTaThl IMKIMYECKUX TPEXOCHBIX HCIBITAHUI BBICOKOIUIACTUYHONH MOPCKOM TJIMHBI ObLIH
UCIIONIb30BaHbI ISl IPOTHO3UPOBAHMS 3aBUCSIIUX OT BPEMEHN M3MEHEHHUH M30BITOYHOTO TOPOBOTO AABJICHUS U
0CeBBIX JleopMaIMii IpU UKIMYECKOM HAarpy»KeHHH C YaCTHYHBIM JIpeHHpOBaHHEM. cciienoBanue nokasalo,
YTO, KOTJa HACHILIEHHAs TJIMHA T[I0JIBEPraeTcs LUKINYECKOMY Harpy)KeHHIO, CHIKEHHE S(PQPEKTUBHOTO
HAlpsDKeHUST U3-3a CO3JaHMsl M30BITOYHOIO JABJICHHS IMOPOBOW BOJBI NPUBOAWUT K CHIKEHUIO IPOYHOCTH
rpyHTa. B 101rocpo4yHoil nepcrneKkTuBe Ha HAKOIUIEHUE JABJIECHUS TOPOBOM BOJBI B HACBIIIEHHON INIMHE BIUSIOT
paznuuHble (paKTOpbI, BKIIOYAas BEIMYMHY HPWIOKEHHOH HArpy3KH, €€ 4acTOTy M COOCTBEHHBIE CBOICTBa
TpyHTAa.

KiroueBble cioBa: Msarkas TJIMHA, KOHCOJIUAANUA, IUKJINYECKOC HArpyKECHNUE, H30BITOYHOE JaBJICHHUEC HOpOBOﬁ
BOJbI
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1. INTRODUCTION

The classic theory of consolidation was
developed by Terzaghi (1943) [1]. This is still
today the foundation of one-dimensional (1-D)
consolidation theory. This theory, developed for
the prediction of long term settlement of soil,
uses the rate of seepage of pore water under the
action of external load to determine the
deformation of a layer of saturated soil.
Conventional consolidation analysis based on
Terzaghi’s one-dimensional theory overlooks
the non-linear characteristics of soil. Davis and
Raymond (1965) [2] introduced a non-linear
theory of soil consolidation. Wilson et al. (1974)
[3], through theoretical analysis, noted that
consolidation under cyclic loading progresses
more slowly than under an equivalent sustained
load, making it impossible to achieve 100%
consolidation with cyclic loading. Baligh et al.
(1978) [4] proposed a straightforward method
for predicting the behavior of an inelastic clay
layer initially in a normally consolidated state
and subjected to cyclic loading. Favaretti et al.
(1995) [5] developed a simplified solution to
predict consolidation under cyclic loading for
non-dimensional time intervals.

When the load is first applied the total stress
increases but, as shown above for 1-D
conditions, there can be no instantancous
change in vertical effective stress, implying that
the pore-pressure must increase by exactly the
same amount as the increase in total stress.
Subsequently, there will be flow from regions of
higher excess pore pressure to regions of lower
excess pore-pressure, and the excess pore
pressures will dissipate leading to change in
effective stress and the soil will deform
(consolidate) with time [6-8].

When soft clay soils are exposed to time-
dependent cyclic loading, excess pore water
pressure gradually builds up. After a certain
number of cycles, this pore water pressure
begins to dissipate, leading to progressive
deformation over time often significantly
greater than that caused by static loading.
Common examples of cyclic loads include

Ngoc-Thang Nguyen, Guo-Wei LI

earthquakes, ocean waves, high-intensity traffic,
seasonal fluctuations in groundwater levels, and
changing fuel levels in oil tanks. Long-term
cyclic  loads, can sometimes induce
consolidation of the underlying soil.

Yin et. al (1989) [9, 10] reported a case study on
settlement of a road in “Jie Pu highway, in
Guangdong province, China”, built on a low
bank road embankment on typical soft alluvial
clay. It settled substantially after opening to
traffic, which was nearly 2m over a length of
1700m. Xie et al. (2006) [11] reported a case
study on long term settlement of break water
constructed at the port of Tianjin in China due
to static and wave-induced cyclic loads.

Chen et al. (2005) [12] predicted that pore water
pressure increases during loading and decreases
during unloading under low frequency cyclic
loading with different boundary conditions.
Guo-Wei Li and Hu [13-15] studied the effect
of dynamic cyclic loading and surcharge
preloading method on the settlement of low
embankments and showed that the settlement
increases with increasing amplitude of cyclic
load and the effectiveness of surcharge
preloading depends on the difference between
the magnitude of surcharge and amplitude of the
cyclic load. This study presents selected results
of the effects of the frequency on the post-
construction settlement of low embankments
subjected to cyclic loading and showed that
under drained condition the variation of pore
water pressure is compatible with the axial
creep strain of soft clay in the over-consolidated
state. The measured pore water pressure values
can be used to assess the long-term settlement
of the soft ground after construction.

When a clay sample is suddenly loaded in the
oedometer test its void ratio or compression
decreases with time. The consolidation process
is traditionally divided into primary and
secondary consolidation phases. During the
primary consolidation phase settlement is
controlled by the dissipation of excess pore
pressures and Darcy’s law. Whereas during
secondary consolidation the rate of settlement is
controlled by soil viscosity, Leroueil (1996)
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[16]. However, settlement requires a hydraulic
gradient, i.e. excess pore pressure exists at that
stage. Secondary consolidation or creep is
characterized by the slope of the
consolidation/compression curve.

Soft soil is widely distributed over coastal and
riverside regions, where the embankment loads
are sensitive for differential settlement. In a
marine environment, cyclic loading forms a
significant proportion of the loading and this
decides the safety of many structures founded
on the ocean bed. By and large, marine
structures subjected to cyclic loading are
offshore  petroleum production platforms,
offshore pipelines, storm surge barriers and
harbor structures [17]. The foundations of these
structures truly transmit the cyclic loads to the
soil below in one form or another. Rail track
subgrade is very important for railway stability
and therefore the behaviour of soft soil subgrade
under cyclic loading 1is of paramount
significance in railway engineering. Most of rail
tracks travel through coastal areas comprising of
soft soils and highly compressible marine
deposits. Load cycles from moving trains
rapidly generate high excess pore pressures. In
the absence of good drainage conditions, cyclic
pore pressure will dramatically reduce the
effective load bearing capacity of the soft
formation [18].

Zhu et al. 2005 [19] presented a study on the
deformation behavior of a saturated soft clay
under cyclic loading. Considering the intrinsic
anisotropy of the soil, a soil specimen was
initially restored to the in-situ stress state under
Ko consolidation in a triaxial cell, and the
specimen was then sheared in the same triaxial
cell under axial cyclic loading and tested under
a drained or undrained creep condition. The test
results show that the increase of excess pore
water pressure initially lagged behind that of
stress. The stable excess pore pressure was
about 50% of the stress amplitude for an drained
specimen. However the residual excess pore
water pressure was approximately 20% of stress
amplitude for a drained specimen.

When a pressure is applied to a saturated soil
and drainage is allowed, the gradient of the
excess pore pressure causes flow of water out of
the soil, Prediction the dissipation of pore water
pressure is important to understanding the
behaviour of soils under cyclic loading and also
for estimation of their effective stresses. In the
proposed paper, an analytical solution for one-
dimensional consolidation of soft cohesive soil
under cyclic loading has been developed based
on the formulations given by Thang.,.N.N.
(2023) [20] and a hyperbolic relationship for
generation of pore water pressure under drained
condition. The model successfully explained the
generation and dissipation of pore water
pressure during consolidation under cyclic
loading.

2. MODEL OF CYCLIC TRAFFIC LOAD

2.1 Numerical Model of Traffic Load Form

A method for analyzing the behavior of clay
under long-term cyclic loading has been
proposed by Hyodo and Yasuhara, in which
Terzaghi’s consolidation equation is proposed
for calculating the settlement of low
embankment subjected to the traffic load [21,
22]. Hyodo and Yasuhara used a 10-ton truck
moving at different speeds of Okm/h, 10km/h,
20km/h, 30km/h, and 35km/h to simulate
vehicular load and investigated the vertical
stresses acting on top of a subgrade and at
different depths of a low embankment. On the
subgrade, the vertical stress waveform at some
points, shown in Fig. 1, described as sine curve.

Figure 1. Vertical pressure waveform [21]
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Based on the multi-layer elastic theory, Ling
and Shoji [23, 24] conducted research on the
residual deformation of saturated clay subgrade
under vehicular load, analyzing the impact of
vehicle speed and loading time without
considering the influence of inertia and
viscosity on the loading time. Different vehicle
speeds of 40km/h, 60km/h, 80km/h, and
100km/h were used to establish an asphalt
pavement structure. The loading time at any
point on top of the subgrade is 0.7205s, 0.4805s,
0.3605s and 0.2885s, respectively. The
relationship between vehicle speed and loading
time is shown in Figure 2.

0.8

Loading time/(s)
O
>~ o

<
(S}

| | ~ v/(km/h)
40 60 80 100 120
Figure 2. Vehicle speed - Loading time [23, 24]

0

As shown in Figure 3, the triangular waveform
load simulates the vertical stress distribution on
top of the subgrade for a typical pavement
structure, with a correlation coefficient greater
than 0.9. Therefore, the waveform load can be
used to simulate the effect of traffic loads on top
of the subgrade. In this Figure, the dotted line
represents the surface of the subgrade at any
point; the solid line is the vertical stress
distribution caused by traffic load that affects
the surface of the subgrade; the dashed line is
the triangular waveform load simulating
variation of vertical stresses.

XIE et al. (2006) [26] presented the variations
of excess pore water pressure with
dimensionless depth z/H, in case of
trapezoidal cyclic loading. They presented a
nonlinear analytical solution for the 1-D
consolidation of soft soil under cyclic loading.
A soil stratum with thickness H, vertical
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permeability coefficient ko, volume
compressibility coefficient my, and
consolidation coefficient C, is shown in Fig. 4.

Traffic direction

Affect area of
vehice load

Figure 3. Vertical stress distribution on top of
subgrade under vehicular load [25]

oy oy

q(t)

(i

Pervious |O
H

Y

Impervious Y ,

Figure 4. Model of clay layer under cyclic

loading [26]
It shown that the greater the value of z/ H , the
greater the excess pore water pressure,

indicating that the effective stress o' and excess
pore water pressure u vary with depth. In this
state the pore water pressures and the effective
stresses have final or equilibrium values; this is
a steady state condition under cyclic loading.

2.2 Cyclic Loading Test Model
Based on the results of previous experimental
studies and combining the actual conditions of

the wvehicular traffic flow and loading
characteristics of laboratory equipment, a
continuous  half-sinusoidal dynamic load

waveform is chosen for this study. This takes
into consideration a non-continuous load
distribution and thus accounts for the distance
between vehicles.

The dynamic load waveform is illustrated in
Figure 5, where Ti, to are the continuous and
interrupted duration of traffic load, respectively.
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T1 is the period of time that the dynamic load
acted on the soft ground in one cycle. In this
model, traffic loads are simulated as a half-sine
wave cyclic load. For each test group, the cyclic
load frequency, f, is constant in order to
minimize the differences between the various
types of vehicular traffic and their speeds and
also to reduce the impact of varying distances
between vehicles. P is the sum of vehicle weight
and overburden pressure of the embankment;
Gdmax 18 the amplitude of traffic load. The same
values of oamax are used for a group test,
irrespective of the impact of varying sizes of the

vehicles.

. — — .
:’ \ 7 \ 7 él?
\\\\\ //4/~L\ — \\\\ //<
— e N
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A istribution
P+Gdmax traffic
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| [ [ I |
L L | [ L |
0 T, T+t t/ min
Figure 5. Simulation of the effect of traffic
loading
Fujiwara et al. 1990 [27] conducted

experimental study on the shear characteristics
of clays with respect to cyclic stress-strain
history and its corresponding pore pressures.
The results of the study clarified the effect of
load frequency, effective confining pressure,
cyclic stress level and over-consolidation ratio
on the excess pore pressure during cyclic
loading.

Nash (2001) [28] also explained the physical
process of consolidation under cyclic loading.
When the load is applied for the first
application, the entire load is carried by the
water in the pores as excess pore pressure; the
gradient of the excess pore pressure causes
drainage and part of the load is transferred to the
soil structure with an increase in the effective

stress. When the load is removed, stress is
reduced, the soil tries to rebound; these negative
pore pressures cause water to flow into the soil,
which causes a reduction in effective stress.
When loaded again, a part of the load is carried
by the residaal effective stress and the rest is
carried by the water as excess pore pressure.

3. LABORATORY STUDIES

3.1. Sample and specimen

Soil samples were taken from a soft clay deposit
located beneath the embankment. The test was
conducted on a group of specimens; that had 2
cm and 30 cm2 height and cross-sectional area,
respectively. The main physico-mechanical
properties determined from the samples
according to standard procedures are shown in
Table 1.

Table 1. Physico-mechanical properties of soil

samples

Physico-mechanical properties Value
Density p (g/cm’) 1.595
Water Content @ (%) 61.61
Specific Gravity G; 2.70
Void Ratio e 1.736
Liquid Limit w; (%) 57
Plastic Limit w, (%) 32
Plasticity Index /, 25
Liquidity Index /. 1.178
Degree of Saturation S, (%) 98.9
Compression Factor a ;.02 (MPa™) 1.372
Compression Modulus E; (MPa) 1.356
Coefficient of Cuioo 0.391
consolidation Cy200 0.487

Cvioo (10°cm’/s) and Cizg0 107cm’/s: correspond
with the pre-consolidation stresses of 100kPa and
200kPa, respectively.

A series of creep tests were carried out by using
the plane strain creep apparatus for both
normally and over-consolidated clay. In the
initial loading step, the specimens were
consolidated under a sustained load (ox - 6z) of
(25 - 25) kPa for 24 hours in order to eliminate
the differences of various soil specimens, such
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as the differences in the initial pre-compression,
the physical properties and the non-uniform
dispersion of the clay particles. In the next
steps, the specimens were subjected to vertical
consolidation stresses, 6, values of 75, 100, 150
kPa for cyclic loading tests. The loading scheme
of cyclic test scheme is summarized in Table 2.

3.2. Test procedure

A test equipment for creep under plain strain
condition due to Li et al., [29- 31], Yuzhou et
al., [32] and Thang., N. N [33, 34] was
developed as illustrated principle sketch of the
apparatus in Figure 6a. The test was developed
based on the principle of conventional triaxial
testing, featuring both the loading system of the
former and air pressure controlling system of
the latter. A data acquisition system, is
connected to the computer shown in Figure 6b.

Water
Reservoir

Pressure
Gauge

Vertival Pipet
Pressure Water Apply Axial Strain

—™Direction

—

Chamber
Presssure i
Filled
Water

Differential
Pressure
Transducer

Specimen

Water Drainage
Transducer

Water Drainage
—

@ vaLvE
(a) Sketch of the apparatus

iR SERETE

(b) Data acquisition system

Figure 6. Principle schematic sketch of cyclic
test [29]
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Table 2. Loading scheme of cyclic tests

® Static Loading Cycl.lc

N = Loading
7 Cy/ c./ cd/ f/
kPa kPa kPa Hz

_E 25 25 - -
- g:‘g o 375 | 75 20 | 0.05
z| 2z 50 100 20 | 0.05
3 75 150 20 | 0.05
25 25 - -
o | == g| 375 75 20 | 0.05
S | 222 50 100 | 20 | 0.05
Z | OE§=

S| 75 150 20 | 0.05

4. TEST RESULTS AND ANALYSIS

4.1. Excess Pore Water Pressure

Figure 7 shows the excess pore water pressure
histories for both normally and over-
consolidated soil specimens under cyclic
loading for plane strain tests scheme shown in
Table 3 with cyclic load amplitude of 20 kPa
and frequency of 0.05Hz. The excess pore
pressure due to effect of cyclic loading
developed and increased rapidly to reach the
peak value and then dissipated gradually to the
stable equilibrium value in creep deformation
process. The results are similar to that of static
load condition in [34].

Table 3 provides a summary of the average
excess pore pressure values observed in cyclic
loading tests. The results indicate that as the
level of cyclic loading increases, the peak
values of excess pore pressure, Umax, decrease
in both normally consolidated and over-
consolidated states. Moreover, the values of
umax for over-consolidated state are much
smaller in comparison with those in normally
consolidated state at the same value of
external load. The results also show that umax
decrease with increasing external load under
cyclic loading.
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Figure 7. Variation of excess pore water
pressure due to cyclic load

Table 3. Summary of excess pore water
pressure generation in plane strain tests under
cyclic loading condition

. Normally Over
COI?SOI Consolidation | Consolidation
dation
Stress state Peak | Peak | Peak | Peak
(ox, 6,)/kPa PWP/ | Time | PWP/ | Time/
’ kPa | /mins | kPa mins

37.5,75(0y=20) | 144 | 25 | 7.6 | 90
50,100 (oz=20) 112 | 35 | 65 | 110
75,150 (04=20) | 9.7 | 38 | 59 | 095

Note: PWP = Pore water pressure, oy = 20kPa, =
0.05Hz

Actually, the generation and dissipation of
excess pore water pressure depend on the
pores spaces and contact interaction between
the soil particles. Immediately after the load
application, deformation occurs throughout
the soil skeleton which produces the excess
pore pressure while sliding at some of the

grain contacts produces non-recoverable
strains. As a result of sliding at contacts
which have failed, permanent deformation
occurs.

Since the pore water is resisting the particle
rearrangement, the pore water pressure is
added above the static value and immediately
the increase in total stress takes place to
reach a maximum value. Due to the water
draining out during loading, however, soil
particle rearrangement and pore pressure
starts to decrease again. Thus, in the end of
the loading process, excess pore pressure
dissipates to a stable equilibrium value,
corresponding with the soil particles being in
a state of high stability and the void ratio of
soil sample decreases significantly.

Figure 8(a-c) show the excess pore pressure
histories of over-consolidation samples for a
time period of 10 minutes at different times
corresponding to the various loading stages,
(ox, 02), of (37.5, 75), (50, 100) and (75, 150)
kPa.

The curves show that the distribution of
excess pore pressure with elapsed time
during the beginning of loading duration, in
which the deformation in rapidly incresing
status, has cyclical form with difference
frequency and amplitude for different loading
stages. The amplitude of pore pressure
increased with decreasing magnitude of
loading, while the frequency increased with
increasing magnitude of external loading.

The pore water pressure in a saturated soft
cohesive soil may increase with the number of
cyclic loadings. At the initial loading stage,
pore water pressure is generated and varied
under the effect of cyclic load with the
cyclical variation. In the short period of time,
the changing of pore water pressure in sine
form in which the amplitude and frequency
are similar to that of the cyclic load, as shown
in Fig 9a and Fig 9b for normally and over
consolidated, respectively.
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Figure 8. Variation of excess pore water
pressure in shortly time due to cyclic load for
over-consolidation samples

Ngoc-Thang Nguyen, Guo-Wei LI

! 0 0,=375kPa
038 N S G,=75 kPa

> 0y=50 kPa
©6,=100 kPa

© 0,=75kPa
G,=150kPa

log(t)/min

024800 5000 6000 7000 %000

(a) Normally consolidated

0.5 O 6,=37.5kPa
c,=75kPa

> O, =50 kPa
S G, =100 kPa

O 0, =75kPa
o, =150kPa

u/kPa
=1
-

log(t)/min

Figure 9. Variation of excess pore water
pressure due to cyclic loading in creep
deformation stage

Figure 9 illustrates the variation of pore pressure
versus logarithm of elapsed time, for the started
time of t = 4000 minutes and shows that the
variation of pore pressure corresponding to the
different load levels in the cyclical variation. In
this stage, the soil exhibit a tendency for volume
reduction when cyclically loaded. In the next
stage of loading process when the time is long
enough, however, the accumulated pore water
pressure decreases by drainage as well as the
rate of variation of volumetric strain decreases
with increase in number of loading cycles. The
values of volumetric strain tend to the constant
values, the pore water pressure is approaching a
stable equilibrium value approximate of the zero
and the volume of the water drained out is
almost the constancy. The distribution of pore
water pressure in the creep process are
illustrated in Figure 9, in which the creep
deformation of soil consist of volumetric and
axial creep strain at the relatively stable values.
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4.2. Stabilization State of Soft Clay

The influence of cyclic loads on the generation
and dissipation of pore water pressure in the
loading stages are different. In the initial phase
of each loading step, pore water pressure varies
similar to the wvariation of cyclic load as
analysed above. However, after reaching the
maximum value, the pore water was discharged
out, it decrease and tends to the stable value of
zero when the time is long enough. The Table 4
recored the different values of Ts based on the
plane strain creep test results, in which Ts are
named as the duration time from the initial
applying load to the time when variation of the
PWP is almost independent with the cyclic load.
Results in Table 4 indicate that the influence of
cyclic load to cyclical variation of the pore
water pressure is different from the current
loading level and consolidation state of soil; the
higher in (ox, 6z) values, the bigger in values of
Ts. It reflects that in case of the higher current
loading level, the longer in effect of cyclic
loading on the variation of pore water pressure.
They also show that the values of Ts is become
smaller when soil changed from normally to
over consolidated state at the same external
loading level.

Table 4. Ts for the pore water pressure in
stabilization state under cyclic loading

Table 5. Excess pore pressure under cyclic

loading
Current | Consol | Umin Umax Au T
loading | idation | /Kpa /kPa | /kPa | /min
(ox, 02) state
/kPa
Norm | 0.151 | 0.698 | 0.547 | 820
37.5,75
Over | -0.218 | 0.095 | 0.313 | 950
50, 100 Norm | 0.133 | 0.534 | 0.401 | 760
Over | -0.123 | 0.181 | 0.304 | 930
75150 Norm | -0.176 | 0.286 | 0.462 | 670
’ Over | -0.182 | 0.423 | 0.605 | 890

Current loading
Duration | Consolida- (ox, 67) /kPa
time tion state | (37.5, | (50, | (150,
75) | 100) | 300)
Normally 4200 | 6000 | 7500
Ts/ min
Over 3800 | 5500 | 6000

The minimum value, umin, the maximum value
umax, the changed value, Au, and periodic time,
T, of the pore water pressure during creep
period are summarized in the Table 5. These
resutls indicate that the distribution of pore
pressure  during creep deformation s
independent of loading stages.

Note: upin, Umax and Au = The minimum, maximum
and average value of Pore water pressure (kPa),
respectively, T = periodic time (min).

Under plane strain conditions with sufficiently
long loading duration, changes in pore water
pressure are minimal, and it dissipates to a
stable equilibrium value close to zero. During
the creep deformation stage, the variation in
pore water pressure is unaffected by cyclic
loading on soft clay. Therefore, calculating
long-term soil settlement under cyclic loading
can effectively use methods designed for static
loading conditions, simplifying the calculations
while yielding similar results.

5. CONCLUSION

The results for cyclic loading tests show that the
excess pore pressure develops and increases
rapidly to reach the peak values as soon as the
external loads was applied on the sample, and
then decreases gradually to a stable value of
zero during creep deformation stage of soil
specimen. The peak excess pore pressure in
both normally and overconsolidation state
increase with increasing magnitude of external
loading. However, the rate of distribution of
excess pore pressure is much slower when soil
samples changed from the normally to over-
consolidated state.

On the other hand, due to effect of cyclic
loading, the variation of pore water pressure
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corresponding to the different load levels in
both normally and over-consolidated state has
cyclical variation. The amplitude of pore
pressure increased with decreasing magnitude of
loading, while their frequency increased with
increasing magnitude of external loading.

When the loading time is long enough, the
variation of pore water pressure is relatively
small. Pore water pressure dissipated to a stable
equiblirium value of approximately zero. The
variation of pore water pressure is independent
of the effect of cyclic loading on the soft clay
during the creep deformation stage. Therefore,
in calculating the long-term settlement of soil in
case of cyclic loading can deal with the method
applied for static loading condition in order to
be simply calculation and the results are similar.
Subsequent dissipation of the permanent excess
pore water pressure results in both axial and
volumetric strain. This results in increase in the
interaction forces of the soil skeleton, and thus
making the structure of soil particle highly
stable. Thus in the next loading step, the
maximum value of pore pressure does not
exceed the value reached in the previous loading
step.
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INCONSISTENT FINITE ELEMENT MODELS
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Abstract: This article is devoted to the development of inconsistent finite element models of reinforcing rods for
strength analysis of reinforced concrete structures. Currently, reinforcement in the calculations of reinforced
concrete structures is taken into account using various methods. The authors pay special attention to the
embedded finite element model. The article discusses mathematical models and technology for the output of
stiffness matrices of reinforcing rods embedded in finite elements of various configurations. Using the derived
finite elements, a number of comparative test calculations of reinforced concrete beams were carried out.
Numerical solutions on inconsistent FE grids were compared with the results obtained on a consistent finite
element grid.
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OCOBEHHOCTU MOJEJIUPOBAHUA PABOTbI
"KEJE30BETOHHBIX KOHCTPYKIIUH

C UCITOJIBb3OBAHUEM HECOI'JIACOBAHHBIX
KOHEYHO-3JIEMEHTHBIX MOJEJEN

HU.B. Hecmepos, K.K. Ilanmrwoxoea, E.A. Illeiiko
Poccutickmii yausepcuteT Tpancnopra (MUUT), . Mocksa, POCCUSA

AnHotanusi: JlaHHas cCTaThs NOCBSIIEHAa pa3padOTKe HECOTJIACOBAHHBIX KOHEYHO-DJIEMEHTHBIX MOjeiei
apMaTypHBIX CTEpXKHEH JUIS NMPOYHOCTHOTO aHalIn3a >KeJe300€TOHHBIX KOHCTPYKIMH. B Hacrosmiee Bpems
apMmarypa B pacuérax XeJae300€TOHHBIX KOHCTPYKIHSX YUYMTBIBACTCS C MOMOINBIO pasHbIX MeTomoB. Ocoboe
BHUMaHHE aBTOPbI YAEIAT BCTPOCHHON KOHEYHO-3JIEMEHTHOW Mopenu. B craThe paccMmaTpuBaroTCs
MaTeMaTH4ecKHe MOJEIH M TEXHOJOTHS BBIBOAA MATPHI] JKECTKOCTH apMaTypHBIX CTEp’KHEH, BCTPOECHHBIX B
KOHEYHBIE 3JIEMEHTHI Pa3nuyHOi KoH(purypannu. C UCIIOIb30BaHUEM BBIBEICHHBIX KOHEUHBIX 3JIEMEHTOB OBILI
MPOBEJCH DA CPABHUTENBHBIX TECTOBBIX pACUETOB HKEIE300€TOHHBIX Oanok. YUHMCICHHBIE pElIeHus Ha
HECOTJIaCOBaHHBIX ceTkax KO cpaBHUBAINCH C pe3yiabTaTaMH, IMOJTYYEHHBIMH HA COTJIACOBAHHBIX CETKax
KOHEYHBIX 2JIEMCHTOB.

KaroueBble ciioBa: MCETOJ KOHCYHBIX 3JICMCHTOB, JKeJIe300C€TOHHBIE KOHCTPYKIUH,
COrjiaCoBaHHAad KOHCYHO-3JICMCHTHAA MO/ICJIb, HECOITIACOBAHHAA KOHCYHO-2JICMCHTHAA MOACIIb, apMaTypa,
AUCKPETHAsA MOJCIIb, CUMIUIECKC-3JIEMEHT, IUIACTUHYATHIA 2JIEMEHT

INTRODUCTION

Currently, reinforced concrete structures are
widely used in the construction industry.
Reinforced concrete is a complex composite
material for strength analysis. Therefore, when
calculating this class of structures, it is

necessary to take into account such factors as
creep, shrinkage, nonlinear deformations from
the acting load, etc. One of the main problems
that arise when calculating reinforced concrete
structures is modeling the interaction of the
reinforcement frame and concrete.
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There are different methods for calculating
reinforced concrete structures. The finite
element method (FEM) is the most common
among designers for studying the stress-strain
state of a structure [1]. The finite element
method is implemented in many software
packages used for strength analysis of
engineering structures. It is worth highlighting
the most popular of them: Midas, Abaqus,
ANSYS, Sofistik, Scad, etc.

The joint work of reinforcement and concrete in
finite element models is taken into account in
different ways. The most common, simple and
affordable method is to recalculate the given
physical characteristics of concrete, taking into
account the percentage of reinforcement
according to standard SNiP  methods.
Calculation recommendations are specified in
SP 63.13330.2018 "Concrete and reinforced
concrete structures" [2], as well as in the
methodological guide for the calculation of
reinforced concrete elements "Methodological
recommendations for the wuse of SP
35.13330.2011" [3]. This method of accounting
for fittings is convenient for standard (simple)
cross-sections. In a complex section, when
reduced to an equivalent one, the stress
distribution may differ significantly from the
real picture of the stress-strain state. The most
accurate method is to create a discrete model
based on consistent finite element grids (FE). In
this simulation, the nodes of the reinforcing rods
coincide with the nodes of the concrete
component (Fig. 1).

_ — V
VAN

Figure 1. Discrete model on matched FE grids

However, the process of creating such a design
scheme is very laborious. The reinforcement
frame can consist of different types of rods
having different positions, lengths, etc. For
example, there may be horizontal, vertical, and

Ivan V. Nestero, Ksenia K. Pantyukhova, Elizabeth A. Sheiko

inclined rods in one design scheme. During the
design process, the configuration (parameters)
of the beams and reinforcement frame often
change. Accordingly, each time you will have to
redo the calculation scheme. Therefore, it is
impractical to use a consistent finite element
model for such tasks. Basically, this model is
applicable for simple reinforcement frames, or
for test calculations.

Methods that do not require consistency of the
grid nodes, the concrete component, and the
reinforcement frame are more convenient for
calculation. One of these is a discrete model
using scalable contour lines [4]. With this
method, the initial model is discretized. The
finite elements through which the reinforcement
passes are divided into subdomains in the form
of polyhedra (Fig. 2).

Figure 2. Discrete model using scalable
contour lines [4]

There is also a distributed FE model, which also
does not require the consistency of FE nodes [5].
In this method, the reinforcement is modeled as
thin plates that are “stretched” onto the plates of
the concrete component through which the rod
passes. An anisotropic plate is obtained. This
technology is implemented in the Abaqus and
Ansys software packages. Currently, embedded
finite element models are being intensively
developed [6,7], which make it possible to
accurately take into account the influence of
reinforcement in the design scheme of reinforced
concrete structures, without worrying about
matching the grid nodes of the concrete
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component and the reinforcement frame. This
approach is convenient for software users, but
for software developers there are difficulties
associated with the need to create an additional
library of finite elements and make adjustments
to the architecture of the software package. This
model is most fully implemented in the Midas
software package. In domestic strength analysis
systems, the embedded model is insufficiently
developed and requires a full-fledged software
implementation.

A GENERAL ALGORITHM FOR THE
FORMATION OF FINITE ELEMENT
STIFFNESS MATRICES FOR AN

EMBEDDED FE MODEL OF
REINFORCED CONCRETE
The theoretical basis of the integrated
reinforcement  accounting model is the

hypothesis of the compatibility of concrete and
reinforcement deformations, as a result of which
nodal reactions are added to the nodal reactions
of the plate element from single displacements
according to degrees of freedom from
deformation of the reinforcing rod in the contour
of the plate, but not from single displacements of
the rod nodes, but from single displacements of
the plate nodes through which it passes (3). This
additive is calculated using the integral over the
length of the embedded rod.

The original scheme The deformed scheme

_Bar n—

FE
Concrete
N

T'vb + T2va
T2ub t T2ua
Figure 3. Deformation of a plate finite element
with an integrated reinforcing rod

Thus, based on the hypothesis of joint
deformations of concrete and reinforcement,
the field of displacement of the reinforcing rod
is actually a cross-section of the field of
displacement of the plate. Based on this, the
reaction matrix of a plate element with an

integrated reinforcing rod can be obtained by
the formula (1).

r=foT£dV+jaTedl=fBTDBdV+

14 14

l
+F f BTEB, dl, (1)
l

Where B - is the deformation matrix of the plate
element (concrete),

D - is the matrix of Hooke's law [8],

B, - reinforcement deformation matrix,

F, - is the cross-sectional area of the
reinforcement.
Using this approach, several finite elements were
derived: a triangular simplex element, a 4-node
plate FE, a 9-node plate FE, and a bending plate.

OUTPUT OF THE STIFFNESS MATRIX
OF A TRIANGULAR SIMPLEX
ELEMENT WITH AN INTEGRATED
REINFORCING ROD

Using the above algorithm, we obtain a stiffness
matrix for a triangular simplex element with an
integrated reinforcing rod. For a triangular finite
element, the basic functions are the equations of
the plane, respectively, the displacement field is
a function of two variables (2).

n,(xy) 0 |
0 ny(xy)

(2)

Lo~ [ni(xy) 0
200 = [ 10 ny (xy)
nS(XY) 0 ]E
0 ns(xy)

In order to obtain the displacement field (3) for
the embedded reinforcing rod in the triangle, it
is necessary to switch to the local coordinate
system of the rod.

S [nli(x) 0 |nl(x) 0
2(x) = 0 nl; (x) | 0 nl, (x)|
nlz(x)

0 -
0 nlg (x)] z (3)
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This makes it possible to obtain the
displacement field of the embedded rod by a set
of functions of one variable, which are sections
of functions of the triangle shape (4) (Fig.4).

T

nyxy?

v
/ _
Pl _

Figure 4. Basic functions of an embedded
reinforcing bar in a triangle

nl, (x) = (—ay ;Clx C1)’
nl, (x) = (—a; - ;czx 02)’
(—az - xx —c3)
nly(x) = b, ) 4)

Where a4, a,, as, by, by, bs, ¢1, ¢y, €3, XX -
parameters of the direct line

The embedded reinforcing rod in the plate
element has its own tilt angle relative to the
global coordinate system (Fig.5), therefore, the
stiffness matrix of the embedded element must
be multiplied by the rotation matrix (5).

Ay

V<

Figure 5. Tilt angle of the embedded rod

cA 0 0 .
c=|0 ca ol|ca=[®4 s
0 0 cA
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The final stiffness matrix of a triangular simplex
element with an integrated reinforcing rod is
obtained by summing the stiffness matrix of a
triangular plate element and the reinforcement
matrix (6).

)
r=-—B"DB + C"[FIB{E,B,]C,
Tp

(6)

Where B - is the deformation matrix of the
plate element (concrete),

B, - is the deformation matrix of the
reinforcement,

C - is the matrix of transition to the
local coordinate system of the rod (5),

D - is the matrix of Hooke's law [8],

F - is the cross-sectional area of the
reinforcement.

OUTPUT OF THE STIFFNESS MATRIX
OF A FLAT QUADRILATERAL WITH AN
INTEGRATED REINFORCING ROD

In a similar way, a stiffness matrix was obtained for
a four-node plane FE with an embedded reinforcing
rod. The basic functions of a flat quadrilateral are
linear surfaces, so the displacement field is also a

function of two variables (7).
Loy [ma(Gxy) 0 |n,(xy) 0
200 = [ 0 ny (xy) 0 nz(xy)|
nz(xy) 0 |nu(xy)

0 1,
0 wil? @

To obtain the stiffness matrix based on the
embedded rod, it is necessary to switch to the
local coordinate system of the rod. Thus, the
displacement field of the embedded reinforcing
rod (8) becomes a function of one variable.

0 nslxy)

7(x) = [Tll1(x) 0 |nlz(xy) 0| nls(x) 0|
n 4 X >
| 0 0] z (8)
The basic functions for an embedded

reinforcing bar in a flat quadrilateral are shown
below (Fig.6) (9):
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Figure 6. Basic functions of an embedded
reinforcing bar in a flat quadrilateral

1 cosAdl + x1
o) = (- oAy
2 a
(1 sindAdl + y1>
2 b ’
1 cosAdl + x1
nlye) = (14 2040 21y
2 a
(1 sinddl + y1
2 b ’
1 cosAdl + x1
iy = (L oS4 1)
2 a
(1 N sinAdl + yl)
2 b ’
1 cosAdl + x1
ey = (L 024
2 a
(1 sinAdl + yl) 9
), )

Where dl - is the parameter of the line,

a, b - are the dimensions of the sides
of a flat quadrangle,

x1, y1 - is the initial coordinate of the
reinforcing bar.
The reinforcing bar embedded in the rectangle
relative to the global coordinate system is
rotated by an angle A (Fig.7).

Y

[P

a =X
I j a

a

Figure 7. Angle of inclination of the embedded
rod

The stiffness matrix of the rod must be

multiplied by the cosine matrix consisting of
diagonal blocks (10).

CA 0 0 O
_10 €A 0 O __[cosA sinA
¢= 0 0 CA O €A = —sinA cosA] (10)
0 0 0 cA

The final stiffness matrix of the plate four-node
FE, taking into account the reinforcement, is
obtained by summing the local stiffness matrix
of the plate element (concrete component) and
the matrix of the embedded reinforcing rod
according to the formula (11).

b
7 (2
r=6fabeTDdedy+
2772

l
CT|E, f BTEB, dx,|C, (11)
0

Where B - is the deformation matrix of the
plate element (concrete),

B, - is reinforcement deformation matrix,
C - is the matrix of transition to the local
coordinate system of the rod (10),
D - is the matrix of Hooke's law [§],
F, - is the cross-sectional area of the reinforcement.

OUTPUT OF THE STIFFNESS MATRIX OF
A FLAT 9-NODE QUADRILATERAL WITH
AN INTEGRATED REINFORCING ROD

The stiffness matrix of a flat 9-node quadrilateral
with an integrated reinforcing rod is derived
according to the principle of triangular and four-
node finite elements. In this case, only the basic
functions are second-order surfaces. Accordingly,
the displacement field for a 9-node element is a
dependence of two variables (12).

Gy 0
) _[ SE N
0 ngy(xy)

(12)
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To obtain the stiffness matrix of a 9-node plate
core with an integrated reinforcing rod, it is
necessary to switch to the local coordinate
system of the rod. For a reinforcing bar, the
displacement field is a cross-section of the
shape functions of a 9-node finite element and is
a function of one variable (13).

2(x) =[nllo(x) 0| |n190(x) 8]2 (13)

ol

The basic functions for an integrated reinforcing
rod in a flat 9-node plate FE are shown below

(Fig.8) (14):

.

Figure 8. Example of the basic function of an
embedded reinforcing bar in a 9-node

quadrilateral
4(cosAdl + x1)?
nl;(x) = (— ( > ) + 1)
a
4(sinAdl + y1)?
(_ (sin y1) N 1>’
bZ
2(cosAdl + x1)?  cosAdl + x1
an (x) = az - a
2(sinAdl + y1)?  sinAdl + y1
b2 b ’
2(cosAdl + x1)?  cosAdl + x1
nl;(x) = o + .
2(sinAdl + y1)?  sinAdl + y1
b2 b ’
2(cosAdl + x1)?  cosAdl + x1
nl4(x) = a2 - a
2(sinAdl + y1)? N sinAdl + y1
b? b ’
2(cosAdl + x1)? cosAdl + x1
nls(x) = = + "
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2(sinAdl + y1)?  sinAdl + y1
b? T/ )

4(cosAdl + x1)?
nlg(x) = <— ( > ) + 1)
a
2(sinAdl + y1)?> sinAdl + y1
b? b ’
2(cosAdl + x1)?>  cosAdl + x1
nl,(x) = > +
a a
4(sinAdl + y1)?
(Aot )
4(cosAdl + x1)?
nlg(x) = <— ( > ) + 1)
a

2(sinAdl + y1)? N sinAdl + y1
b? b ’
2(cosAdl + x1)?  cosAdl + x1
nlg(x) = 2 -
a a
4(sinAdl + y1)?
(_ (sin il y1) N 1>’ (14)

Where dl - is the parameter of a straight line
that takes any real values,

a, b - are the dimensions of the sides
of a flat quadrangle,

x1, y1 - is the initial coordinate of the
reinforcing bar.
Also, as with the previous elements, the embedded
rod has an angle of inclination A (Fig.9), therefore
it is multiplied by the cosine matrix (15).

YA

e N
= .

b
a

Figure 9. Angle of inclination of the embedded rod

C.A 0 cosA
: -, : JCA=| " . 4
0 CA Sin.

The final stiffness matrix of the plate 9-node FE,
taking into account the reinforcement, is obtained

C= sinA] (15)

cosA
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by summing the local stiffness matrix of the plate
element and the matrix of the embedded
reinforcing rod according to the formula (16).

7 (2
r=6fabeTDdedy+
2772

l
¢ |E, j BTEB, dx,|C, (16)
0

OUTPUT OF THE STIFFNESS MATRIX OF
A BENDING QUADRILATERAL WITH AN
INTEGRATED REINFORCING ROD

The output of the stiffness matrix of a bending
quadrilateral with an integrated reinforcing rod
differs from the previous elements. In this
element, the basic functions are second-order
surfaces. The displacement field is obtained
from the following relation (16):

w(xy)
dw(xy)
z(xy) = dy = L(xy)a
dw (xy)
 ox

(16)

The reinforcement in the bending quadrangular
element is modeled using rigid links [9]. The
matrix of rigid insertion (15):

1 0 0
Vz[lg* 8],VH= e, 1 0],
: 0 0 1
1 0 0
Ve=le, 1 o], (15)
0 0 1

Where V- the matrix of rigid insertion,

ey, € - height of the rigid insert.
For the reinforcing rod, the stiffness matrix of
the rod embedded in a flat quadrilateral is used.
This matrix is then multiplied by a matrix of
rigid inserts on both sides (15). The final
stiffness matrix of a bending quadrilateral with

an integrated reinforcing bar is obtained by
adding the stiffness matrix of the bending plate
and the stiffness matrix of the reinforcing bar,
taking into account the rigid inserts (16).

6‘3
=15 (LHT jf BTDBdxdyL™! +

l
yreT [Fa f BTE,B, dxal cv (16)
0

TESTING OF FINITE ELEMENTS WITH
INTEGRATED REINFORCEMENT ROD

For strength calculations of reinforced concrete
structures based on the embedded FE model, the
authors developed a C++ program that includes
a library with the finite elements described
above. Test calculations of beams with
reinforcing rods were performed. A beam with
the following geometric characteristics was
accepted for calculation: height - 14, length -
102.5, thickness -11.5. All dimensions are
indicated in cm. A four-point loading scheme
was used for calculations (Fig. 10). The physical
characteristics of concrete and reinforcement are
indicated in the calculation scheme (Fig. 10).

30 Rebar:E=2¢6 kg/cm?, F=2.26 cm? Fa
P=8126kg ‘ Concrete:E=3e5 kg/cm? mu=0.2 A—

T

102.5 —11.5—

Figure 10. Calculation scheme

The comparison of the results obtained on the
inconsistent meshes of the FE (the left part of
the beam) was performed with the model on the
consistent meshes of the FE (the right part of the
beam). The model based on matched grids is
calculated in the KATRAN software package.

Test-1
30 Rebar:E=2e6 kg/cm?2, F=2.26 cm? Fo
P=8126kg Concrete:E=3e5 kg/cm? mu=0.2 //—
=
14.0
I L

102.5 —11.5—

Figure 11. Calculation scheme
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The first test calculations were performed on
grids with triangular finite elements. The first
calculation was performed on a relatively coarse
mesh with a single reinforcing rod (Fig. 12).
The results are shown in Table 1.

Mesh with integrated reinforcement rod A consistent mesh KATRAN

Node A

Efforts in the rebar

ﬂﬁ;;‘g_ﬂj‘u i} \Kféglﬂﬂﬁﬁgm%
Figure 12. Finite element model and
reinforcement forces on a sparse grid

In the second test calculation, the grid was
thickened by 2 times (Fig. 13). The position of the
reinforcing rod in the design scheme remains the
same. The results are shown in the table 2.

Table 1
. A
. Inconsistent . Error
Criteria consistent
model rate, %
model

Displacement
at node A
(middle of the 0.378035 0.3794 0.36
beam), cm
Effort, kg 5602.65 5953.26 5.89

Mesh with integroted reinforcement rod A consistent mesh KATRAN

Node A

Efforts in the rebar
g5} H H HAHH 3 ]
I LU O L T,

Figure 13. A finite element model and
reinforcement forces on a dense grid

Table 2
. A
. Inconsistent . Error rate,
Criteria consisten
model %
t model

Displacemen

t at node A

(middle of 0.394302 0.39465 0.088

the beam),

cm

Effort, kg 6140.95 6138.514 0.0397
100

Test-2

Rebar: E=2¢6 kg/cm?,
F1=0.2826 om? F2=2.26 cm?

30,
IP=5‘25"9 | Concrete:E=3e5 kg/cm? mu=0.2 AEE
: 7
14.0 /
26

L
102.5 —11.5—

Figure 14. Calculation scheme

In the next test, a reinforcement frame with
horizontal and vertical rods was added to the
design scheme (Fig. 14). The results are shown
in Table 3. (Fig. 15)

A consistent mesh KATRAN

Mesh with integrated reinforcement rod

Figure 15. A finite element model with a

reinforcing frame
Table 3
. Inconsisten A Error rate,
Criteria consistent
t model %
model
Displacemen
t at node A
(middle of 0.389066 0.38933 0.0678
the beam),
cm
Efforts in
the upper 887.339 887.23 0.0123
bar, kg
Efforts in
the lower 6127.89 6125.876 0.0329
bar, kg
Efforts in
vertical bar, 339.589 330.588 2.7
kg
Test-3
Rebar:E=2e6 kg/cm? F=2.26 cm? Fa

30.[)—1
P=8126kg Concrete:E=3e5 kg/cm2, mu=0.2
: | ;

|
]
1025 11,5

Figure 16. Calculation scheme
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A four-cornered flat plate element with an
integrated reinforcing rod.

Testing was performed for a beam with the
same geometry as in the previous calculation
(Fig. 16). But inclined reinforcing rods were
added to the design scheme. The results are
shown in table 4. (Fig. 17)

Mesh with integrated reinforcement rod A consistent mesh KATRAN

Node A

Efforts in the rebar

Figure 17. A finite element model with an

Table 5
. A
. Inconsistent . Error rate,
Criteria consistent
model %
model

Displacement
at node A
(middle of 0.390491 0.39429 0.96
the beam),
cm
Effortsinthe | g9 34 896.729 0.71
upper bar, kg
Effortsinthe | ¢14975 | 6193.572 0.74
lower bar, kg
Efforts in
vertical bar, 266.051 272.928 2.5
kg
Test-5

A flat 9-node quadrilateral with a embedded
reinforcing rod.

Based on this type of FE, a beam with a
reinforcing frame was calculated (Fig. 14). The
calculation results are shown in Table 6 (Fig. 19).

inclined bar
Table 4
. A
L. Inconsistent . Error
Criteria consistent
model rate, %
model
Displacement
at node A
(middle of the 0.395492 0.39983 1.08
beam), cm
Effortsinthe | 616727 | 6203.283 0.66
lower bar, kg
Efforts in the
inclined rod, 583.711 574.792 1.5
kg
Test-4

A beam with a reinforcing frame was also
calculated. The calculation scheme is fully
consistent (Fig. 14). The results are shown in
Table 5 (Fig.18).

Mesh with integrated reinforcement rod A consistent mesh KATRAN

-NodeA
vy
LALH=S 1AL
[Nl } ¢

Figure 18. A finite element model with a
reinforcing frame

Efforts in the rebar

ISR
n:_':mi

-

HHIHL

Table 6
Criteria Inconsisten | A consistent | Error rate,

t model model %
Displacement
at node A
(middle of 0.39667 0.39429 0.6
the beam),
cm
Effortsinthe | g9 003 896.729 0.081
upper bar, kg
Effortsinthe | 618970 | 6193.572 0.062
lower bar, kg
Efforts in
vertical bar, 240.527 272.928 11.87
kg
Mesh with integrated reinforcement rod A consistent mesh KATRAN

Node A

Efforts in the rebar

Figure 19. Finite element model with
reinforcement frame
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Test-6

A bending quadrilateral with a embedded
reinforcing rod.

To test the bending plate with an integrated
reinforcing bar, a spatial model with a T-shaped
cross-section was created. The section parameters
are shown in the figure (Fig. 20). The length of the
beam is 500 cm. Reinforcement rods are located
in the upper and lower parts of the beam. The
physical characteristics of the materials have not
changed.

Figure 20. Cross-section profile of the T-beam

To wverify the results, a calculation was
performed with a model on a consistent grid
(Fig.21), where rigid inserts are an element of
great rigidity, with which the reinforcement rod
is connected to the plate model (Fig. 22, the
right part of the beam).

Figure 21. A finite element model with an
armature frame on mismatched gridsax

The calculation results are shown in Table 7
(Fig. 22).

Mesh with integroted reinforcement rod A consistent mesh KATRAN

ode A
Efforts in the rebar

ELfEEE
HEERIA NN

g

)

0.00461301
|-0.0748585
|-0.392592
[oszan1?
|-1.20047
2.80075
08708
el
0z
nel-
1l
oryo
o1z
fezor

281330
287205

Pi

- w

250903
265195
698518
648043
6.0e825
6.70897
888177
6217
6.58938
657677
£590
8811

EEEREE

4.077
EXTY
2884
2212
22712
1569

Figure 22. A f nite element model with a
reinforcing frame
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Table 7
L. Inconsisten A Error rate,
Criteria consistent
t model %
model

Displacement
at node A
(middle of 9.37E-04 9.54E-04 1.8
the beam),
cm
Efforts in the 2.8928 2.9 0.24
upper bar, kg
Efforts in the 6.57577 6.59 0.22
lower bar, kg
CONCLUSION

The method of constructing finite element
models of reinforced concrete structures using
embedded rod finite elements based on the
hypothesis of compatibility of the deformation
field of reinforcement and concrete has been
improved.

The stiffness matrices of flat and flexural plate
finite elements with the inclusion of
reinforcing rods inconsistent with the nodes of
the main grid of the FE were verified and
tested.

A software package has been developed that
implements  finite element models of
reinforced concrete structures with integrated
reinforcement.

Based on a series of test calculations, a
comparative analysis of coordinated and
uncoordinated FE models of reinforced
concrete structures was carried out, which
showed high accuracy of finite element models
with integrated reinforcing rods.
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NEW MAGNETIC LINEAR SENSOR FOR CRACK
MONITORING IN STRUCTURES

Sergej 1. Evtushenko,|Maksim M. Zheleznov, Mikhail A. Kuchumov,
Liubov A. Adamtsevich
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Due to the recent deployment of new sensing technologies and monitoring devices aiming to control
technical condition of structures and its safety, the problem of optimization of data acquisition process and
economic expediency during Structural Health Monitoring has arisen. This article presents the design and
implementation of a new linear displacement sensor prototype with advanced functionality capable to measure
three significant parameters affecting the condition of concrete and brick structures: cracks width, environmental
temperature and humidity. The measuring method is based on the efficient principle of converting input values
using Hall effect, which is rarely found in structural monitoring. The sensor prototype also includes a hardware
set for immediate processing and transmitting data, which ensures efficient remote monitoring. As a result of the
work, research and analysis of methods and principles for measuring linear displacements were carried out,
selection and justification of the choice of hardware components of the sensor were performed, electronic circuit
and functional diagrams were developed. Furthermore, work was done on modeling the structural elements of
the sensor and their final production was executed. According to the results of tests of the sensor prototype,
numerical characteristics were obtained, its performance was confirmed and, eventually, the ways of further
improvement are proposed.

Keywords: Structural Health Monitoring, magnetic sensor, linear sensor, cracks

HOBBII MATHUTHbBIN JIUHEUHBIN JATUYUK ]IS
KOHTPO.IS TPEIIIMH B KOHCTPYKIIUAX

C.U. Eemywenko,,M.M. Kene3noe, M.A. Kyuymos, JI.A. Aoamueeuu

Hauunonanbaelil necnenoBaTenbckuii MOCKOBCKHI TOCY1apCTBEHHBINA CTPOUTENIbHBIN YHUBEPCUTET, T. MOCKBa,
POCCHA

AHHOTauMs: B cBs3M ¢ HENaBHUM BHEJPEHUEM HOBBIX CEHCOPHBIX TEXHOJIOTMH M YCTPOMCTB MOHHUTOPHUHIA,
HAlpaBJICHHBIX Ha KOHTPOJIb TEXHUYECKOTO COCTOSHHS KOHCTPYKLHUHM U MX 0€30MacHOCTH, BO3HHUKIIA IIpodieMa
ONTHMHU3AIMU Mpoliecca cOopa NaHHBIX M BOINPOC IKOHOMHYECKOH 11€7eCO00pa3HOCTH IPHU IPOBEACHUU
MOHHUTOPHHI'A COCTOSIHUS KOHCTPYKIMH. B craThe mpencraBiieHa pa3paboTka U peann3alys HOBOTO NPOTOTUIA
JlaTYMKa JIMHEHHBIX TEepeMeIleHHH C PacIIMpPeHHBIM (DYHKIHMOHAJIOM, CIIOCOOHOTO HM3MEPATh TPH 3HAYMMBIX
rapameTpa, BIMSIONINX Ha COCTOSTHUE OCTOHHBIX M KUPITUYHBIX KOHCTPYKLHUI: NIMPUHY TPEIIUH, TEMIIEpaTypy H
BII&YKHOCTh OKpY’Karollei cpeabl. MeTos n3MepeHns: OCHOBaH Ha A(GQEKTUBHOM IPHHIMIE MPpeoOpa3oBaHus
BXOJIHBIX BEJIMUUH C UCIIOJIb30BaHHEM d(dekra Xoiuia, 4TO PeaKO BCTPEUAeTCs] B MOHUTOPHHTE€ KOHCTPYKIHH.
B cocraB nporoTurna JaTyMka Takke BXOAUT armapaTHbIl KOMIUIEKC Il HeMeIIIeHHOI 00paboTKH 1 nepenadun
JaHHBIX, 4TO obecrieunBaeT 3PQPEKTUBHBIN yaICHHBIH MOHUTOPHUHT. B pe3ynbrare paboThl OBUTM IPOBE/ICHBI
WCCIIE/IOBAaHNUSA W AHAJIW3 METOAOB M TNPHUHIMIIOB M3MEPEHMS JIMHEWHBIX NEPEMEIICHHH, BBIMOJIHEH BBHIOOp U
000CHOBaHHE BBIOOpPA ANNApaTHBIX KOMIOHEHTOB MAaT4YHKa, Pa3paOOTaHbl JIEKTPOHHBIC MPHHIUIUAILHBIC H
¢yHKIMOHATBHBIE cXeMbl. Kpome Toro, Obuta mpoBeneHa paboTa MO MOJCIMPOBAHUIO KOHCTPYKTHBHBIX
JIEMEHTOB JaTYMKa M OCYLIECTBIEHO MX KOHEYHOe m3roromieHue. Ilo pesynbraTaM HCHBITaHWI NMPOTOTHIA
JlaTYMKa TIOJNyYeHbl YHCIIOBBIE XapaKTEPUCTHKH, IOATBEPKIEHAa €ro pabOTOCHOCOOHOCTh M, B UTOTE,
MPEAJIOKECHBI ITyTHU naaneﬁmero COBCPUICHCTBOBAHUA.

KaroueBble ci1oBa: MOHI/ITOpI/IHF COCTOSAHUA KOHCprKHHﬁ, MarHUTHBIN JaT4yuK, JIMHCHHBIN JaTYUK, TPCIIUHBI
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1. INTRODUCTION

Currently, most methods of surveying and
assessing the technical condition of building
structures involve the use of portable technical
means and a relatively simple instrumental base
with limited functionality. Although highly
reliable, these monitoring methods have a
significant drawback, namely that they can only
be performed during a scheduled survey, repair
or reconstruction. In addition, the monitoring
methods used today can be very labor-intensive,
costly, and thus ineffective when performing
tasks at technically complex facilities, which
include, for example, seaports, bridges, tunnels,
as well as unique facilities for which technical
regulations have not been established. Most
facilities have individual space-planning and
design solutions, and the types of materials used
in the structures. Building structures are
operated in various conditions and are not
always located in easily accessible places
(monitoring unique  buildings, surveying
chimneys, hydraulic structures, bridges and
overpasses). [1] The authors are confident that
in order to solve such complex engineering
problems dictated by the dynamic development
of the construction industry, it is necessary to
improve the currently used measurement base
and introduce new measurement tools that could
provide the most accurate results and increase
the quantity and quality of information obtained
both for applied (for example, within the
framework of geotechnical monitoring) and
experimental purposes.

2. LITERATURE REVIEW

Detecting cracks in bridge structures is
inherently challenging due to the size,
complexity, and varied materials of bridges.
According to Bao et al. [2], visual inspections,
the most traditional method, are often
inadequate because they are subjective, labor-
intensive, and prone to human error. Advanced
methods, such as ultrasonic testing or
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thermography, provide more precise detection
but face limitations regarding accessibility,
especially in hard-to-reach areas of large
bridges [3]. Even when cracks are detected,
interpreting the data to assess the severity and
progression of damage presents another
challenge. As noted by Johnson et al. [4], SHM
systems generate vast amounts of data, which
can overwhelm engineers and lead to delays in
decision-making. Additionally, integrating data
from different sensors and monitoring systems
to provide a comprehensive understanding of
bridge health remains a complex task, often
requiring advanced algorithms. Environmental
and operational conditions greatly affect crack
monitoring efforts. Temperature fluctuations,
humidity, and vibration from traffic can all
influence the readings of crack monitoring
sensors, leading to false positives or negatives.
According to Kim et al. [5], bridges in regions
with extreme weather conditions present unique
challenges, as sensors must be resilient to harsh
environments while maintaining accuracy.

It is worth noting the importance of a correct
and comprehensive assessment of historical
buildings. Given the availability of constant,
reliable information about both the state of the
elements and environmental conditions, it
becomes possible to simulate realistic damage
scenarios that may occur in the future [6] and
prevent structural anomalies. This approach is
the key to expanding knowledge of old
structures. However, currently used
conservative methods for aged buildings have a
number of limitations and may be unreliable.
For example, they often underestimate the load
carrying capacity, which may result in
uneconomical or unnecessary mitigation
measures being taken to maintain old structures
[7]. Therefor the use of more sophisticated
methods is needed for old structures
maintenance to avoid moving towards its
discontinuation and losing benefits of their
functioning.

While significant advancements have been
made in crack monitoring technologies for
bridge SHM, several challenges remain. These
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include  the limitations of  detection
technologies, difficulties in data interpretation,
environmental influences, and the high costs
associated with current monitoring systems.
Addressing these challenges requires continued
research and innovation, particularly in
improving sensor durability, and developing
cost-effective monitoring solutions. Recent
studies have explored those advancements in
wireless sensor networks offer promising
avenues for more cost-effective and efficient
monitoring solutions [8].

Among the various aspects of Structural Health
Monitoring (SHM) discussed in this work, the
authors focus on measuring linear displacements
that could indicate potential issues, such as
crack detection, monitoring expansion joints,
and observing changes in the geometric
alignment of structural junctions. One
promising solution to these challenges involves
recent advancements in electromagnetism.
Many studies have explored new, advanced
sensors for position, displacement, and crack
monitoring based on magnetic effects [9-12].
However, the use of magnetic sensors has
traditionally been more prevalent in mechanical
engineering and the automotive industry. There
has been limited research on their application in
SHM systems, and their use in current practice
remains minimal.

In order to analyse the current state of scientific
research in the target area, statistics were
collected on the number of publications
presented in the international Scopus database
in the main areas: "Linear sensor"; "Linear
position sensor"; '"Linear potentiometer";
"Linear converter"; "Displacement sensor";
"Photogrammetry"; "Crack monitoring".

The highest number of publications is displayed
for the keyword "Linear sensor ". So, in the
period from 2011 to 2021, 69,336 publications
were published, which is of considerable
interest to scientists in this field. Figure 1
represents growth dynamics of the number of
publications by keywords.

At the same time, within the framework of the
presented study, the authors decided to take a

sample for further research, compiled according
to the two keywords "Linear sensor" and "Crack
monitoring". A total of 205 document search
results for the specified keywords are displayed.
The distribution of publications by years is
shown in Figure 2.
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Figure 1. Growth dynamics of publications by
keywords: "Linear sensor"; "Linear position
sensor"; "Linear potentiometer"”; "Linear
converter"; "Displacement sensor";
"Photogrammetry"; "Crack monitoring"
presented in the international Scopus database
in the period from 2013 to 2023
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Figure 2. Distribution of publications by years
by keywords "Linear sensor" and "Crack
monitoring"

The distribution of publications by country is
shown in Figure 3 (the first 15 countries), and
Figure 4 shows the distribution of publications
by branches of knowledge.

As can be seen from Figure 3a, the leaders in
the area under consideration are authors from
the China (69 publications), the second place is
occupied by authors from United States (33
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publications), the three leaders are closed by
authors from the UK (16 publications). At the
same time, the largest number of publications
relates to the field of knowledge "Engineering"
(39,1%). Thus, considerable attention is paid to
the issues of using the sensor in monitoring
building structures.
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Figure 4. Statistics on the publications of the

sample by branches of knowledge
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Figure 3. Statistics on the publications of the

sample by country

most
publications from the sample is presented in

cited

Table 1. Summary of the most cited publications in the sample

title

year

abstract

citates

[13]

2017

The article addresses the issue of the minimum number of sensors required and
their placement for structural health monitoring using the example of an Italian
monumental bell tower, which was monitored for over nine months. The
correlations between natural frequencies and environmental parameters are
examined in detail, and the predictive capabilities of linear statistical regression
models based on the use of multiple continuous environmental monitoring
sensors are assessed.

186

[14]

2014

Engineering structures are subject to fatigue damage during their service life,
which entails early detection and continuous monitoring of fatigue damage from
its inception to growth. A hybrid approach for fatigue damage characterization
was developed using two types of damage indicators constructed based on linear
and nonlinear characteristics of acoustoultrasonic waves. The results showed
that nonlinear characteristics of acoustoultrasonic waves outperform their linear
counterparts in terms of detectability.

168

[15]

2014

This article presents predictive modeling of nonlinear propagation of guided
waves for structural health monitoring using both finite element method and
analytical approach. In the study, the nonlinearity of guided waves is generated
by interaction with a nonlinear breathing crack.

129

[16]

2015

By means of numerical simulation and subsequent experimental verification,
two damage indices are comparatively constructed based on the linear and
nonlinear time characteristics of Lamb waves, which are used to localize the
fatigue damage near the rivet hole of the aluminum plate.

109

[17]

2016

The renewable energy industry is constantly improving and developing all over
the world, wind energy seems to be the most in demand, which leads to the need
to ensure a high level of reliability, availability, maintainability and safety of
wind turbines. This article is devoted to the issue of ensuring the reliability of
wind turbines through the use of a new fault location approach for acoustic
emission techniques in wind turbines

&5
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title

year

abstract

citates

[18]

2015

This article proposes a method to obtain crack initiation, location and width data
in concrete structures subjected to bending and equipped with an optical
backscatter reflectometer system.

78

[19]

2017

The objective of this review is to demonstrate how acoustic emission (AE)
location in loaded polymer composites can be used to gain a deeper
understanding of damage onset and growth and associated failure events and
sequences.

73

[20]

2019

This article investigates the possibility of using new microwave sensors for
crack detection in reinforced concrete structures.

71

[21]

2018

Glass fiber reinforced polymers have attracted increasing attention in recent
years, but this material has low elastic modulus, and linear elastic properties
compared with steel bars, which leads to different bond characteristics between
bars and concrete. In this article, an active sensing approach based on
piezoelectric ceramics is proposed and developed to detect the bond failure
between glass fiber reinforced polymer bars and concrete structures.

71

[22]

2019

There is a need to develop a structural health monitoring method to evaluate
micro-sized fatigue cracks in metallic structures, since cracks are considered as
precursors to structural failure. However, traditional linear ultrasound-based
technology is insensitive to cracks when they are barely visible in metallic
environments. In this paper, we present a nonlinear ultrasonic technology based
on crack-wave interaction to study fatigue crack growth.

62

(23]

2014

“Sensor sheets” based on large-area electronics consist of a dense array of single
strain sensors. They are an effective and affordable structural health monitoring
tool that can detect and continuously monitor crack growth in structures. This
paper presents a study of the quantitative relationship between crack width and
strain, the latter measured by a single sensor that will be part of the sensor sheet.

62

[24]

2016

This research work assessed the feasibility of using telecommunication single-
mode optical fiber (SMF) as a distributed fiber-optic strain and crack sensor in
concrete pavement monitoring

56

[25]

2022

Flexible pressure sensors with high sensitivity over a wide pressure range are in
great demand, but they are difficult to fabricate to meet the practical application
requirements in daily activities and more significantly in some extreme
conditions. This work demonstrates a thin, lightweight, and high-performance
pressure sensor based on flexible porous phenyl silicone/functionalized carbon
nanotube film.

54

2020

Marine structures are subject to fatigue damage due to fluctuating environmental
and operational forces. This article compares the use of mode shapes from a
finite element model with that of extended experimental mode shapes. Modal
expansion is applied to a scaled offshore platform in a laboratory to evaluate the
deformation response using finite element mode shapes and extended
experimental mode shapes using different expansion methods. Based on this
study, the expansion of experimental mode shapes has the potential to reduce
errors in stress/strain estimation. However, the expansion is a fitting process and
thus contains case-dependent fitting error. In this research work, finite element
mode shapes outperform some mode shape expansion methods due to these
fitting errors.

51

[27]

2018

This article presents a study of the features of nonlinear scattering of guided
waves from fatigue cracks initiated in rivet holes, considering the state of a
rough contact surface.

50
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3. MATERIALS AND METHODS

Within this work the authors set the following
tasks, solution of which would make it possible
to achieve the necessary technical requirements
for the sensor:

1. Finding the principle of input signal
conversion, the choice of a measuring element.
2. Determination of the set of hardware
components, electronic circuit schemes and its
primary prototyping;

3. Selection of the required technical
characteristics of electronic components;

4. Justification of the set of hardware selected.

3.1. The development of a methodology for
input signals conversion
When choosing a method for measuring linear
displacements, the following methods were
considered:

1. Mechanical-electrical (using

microrheostat);

2. Mechanical-optical (using optical

encoder);

3. Mechanical-magnetic (using a

combination of Hall sensor and permanent

magnet).
The third method was chosen as most preferred,
because it outperformed the others in all key
metrics: simplicity, cost, reliability. Common
disadvantages of rheostat sensors are the
presence of sliding contact and, consequently,
contact resistance, abrasion and possible
oxidation of contact surfaces, the possibility of
their contamination, the creation of electrical
noise. The main drawbacks to optical encoders
are its mechanical fragility, and poor reliability
in dust-polluted environments. Apart from that,
high rate of linearity and the durability to the
vibrations, created by the other operating
devices, make magnetic sensors preferable [28].
As a magnetic field recorder, a Hall sensor was
chosen, analogous to 100G, bipolar, in an SS41
design with the following characteristics:

e output signal, digital;

esensing type, dipolar;

eturn-on induction, 1000, Gauss;
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eswitch-off induction, -1000, Gauss;

etemperature range, -40...150 oC;

eweight, 0.09 g.
As it was planned by the authors the magnet and
Hall sensor are fixed to the movable sensor
parts located on both sides of the crack in
building structure. Depending on the distance
between the Hall sensor and the magnet, the
Hall sensor generates an output voltage level
corresponding to the magnetic induction of the
current relative position of the measuring pair.
Another task was to find the suitable shape of
the magnet. The fact is that the shape of the
magnet determines the location of its magnetic
lines, the uniformity of distribution and
collinearity of which, as well as the linearity of
the change in the vector angle of the magnetic
flux, directly affect the accuracy of
measurements and the complexity of sensor
calibration. Within the framework of this work,
toroidal and rectangular magnets were
considered, their physical properties were
determined by measuring the analog signal
received from the output of the Hall sensor
when interacting with magnets in various
positions (see Figures 5).

Figure 5. Model of the layout for preliminary
tests

Based on the results of initial prototyping and
analysis of the received signal, a rectangular
magnet with an axial direction of magnetization
was chosen as the source of the magnetic field,
which made it possible to achieve a
measurement range of 20 mm, with the
following characteristics:
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* Length, 20 mm,;

* Width, 10 mm;

 Thickness, 2 mm;

» Weight, 3 g;

» Magnetization: axial;

* Max. temperature 80 Co;

* Degaussing time, 1% per 10 years.
Later, the problem arose of placing a magnet in
the Measuring Part (MP) of the linear sensor
prototype, which was solved at the stage of
design development.

3.2. The development of an electronic control
board

The main issues existed on this stage of work
were:

1. Formation of requirements to the Electronic
Control Board (ECB) and its general technical
capabilities;

2. Determination of the list of components
necessary to solve the tasks set for the ECB,;

3. Design of the housing that should meet the
specifics of working environment, determining
the locations of the key components of the
board, soldering points for connectors;

4. Computer modelling of the ECB;

5. Production of a printed circuit board and
soldering of the ECB components;

6. Software and constructive debugging of the
ECB components;

7. Finalization of the ECB.

As part of the development, three stages of step-
by-step refinement of the ECB took place. The
model of the current design is shown in Figure 6.
The electronic control board of the linear sensor
prototype is a dielectric printed circuit board
included a number of electronic components
and measuring unit connected by electronic
measuring circuit. The main function of the
ECB is to receive, process and transmit a signal
generated by the transducer (Hall sensor) with
information about the linear displacement of the
object under study. The main electronic
components of the ECB:

* POA (programmable operational
amplifier) with built-in analog-to-digital
signal converter PGA280;

* STM32F373CCT6 microcontroller;

* transceiver RS-485 ADM2687EBRIZ;

* LDO voltage regulator LD117AS33TR;

* power supply unit: POWERLINE
ICR18650 2200 mAh accumulator;

* GSM-module SIM800;

* temperature and humidity sensor
DHT22;

» reference voltage source
REF2033AIDDC;

* DC/DC converter EM 0515V;

* quartz resonator HC-49S;

* a set of resistors, capacitors, diodes;

* connecting parts: screw terminal
blocks, PLD-40 connectors.

Figure 6. Model of the Electronic Control
Board

An analog signal from Hall sensor is supplied to
the operational amplifier PGA280. Further, the
signal amplified to a certain level is converted
into a digital representation using the built-in
ADC, and then processed by the
microcontroller.
Amplifiers are used to amplify weak DC
signals. After analyzing ready-made solutions in
the semiconductor market, we settled on the
Texas Instruments PGA280 programmable
operational amplifier. It is characterized by:

* wide input supply range, £15.5...£18 V;

« switchable gain, 128V/V...1/8 V/V;

* low bias level (3 uV) at gain level, 128

V/V;

» absence of zero drift over a long period of

observation;

* small temperature drift 0.5 ppm/°C.
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Also, POA  (programmable  operational
amplifier) has a 16-fold margin for the accuracy
of the measured signal, low drift, near-zero
errors.

The bit depth of an ADC is the bit depth of its
output signal, that is, the number of bits in the
value at the ADC output. For example, a 16-bit
PGA280 ADC can output 216 = 65536 values
(from 0 to 65536 if we are talking about positive
numbers). Thus, we can determine the further
accuracy of the linear sensor prototype, which
the selected ADC can provide. This can be done
using the following formula:

2)

where P is the ADC capacity, bit; D — range of
measurement of linear displacements, mm; X is
the accuracy of measuring linear displacements
(discreteness), mm.
20

X=—5= 0,0003 mm. 3)
Since the measuring range of linear
displacement is 20 mm, under ideal conditions,
the hardware of the prototype sensor can
measure linear displacement with an accuracy
0f 0.0003 mm.
The STM32 microcontroller is a popular and

highly demanded platform that allows you to
create professional solutions for automation in a

wide  variety of areas, based on
STMicroelectronics microcontrollers with an
ARM processor, various modules and

peripherals. The processor frequency is 76
MHz, which is enough to calculate and transfer
data almost instantly and provide a reading time
of less than 1 second.

Protection of wires and connections is a
fundamental task to ensure durability of the
SHM system and data quality [29]. Therefore, it
is more preferred to utilize wireless
communication interface. In linear sensor it is
provided by the presence of the SIM800 module
in the ECB. This module is in no way inferior to
a conventional cell phone in terms of functional
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characteristics, and with its help you can send
SMS messages, make or receive phone calls,
connect to the Internet via GPRS, TCP / IP
without distance limitation.
Environmental factors have a significant impact
on the parameters of structures, especially
concrete [30]. Thus it is also possible to
integrate a temperature and humidity sensor into
the ECB, for example, DHT22 with the
following confirmed technical characteristics:
* humidity measurement range, 0...100%;
 temperature measurement range,
-40...+80 C.

3.3. The development of a functional scheme
of work and design

The functional diagram of the linear sensor
prototype consists of two distinct structural
components: the Measuring Part (MP), which
includes a Hall sensor, and the Electronic
Control Board (ECB) housed in a sealed casing.
The MP produces an output signal in response
to an input action within the system and sends
this signal to the analogue input of the ECB.
The analogue signal, which carries information
about the linear movement, is then processed,
and the resulting data is transmitted over a
wireless communication channel.

The linear sensor comprises a Measuring Part
(MP) made up of two grooved rails that move
linearly in relation to each other. One rail has a
Hall sensor mounted on it, while the other
features a magnet placed directly beneath the
sensor, separated by an air gap of less than 1
mm. The rails are connected by a hinge, which
enables them to adjust their position in two
planes at the same time, parallel to the object's
surface.

The second structural element of the sensor is
the housing, installed in close proximity to the
MP, with the necessary set of connectors and
pressure seals, in which the ECB is located,
connected to the Hall sensor by a wired
interface. The standard G258C 160x80x55mm
enclosure (option with transparent top cover),
meeting the IP54 standard, provides protection
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of internal electronic components from
environmental influences.

The results of designing the MP of the linear
sensor prototype for its further production by
the FDM printing method (3D printing with
PETG polymer) are shown in Figures 7, 8.

Figure 9. General view of the ECB

It should be mentioned that in addition to the
components placed on the board, the circuit
involves a separate modem board designed
Figure 7. Model of the sensor’s MP (zero specifically for embedded solutions - SIM800.

position) To locate the modem board inside the case,
special bracket was made (see Figure 10). It
solves several problems, including convenient
location of the modem board (for connecting an
external antenna, changing a SIM card), noise
immunity of the radio part due to the removal of
the board from the rest ECB components.

Figure 8. Model of the sensor’s MP (extreme
positions)

3.4. Production of the linear sensor prototype
The production of a linear displacement sensor
prototype took place in three stages:

1. Soldering and mounting of ECB electronic
components; ' —

2. Refinement of a typical housing by installing Figure 10. GSM module board bracket and

additional connectors, spacers, brackets and board spacers

installing an ECB inside the housing; Figure 11 shows the attachment of the SIM800
3. Production of the MP by 3D printing and GSM module board to the inner surface of the
subsequent refinement. sensor housing.

A general view of the finished ECB with
mounted elements is shown in Figure 9.
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2N
Figure 11. Mounting unit for the SIM800 GSM
module board

The manufacturing of sensor’s MP was carried
out using the FDM printing method (3D printing
with PETG polymer).

The finished MP of the sensor is shown in
Figure 12.

Summing up the stages of design development
and manufacturing of a linear displacement
sensor prototype, it became possible to
determine the main functional and design
characteristics:

1. Execution IP54, due to the selected housing
and the organization of the input of cable
connections through pressure seals of the
appropriate calibre;

2. Possibility to connect to the power supply as
from an external source using the appropriate
connector or use the built-in battery;

3. Ability to connect two analogue sensors for
simultaneous measurement of  linear
displacements in two planes;

Figure 12. The final version of the Measuring
Part

A general view of the linear sensor prototype is
shown in Figure 13.
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Figure 13. General view of the linear sensor
prototype

3.5. Laboratory test

Laboratory test of the linear sensor prototype
were carried out in order to validate the
correctness of the technical solutions adopted,
as well as to obtain reliable information about
the characteristics of the prototype.

Testing of the linear displacement sensor
prototype consisted in studying the amplitude
and time characteristics of the electrical signal
received from the sensor by connecting an
oscilloscope.

Figure 14. Obtaining an electrical signal from a
sensor prototype

4. Results and Discussion

Based on the results of sensor prototype

development and testing, the following

technical characteristics were achieved:
measuring range of linear displacements,

0...20 mm (£10 mm in each direction from the

Zero position);

- accuracy of measurement of

displacements, 0.0003 mm;

linear
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- measuring base of linear displacements, 110
mm;

- overall dimensions, 160x80x55 mm;

-weight, 350 g.

Experimental results validate the accuracy of
the linear displacement sensing with a
competitive behaviour. Given that under ideal
conditions sensor provides high measurement
accuracy, further research needed to determine
the sensitivity to electromagnetic interference
and signal contamination [31], which is typical
for magnetic sensor, and degree of its influence
on measurements accuracy in the field
conditions needs to be found.

It is also worth noting that data processing,
reduction and storage are fundamental SHM
issues, in particular having a large number of
sensors installed on the monitored structure. The
availability of procedures able to reduce then
transmission data volumes is a key aspect for
reliability and sustainability of SHM systems.
The proposed solution where the sensor also
acts as a data logger combines two subsystems
of the SHM system at once — sensing and data
aqusation and transmitting. It may mitigate the
necessary data analyses capacity of the system,
deployment costs and enhance reliability and
resources optimization, which is crucial for the
modern SHM systems [32].

CONCLUSION

When investigating the causes of negative
processes occurring in the load-bearing
structures of buildings and facilities at the
stress-strain state, as well as the dynamics of
their ~ development, it is crucial to
comprehensively measure not only the
parameters of visible defects, such as cracks, but
also to simultaneously record changes in the
parameters of the soil foundation under external
dynamic loads. Only in this way can the
observer obtain comprehensive information
about the current state of the technical object
and the natural environment, which together
form a geotechnical system whose components
are constantly in close interdependence. For this

purpose, the authors propose to add to a load
cell [33] determining the stress state of the soil
to the measurement system to expand the
amount of data received during SHM.
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Abstract: The article presents the derivation of a formula taking into account the coefficient of convexity under
load, which takes into account the bulging of rubber along the edges of a steel-rubber vibration isolator. The article
also provides a comparison for a vibration isolator with a hole and a vibration isolator without holes. It also presents
a formula that allows taking into account the ambient temperature when calculating vibration isolators. Graphs of
the dependence of the elastic modulus on temperature for a rubber-metal isolator with a hole are given.

Keywords: vibration isolation, vibration isolator with holes, steel-rubber vibration isolator,
vibration isolator without holes, effects of vibration isolation systems on human health

INPUMEHEHHUE NIEPOOPUPOBAHHBIX
PE3UHOMETAJ/UVIMYECKUX BUBPOU3OJISITOPOB I
BUBPOU3OJIALNUA 3JAHUU

B.JI. Monopyc!, I.K. Cuzoé’, T.M. Keacruukog’
! HanoHasbHbIH HccneoBaTenbekuii MOCKOBCKHI TOCYIapCTBEHHBIH CTPOUTENBHBIN YHUBEPCHUTET, T. Mocksa, POC-
cus
2 000 «Bubpoceiicmosamuray, r. Mocksa, POCCHSI

AnHoTanusi: B crarbe npezcrasieH BbIBOJ (POPMYJIIBI ¢ yueTOM K03 punrenta Ko3a(GUIUEeHTOM BBITYKIOCTH
TI0J] Harpy3KOH, KOTOPBIN YYUTHIBAET BHITyYHMBACHUE PE3UHBI IO KPasM PE3NHOMETAIUINYEKOTr0 BHOPOHU30JISATO-
pa. Takxe B cTaThe MPUBEICHO CPABHEHUE Ul BUOPOHM30JIATOPA C OTBEPCTHEM M BHOpoOM30IATOpa O€3 0TBEp-
ctuit. Taroke mpeacrasieHa (Gopmysa, KOTOpas MO3BOJSIET YUNTHIBATE TEMIEPATYPy OKPYXKAIOIMIEH cpelsl MpH
pacuere BUOpon3ousiTopoB. IIpuBenenHs! rpaduKu 3aBUCUMOCTH MOJIYJISI YIIPYTOCTH OT TEMIEPATyphl Ul PE3H-

HOMECTAJITIMYECKOI'0 U30JIATOpAa C OTBEPCTHUEM.

KuioueBbie ciioBa: BUOPOU3OIAIMS, BAOPOU3OISATOP C OTBEPCTUAMHU, PE3MHOMETAITUIECKUI BUOPOU3OIIATOP,
BUOPOM30JIATOP O€3 OTBEPCTHH, BO3/ICHCTBHUS CUCTEM BUOPOU3OJISALIUK Ha 3J0POBBE JIIOJICH

1. INTRODUCTION

Transportation routes are the circulatory system
of any state. It is impossible to imagine trade,
production, and everything that our world is
based on without transportation routes. But lately
it is not the quantity of roads, and even not their
quality, but the quality of human life provided by
transportation routes that comes to the fore.

Urban rail transport is an important part of the
urban transportation system and one of the stra-
tegic vectors of development of megalopolises
due to its advantages such as high speed, energy
efficiency, environmental friendliness, as well
as safety and punctuality. At the same time, the
vibrations caused by the movement of the train
on the rails propagate through the ground and
affect the buildings located near the rail lines.
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These vibrations have a negative impact on the
health of peoples.

Thus, it is critical to study the vibrations caused
by both rail and subway traffic and their impact
on human health and the urban environment.

At the same time, as the need for people to im-
prove their quality of life continues to grow,
there are increasing demands for protection
from vibration induced by external factors.
Although vibration isolation measures applied
directly to the railroad track can somewhat re-
duce the impact on the building, they are still
insufficient for full-fledged vibration isolation
of the structure.

One of the ways to damp the vibration impact
arising due to the movement of rail transport is
the use of rubber-metal vibration isolators in-
stalled in a reinforced concrete deck under the
lload-bearing structures of buildings, or in the
walls and columns at different levels. With the
rapid development of the subway, the require-
ments for the stability of movement and comfort
of high-speed trains are constantly increasing, as
well as the requirements for the comfort of
buildings located near shallow subway lines [1-
4]. Therefore, it is necessary to accurately de-
fine the stiffness of rubber vibration isolators in
order to effectively design and predict the struc-
ture of buildings. The operating conditions and
load capacity of vibration isolators are constant-
ly changing. The change of static stiffness of
vibration isolators depending on temperature
and load should be expressed by the appropriate
formula, which will be of great importance in
the authors' further studies on the analysis of
dynamic properties [5-7]. The calculation of
mechanical properties of rubber vibration isola-
tors has always been the focus of research, but
previous studies have focused mainly on dy-
namic stiffness. Most models consider different
combinations of elements such as springs, isola-
tors; and the main impact factors are frequency
and amplitude [8-10]. Currently, there are some
studies on the static stiffness of rubber vibration
isolators under deformation conditions at room
temperature. For rubber vibration isolators with
different shapes, there are several theories and

122

empirical formulas for calculation. Most of
these formulas assume linear stiffness or con-
sider a certain geometric nonlinear stiffness. In
addition, the finite element method is widely
used in the study of rubber behavior. This meth-
od can accurately simulate small static defor-
mation in regard with experiments. These de-
formations are calculated using strain energy
and tensor function [11, 12], but the parameters
calculated by computer simulation still depend
on the experimental data.

Ogden [13] has already pointed out that the pro-
cedure for modeling vibration isolators at dif-
ferent temperatures is a very difficult task, and
Destrade [14] proposed mathematical equations
to describe rubber vibration isolators based on
commonly available data.

Cheremisinoff [15] studied the effect of humidi-
ty, temperature on the load carrying capacity of
rubber isolators.

Dickens [16] examined the effect of temperature
on the stiffness of insulators at temperatures
ranging from 10°C to 60°C.

Hwang [17] conducted field experiments of iso-
lators at temperatures ranging from 0°C to 28°C
to validate his fractional derivative model for
calculation of isolators.

The insulator developed by Hou [18] was tested
in the extreme range from -70°C to 300°C and
confirmed its intended characteristics.

Gajewski [19] presented the theory of finite el-
ement modeling for large deformations and ana-
lyzed the effectiveness of different models. In
addition, Gajewski [20] proposed a method to
estimate the magnitude of energy dissipation of
elastic materials at large deformations. These
results are important in the study of large de-
formations.

Cardon et al. [21] studied the relationship be-
tween rubber properties and temperature.
They focused mainly on the shear modulus,
and the temperature ranged from 20°C to
60°C. But at present there are very few studies
on the behavior of rubber vibration isolator at
low temperatures.

Stevenson [22] studied the relationship be-
tween low-temperature crystallization and the
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strain modulus of rubber vibration isolator.
The results showed that the strain modulus
increases significantly with low-temperature
crystallization. In addition, the relationship
between low-temperature deformation and
crystallization was also studied. Authors of
the papers [23] and [24] analyzed and studied
the performance of rubber insulators at low
temperature. The results showed that low
temperature has a significant effect on the
properties of rubber.

Kari [25] proposed a nonlinear temperature
model of rubber vibration isolator based on
shape factor and investigated the effect of tem-
perature on geometric parameters under load.
To calculate the shape factor, they used the
equivalent cylinder approximation in the equa-
tion to calculate the shape factor.

2. RESEARCH METHODS

For an ideal rubber material, the entropy of the
molecular chain can be utilized to analyze the
elasticity. In microscopic theory, the complex
structure is simplified using some assumptions
and the ideal structure is considered to facilitate
calculation and analysis.

Let us summarize the static theory and derive
the modulus of elasticity E. According to the
theory of elasticity, the following equation is
satisfied for the rubber layer:

= (1)

o 3pRairT
e Mc '’

where E is the rubber modulus of elasticity; o is
the stress; € is the strain; M. is the mean mo-
lecular weight between cross-linked nodes; p is
the rubber density; Rair is the Universal gas con-
stant; T is the temperature.

Due to the complexity of the composition and
inner structure of rubber materials, Mc is diffi-
cult to measure directly. However, Mc can be
obtained from the modulus of elasticity at a cer-
tain temperature and small strain. This method
can be used to derive an expression for Mc. The

formula for Mc can be used to further derive the
modulus of elasticity of rubber at different tem-
peratures.

1o — 3PRRTK
= 7Ek

2)

E= 3pRT _ pTEk
~ Mc  pkTK

where Tk is the room temperature adopted as
25+2°C;

pk is the rubber density at room temperature;
Ex is the modulus of elasticity at room tem-
perature.

The density of rubber varies with temperature
since its volume varies with temperature. The
linear coefficient of thermal expansion of rubber
is denoted as a. Since a is extremely small, the
coefficient of volume expansion can be ex-
pressed as (1 + a)3 — 1 = 3a. Thus the density of
rubber is as follows:

[14+3a(T —Tk)lp = pk forT > Tk,
p=I[1+3a(Tk —T)]|pk forT <Tk,

p=pk forT =Tk, 3)
In addition, the following formula can be de-
rived:

p 1

ok [1+3a(Tk —T)]

forT > Tk,

L 1 43aTk=T)]

ok forT < Tk,

(4)
P _ _
ok =1forT =Tk,

If one accepts AT=T—-Tc forT <Tc |,
and multiply the numerator and denominator by
1 4+ 3aAT, then it follows:
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1+3a(Tk—T) =1+ 3adT =
(1 - 3adT)(1 +3adT) _

1+ 3adT
_ (1-9a%4T?) _ 1 )
14 3aAT 1+ 3adT’

If a is extremely small, we can use an approxi-
mation and simplify equation (2) as follows by

substituting £ :
pk

Tk

E= (1+ 3aAT)T,,’ (6)
The formula shows that for a rubber vibration
isolator, the modulus of elasticity increases
when the temperature increases in a certain
range. Other relationships are also available,
such as formula (33).

In addition, due to the nonlinearity of rubber,
the stiffness will gradually decrease with in-
creasing temperature when the load is relatively
high. Changes in modulus of elasticity and stiff-
ness do not always correspond to each other.
This will be discussed in detail: see conclusions,
Fig. 5b formula (31).

3. CALCULATION OF VIBRATION
ISOLATOR WITH A HOLE

Based on extensive experience, researchers have
developed a simplified method for calculating
the stiffness of vibration isolators with a certain
accuracy. For a rubber vibration isolator with a
round shape, at small deformations, the empiri-
cal formula for the static stiffness K is as fol-
lows:

A NE
H )

K= (7)

where Ac is the support area, E is the elasticity
modulus, H is the height of the vibration isola-
tor, p is the form factor.

w=1+ 252 (7.1)
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This factor accounts for the ratio between the
height and width of the vibration isolator, which
directly affects its stiffness and deformation
properties [26].

Let us assume the area factor S, which can be
obtained from the following formula:

S_Ac_n(Rz—rz) _R-—7r
~Af 2n(R+rpH  2H ’

(8)

where Af is the free area, which is a sum of in-
ner and external areas of vibration isolator with
a hole, R is the outer radius of the vibration iso-
lator, r is the inner radius of the vibration isola-
tor.

Based on formulas (7) and (8), the empirical
expression for the stiffness of the vibration iso-
lator is as follows:

1
K= nr?E(H? + (7)7”2) B riE N nr*E
- H3 ~ H 2H3 "’

€)

As a vibration isolator is compressing, the size
of the rubber gasket is continuously changing.
The stiffness K is related to the deformation and
is not a fixed value. Thus, the static stiffness of
the vibration isolator is nonlinear. In the calcu-
lation of the free area, we assume that the vibra-
tion isolator is compressed uniformly, but it has
convex edges after deformation. Assuming that
the change of the inner radius is the same as the
outer radius, we obtain,

R,—R=r—-r=d, 9.1)
where R is the outer radius of the vibration iso-
lator, 11 is the inner radius after compression, R
is the outer radius of the vibration isolator be-
fore compression, r is the inner radius of the vi-
bration isolator before compression, d is the
change in the radius. Since the volume remains
constant, we get:

T(Ry* = 11®)(H = haep) = n(R* = r*)H,
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_l(R_r)hdef
2 H—hges
l(R—T')hdef
Rh=R+———7-— 1
1 +2 H_hdef ) ( O)
. _r_l(R_r)hdef
YT 2 H—hge

Where H is the initial height of the vibration
isolator, and hder 1s the deformation. Formulas
(8) and (9) are modified as follows:

gofa_ mRI-nD
! Af1 ZT[(Rl + Tl)(H - hdef)
Ry —n
= —_, (11)
2(H — hge)
_ WAGE Aq(1+28,%)E _
Y H = hyey H — hges

_ ”(R12 - 7"12)E e (R12 - 7"12) (11)

H— hdef Z(H - hdef)z

where S1 is the ratio of areas, An is the free ar-
ea, Ki is the stiffness, Aci is the support area, L
is the form factor.

Static force F1 is defined as follows:

haer haef 1(R.% — 1 2)E
Flzf chzzf M
0 0

H— haer
R* —n2
1 +(1—r1)2 dz,  (12)
2(H — hgey)

Usually, the end friction causes the area change
of the vibration isolator after deformation to be
smaller than the calculated value, but the free
area change is larger in the presence of the sup-
porting steel plate.

Ap =Ac = T[(RZ - 7,.2)’ (13)
As for rubber, the compression behavior of the
sample between bonded surfaces can be esti-

mated quantitatively by means of the elastic
modulus. This parameter is related to the geom-
etry of the rubber sample. In the case of com-
pression without bonded surfaces, the rubber
block exhibits axial and uniform lateral defor-
mation as shown in Figure 1(a).

The deformation of the vibration isolator is non-
uniform in compression. Therefore, the assump-
tion of cylindrical deformation of the rubber
gasket is unfeasible. It should be close to ellipti-
cal deformation because the lateral surface will
take the shape of an ellipse. Figure 1(a) shows
the initial state of the vibration isolator, and
Figure 1(b) shows the hypothetical half-
elliptical state, which is obtained in practice.
During deformation, the steel plate is treated as
a rigid body, and hence the bearing area of the
vibration isolator is not changed. However, the
free area of the rubber gasket is changed. When
the rubber pad is deformed, the side surface
takes the shape of a semi-ellipse. It is assumed
that the convex part is a semi-ellipse in the ver-
tical section, and that the semi-axes of the inner
and outer semi-ellipses are equal, as shown in
Figure 1(b). By taking the center of the vibra-
tion isolator as the origin of the rectangular co-
ordinate system, we denote the axis of the con-
vex part as a and the axis to the steel plate as b.

Rubber

Figure la. Vibration isolator with a hole before
loading

KN

Bulge

Figure 1b. Vibration isolator with a hole after
loading
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Figure 2. Diagram of geometrical characteris-
tics of the vibration isolator

(x —R)? z?

z=1b for—R<x<-rUr<x<r,
(x—1)% z?

pw ﬁ=1 forr—a<x<r, (14)
(x+1r)? z2
T—i_ﬁ:l for—erS—r+a,
(x+R)?> z?
T-Fﬁ:l for—R—anS—R,

In the present paper, a vibration isolator with
one central hole is considered. For further stud-
ies, the authors aim to derive formulas for a rec-
tangular isolator with multiple holes.

The volume enclosed in the outer elliptic curve
is represented as Vout, and the volume inside the
elliptic curve is represented as Vin. Considering
the right half, the following can be derived:

V=n(R*—-r*H =Vout —Vin =
b
= 2] m(x, % — x,2)dz =
b, 2
= an [R +E\/b2 —22] —
0
a 2
- [r—E\/bZ —Zz] dz =
2 1
= 27'[(R2b + gazb + EabnR) - 271'(r2b +

(15)

+2azb— Lapmr) =
3al > nr) =
= 2nb(R? — r?) + anb(R + 1),

Thus, we have a:

126

(R —1)(H — 2b)
a =

, 16
; (16)
Since b satisfies
H—~h
b= aef (17)
2
then
(R — r)hdef
a=——-, (18)
H— hdef

The free area of the vibration isolator, denoted
as Ap, can be calculated as follows:

Ap, = 4m fob (x, — x,)dz = 41 fob [R +
257 =72 - [r = 2B = 27| dz =

= 4bnR + abn? + (4bnr — abm?) =

4bn(R+71) =2n(R+1)(H — hger), (19)
Considering the free area in the cases of the el-
liptic deformation hypothesis, it can be seen
that:

Af2 = Afl = 27T(R + T')(H - hdef)r (20)

Formula (20) is based on the assumption that
the internal and external deformations are of the
same elliptic shape. If this assumption is not ful-
filled, then Ap#Afn. However, the difference
between An and A is always extremely small.
In practice, the stiffness of rubber increases as
the load increases. This is because an increase in
load leads to a change in both the geometric
shape and nonlinearity of the material. When
the rubber element is compressed, the sample
becomes anisotropic since the molecular chain
is more oriented in the transverse direction.
As the compression ratio of the vibration isola-
tor increases, the greater the degree of rubber
bulging and the greater the change in rubber
properties. This change can be expressed by the
convexity factor pwul, which can be defined as
follows:
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a
Mpyy = 1+ — (21)

b )

where a and b are accepted in accordance with
(16) and (17).

Then the stiffness of the vibration isolator, Ko,
taking into account the convexity coefficient, is
defined as follows:

CAa(1+ 25,°)E ~

1= H — hges Mz =
R? —r?)E R? —r? a
St L3§ PR Sint 8 [ (S
H— haey 8bZ(R + )2 b
_ m(R* —r?)E
H - hdef
R? —r? a
1+(—)2 (1+E)’ (22)
2(H — hgey)

The applied force F2 is determined by the for-
mula:

haer haer m(R? —r?)E
Fop = j K. dz = J T EE—
0 0

H-z
(R? — r?) a
I1+m <1+E)dz,

(23)
where hder= z

During operation, the temperature of the vibra-
tion isolators may change, usually between -
10°C and +10°C. If the temperature changes,
the volume of the rubber will change due to
thermal expansion and contraction.

Considering the room temperature TK as the
standard condition, when the temperature
change is AT, the volume of the round rubber
part expands to

(1 + aAT)33m(R? — r?), (24)
and the height is as follows
(1 + aAT)H, (25)

However, because of the restraint imposed by
the steel plate, the bearing surface is assumed to

remain unchanged since the thermal expansion
of steel is much lower than that of rubber. The
lateral changes are limited to a certain extent. If
the temperature increases, the rubber will pro-
trude outward. Otherwise it will become con-
cave inward.

Then equation (15) can be modified as follows:

(1+ adT)3V = (1 + adT)33n(R?> —r?)H =
= Vout — Vin = 2[ m(x, = x,2)dz =
0

= 2nb(R?* —r?) + anb(R + 1), (26)

From the equation (26) we can conclude that

. (R—m)[(1+ clz)AT)B’H — 2b)]’ @7
where

, (1+ aAT)H — hgef
_ . ,

(28)

then
Apy =2n(R+1)[(1 + aAT)H — hgef], (29)

Form factor p2 is defined as follows

2 AC ’
W=1+252=1+2(=%) =
Ar,

(R-r1)?

1+ —,
2((1 + aAT)H — hyy)

(30)

As the temperature changes, equations (22) and
(23) can be further modified as follows:

hgef
Fz = f Kcde =
0
fhdef m(R? —r?)E
o (@A+aAT)H-1z
R? — r? a
) F— ) (1+7)dz
2((1 + aAT)H — z) b
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‘ A (14 25,%)E B
2T A+ ahDH = hgp 2

_ m(R*=r?)E
~ (1+ aADH — hyy
(R? —1?)

1+ (1+%), 31)

2 ((1 + aAT)H — hdef)2

4. RESULTS AND DISCUSSION

At high temperatures, the degree of rubber
crosslinking gradually increases with tempera-
ture, resulting in an increase in the hardness and
elastic modulus of the rubber. If the temperature
increases even further, the polymer molecular
chain will fracture. There is no need to consider
the role of material degradation, as the range of
engineering applications is usually less than 60
°C. When the rubber temperature is lower, the
molecular activity is weakened and the rubber
crystallizes. This condition leads to an increase
in the elastic modulus of the rubber at low tem-
peratures.

When the rubber is above 0 °C, the crystalliza-
tion effect is significantly weaker.

The elastic modulus and stiffness of the rubber
increase significantly with decreasing tempera-
ture when the temperature is below 0 °C. There-
fore, in some theoretical studies, 0 °C is chosen
as the transition point. In this study, it is as-
sumed that at temperatures above 0 °C, the
modulus of elasticity changes according to
equation (6), and at temperatures below 0 °C,
the modulus of elasticity has a certain depend-
ence on the ambient temperature.

To account for temperature as a variable, a coef-
ficient ¢ is adopted. This coefficient is the ratio
of the modulus of elasticity of rubber at low
temperature to the modulus of elasticity at 0°C ,
which can be expressed as follows:

E

@
AT, =T —T,, (32.1)
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where E is the elasticity modulus at 0°C, and TO
is the temperature at 0°C.

Thus, we get:
E= T T > 273K
= At3anr, 17T = ’
ToEy
forT < 273K, (33)

E=a+7so1,

where (1 + 75a) have been previously derived
in the study [27].

Consider the vibration isolator of the following
sizes with and without hole.

300 mm

Figure 3a. Adopted vibration isolator with an
aperture

300 mm

% /
554 ’

)

-—

Figure 3b. Adopted vibration isolator without
hole

The modulus of elasticity E is 2.28 MPa at room

temperature [28].

For the isolator under consideration, the coeffi-

cient of thermal expansion is as follows
a=66x10"*K"1 (34)

Using equation (33), the modulus of elasticity E

can be calculated at different temperatures,
which is shown in the diagrams below.
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Dependence of the E on temperature
for a steel-rubber isolator with a hole

55
4,5
3,5
2,5

1,5
-60 -45 -25 -15 -5 5 15

t°C
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Figure 4a. Plot of elastic modulus versus tem-
perature for a rubber-metal isolator

Dependence of the E on temperature
for a steel-rubber isolator without a
hole

10

E, MPa
SO N S~ O

-60 -45 -25 -15 -5 5 15 25 40 60

t°C

Figure 4b. Plot of elastic modulus versus tem-
perature for a rubber-metal isolator without a
hole

These figures show that at temperatures above
0°C, the modulus of elasticity E increases slow-
ly with increasing temperature, and when the
temperature drops below 0°C, the modulus of
elasticity E increases rapidly with decreasing
temperature. Although there are some uncertain-
ties, the main trend of this curve reflects the
theoretical analysis and the results of tests con-
ducted by other authors [29].

These plots show the variation of stiffness ob-
tained from formula (31) with convexity fac-
tor, as well as formulas (11) and (12) without
convexity factor at T=25°C under different
load.

Stiffness at pressure at t=25 °C

[unN
o

vl

Stiffness, KN/mm

0 10 20 30 40 50 60 70 80 85

Pressure, kKN

e ith || es—trig] without p

Figure 5a. Stiffness of the vibration isolator
with a hole under different load at t=25C

Figure 5a shows that the difference between the
original formula (11) and the formula with con-
vexity factor (31) becomes more significant with
increasing pressure. The maximum error is about
10.86% and the RMS error is 7.71%. The error
increases with increase in pressure, but the accu-
racy is higher at low pressure. From the above
analysis, it can be noted that the formula with
convexity coefficient is effective and accurate in
reflecting the change in stiffness caused by load
variation. The experimental data shown in Fig.5
and Fig.5b are taken from [27] and [29].

Stiffhess at 57 kN with and variable

t°C
8
2E7
£ E
= Z
S 6 - ) S
5

-60-40-30-20-10 0 10 20 30 40 50 60
t,°C

emmsiria] eswith g without p

Figure 5b. Stiffness of vibration isolator with
hole at different t under 57kN load

Figure 6 shows that formula (31) with the con-
vexity factor is more accurate between -60°C
and +60°C. If the temperature is above 0°C, the
calculation result obtained using the modified
formula (31) is close to the result obtained using
the original (12) empirical formula. The maxi-
mum error with the modified formula (31) is
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12% and the RMS error is 9%. Although the
error gradually increases when the temperature
is above 60°C, it is usually ignored. If the tem-
perature is below 0°C, the maximum error with
formula (31) is 5% and the RMS error is 3%.
The maximum error with empirical formula (12)
is 16% and the RMS error is 10%. From the
above analysis, it can be seen that formula (31)
can reflect the change in stiffness depending on
temperature [28].

The stiffness of the vibration isolator changes as
the pressure or compression amplitude changes.
This is due to the nonlinearity of the stiffness. In
particular, the stiffness decreases slightly with
increasing temperature when the temperature is
above 0°C and the preload is below 45 kN. The
stiffness increases slightly with increasing tem-
perature when the temperature is above 0°C and
the preload is above 45 kN. This is mainly be-
cause the temperature affects not only the elastic
modulus but also the geometric nonlinearity of
the vibration isolator. When the temperature is
below 0°C, changes in pressure have little effect
on the stiffness trend. The stiffness hardly
changes with temperature at the same load when
the temperature is above 0°C. If the temperature
is below 0°C, the greater the load, the more
dramatic the change of stiffness with tempera-
ture [30, 31].

5. CONCLUSIONS

This study has examined the relationship be-
tween modulus of elasticity and rubber tempera-
ture. At low temperature, a more efficient for-
mula for determining the modulus of elasticity
(33) 1s proposed. The formula (31) with the
convexity coefficient pcon for more accurate cal-
culation of the stiffness and modulus of elastici-
ty of rubber vibration isolator is obtained.

There is a strong relationship between the mod-
ulus of elasticity and the temperature of the rub-
ber. If the temperature is above 0°C, the modu-
lus of elasticity gradually increases with in-
creasing temperature. While the temperature is
below 0°C, the modulus of elasticity increases
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significantly with decreasing temperature due to
the effect of partial crystallization. Therefore, it
is effective to use variable modulus of elasticity
in calculations.

Thus, formula (31) with the correction by the
convexity coefficient pwu has a good applied
value. Formula (31) can also be applied to rub-
ber vibration isolators of other sizes and types.
The modified formula (31) with convexity coef-
ficient peon takes into account the effect of tem-
perature and load simultaneously. The calculated
values are close to the actual ones, and the calcu-
lation error under normal operating conditions is
less than 10%. Therefore, it can be considered
that formula (31) with convexity coefficient pleon
is effective for stiffness calculation. Considera-
tion of the influence of temperature in formula
(31) significantly increased the accuracy of the
results compared to the original formula (11).
Different loads have the same effect on the
stiffness trend at low temperature, and the stiff-
ness increases significantly with decreasing
temperature. However, the stiffness is less tem-
perature dependent when the temperature is
above 0°C, but still increases slightly with in-
creasing temperature.

Theoretically, the elastic modulus increases
with increasing temperature as can be seen from
(6) and Fig. 4a. However, in most cases, the
measured stiffness decreases with increasing
temperature Fig. 6. This seemingly contradicto-
ry phenomenon is explained in the derived
equation (31).

The theory of the static stiffness of rubber vibra-
tion isolator is of great importance in the study
of the dynamic performance of rubber and pro-
vides a method for further derivation of the dy-
namic stiffness formula. The dynamic properties
of rubber under temperature and pre-pressure
will be given more attention in future research.
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TORSION IN THE ELEMENTS OF THE METAL DOME FRAME,
SUPPORTED BY SPARSELY INSTALLED COLUMNS

Evgeny V. Lebed

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

Annotation. The effect of torsion on the stress state of the main elements of a metal ribbed-annular dome was
investigated. The dependence of the torsion effect on the increase in the distance between the columns support-
ing the dome was revealed. At the same time, the dependence of torsion on the type of nodal junctions of the
frame elements among themselves was determined. The object of the study was a ribbed-ring dome, all elements
of which are made of steel pipes. The dome had different support schemes on columns of steel pipes, installed
not under each rib, but cyclically symmetrical along the contour. There were four such schemes. In addition, the
type of nodal connections of the frame elements to each other has been changed for each scheme. There were
five different types of conjugations. The research was carried out through calculations of various models. There
were twenty models in total. During the calculations, the stresses in the main elements of the dome models were
determined, which were compared with each other. In this case, comparative diagrams of the stress state depend-
ences of the elements of the ribbed-ring dome are obtained. The effect of torsion on the stress state of the ele-
ments of the ribbed-ring dome of the considered models is estimated. The degree of change in the stress state of
individual frame elements due to torsion has been established. According to the results of the study, significant
stress changes due to torsion in the upper ring and noticeable in the meridional ribs were noted. The dependence
of the nature of their changes on the type of nodal connections has been established. It is recommended to take
into account the torsion effect when designing metal rib-ring domes.

Keywords: ribbed-ring dome, computer model, meridional ribs, upper and lower rings, columns, torsion,
nodal connections, static calculation

KPYUEHHUE B QJIEMEHTAX KAPKACA METAJIVIMYECKOI'O
KYHOJIA, OITUPAIOINETI'OCA HA PEAKO YCTAHOBJIEHHBIE
KOJIOHHBbI

E.B. /leoeow

HammonansHsIi nccnenoBaTenbckuii MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN YHUBEpCHTET, T. Mocksa, POCCIS

AnHoTauus. Vccnenoanoch BAMSHUS KPYUCHHS Ha HANPSHKCHHOE COCTOSTHHE OCHOBHBIX HJIEMEHTOB METATITNYECKOTO
PEOPUCTO-KOJIBIIEBOTO KyIoJia. BhIsSBIIsIach 3aBUCUMOCTD 3(h(EeKTa KPYUCHHUS OT YBSJIMUYCHUS PACCTOSIHUS MEXKIY MO~
JICPKUBAIOIIMMH KYTIOJI KOJIOHHaMH. OJTHOBPEMEHHO € 3TUM ONpPEAEIsIach 3aBUCUMOCTh KPYUYEHHs OT BHIA Y3JIOBBIX
COMPSDKEHMIA AIIEMEHTOB Kapkaca Mexy co0oi. OOBEKTOM MCCIIeI0BaHNS ObUT PeOPHCTO-KOJIBLEBOM KYIIOI, BCE dJie-
MCHTBI KOTOPOT'O MPUHATHI U3 CTATBHBIX TpyO. Kymon mMen pa3Hbie cXeMbl ONUPAHUs Ha KOJIOHHBI M3 CTATBHBIX TPYO,
YCTaHOBJICHHBIC HE O/ KXKIIBIM PeOpOM, HO IUKIIMICCKA CHIMMETPIIHO TI0 KOHTYpY. Takux cxem Obut0 9ethipe. Kpo-
M€ TOTO, JUTs KKION PacueTHON CXEMbI M3MEHSUICS BHIT Y3JIOBBIX COIPSDKCHHI JIEMCHTOB KapKaca MEexy coooi. Pas-
HBIX BHIOB COMPSDKEHIH OBLIO IITh. M cciemoBaHust IPOBOFIIHACH TIOCPEICTBOM PacueToOB PasHBIX Mojeneil. Beero mo-
JIeJIel HaCYMUTHIBAJIOCH TBAMNATh. B TIporiecce pacdyeTroB ONnpenessuIich HAPSHKEHUSI B OCHOBHBIX JIEMEHTAX KYTIOb-
HBIX MOJIETICH, KOTOPBIC CPABHUBAIIACH MEKTy COOOM. [Tpr STOM mmoTydeHb! CpaBHUTEBHBIC UATPaMMbI 3aBUCHMOCTEH
HAIPSDKEHHOTO COCTOSIHIIA JIEMEHTOB PeOpPHCTO-KOJBIIEBOTO KyTofa. JlaHa OIeHKa BIMSHHS KPy4YEeHHS Ha HANpsDKEH-
HOE COCTOSTHHE 3JIEMEHTOB PEOPHCTO-KOJIBIIEBOTO KYTIONA PACCMOTPEHHBIX MOJICNICH. Y CTAHOBJIEHA CTETICHh N3MEHEHHS
HaIPSDKEHHOTO COCTOSHUSI OTZENBHBIX JIEMEHTOB Kapkaca M3-3a KpydeHust. [1o pesynbraram uccieioBanust ObLH OT-
MCUYCHbI 3HAYUTECIIbHBIC U3MCHCHUS HaHpH)KCHI/Iﬁ n3-3a KPpY4YC€HUSA B BEPXHEM KOJIBLIC U 3aMCTHBIC B MEPUAUOHAIbHBIX
pedpax. YcraHoBIeHa 3aBUCUMOCTh XapaKkTepa MX U3MEHEHHUI OT THIIA Y3JIOBBIX COSMHEHU. PEKOMEHIOBAaHO YUUTHI-
BaTh A(PPEKT KpydIeHHUs TIPH MPOSKTUPOBAHUI METAILTMYCSCKUX PEOPHUCTO-KOJBIEBBIX KYIIOJIOB.

KroueBble ciioBa: pe6pI/ICTO-KOHLHeB0ﬁ KYII0JI, KOMIIBIOTEPpHAad MOACIIb, MCPUANOHAJIIbHBIC pe6pa,
BCPXHCC U HUIKHEEC KOJIbLA, KOJIOHHBI, KDYUCHUC, Y3JIOBBIC CONIPAKCHUA, CTaTHYCCKUU pac4deT
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Torsion in the Elements of the Metal Dome Frame, Supported by Sparsely Installed Columns

INTRODUCTION

Recently, publications have begun to actively
pay attention to the study of the operation of
metal structural elements taking into account
torsion. The vast majority of publications are
usually devoted to open-profile beams. For ex-
ample, the article [1] studies the behavior of a
cantilever beam during torsion, and the article
[2] compares the results of a theoretical and ex-
perimental study of the operation of an I-beam
during bending. In addition to beams, frame rod
systems are being considered. For example, in
the article [3], an L-shaped and U-shaped frame
with channel elements is considered, and the
subject of the study is the bimoment diagrams.
The article [4] considers a U-shaped rod systems
of I-beams, and the subject of the study is the
angle of rotation of the cross-section elements at
the node.

There are no publications in the open press on
the study of torsion in the elements of metal
domes. Due to the spatial rigidity and cost-
effectiveness of metal consumption, domes oc-
cupy a leading place as long-span coatings [5].
Metal domes are used as load-bearing frames for
building coverings due to the reliability of such
core systems [6, 7].

The geometric schemes of metal dome frames
depend on the covered spans and the purpose of
the building [8, 9]. Ribbed-ring domes are con-
sidered to be the simplest according to the geo-
metric scheme. But even in ribbed-ring domes,
various geometric schemes are possible, related
to the number of sectors around the circumfer-
ence and tiers in height. In addition, an im-
portant factor in the operation of the dome
frame is the curvature and the number of col-
umns supporting them. The static scheme of the
entire building frame and the internal forces in
the elements of the dome frames depend on this,
but there are no studies of metal domes support-
ed by sparsely installed columns in the open
press.

Usually columns in ribbed-ring domes are
placed under each meridional rib. However,
with a large number of sectors or edges in the

dome frame, such a design solution may be in-
convenient for various reasons. In this case,
fewer columns are used compared to the number
of meridional ribs, which leads, as shown by the
previous study of the author [10], to a change in
the nature of the dome, which is manifested by a
change in internal forces in the elements of the
dome frame. The same study showed that, de-
spite the similarity of the shape of the dome de-
formations, with a decrease in the number of
columns under the dome, there is a significant
increase in deflections of the dome frame.
Studies of dome-type rod systems in various
computer programs have been carried out by
many scientists. For example, the stress state of
dome frames was analyzed when its geometric
parameters changed [11], with different ratios of
dome height to diameter for different spans
[12]. As well as when the roof is included in the
work in the cells of the frame between the steel
ribs and rings [13], with different dome height-
to-diameter ratios and different cross-sections of
the elements [14], with different heights com-
pared to the span of the dome frame with con-
nections [15]. Previously, the author performed
a comparative study of ribbed-ring domes with
different numbers of connections [16] and dif-
ferent sizes of the upper ring [17].

In addition to torsion, there are no publications
(except for the author's) on the study of the de-
pendence of the stress state on the increase in
the distance between the columns supporting the
dome. In addition, it is possible to use various
types of coupling elements of dome frames with
each other, which also affects the torsion in the
elements. The effect of the stiffness of the nodal
joints on the stressed state of the dome is dis-
cussed in the publication [18]. This article pre-
sents a comparative analysis of a low steel dome
of a ribbed-ring type with a diameter of 41 m
and a height of 7 m. The dome consisted of 20
ribs and 10 rings, supported on foundations di-
rectly by each meridional rib. Purlins with glass
cladding were used as rings. The models of this
frame were considered, which differ in two ap-
proaches to calculation — linear and nonlinear,
as well as the type of connection — with rings at-
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tached to the ribs and without attachment to
them. There are no explanations about the spe-
cific interpretation of compounds in the com-
puter model. In addition, in some models, clad-
ding is included in the work, and in some— di-
agonal connections in all sectors. The
publication analyzed dome deformations, inter-
nal forces, and stresses in the elements, but
without torsion.

METHODS

In order to determine the effect of torsion on the
stress state of the main elements of the metal
rib-ring dome frame numerical studies using the
finite element method using the SCAD software
package were performed [19, 20]. Twenty vari-
ants of design models of a dome structure were
considered for the study. They differed from
each other, firstly, in the schemes of supporting
the dome on the columns and, secondly, in the
types of nodal connections of the frame ele-
ments to each other. Twenty different computer
models of the dome structure frame were con-
sidered for the study. They differed from each
other, firstly, by different schemes of supporting
the dome on the columns and, secondly, by dif-
ferent types of nodal connections of the frame
elements to each other.

The object of the study was the frame of a
spherical ribbed-ring dome with a radius of cur-
vature of 23 m, consisting of 36 ribs and 7 rings
(Fig. 1). Thus, the dome is divided by ribs into
36 sectors. The diameter of the lower ring is
39.3 m, the diameter of the upper ring is 5.0 m,
the height of the dome frame is 11 m. The pa-
rameters of the metal dome elements were
adopted based on the results of a preliminary
calculation for operational loads from electro-
welded pipes: the meridional ribs are O 530%9,
the upper ring is O 530%9, the lower ring is O
630%20, the remaining rings are O 273x7.

In the course of the study, four dome support
schemes were considered, the distinguishing
feature of which was the number of sectors be-
tween the columns. So, if the columns were in-
stalled under each riber of the dome, i.e. through
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one sector, then the scheme was designated as 1.
If the columns were installed through two, four
and six sectors, then the schemes were designat-
ed as 2, 4 and 6, respectively (Fig. 2). All sup-
port schemes are characterized by the cyclic
symmetry of the arrangement of columns along
the contour. The columns in all schemes have a
height of 7.0 m and are made of electro-welded
pipes O 402x10.

Figure 1. The ribbed-ring dome under study

The research was carried out on computational
models of frameworks as spatial rod systems. In
the calculated models, each structural element
of the dome frame was represented by a single
rod final element of the KE-10 with six degrees
of freedom at the nodes. Calculations were per-
formed for static impacts in a linear formula-
tion. In the scheme 1 (Fig. 2, a), the number of
elements 504, the number of nodes 288, total
number of degrees of freedom 1728. In the
scheme 2 (Fig. 2, b), the number of elements
486, the number of nodes 270, total number of
degrees of freedom 1620. In the scheme 4
(Fig. 2, ¢), the number of elements 477, the
number of nodes 261, total number of degrees
of freedom 566. In the scheme 6 (Fig. 2, d), the
number of elements 474, the number of nodes
258, total number of degrees of freedom 1548.
In all schemes, restrictions on movement in the
directions of all six degrees of freedom were
imposed in the support nodes. In all schemes,
the upper ring, the lower ring and the meridional
ribs are integral, i.e. all 36 constituent rods of
these rings and 6 rods of each rib are rigidly
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Torsion in the Elements of the Metal Dome Frame, Supported by Sparsely Installed Columns

connected to each other. And each of the inter-
mediate rings is formed from separate rods be-
tween the ribs.

Nodes at the junctions of the ribs with the upper
and lower rings, the joints of the columns with
the lower ring, and the joints of the rods of the
intermediate rings with the meridional ribs in
the computational models of each of the
schemes (see Fig. 2) were assigned both hinged
and rigid. In the course of the study, five types
of combinations of nodal connections were con-
sidered, which are conventionally called types
of connections. Their designation and descrip-
tion of the allowed rotations in the joints in the
normal (UY) and tangential (UZ) planes are
given in Table 1. For example, for the S3 type
(see Table 1) these joints are hinged in the nor-

//8A A AN
1/ /[ A AN
‘III \\\‘

c

mal (UY) and tangential (UZ) planes (Fig. 3).
Type S2 (see Table 1) differs from S3 by pro-
hibiting UY rotation only at the junctions of the
ribs with the upper ring (see Fig. 3). Type S1
(see Table 1) differs from S2 by prohibiting the
rotation of UY only at the junctions of the in-
termediate rings with the ribs (see Fig. 3). Type
R1 (see Table 1) differs from S1 by prohibiting
UY rotation at the joints of the ribs and columns
with the lower ring (see Fig. 3). And for the R2
type of connection, they are rigid in the normal
(UY) and tangential (UZ) planes (see Table 1).
The torsion of rods around their axes (UX) has
always remained prohibited.

Note that the rotation designations UY, UZ here
and in Table 1 correspond to the local axes of
the finite elements in the SCAD program.

7// [ A AN
I‘I \|\
b
7// [ LA\
‘I ‘\‘
d

Figure 2. Schemes of frames with different numbers of sectors between the columns under the
dome: a— I sector, b — 2 sectors, ¢ — 4 sectors, d— 6 sectors.

Figure 3. The initial calculation model of the frame with hinged nodal connections
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Table 1. Resolution of rotations in nodes of various types of element connections of SCAD program

Element connections

Types of Ribs with upper ring | Ribs with lower ring Columns'with lower Interm'edia'te rings
nodes ring with ribs
Uy uz Uy Uz Uy uz Uy uz
S3 * * * * * * * *
S2 * * % % * * %
S1 * * * * * *
R1 % * % %
R2

The sign * means permission of rotation in node, and the absence of the sign means restrain of rotation.

The frames were calculated based on the com-
bined effect of the load on the weight of the en-
closing and load-bearing structures, as well as
the asymmetric snow load acting on one side of
the dome, as the most significant compared to
the symmetrical one. All loads were applied at
the nodes of the computational models of the
framework.

In the course of the study internal forces
N, M., M,, M, in the elements of the model

frames were determined to calculate the stresses
(in the SCAD program they were designated as
N, M,, M_, M, respectively), which were se-

lected in the most stressed elements of the
frame.

Since this study focuses on torsion, attention was
focused on the torque M, and the dependence of
its magnitude on different frame schemes and
types of connections elements in them.

Since the torsion of the elements causes tangential
stresses in the sections, to assess the degree of in-
fluence of torsion on their stress state the reduced
stresses were calculated using the formula

0',:\/02+372 . (1)

Here are the normal stresses o for the tubular
section

N M
o=t @)
AW,
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where M=,/ M2+ M i — this is the resultant of

the moments M, M, .

Tangential stresses 7 in the presence of torque
M, in the pipes

T=—. 3)

The effect of torsion on the stress state was de-
termined by the difference between the reduced
and normal stresses o, — o .

RESULTS

The torques M, manifests itself in all the ele-
ments of the framework, but in comparison with
the moments M,, M, is characterized by rela-

tively small values. In the columns and interme-
diate rings, the values of the torques M, are in-
significant. The meridional ribs of the dome the
torques M, are relatively small, but they show
stable values by type of conjugation, with some
increase with a decrease in the number of col-
umns under the dome (Fig. 4).

In the upper ring of the dome the torque M,
values depend on the types of connections and
increase with a decrease in the number of col-
umns under the dome (Fig. 5). In the lower ring
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of the dome, the torque M, values significantly
depend on the types of connections and increase
with a decrease in the number of columns under
the dome by several times (Fig. 6). In schemes
with the number of sectors between columns 4
and 6, the moments in the upper and lower rings
of the dome reach significant values.

12345

Inn. | Duin. | HH0NS

1 2 4 6
Number of sectors between columns

Figure 4. Maximum moments M ¢ in the meridi-
onal ribs of the dome. Types of connections:
1-83,2-823-81,4—RI, 5-R2

200 -
2\100 EL
= | lea| M. | 01, lIlli_

1 2 4 6
Number of sectors between columns

Figure 5. Maximum moments M « in the upper
ring of the dome. Types of connections: 1 — 53,
2-82,3-81,4—RI, 5—-R2
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Figure 6. Maximum moments M : in the lower
ring of the dome. Types of connections: 1 — S3,
2-82,3-81,4—RI, 5—-R2

Taking into account the identified torques M, ,
a comparison of the reduced stresses o, calcu-

lated according to formula (1) was carried out.
Note that these stresses are conditional, since

their calculation uses the maximum values o

and the maximum values 7 that occurred in
different sections of the same type of elements.
This is explained by the fact that in reality val-
ues are combined in a wide range of values —
from maximum o with minimum 7, to mini-
mum o with maximum 7 .

In the meridional rings of the dome, the values
of the reduced stresses o, depend on the types
of connections and hardly change with a de-
crease in the number of columns under the
dome (Fig. 7), with the exception of scheme 6.
In the upper ring of the dome, the values of the
reduced stresses o, also depend on the types of
connections and clearly increase only when
switching to scheme 6 with a reduced number of
columns under the dome (Fig. 8).

The dependence of the reduced stresses o, on
the number of columns under the dome is most
reflected in the lower ring of the dome. The val-
ues o, increase several times when switching to
schemes with a reduced number of columns (in
schemes 2, 4 and 6) and, at the same time, de-
pend on the types of connections (Fig. 9).

20
12345

NI M

1 2 4 6
Number of sectors between columns

o1, kN/em?

Figure 7. Reduced stresses ot in the meridional
ribs of the dome. Types of connections:
1-83,2-82,3-81,4-RIl,5-R2

20
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NEI TR TIRIE
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Number of sectors between columns
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Figure 8. Reduced stresses ot in the upper ring
of the dome. Types of connections: 1 —S3, 2 —
S2,3-81,4—R1,5-R2
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Figure 9. Reduced stresses oi in the lower ring
of the dome. Types of connections: 1 — 53,
2-82,3-81,4—-RI, 5-R2

To quantify the effect of torsion on the stress
state of the dome elements, the ratio of the dif-
ference between reduced and normal stresses to
reduced stresses, the so-called fractional effect
of torsion, was calculated using the formula

Ay =—. 4)

In the meridional ribs of the dome the fractional
effect of torsion A, is relatively small and var-

ies in the range from 1% to 5%. It depends on
the type of node connections and increases
slightly in scheme 6 with a reduced number of
columns under the dome (Fig. 10).

In the upper ring of the dome, the fractional in-
fluence of torsion in one type of connections
(S2), depending on the dome support scheme, is
extremely high and varies from 11% to 26%, in
the other (S1) — 1is not significant, since it does
not exceed 1%. In other cases, the fractional ef-
fect of torsion A, is relatively small and varies
in the range from 3% to 8% (Fig. 11).

In the lower ring of the dome, the fractional ef-
fect of torsion A, in only one type of connec-
tions (S1), depending on the dome support
scheme, does not exceed 6%, and with the larg-
est number of columns. In other types of con-
nections, regardless of the support scheme, the
torsion effect A, does not reach even 1%
(Fig. 12). This phenomenon, with a significant
increase in torque M, with a decrease in the
number of dome support columns, is explained
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by the fact that the bending moments M, , M,

increase much faster.

0.20
<1 010 1234
000 anln. |sunna | Dunn. | BRNNG
1 2 4 6

Number of sectors between columns

Figure 10. The fractional effect of torsion A on

ot in the meridional ribs of the dome. Types of
connections: 1 —S83,2-S82,3-S51, 4—RI,

5—-R2
0.30 5
0.20
4
0:10 345
II'I IIII 1
0.00 =

1 2 4 6
Number of sectors between columns
Figure 11. The fractional effect of torsion A on

ot in the upper ring of the dome. Types of con-
nections.: 1 —S83,2-S2,3-S1,4—RI, 5—R2
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Figure 12. The fractional effect of torsion A on

ot in the lower ring of the dome. Types of con-
nections: 1 —S83,2—-S2,3—-S81,4—RI, 5—R2

CONCLUSIONS

Based on the presented material, the following
conclusions can be drawn:

1. With different types of nodal connections of
the elements of the ribbed-ring dome, in combi-
nation with sparsely installed columns, torques
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of different magnitudes arise in different ele-
ments.

2. In the meridional ribs of the dome, torsion has
a noticeable (up to 5%) effect on their stress state
in all dome support schemes and in various types
of coupling elements, except for rigid ones.

3. Torsion has the most significant effect on the
upper ring. When the nodes are swivel in the
tangential and normal directions, with the ex-
ception of the junctions of the ribs with the up-
per ring, the voltage may increase by 11-26%,
otherwise by no more than 1%. With other types
of swivel connections, the torsion effect is lim-
ited to 8%, and with rigid connections - less
than 5%.

4. In the lower ring of the dome, with hinged
connections only in the tangential direction,
torsion affects its stress state from 6% to 3% in
schemes with columns under each rib and
through the rib, respectively. In other types of
nodes, regardless of the support scheme, the ef-
fect of torsion does not reach 1%.

5. Additional studies should be conducted to
determine the possible effect of torsion on the
stress state of metal ribbed-ring domes with
non-tubular profile elements. It is also necessary
to do this to evaluate the torsion in the interme-
diate rings of the dome, since it is necessary to
take into account their work between the ribs
along the beam circuit from a distributed load.

6. When designing metal ribbed-ring domes, it
is recommended to take into account the effect
of torsion on the bearing capacity of their ele-
ments, especially the upper ring.
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Abstract: Deep learning (DL), a major part of artificial intelligence (Al) is considered as a transformational
technology in different areas of science, such as structural engineering. This critical review uncovers the
potential contribution of deep learning in solving complex issues facing structural engineering, such as
optimizing structural design, predicting and monitoring material behaviour, and monitoring in real-time the
structural health. Through developed neural network architectures such as generative adversarial networks
(GANS), recurrent neural networks (RNNs), and convolutional neural networks (CNNs), engineers can identify
solutions based on traditional deterministic data extraction. However, issues like computational requirements,
model interpretability and data scarcity are widely adopted. This review highlights recent advancements,
practical applications, and the limitations of deep learning in structural engineering, proposing pathways for
future research to enhance its efficacy and integration in real-world scenarios.

Keywords: Deep Learning, Machine Learning, Neural Networks, Structural Engineering,
Structural Health Monitoring, Optimization of Structural Design

OB30P ITPUMEHEHUA I''1YBUHHOI'O OBYYEHUS B
CTPOUTEJBHOM INPOEKTUPOBAHUMU: ITPOBJEMbBI U
BYAYILIUE HAITPABJIEHUSA

Manag Pauo Canman ', Mapean Anv-Ilaiixnu °, Xacan Anu Aééac ?, Xyceiin Xamed Axmao ',
Caxus A60ya Kyoyc >*

! Kadhezmpa CTpOUTENBCTBA U MEDKEHEPHOM TEXHUKH, Y HUBEPCHTETCKUHN KOJUIEINK Manent AneM, r. Barman, UIPAK
2 Kagenpa nHKeHEPHBIX TEXHOJIOTHI CTPOMTENLCTBA 3IAHUA U COOpYyKeHUH, CpeTHNA TEXHUUECKUI YHUBEPCUTET,
r. barman, UPAK
3 [1Ixona Tpa’kaaHCKOrO CTPOMTENLCTRA, MmKenepHbIi Kosutek, Yuusepeuret Teknonorun MAPA, r. Cenanrop,
MAJIAN3US
4 UnctuTyT MH(PacTPyKTYpHOH MHKeHEPUH U ycToiuneoro ynpasnenus (IIESM), Yrusepcurer Teknonorun MAPA
(UiTM), r. Cenarrop, MAJIAM3US

Annoranus: ['my6maHOe 00ydenue (DL), ocHOBHas 9acTh MCKYCCTBCHHOTO HHTeIUIeKTa (Al), paccMaTpuBaeTcs
KaK TEXHOJIOTHs TpaHC(opManuu B PasIMUHBIX 00JACTSAX HAYKH, TAKMX KaK CTPOUTEIHHOE IPOCKTHPOBAHHE.
JlaHHBIN KpUTHUECKHUI 0030p pacKpbIBacT MOTEHINAIBHbIN BKIaJ ITTyOMHHOTO O0Y4EHHS B PELICHUE CIIOMKHBIX
mpoOieM, CTOSIUX Iepel CTPOMTENBHBIM MPOEKTUPOBAHMEM, TAaKMX KaK ONTHMHU3alUs KOHCTPYKINH,
MIPOTHO3UPOBAHNE M MOHUTOPHUHI ITOBEJECHUS MAaTEPHANIOB, a TAK)Ke MOHUTOPHUHI COCTOSIHHSI KOHCTPYKIMU B
peXuMe peanbHOTO BpeMeHH. biaromapst pa3paboTaHHBIM apXUTEKTypaM HEHpPOHHBIX CeTel, TakuM Kak
reHepatuBHble anBepcuBHble ceT (GAN), pexyppeHTHble HelpoHHble ceTd (RNN) u KOHBOIOIMOHHBIE
Heliponuble cetn  (CNN), UWHKXEHEepbl MOTYT HaxOAWTh pEIICHUS] Ha OCHOBE TPaJUIHOHHOIO
JIETEPMUHUPOBAHHOT'O M3BJICUCHUs JaHHBIX. OJTHAKO MPH 3TOM IIHMPOKO PACIIpOCTPAHEHBI TAaKUE MTPOOIEMBI, KaK
BBIYHMCIINTENbHbIE TPEOOBAHMS, WHTEPIPETHPYEMOCTh MOJeNiell M HexBaTKa JaHHBIX. B gaHHOM 0030pe
OCBEIIAIOTCS TOCIEIHIE TOCTIDKEHHS, MPAKTHYECKUE MPUMEHEHHUS M OTPaHUUYCHUS TITyOMHHOrO OOYy4eHHs B
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CTPOUTEIHHOM IPOCKTUPOBAHHUM, NPEIIAraloTCsl IyTH OyAyNIMX WCCIECAOBAaHWI JUIS TIOBBIMICHUS €T0
3¢ PEKTUBHOCTN M UHTETPAIMH B peabHBIC IPAKTUYECKHE 3a/1a4H.

KuroueBsie ciioBa: ['iyOuHHOE 00ydeHue, MalImHHOE 00y4YeHNe, HEHPOHHBIE CETH,
MPOEKTUPOBAHHUE KOHCTPYKIMIT, MOHUTOPHHT COCTOSIHUS KOHCTPYKIMi{, ONTUMU3AUs KOHCTPYKIIUH

1. INTRODUCTION

Structural engineering has long relied on tried-
and-error methods such as finite element analysis
[1, 2], deterministic models [3], and material
science [4] to design safe and reliable structures
[5].  Yet, with increasingly  complex
infrastructures and unpredictable environmental
factors, the limits of these traditional techniques
are being tested [6]. Therefore, deep learning, a
cutting-edge technology rooted in artificial
intelligence (Al), offer a new paradigm for
problem-solving in structural engineering [7].
However, employing deep learning in this field is
still in its nascent stages, yet its potential to
revolutionize the industry is significant [8]. From
optimizing the structural design to predicting the
behavior of materials under stress, deep learning
provides a data-driven approach to challenges
that have historically been difficult to model
using traditional engineering tools.

This review will explore the current applications
for deep learning regarding structural
engineering, discuss the advantages and
limitations of integrating Al technologies, and
suggest pathways for future research.

2. OVERVIEW OF DEEP LEARNING

Being a branch of Machine Learning, Deep
Learning employs neural networks to execute
various assignment like regression, classification,
and learning [9]. It is known by this term because
it has many layers of neurons similar to those in
the human brain. Thus, it can also be called
'Artificial Neural Networks' [See Figure 1]. Its
foundation is rooted in 1943 when McCulloch and
Pitts published a paper that introduced the neural
network first mathematical model [10].

A method called threshold logic (a combination of
algorithms and mathematics) was used to simulate

the human brain thought process. Later in 1957, a
simple version of deep learning called Perceptron
was suggested by Frank Rosenblatt which can
learn from experience and adjust its weights to
make precise predictions [11]. The breakthrough
came in 1986 when backpropagation was
introduced by Geoffrey Hinton [12]. This
algorithm efficiently computes the network’s
weights gradients. Thus facilitating multi-layer
neural networks training. Another progress was
achieved in 2006 when scientists began applying
deep learning models on the GPUs (graphics
processing units) of computers, which eventually,
led to the application of Convolutional Neural
Networks (CNNs) in image recognition [13]. Till
now, the demand for Deep Learning is still

increasing and still improving with the
introduction of new algorithms [14].
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Figure 1. A compression between diagrams of
biological neuron vs artificial neuron [14]

At its core, deep learning represents a dramatic
departure from traditional machine learning
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techniques. While conventional machine learning
algorithms require structured data and manual
feature selection, deep learning models excel at
finding patterns in large, unstructured datasets like
images, sensor data, or time-series signals from
infrastructure monitoring systems. This makes
them particularly suited for applications in
structural engineering, where the real world rarely
conforms to neat, clean data inputs.
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Figure 2. Different types of neural networks [15]

For instance, convolutional neural networks
(CNNs) can detect minute cracks in bridges,
while recurrent neural networks (RNNs) can
forecast the behavior of buildings during
seismic  events. =~ Moreover,  generative
adversarial networks (GANs) were utilized for
generative  design, automatically creating
thousands of structural layouts that meet
specific  performance criteria. Figure 2
illustrates different types of neural networks
used in structural engineering.

3. DEEP LEARNING APPLICATIONS IN
STRUCTURAL ENGINEERING

3.1 Structural Health Monitoring

SHM has traditionally been a reactive process.
However, deep learning is transforming it into a
proactive discipline, using CNNs to process
high-resolution images of structures to identify
signs of damage such as cracks or corrosion. For
instance, in Sydney Harbour Bridge, where
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CNNs were employed to analyze real-time
sensor data, predicting damage before it occurs.
These models can now offer early maintenance
solutions, reducing downtime and enhancing
infrastructure reliability [16, 17]. Dorafshan,
Thomas [18] have conducted an image-based
concrete crack detection by developing a Deep
Convolutional Neural Network (DCCN). It was
shown that it can predict and detect cracks
better than the traditional edge detection
methods (Gaussian, Butterworth Sobel, Prewitt,
Roberts, and Laplacian of Gaussian).

Gao and Mosalam [19] have developed a Visual
Geometry Group (VGG) based architecture to
detect the damage in structural components [See
Figure 3]. Furthermore, transfer learning was
applied to obtain a robust recognition performance
with a small training dataset, and collecting
images for the training process was done by
building an image dataset which is called
Structural ImageNet. The acquired data have
established the potential of using transfer learning
in image-based structural damage recognition.
Deng, Ju [20] have conducted an abnormal data
recovery framework of an ancient palace wall by
applying a gated recurrent unit (GRU). It was
established that the selected method is adequate of
obtaining accurate results of data recovery for
ancient buildings.

3.2 Load Prediction and Structural Behavior
Modeling

Several studies were conducted to determine the
best Al techniques for forecasting loads. RNNs
and long short-term memory (LSTM) models
were found to be greatly adopted for load
prediction, especially under dynamic conditions
such as earthquakes. By analyzing historical data,
these models can predict structural responses with
high accuracy. This predictive power is crucial in
regions prone to seismic activity, where deep
learning has demonstrated an ability to improve
the safety and resilience of buildings. Zhang,
Chen [21] have employed a Deep LSTM to
predict nonlinear seismic performance. Two
different schemes (different input/output formats)
were developed and it was shown that the
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proposed network provides a reliable and efficient
solution for nonlinear structural response
prediction. Another research has demonstrated the
accuracy of the LSTM algorithm in predicting the
thermal loading of a building [22, 23].

Other studies have determined the efficiency of
CNN in predicting the strength of concrete [24].
For instance, Deng, He [25] have suggested
developing a CNN using a SoftMax regression
model to predict the recycled concrete compressive
strength before construction. The software has been
trained using characteristics such as the water-
cement ratio, the replacement ratio recycled fine
aggregate, coarse aggregate, the fly ash and their
mixtures. The suggested model has demonstrated
efficient results and precision. Other researchers
have determined that employing CNNs provides
accurate and reliable results regarding the dynamic
structural performance of reinforced concrete
(R.C.) slabs under blast loads [25, 26].

3.2 Load Prediction and Structural Behavior
Modeling

Several studies were conducted to determine the
best Al techniques for forecasting loads. RNNs and
long short-term memory (LSTM) models were
found to be greatly adopted for load prediction,
especially under dynamic conditions such as
earthquakes. By analyzing historical data, these
models can predict structural responses with high
accuracy. This predictive power is crucial in
regions prone to seismic activity, where deep
learning has demonstrated an ability to improve the
safety and resilience of buildings. Zhang, Chen
[21] have employed a Deep LSTM to predict
nonlinear seismic performance. Two different
schemes (different input/output formats) were
developed and it was shown that the proposed
network provides a reliable and efficient solution
for nonlinear structural response prediction.
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Another research has demonstrated the accuracy
of the LSTM algorithm in predicting the thermal
loading of a building [22, 23].

Other studies have determined the efficiency of
CNN in predicting the strength of concrete [24].
For instance, Deng, He [25] have suggested
developing a CNN using a SoftMax regression
model to predict the recycled concrete
compressive strength before construction. The
software has been trained using characteristics
such as the water-cement ratio, the replacement
ratio recycled fine aggregate, coarse aggregate, the
fly ash and their mixtures. The suggested model
has demonstrated efficient results and precision.
Other researchers have determined that employing
CNNs provides accurate and reliable results
regarding the dynamic structural performance of
R.C. slabs under blast loads [25, 26].

3.3 Optimization of Structural Design

Optimization in design isn't just about making
structures stronger; it's about making them
smarter. Deep learning algorithms such as
GANs enable engineers to generate and test
thousands of design configurations in seconds,
optimizing for parameters like material
properties, load capacities, and cost constraints
[29, 30]. A study conducted in 2018 by Vafa
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employed ANN to develop the optimum steel
deck cross-sections for the Profiled Steel
Sheeting Dry Board (PSSDB) floor panels [see
Figure 4] [27]. Non-dominated Sorting Genetic
Algorithm II (A multi-objective  genetic
algorithm) was employed for this research. It
was shown the efficacy of ANNs in improving
structural design [27].

Another study conducted by Ferreiro-Cabello,
Fraile-Garcia [31] have employed deep learning
techniques to develop metamodels with the aim
to facilitate the optimization of one-way slabs.
Five DNNs were developed which were capable
of predicting CO2 emissions, embodied energy,
cost and deflection. The suggested method
showed reliable results with only 0.5% error.
Abueidda, Koric [28] have applied CNN to
predict the optimized materials design subjected
to small/large deformations (with/without stress
constraints) Figure 5. The developed models
demonstrate an accurate prediction of the
optimized designs, and they can be employed in
other design domains and nonlinear mechanics
scenarios. Mai, Lieu [32] have applied a deep
novel unsupervised learning (DUL)-based
framework to optimize a truss structures design
subjected to various constraints, and it was
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shown that a computational cost in most
problems can be saved using such algorithms.

4. CHALLENGES AND LIMITATIONS

Despite its potential, Deep Learning faces
various challenges that can be summarized in
the following:

4.1 Data Availability and Quality
High-quality and large datasets are essential for
deep learning. Nevertheless, data scarcity is a
major challenge in structural engineering,
especially when it comes to rare events like
structural failures [33]. Techniques like transfer
learning, where models are adapted from similar
domains, offer a potential solution [34].

4.2 Model Interpretability

One of the issues that discourage adapting deep
learning in engineering applications is its "black
box" nature [35]. Engineers must trust these
models for safety-critical decisions, yet their
inner workings are often opaque, making
regulatory approval difficult.

4.3 Generalization and Scalability

Generalization to new environments and
scalability to larger, more complex structures
remain significant hurdles. Models trained on
one type of structure may not perform as well
on another, raising concerns about their
robustness in real-world applications.

4.4 Underfitting & Overfitting

Both Overfitting & underfitting can pose an
obstacle to deep learning. The former occurs
when the models cannot capture the underlying
patterns due to their simplicity, while the latter
occurs when training the model demands a large
amount of time and contains noisy data because
of its complexity [36]. Therefore, it is important
to provide an optimal solution by employing
balanced-complex models to avoid either case
Figure 6.

4.5 Ethical & Bias Issues

Biases can occur during the learning algorithm
of the model to prioritize solutions with certain
characteristics over others. Such an issue is
considered unethical since it can cause unfair
results. Thus, addressing such issues is essential
to achieve fairness.

4.6 Hardware Limitations

High-performance CPUs are essential for
training models. However, having access to
such hardware is hard for many researchers.

5. FUTURE RESEARCH DIRECTIONS

5.1 Hybrid Models

Hybrid models that combine deep learning with
traditional physics-based simulations hold
significant promise for enhancing both accuracy
and interpretability [37].

5.2 Transfer Learning

Transfer learning offers a way forward in
addressing the issue of limited data availability,
allowing models trained on one task to be
adapted for another.

5.3 Real-Time Applications in Smart Cities
As cities become more connected, deep learning
will significantly contribute in the real-time
monitoring and management of infrastructure
[38]. For instance, these models can optimize
traffic flow or monitor structural health in real
time. Consequently, decreasing the risk of
catastrophic failures by capacitate predictive
maintenance.

6. CONCLUSION

Deep learning is poised to transform structural
engineering by improving prediction accuracy,
optimizing designs, and enabling real-time
monitoring.  Although  challenges remain
particularly in data quality and model
interpretability, the benefits of Al are too
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significant to ignore. As deep learning continues
to advance, it will become even more integrated
into the field, leading to smarter, safer, and
more resilient infrastructure.
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CREEP EFFECT ON BEHAVIOR OF ECCENTRICALLY
LOADED REINFORCED CONCRETE COLUMNS MADE OF
HIGH-STRENGTH CONCRETE

Dmitry A. Strakhov, Aleksey O. Baranov
Peter the Great St. Petersburg Polytechnic University, St. Petersburg, RUSSIA

Abstract: The focus of the research is on eccentrically loaded reinforced concrete elements made of high-
strength concrete with mineral additives such as fly ash and silica fume. The behavior of eccentrically loaded
reinforced concrete elements was studied on a reinforced concrete column. At the age of 90 days the reinforced
concrete column was subjected to a compressive force of 66 kN with an eccentricity of 12.5 cm. The loading
duration was 245 days. During the tests, the average strains caused by eccentric loading, shrinkage, and creep
concrete on the column were measured. In addition, the deflections and crack opening widths were measured.
Experimental data were compared to theoretical data obtained using a stepwise version of the elastic solutions
method (the stepwise method). In this method, the continuous change of stresses and strains of reinforced
concrete elements under loading is replaced with a stepwise change. The considered loading time is divided into
specific intervals (steps). Due to the creep of concrete, the conditions for compatibility of deformations are
violated at the end of each step. The restoration of the conditions is carried out due to elastic deformations while
simultaneously satisfying the conditions of static equivalence. The results of the comparison demonstrate that the
stepwise meth-od adequately describes the changes of strains and deflections of eccentrically loaded reinforced
concrete columns made from high-strength concrete over time. For the first time, the stepwise method was used
to calculate the crack opening width. The calculation results are in good agreement with the experiments and
show a significantly smaller increase in crack opening over time compared to that calculated according to
Russian Building Codes.

Keywords: high-strength concrete, fly ash, silica fume, reinforced concrete, creep, eccentric loading, deflection,
strain

HAITPA KEHHO-AE®@OPMUPOBAHHOE COCTOAHUE
BHEHEHTPEHHO C/KATBIX 2JIEMEHTOB U3
BBICOKOIIPOYHOI'O BETOHA IIPU JVIMTEJIBHOM
HAI'PY/KEHUH

M.A. Cmpaxoe, A.O. bapanoe

Cankr-IlerepOyprekuii monurexHnuecknit yausepcuret Ilerpa Bemmxkoro, r. Cankrt-Ilerepoypr, POCCUSA

AnHotanusi: OOBEKTOM HCCIEIOBAaHMS B JAHHOH paboTe SBISIOTCS KeJIe300€TOHHBIC BHEICHTPEHHO CXKAThIE
3JIEMEHTBl 13 BBICOKONPOYHOrO OETOHa C HCMOJIB30BAaHHMEM MHHEpalbHBIX J100aBOK (3071a yHOCa,
MHUKpOKpeMHe3eM). VccnenoBaHue —HampsKeHO-Ie(OPMUPOBAHHOTO COCTOSHUS ~BHELEHTPEHHO — CXKATBIX
AIIEMEHTOB BBIMIOJHIOCH Ha TMpHMepe Jkene300eToHHOH KonmoHHBL KomonHa B Bo3pacte Oerona 90 cytox
MoJIBeprajach JJIUTEILHOMY HAarpy>KeHHIO B MpPY)KUHHOH yCTaHOBKE C)KMMaromedl cuiioi, paBHoil 66 kH, c
skcueHTpucuretom 12.5 oM. [IpomomkuTensHOCTh HarpykeHus coctaBuia 245 cyTok. B mepuon
BBIJICPIKUBAHUS T10J] HArpy3KOH HW3MEpsuTiCh CpeaHHe aeopMalMi B CKaTOM 30HE, cpeinue nedopmanuu
CKaTOM M pacTsAHYTOH apMaTyp, nepeMelieHns: (IIporudbl) U MMUpPUHA PacKpbITHs TpelluH. ONBITHBIE JaHHbBIC
COTOCTABJISUTUCh C TEOPETHUECKUMH, MOJYyUYCHHBIMU B COOTBETCTBHM C LIATOBBIM BapUaHTOM METOJA yNPYTHX
pemieHuit (Meroj cTymeHek). B 3ToM MeTome HeENpephlBHOE W3MEHEHHME HANpsHKEHHH W nedopManuii B
JKeJIe300€TOHHBIX 3JIEMEHTaX I10Jl HAarpy3KoW 3aMeHseTcsl Ha CTyNeHYaToe HM3MEHeHHe. Bech wmcciiemyemblit
Mepro BPEMEHHM pa3OMBaeTCs Ha OTJENbHbIC WHTEpBaibl (mard). B KOHIE KakAoro WHTEpBala yCIOBHS
COBMECTHOCTH jaedopmammii HapyIIaloTCs W3-3a TONI3ydecTH OeToHa. BoccraHOBIeHHWE — yCIOBHI
OCYIIECTBIISICTCSA 33 CYET YNPYrux naedopMamuii IMpH BbINOJHEHHHM YCIOBHH CTAaTHYECKOTO pPaBHOBECHS.
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PesynbTaThl cpaBHEHHMS TOKa3alH, YTO PACCMOTPEHHBIH METOJ| yJIOBJIECTBOPHTEILHO ONKCHIBAET M3MEHEHUS
nedopmanuii ¥ TPOrnOOB BHEIIEHTPEHHO CXKATBIX KOJOHH M3 BBICOKOIPOYHOIO OETOHA MpPU UTUTEIEHOM
HarpykeHnu. Kpome TOro, BIEpBbIe IIAaroBbI BapHaHT METOAA YNPYTUX pEHICHUH HCIIOIb30BANCA s

BBIYMCIICHUS IIMPUHBI PACKPBITHS TPEILUH.

KroueBble c10Ba: BHICOKONPOUHBIH OETOH, 3071a YHOCA, MUKPOKPEMHE3eM, KeIe300eTOH, TT0I3y4eCTh,
BHELICHTPEHHO CXKAThIC 3JIEMEHTBI, TPOTUOBbIL, e opMalun

INTRODUCTION

The creep of high-strength concrete is of
particular importance in the design of reinforced
concrete structures of high-rise buildings [1,2].
The use of high-strength concrete allows for the
creation of structural elements with smaller
cross-sectional areas. This has a positive
economic impact as it reduces the amount of
material required to construct a structure and
increases the usable space within the building.
However, this leads to a reduction in their
rigidity and an increase in the deflection. This
trend is particularly noticeable during prolonged
loading, when creep deformation occurs, which
has not yet been fully studied for high-strength
concrete.

It is known that the addition of mineral
additives to concrete, such as fly ash [3-5],
silica fume [6-8], ground granulated blast
furnace slag [9,10], metakaolin [11,12], can
reduce creep. However, a different outcome was
achieved in the studies [7,13,14].

The article [7] reported that replacing 10% of
the cement with silica fume (SF) increased the
creep of concrete during the early stages of
loading (0 to 60 days) compared to a control
mixture (without silica fume). However, after
60 days of loading, the rate of creep
deformation decreased, and after 360 days, the
creep deformation of concrete with 10% SF was
approximately 85% that of concrete without
added SF.

In [14], creep deformation after 150 days of
observation was 16%, 33%, and 55% higher for
concrete mixes containing 20%, 40%, and 60%
ground granulated blast furnace slag (GGBEFES)
respectively, compared to the control mix
without slag. In the study [13], the deflections
of reinforced concrete beams in the middle part
of the span caused by concrete creep were 30%,
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70%, and 100% higher for concrete mixes
containing 20%, 40%, and 60% GGBFS,
respectively, compared to beams made from
control concrete mixes, after 150 days of
observation. The values of the long-term load
during the tests were 25% of the load values at
the time of crack formation.

Steel and basalt fibers can reduce creep strains
in concrete, both under compressive and tensile
loads [15-17]. Reinforcing fibers with a low
modulus of elasticity, such as polypropylene
fibers or polyvinyl alcohol fibers, can increase
creep in concrete [18,19].

The use of aggregates made from recycled
materials [20-22] and industrial waste [23,24]
as a substitute for natural aggregates increases
the creep of concrete.

In work [25], short reinforced concrete columns
were loaded with a long axial load. The creep
coefficient of reinforced concrete columns
decreased as the compressive strength of
concrete and the reinforcement ratio increased.
An expression is proposed to account for the
effect of longitudinal reinforcement on the creep
of concrete in reinforced concrete columns. In
articles [26,27], it is noted that longitudinal
reinforcement has a retarding effect on the creep
of concrete.

In the study [28], reinforced concrete cantilever
columns were subjected to long-term loading
with a force applied at an eccentricity. Axial
shortening and deflection increase over time due
to creep and shrinkage of concrete. However,
this increase decreased rapidly as time
increased. Axial shortening and deflection of
eccentrically loaded cantilever columns in
experiments agreed well with the predictions
based on existing models for concrete creep and
shrinkage, as proposed in ACI 209R-92 [29].

In the article [30], the experimental values of
the specific creep of high-strength concrete
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were compared with the calculated values
obtained using different theoretical models. The
CEB-FIP [31], GL2000 [32], B4 [33], and ACI
209 [29] models significantly overestimate the
specific creep strains compared to the
experimental  values. The B4  model
satisfactorily predicts the creep of high-strength
concrete. The articles [34,35] note that existing
models for predicting creep in conventional
concrete cannot be applied to high-strength
concrete.

The analytical model presented in the article
[36] takes into account the effects of creep,
geometric nonlinearity, cracking, shrinkage, and
aging in concrete. Numerical research has
shown that creep in reinforced concrete columns
leads to an increase in internal forces and
deflections over time. The article [37] presents a
new approach to calculating the behavior of
reinforced concrete shells. The method is based
on replacing the actual shell with an equivalent
elastic shell.

In [38], reinforced concrete beams made from
high-strength concrete were tested for pure
bending. The experimental values of the
destructive load were slightly higher than
predicted by the calculations. Studies [39,40]
contain the results of experimental studies of
high-strength fiber reinforced concrete beams
with round cross-sections under combined
bending and torsion. Article [41] proposes
expressions that make it possible to consider
force and temperature effects jointly in
calculations of reinforced concrete bending
elements.

The article [42] compares the experimental data
on strains and deflections of a reinforced
concrete beam made of ordinary concrete under
prolonged loading with calculated data obtained
using the stepwise elastic solution method (the
stepwise method). The results of the comparison
showed good agreement.

The creep of high-strength concrete has not yet
been fully studied. Additionally, the behavior of
different types of reinforced concrete structures
made from high-strength concrete under
prolonged loads has not been adequately
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studied. The above-mentioned stepwise method
can quite accurately describe the behavior of
most types of rods reinforced concrete
structures made of ordinary concrete. However,
no studies have compared the calculated values
with experimental data of reinforced concrete
elements made from high-strength concrete
under prolonged loading. Therefore, this study
aimed to investigate the behavior of
eccentrically loaded reinforced concrete
elements made of high-strength concrete under
prolonged loading and to compare experimental
data with theoretical data obtained using a
stepwise version of the elastic solutions method.

METHODS AND MATERIALS

Experimental research

The study of the behavior of eccentrically
loaded compressed elements was conducted on
a reinforced concrete column made from high-
strength concrete with a cross-section of 15 x 10
cm and a height of 120 cm.

The following materials, with their respective
characteristics, were used to create high-
strength concrete: Portland cement CEM 1 42.5
N from JSC "CEMROS" from the
Peterburgcement plant in St. Petersburg, Russia;
natural sand with a SiO: content of at least
81.4% and a fineness modulus of 2.3 produced
by the "REMIKS" company in St. Petersburg,
Russia; granite crushed stone (fractions from 5-
10 mm and 10-20 mm), JSC "Semiozerskoe

kar'eroupravlenie", quarry "Perovskij",
Leningrad region, Russia; tap water; modifier
for concrete "MBI10-30S A I-2", LC

"Predprijatie Master Beton", Moscow, Russia.
The modifier "MB10-30S A [-2" [43] was
added to the concrete mix in an amount of
20% of the cement weight. The modifier
contains the indicated ingredients in the
following quantities (in % of total weight):
silica fume 63%, fly ash 27%, and
superplasticizer based on naphthalene-
formaldehyde polycondensation 10%.
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Table 1. Chemical composition of modifier "MB10-
308 A I-2" and Portland cement CEM 1 42.5N

Chen{li'cal Materials
composition by
weight, % Modifier Cement
SiO» 70.8 21.2
ALO3 12.2 4.6
Fe203 2.1 4.2
CaO 0.7 62.9
MgO 0.6 1.7
S03 0.5 2.8
K20 0.6 0.6
Na20 0.4 0.3

Table 2. Mix proportions of concrete (kg/m3)

Ingredient Proportions

Cement 490
Sand 790
Crushed stone 850
Water 170
Modifier 100

W/C 0.35
Density of compacted fresh 2367
concrete, kg/m?

The modifier is a gray powdered material with a
bulk density of 776 kg/m?3. Table 1 shows the
chemical composition of the modifier "MB10-
30S A I-2" and Portland cement CEM 1 42.5N.
Table 2 provides basic information on the
composition of high strength concrete.

The concrete mixture was poured into the
moulds in a horizontal position. After that, it
was compacted by tamping and vibration on a
laboratory vibration table, model C279,
manufactured by "Matest" in Italy (Ommoxa!
HNctounnk ccblikn  He  HaiigeH.). The
specimens were kept in moulds for 24 hours at
room temperature 20 + 5°C. Afterward, they
were demoulded and placed in a standard curing
room with a controlled temperature of 20 + 2°C
and relative humidity of more than 95%. After
27 days, the specimens were removed from the
standard curing room and stored in laboratory
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conditions at a temperature of 20 = 2 ° C and an
air humidity of 60 £ 5% until testing.

% -
I y
- A

Figure 1. Production of concrete mix

The concrete mixture was prepared in a
forced concrete mixer, model C162,
manufactured by "Matest" in Italy (Fig. 1).
The workability of the concrete mixture was
determined using a concrete slump test in
accordance with the Russian State Standard
GOST 10181-2014 [44]. The slump of fresh
concrete cone was 18 cm.

Figure 2. Compacting fresh concrete with
tamper and vibration on laboratory vibrating
table
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Table 3. Mechanical properties of high-strength
concrete at age 28 and 90 days

Mechanical Age of concrete
properties 28 days | 90 days
Compres;/i{x}/)e;1 strength, 90.4 93.6
| Sﬁigg;i}ﬁ?f | 326 | 3.90
e | w2 | s
elﬁ(t)i((i:lil‘clis(glga 36.5 38.3

Table 3 shows the mechanical properties of high-
strength concrete at 28 and 90 days, as determined
according to the Russian State Standards GOST
10180-2012 [45] and GOST 24452-80 [46]. The
compressive strength and splitting tensile strength
of concrete were determined on cubes with a side
length of 10 cm. The values of strength obtained
in tests were multiplied by coefficients of 0.95 and
0.88 respectively to calculate the compressive and
splitting tensile strengths of concrete for cubes
with a basic dimension of 15 cm in accordance
with the Russian State Standard GOST 10180-
2012 [45]. The prismatic compressive strength
and modulus elasticity of concrete were
determined on prism specimens with dimensions
of 10x10x40 cm.

The characteristics of the mechanical properties
of high-strength concrete were used as initial
data to calculate the behavior of an eccentrically
loaded reinforced concrete column using a
stepwise version of the elastic solutions method.
Laminated plywood with a thickness of 18 mm
was used to create the formwork for the
reinforced concrete column. The formwork was
previously lubricated with engine oil. Fig. 3
shows a general view of the formwork and
reinforcement frame. There were two bars of
tensile reinforcement with a diameter of 12 mm
and two bars of compressed reinforcement
installed with 6 mm in the column. The class of
longitudinal steel reinforcement bars was A400,
with a yield strength of 400 MPa. Steel bars
with a diameter of 6 mm and class A 240 with a
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yield strength of 240 MPa were used as
transverse reinforcement. The reinforcement
bars in the frame were joined by welding.

Figure 3. General view of formwortk,
reinforcement frame

After 24 hours of production, the column was
removed from the formwork. Then it was placed
in laboratory conditions with a temperature of
20 + 5 °C and an air humidity of 60 + 5% until
testing.

Fig. 4 shows a general view of the reinforced
concrete column in the testing setup. The age of
the concrete at the time of testing was 90 days. A
compressive force (P) of 66 kN was applied with
an eccentricity (¢) of 12.5 cm from the
longitudinal axis of the element, as shown in Fig.
5. A hydraulic jack (LLC "Belak-Rus", in Russia)
with a capacity of 50 tons was used to apply a
compressive force to the column. The load on the
column was applied in steps of 15% of the total
load value (66 kN) during testing. At each stage,
the load was maintained for 10 minutes.
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Figure 4. General view of reinforced concrete
column and testing setup

The strains were measured in the middle of the
column using dial indicators with a graduation
of 0.001 mm (produced by "Micron" in the
Czech Republic). The strains of the extreme
fiber in the compression zone and the
compressed reinforcement were measured using
a base length of 15 cm. The strains of tensile
reinforcement were measured using a base
length of 35 cm.

The deflections of the reinforced concrete
column were measured in the middle of the
height using dial indicators with a graduation of
0.01 mm (produced by "Micron" in the Czech
Republic). In addition, dial indicators were
installed at the intended support points (70 mm
from the column ends) to monitor possible
movements of the test setup.

The width of the crack of the reinforced concrete
column was measured using a microscope with
the price of division of 0.02 mm.
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Figure 5. Testing scheme

Numerical method

To compare the experimental results with the
calculated ones, a stepwise version of the
method of elastic solutions was used, which is
based on the following principles:

— the distribution of concrete and
reinforcement strain along the depth of the
element section is assumed according to a linear
law (hypothesis of plain sections);

— the resistance of concrete in the tensile zone
is not taken into account; all tensile force is
taken by the reinforcement;

— the relationship between stresses and
instantaneous strains is linear, i.e., stresses
under instantaneous loading are determined as
for an elastic body;

— increments of creep strain (over a short time
interval) are determined without considering the
change in stress over the same interval.
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Figure 6. Transformation scheme ensuring implementation of condition of compatibility of
deformations (hypothesis of plane sections)

The stepwise version of the method of elastic
solutions (stepwise method) allows one to quite
accurately take into consideration the main
features of the strains of reinforced concrete
elements under long-term load action [42]. The
ability to consider the actual duration of each
load component is a significant advantage of
this method both when analyzing the stress-
strain state and when calculating displacements
(deflections) and crack opening width.
Calculation of the behavior using the stepwise
method is carried out as follows.

1. The continuous change in stress and strain is
replaced by a step change. The entire time period
under study is divided into intervals Af, that are
quite small and not necessarily equal in size.

2. At the beginning of the first interval, stress
and strain are determined by solving the
corresponding elastic problem. The resistance of
tensile concrete is not considered.

Volume 21, Issue 1, 2025

3. Creep strains during the interval are
determined under the assumption of constant
stresses during this interval.

4. Due to creep, the conditions for compatibility
of deformations are violated. They can be
satisfied only through instantaneous strains, for
which it is necessary to apply such a stress state
that would restore the conditions of
compatibility while simultaneously satisfying
the conditions of static equivalence.

Next, the following time interval is considered,
taking into account stress changes during the
previous interval.

For a reinforced element of arbitrary cross-
section with a double reinforcement, the
transformation that ensures the fulfillment of the
condition of compatibility of deformations is
presented in the diagram below (see Fig. 6).
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During the interval Af, creep strain develops.
At each point of the compressed zone at the end
of the interval, the strain is expressed

e(y)=¢&,(»)+A¢g,(y), (1)

where y is the distance from the compressed

edge of the section to the point in question;
£(y) is the total strain at a point with a

the

compatibility of strains is satisfied.

A total strain diagram is formed at the end of
the interval, indicated by the number 1 (Fig. 6),
which does not satisfy the condition of
compatibility of deformations. The purpose of
the transformation is to find a strain diagram
(indicated by number 2 in Fig. 6) that would
satisfy the compatibility condition (the
hypothesis of plane sections), as well as the
equilibrium conditions.

When implementing the stepwise method, the

coordinate )  until condition of

following notations are adopted: X, is the
height of the compressed zone at the beginning
of the interval Arz; X, is the depth of the
compressed zone at the end of the interval after
the transformation has been carried out; &; is

the shortening deformation in the upper fiber of
the section at the beginning of the interval (at
the beginning of the first interval it is elastic
strain, while at the beginning of subsequent
intervals it contains both elastic and creep

strain); A&‘n is the increment of creep strain in
the top fiber of the section during the interval
At ; & is the shortening deformation in the

upper fiber of the section at the end of the
interval Arz after the transformation has been

carried out; & ,and 8;0 are the strains of
tensile and compressed reinforcement at the
beginning of the interval Az; A, and A&,

is the increment in strains of tensile and
compressed reinforcement during the interval;

&, and 8;1 are the strains of tensile and
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compressed reinforcement at the end of the
interval after the transformation.
To solve the problem, it is necessary to

determine the following quantities X,,&;,&,

and 6‘;1. The first two can be found from two

static equations, and the last two can be
expressed through and from the condition of
compatibility of deformations. Using the latter,
we get:

_&a(hy—x)
sl X, > (2)
g‘;] — 81()(51——61') (3)

X

The equality to zero of the projections of the
stress increments sum on the horizontal axis
gives

X & (X —
£y A0~

Xo 4
B[ ey~ Eyndpe,+ P

+E,ndAs; =0,

where n =—2=,

b
E,is the initial modulus of elasticity of
concrete (under instantaneous loading);
E_ is the modulus of elasticity of the
reinforcement.
Using the equality to zero of a sum of the static
moments of stress increments relative to the axis
of the tensile reinforcement, we have

E, [ A by -
0 X

1

~E,[ ey = y)b(r)dy +
+E,nAAgl (hy—a')=0.

©)
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The universal form of writing equations (4) and
(5) allows us to have the same forms for
bending, eccentric compression, and eccentric
tension.

Having determined the values of X; and &, the

stresses at any point in the compressed zone at
the end of the interval can be obtained using the
formula

c(y,0)=o(y,1)+
VE,| —e(ry+ 80| ©
X

where o(,t) are the stresses at the beginning
of the interval; ¢(y,?) are total strain at the end

of the interval before transformation.

Stresses in the tensile and compressed
reinforcement in a section with a crack at the
end of the interval are determined using the
formulas:

O-s = Elebl’l; (7)
o, =EyEyn. 8)

With a time-varying external load, within the
framework of this method, the continuous load
change should be replaced by a step change, and
individual ~ steps  should be  applied
"instantaneously” at the boundaries of time
intervals. In this case, the resulting strains must
satisfy the law of linear distribution over the
depth of the section, and the stress state must
satisfy the equilibrium conditions. The
implementation of these conditions leads to the
fact that with an instantaneous increase in load,
the depth of the compressed zone decreases, and
the neutral axis in terms of stress is located
closer to the compressed face of the element
than the neutral axis in terms of total strain.
With an instantaneous decrease in load, the
depth of the compressed zone of the section
increases, and the neutral axes in terms of stress
and total strain coincide.
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The element deflections due to the total strains
(instantaneous and creep strains) at the end of
each time interval can be determined using the
Mohr integral according to the formula

n b/ _
=y j ()M dx, )

J=1 a;

where 7 is the number of integration sections
along the length of the element; ; is the

integration section number; @;(f) is the

average the of the
corresponding section of the element; M j is

curvature of axis

the bending moment in the section with the
index ; from a unit force applied at the point

and in the direction of the determined
displacement.

In accordance with the considered calculation
method, at the end of each time interval, the
total strains of the extreme compressed concrete
fiber and tensile reinforcement ) in the section
with a crack are known. In calculations, cross
sections in the middle of each section along the
length should be considered; the corresponding
curvatures can be calculated using the formula

gbj 4 + gsj l//sj
hy ’

(1) = (10)

where v, and . are the coefficients of

transition from strains in the section with a
crack to average strains in the area between the
cracks.

The coefficient I/, can be taken as equal to 0.9.
The coefficient y/; is calculated using the

formula

Gs,crc(j)
wy=1-0.8—22d)
Os())

(1)
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where O'S’Crc(j

tensile reinforcement in the section with a crack
immediately after the formation of normal
cracks for the section with index .

) is the stress in the longitudinal

The stress O cre( j) Can be determined by using

a first approximation under instantaneous
loading (without taking creep into account), and
the values in accordance with the considered
step method are known at the end of each time
interval.

The crack opening a,. in the calculations

below was determined in accordance with the
methodology adopted in the current
standards, with the exception of the strains of
the tensile reinforcement and the area of the
tensile zone of concrete, which are known
directly from the calculation using the step

Dmitry A. Strakhov, Aleksey O. Baranov

prolonged action of the load, since its actual
duration was taken into consideration in the
calculations.

RESULTS AND DISCUSSION

Fig. 7 shows the experimental data of the
average concrete strains in the compressed zone
and the average strains of tensile and
compressive reinforcement in a reinforced
concrete column. By average, we mean strains
averaged over the length of the indicator base,
including strains in cross sections with cracks.
In addition, the strains obtained in the
experiment are complete, i.e., elastic strains and
strains caused by creep and shrinkage of
concrete.

method, and the duration coefficient for
3
160 _xll:}
140 £ _Zl
. 120 £ —_ m
g C
= C
& o
z . .
=&
j=H
: \
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- 2 2
40 |
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Deformations in the crack section
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Figure 7. Comparison of experimental average strains and calculated strains in section with crack
(using the stepwise method) for reinforced concrete column made of high-strength concrete
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Deflection.cm
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Time since loading, (days)
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4 — 0+ - Experience

Figure 8. Comparison of experimental and calculated values of deflections in middle part of height
of reinforced concrete column made of high strength concrete

It should be noted that Fig. 7 shows experimental
strain values of compressed and tensile
reinforcement according to direct readings of dial
indicators installed on the side faces of the column
(see Fig. 4). The readings of indicators installed
on the end surface to determine the average strains
of concrete in the compressed zone (the outermost
fiber of the section) should be considered as
overestimated by approximately 25% due to the
indicator being located 30 mm from the outermost
compressed fiber. Therefore, Fig. 7 (number 1)
shows the results extrapolated from the
experimental strain values of tensile and
compressed reinforcement based on the law of
plane sections.

For comparison, Fig. 7 shows the calculation
results obtained using the stepwise method de-
scribed above. The experimental  strain
characteristics and analytical dependencies
approximating them, given in [47], were taken as
the initial data for the calculation. As can be seen
from examining the curves in the figure, there is
satisfactory agreement between the results. The
calculated values are slightly higher than the
experimental ones, which can be partly explained

Volume 21, Issue 1, 2025

by the fact that the averaged strains are recorded in
the experiment, while in the calculations, the strains
were obtained in the cross-section with a crack. It is
also impossible to exclude some in-fluence of room
temperature changes on the creep of concrete. The
relatively low increase in strains over time is due to
the low level of compressive stresses in concrete
and, accordingly, the linear nature of creep.

Fig. 8 shows experimental data on changes in
column deflections over time, measured in the
middle part of its height. As previously noted
for concrete and reinforcement average strains,
the measured deflections are total, i.e., include
both deflections from an external load with a
conditionally instantaneous application and
deflections caused by strains of shrinkage and
creep of concrete.

In fig. 8, the experimental values of deflections
are compared with the calculated ones, obtained
using expressions (9) and (10) considering (11).
It should be noted that, despite the fact that the
calculations do not take into account concrete
shrinkage strains, the results are quite
satisfactory. Although these strains are small
(when the concrete is 90 days old at the time of
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loading), they could nevertheless affect the
magnitude of the deflections.

The crack opening width in the tensile concrete
zone, measured in the middle part of the column
height, was 0.05 mm when the column was
loaded with a full compressive force (66 kN)
and a loading duration of approximately 1 hour.
The moment of crack formation corresponded to
the moment during the period of loading with a
compressive force of up to 40 kN (the previous
load level was 30 kN). During the observation
period, the crack opening width increased
slightly, and after 245 days of being under load,
the crack width was approximately 0.06 mm.
Table 4 shows the values of the crack opening
width g, and coefficient y  depending on the

duration of the load obtained by calculation. As
can be seen, over a period of 245 days, the
coefficient y_ values changed very little, and the

crack opening width increased by approximately
12% and, at the same time, practically stabilized.
In addition, calculated values of the crack opening
width itself agree quite well with experimental
data, considering measurement inaccuracies and
the approximate nature of the calculation
formulas. Russian  Building Codes SP
63.13330.2018 [48] assumes an increase in
opening under prolonged load action by 40%
compared to short-term action. This difference is
not surprising since the standards are focused on a
certain margin of crack resistance and cannot
consider the specifics of each structure.

Table 4. Values of crack opening width a,,, and
coefficient y_

Time since | Coefficient | 4
loading, cre> | g£.x10°
(days) lr//s mm

0 0.8748 0.0451 97.10

1 0.8758 0.0455 97.86

7 0.8783 0.0466 99.96
28 0.8813 0.0479 102.42
70 0.8843 0.0493 105.06
100 0.8857 |0.0500 106.36
160 0.8873 0.0508 107.87
245 0.8883 0.0514 108.89
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CONCLUSIONS

This study aimed to investigate the behavior of
eccentrically loaded reinforced concrete elements
made of high strength with mineral additives
concrete under prolonged loading and to compare
experimental data with theoretical data obtained
using a stepwise version of the elastic solutions
method. The behavior of eccentrically loaded
reinforced concrete elements was studied on a
reinforced concrete column. Comparison was
made for stresses and strains in the compressed
zone of concrete, as well as in tensile and
compressed reinforcement. In addition, a
comparison was made of the experimental and
calculated values of the maximum deflections and
crack opening width, which allows us to formulate
the following conclusions.

1. The relatively low increase in strains
over time is due to the low level of compressive
stresses in concrete and, accordingly, the linear
nature of creep. A certain excess of the
calculated values of strains of the compressed
zone of concrete, tensile, and compressed
reinforcement  over  the  corresponding
experimental values was obtained. This excess
is probably explained by the fact that in the
experiments, the averaged strains were recorded
along the length of the section between the
cracks, while in the calculations, strains were
obtained for the cross-section with a crack.

2. A comparison of the experimental values
of deflections with the values obtained by
calculation based on the deformed state in
accordance with (9) - (11) showed quite
satisfactory agreement with the results.

3. For the first time, using a stepwise
version of the method of elastic solutions, the
calculation of the opening width of normal
cracks for elements made of high-strength
concrete with a mineral additive was carried out
according to formulas (2), (3), (6) - (11). The
calculation results are in good agreement with
the experiments and show a significantly
smaller increase in crack opening over time
compared to that calculated according to
Russian Building Codes SP 63.13330.2018.
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INTERNAL FRICTION IN PLATES WITH A TWO-
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Abstract: The analysis of relaxation processes occurring in metals, alloys and composites is an important prob-
lem of modern materials science. This paper presents the results of experiments to determine the measure of in-
ternal friction by impulse excitation technique (IET) in samples with different two-dimensional auxetic struc-
tures, namely, tetrachiral and re-entrant. IET is an advanced method for measuring material characteristics such
as dynamic elastic and shear moduli, dynamic Poisson's ratio and internal friction to study deformation, soften-
ing, relaxation mechanisms and phase transformations in various materials. In the present research, five series of
specimens of each structure have been made from photopolymer resin by sterlitography technology, which differ
from each other in relative density. According to the test results, the dependence of internal friction on the sam-
ple density was determined. From the analysis of the obtained data, it was found that the re-entrant structure has
a higher measure of internal friction, which indicates more pronounced viscoelastic properties, which in turn
means a greater ability of the re-entrant structure to dampen the energy generated by the dynamic excitation. The
values of the internal friction measure for the re-entrant structure at the peak point exceed the similar values for
the tetrachiral structure by a factor of 6.44, in so doing with the increase in the relative density of the structure,
the measure of the internal friction decreases irrespective of the type of the considered structures.

Keywords: Stereolithographic printing, tetrachiral honeycomb structure, re-entrant honeycomb structure,
internal friction, impulse excitation technique

3KCHEPUMEHTAJIbHOE ONIPEJEJTEHUE MEPBI
BHYTPEHHEI'O TPEHUS B IIVIACTUHKAX C IBYMEPHOM
AYKCETUUYECKOM CTPYKTYPOU

M.B. IlTumuxosa '*, U.A. Conoevee *, A.B. J/Ieuenxo *

! HarmoHansHeIii BccnenoBaTenbekuiit MOCKOBCKHI ToCyJapCTBEHHBIN CTPOMTENBHBIA yHUBEPCHUTET, T. Mocksa, POCCHS
2 BopoHEkKCKHi1 TOCYIapCTBEHHBIN TEXHUYECKUH YHUBEPCHTET, T. Boponex, POCCUSI

AHHOTAnus: AHaNM3 PeIaKCAllMOHHBIX SBICHUHN, IPOUCXOASIIUX B METaIaX, CIUIaBaX M KOMIIO3UTAX, SIBJISET-
sl BaYKHOM MpoOIeMOoii COBPEMEHHOTO MaTepralIoBECHNs. B TaHHO# cTaThe MPeACTaBICHBI PE3YIbTaThl SKCIIe-
PUMEHTOB I10 ONPEACICHUIO MEPhl BHYTPEHHETO TPEHHUS 10 TeXHUKE MMITyTscHOTO Bo30yxaenus (IET) B oOpas-
Lax C PasjIMYHOM JBYMEPHOM ayKCETUYECKOW CTPYKTYpOH, @ UMEHHO TE€TPAKUPAIbHON U IOBTOPHO-BXOASLLECH.
IET — 3TO mpoABUHYTHIA METOJl M3MEPEHHs TAKHX XapaKTCPUCTUK MATEpPHAIOB, KaK JWHAMHYCCKHE MOMYIH
YIPYrocTH M CABHra, AMHaMudeckuid kodduuuent Ilyaccona u BHyTpeHHee TpeHUE, IS UCCIIEIOBAHUS MIPO-
1eccoB eopMaliu, pa3yrnpovyHeHNs, MEXaHU3MOB peiakcaly U (pa3oBbIX NMPEBpALICHUH B Pa3IMYHBIX MaTe-
puanax. OOpasipl H3rOTaBIMBAIOTCS MO TEXHOJOTHH CTEPIUTOrpaduu n3 GOTONOIMMEPHOH CMOJIBI. ABTOpaMH
OBUTH HMCIIBITAHBI 110 TIATH CEpUH 00pa3IOB KaXIOH CTPYKTYpBI, KOTOpPBIE OTIMYAIOTCS MEXIY CO00H OTHOCH-
TEIBHOM MIOTHOCTRIO. [1o pe3ylibTaTaM HUCIIBITAHUM OIpeaC/iCHa 3aBUCUMOCTb BHYTPEHHETO TPEHUA OT ITJIOTHO-
ctr obOpasua. 13 aHaimM3a MojgydeHHBIX JaHHBIX YCTaHOBJIEHO, YTO IOBTOPHO-BXOJINAsl CTPYKTypa oOnamaeT
GoJiee BBICOKOW MEpPO BHYTPEHHET0 TPEHHMS YTO TOBOPHUT O OoJiee BBIPAKEHHBIX BA3KOYIIPYTHX CBOHCTBAX, YTO
B CBOIO OY€pEb O3HAYACT O OOJBIIEH CIIOCOOHOCTH MOBTOPHO-BXOSIIEH CTPYKTYPHI TACUTh 3HEPTHIO, BO3HH-
KaIOIIyl0 MPU AMHAMHYECKOM BO3ACHCTBHM. 3HAYEHHS MEPhl BHYTPEHHETO TPEHHUS IS MOBTOPHO-BXOJAIICH
CTPYKTYpbI B TUKOBOI TOYKE MPEBBIIIAECT aHAJIOTUUHBIEC 3HAYCHHUS JUIs TeTPaKUpaIbHOM CTPYKTypHhl B 6.44 pasa.
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HE3aBHCUMO OT BH/Ia PACCMOTPEHHBIX CTPYKTYP.

Kaiouessie cinoBa: Crepeonurorpaduyeckas mevaTh, TeTpaKupaibHas COTOBasi CTPYKTYpa,
MOBTOPHO-BXOJISIIIIAsl COTOBAsI CTPYKTYPa, BHYTPEHHEE TPEHUE, METO]] MMITYJIbCHOTO BO30YKICHUS

1. INTRODUCTION

The analysis of relaxation phenomena occurring
in metals, alloys and composites is an important
problem of modern materials science. The re-
sults obtained as a result of such studies provide
extensive information on the kinetics of crystal
structure defects and allow one to predict the
behaviour of structural elements made of these
materials under various operating conditions.
For the phenomenological description of relaxa-
tion processes in materials subjected to suffi-
ciently weak external excitation, which is not
reduced to plastic deformations, the hereditary
theory of elasticity is usually adopted.

Recent trends are aimed at a wider use of frac-
tional derivatives and other fractional operators
in hereditary models of viscoelasticity, a de-
tailed review of which could be found in [1-4].
In the last two decades, various fractional calcu-
lus models have also been widely used to de-
scribe the rheological properties of various
building materials such as concrete [5, 8, 9, 10],
asphalt [11, 12] and bituminous [13, 14] mix-
tures, asphalt concrete [15, 16], polymer con-
crete [17], rubber concrete [18], fibrocomposites
[18, 19], polymer foams [20] and polyurethanes
[21]. In this case, the order of the fractional de-
rivative, or the so-called fractional parameter, is
an additional microstructural characteristic of
the material describing the level of its viscosity
and microstructural changes [22], and for solid
materials it varies from 0 (corresponding to a
purely elastic material) to 1 (corresponding to a
material described by the traditional viscoelastic
model).

Fractional calculus models are nowadays widely
applied in materials science, rheology and me-
chanics not only because they allow one to de-
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scribe a whole range of dissipative mechanisms
(including creep and relaxation phenomena [3,
4, 11]). with fewer parameters compared to tra-
ditional rheological formulations involving time
derivatives of a whole order [17]. The fractional
parameter variation could also allow one to ac-
count for a wide range of other important prop-
erties occurring over time in materials, such as
ageing effects [19], chloride resistance of con-
crete and others. composites and their cohesion
[9], concrete fracture [5], internal friction [10,
20], the phenomenon of second, or volume, re-
laxation [3, 10], which should be considered
together with the first, or shear, relaxation for
advanced composite materials, and would also
enable modelling the properties of viscoelastic
materials with negative Poisson's ratios [3, 23],
which are called auxetics.

In order to incorporate fractional calculus mod-
els into engineering applications, it is necessary
to define their characteristics [12, 21, 24-26], in
particular the orders of fractional operators, for
real structural materials, and/or structural ele-
ments, and/or engineering structures. The frac-
tional parameter is of great interest not only
from a computational but also from a physical
point of view.

Several methods for fractional parameter esti-
mation have been proposed, and the majority of
them are based on quasi-static experimental
tests such as pre-peak steady bending tests [5],
uniaxial dynamic modulus tests [16]. creep tests
[8, 24], stress relaxation tests [20, 24], and
three-point bending tests of beams [12, 15].
While minimizing the errors between the nu-
merical model and measurements provides the
opportunity to estimate the material model pa-
rameters by analyzing the behaviour of materi-
als to impulsive loading over a long period of
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time [25], dynamic methods take the response to
variable loading into account. According to
[26], dynamic methods could be referred to Dy-
namic Mechanical Analysis (DMA) [14, 19]
based on the measurement of amplitude and lag
in the stress-strain relationship caused by oscil-
lating force, vibration testing [26] and Impulse
Excitation Technique (IET) [27] based on the
measurement of resonant frequencies during
shock excitation, allowing the evaluation of
damping characteristics [28]. Using numerical
modelling of experimental data from external
vibration studies of suspension bridges, which
led to the analysis of the model using the fast
Fourier transform, a fractional parameter identi-
fication procedure was proposed in [29], allow-
ing the authors to obtain damping coefficients
dependent on natural frequencies of vibrations.
There are several ways to measure internal fric-
tion in different materials. Pavlova et al. [4]
measured damping as the logarithmic damping
of oscillations of an inverted torsion pendulum

" (1)

n Ai+n ’

where A; and A, are the amplitudes of the i-th
and (i+n)-th periods of vibrations, respectively.
Recently, devices capable of direct measuring
the internal friction in different materials have
been proposed. Huang et al. [6] used a DTM-II-
J dynamic elastic modulus internal friction ana-
lyzer manufactured by Hunan Zhenhua Analysis
Instrument Co. Ltd., China. The device is based
on the bending resonance method according to
GB/T13665-2007 [7].

The principle of the bending resonance method
is as follows: the frequency is increased until
the strain amplitude reaches half of the reso-
nance value, which corresponds to the frequen-
cy w, and the period T,. When the frequency is
decreased until the strain amplitude reaches half
of the resonance value, this frequency is denot-
ed as w, and the period as T;. In so doing, Aw
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is the difference value of w, — w4, and AT is the
difference value of T, — T;. Then the damping
could be evaluated as

_1Ao] _Joy-o)]

\/ga)r \/ga)r ’

2)

or

Q-l_T |AT| |T2'T1|

—Ar =1, ’ 3
V3LT, \3T,T, )

where w, is the resonant frequency, and T, is
the resonant period [6].

The current study is focused on the experi-
mental detection of the measure of internal fric-
tion of a metamaterial with a two-dimensional
auxetic structure. For this purpose, plates with
two different honeycomb structures would be
considered, namely: tetrachiral and re-entrant.
Auxetics have several advantages over conven-
tional materials, among them, increased energy
dissipation, increased resistance to crack for-
mation and opening, better resistance to indenta-
tion. In this study, the effect of such factors as
the internal dimensions of the honeycomb filler
on the internal friction and fractional parameter
would be investigated for metamaterials using a
resonant frequency and damping analyzer
(RFDA Basic) implementing the impulse excita-
tion technique (IET) [27, 28].

2. MATERIALS AND METHODS

2.1. Materials for experiment

Samples for the study are made by additive
manufacturing using Formlabs Form 3 3D
printer. Formlabs Clear photopolymer resin with
the following characteristics is used for manu-
facturing: tensile strength o, =65 MPa, tensile
modulus E,=2.8 GPa, and flexural modulus
E;=2.2 GPa. This resin is transparent, what

179



Marina V. Shitikova, Ivan A. Soloviev, Artem V. Levchenko

provides good quality control of the manufac- For laboratory experiments, samples of tetrachi-
ral structure (Figures la, 2a) and re-entrant

structure (Figures 1b, 2b) were produced, the
geometrical parameters of which are given in
Table 1. The variable parameter is the relative
density of the cell:

tured samples.

a)

p = As/4, “4)

where As» i1s the amount of material used to
manufacture the structure, and 4 is the amount
of material required to manufacture a full-body
plate of the same dimensions.

Five series of samples for each honeycomb
structure were designed.

The production of specimens includes the fol-

lowing steps:

=
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Figure 2. General view of produced samples: (a) tetrachiral (b) re-entrant
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Table 1. Geometrical parameters of the samples.

Relative density p, % | /, mm ‘ Ly, mm ‘ ds, mm ‘ d, mm ‘ tsw, mm | R, mm | R>, mm | O, °
Tetrachiral structure

14 1.6227 | 2.08 1.3 1.3541 |0.1082 | - - 20
21.1 1.6227 | 2.08 1.3 0.08485 | 0.1697 | - - 20
28.2 1.6227 | 2.08 1.3 0.11775 | 0.2355 | - - 20
353 1.6227 | 2.08 1.3 0.1529 | 0.3058 | - - 20
42.4 1.6227 | 2.08 1.3 0.19085 | 0.3817 | - - 20
Re-entrant structure

14 - 1.97 - - 0.1082 | 0.1 0.5 30
21.1 - 1.97 - - 0.1697 | 0.1 0.5 30
28.2 - 1.97 - - 0.2355 | 0.1 0.5 30
35.3 - 1.97 - - 0.3058 | 0.1 0.5 30
42.4 - 1.97 - - 0.3817 | 0.1 0.5 30

1. Printing the honeycomb structures on a 3D
printer;

2. Cleaning the printed elements in an ultrason-
ic bath using isopropyl alcohol;

3. Pre-curing in an ultraviolet chamber;

4. Bringing the honeycomb structures to the
required dimensions and surface flatness by
grinding;

5. Cleaning of the ground elements from dust;
6. Final curing of the samples in an ultraviolet
chamber.

2.2. Impulse excitation method

In this work, internal friction measurements
were performed using the Impulse Excitation
Technique (IET). The Impulse Excitation Tech-
nique (IET) is an advanced method for measur-
ing material characteristics such as dynamic
elastic and shear moduli, dynamic Poisson's ra-
tio and internal friction to investigate defor-
mation, softening, relaxation mechanisms and
phase transformations in various materials. Ex-
perimental studies can be carried out both at
room and high temperatures.

The method is based on the following. A speci-
men of a strictly defined shape and dimensions
is freely rested on a wire support (Figure 3). The
contact between the wire and the surface of the
specimen must be established at certain points,
so-called nodes. The location of the support

Volume 21, Issue 1, 2025

plays a key role in the measurement of internal
friction. If the support points do not coincide
with the nodes, the internal friction will be sig-
nificantly increased. In such a situation, the
damping is generated not by the material but by
the test machine.

The position of nodes is calculated separately
for each sample shape with specific dimensions.
After a small impact on the sample, it starts to
vibrate. The signal is picked up by a micro-
phone and transmitted to a personal computer,
where the Resonant Frequency and Damping
Analyzer (RFDA) software performs a Fast
Fourier Transform (FFT), in order to calculate
resonant frequencies, dynamic elastic and shear
moduli, dynamic Poisson's ratio, damping fac-
tor, and internal friction.

Flexural Torsion anti-node l

Figure 3. Schemes of bending and torsional
vibrations of rectangular rods

For this experiment, specimens with dimen-
sions / =10 cm, b =5 cm, t = 1 cm were pro-
duced. The RFDA Basic program obtained
nodes at a distance of =22.54 mm from the edge
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of the plate. Then the specimens were mounted
on wire supports located at the distance of
~54.92 mm from each other. After that a metal
ball attached to a flexible rod was used to im-
pact the plates. Figure 4 shows a photo of the
experiment to determine the internal friction of
the plates. Figure 5 shows the window of the
initial data.

Internal friction is characterized by the follow-
ing relationship:

.

T,

)

where £ i1s the damping coefficient (the inverse
of the relaxation time).
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Figure 4. Process of the experiment to deter-
mine the internal friction.
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Figure 5. Input data task screen

3. RESULTS

According to the test results, the data necessary
for calculations according to formula (5) were
obtained, which are given in Tables 2 and 3, and
the graph of internal friction dependence on the
relative density of a honeycomb filler was plot-
ted (Figure 6).
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Table 2. Results of damping tests of tetrachiral

structure

Relative k, ¢! or, Hz 0!
density p, %

14 5.07 38.50 0.0487
21.1 7.18 39.05 0.0528
28.2 5.80 44.19 0.0434
35.3 280.86 | 12178.94 | 0.0073
42.4 251.35 | 11622.32 | 0.0069
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Table 3. Results of damping tests of re-entrant

Structure

Relative k, ¢! or, Hz | O
density p, %

14 15.68 20.31 0.24

21.1 23.05 21.76 0.34

28.2 15.22 22.20 0.22

353 14.90 | 22.13 0.21

42.4 13.18 22.22 0.19

From the analysis of the graphs in Figure 6, it
could be seen that the re-entrant structure has a
higher measure of internal friction, which indi-
cates more pronounced viscoelastic properties,
what, in its turn, means that the re-entrant struc-
ture has a greater ability to dissipate the energy
arising from the dynamic action. It is observed
in both graphs that the highest internal friction
is exhibited by the second set of samples with
the relative density of 21.1%. In the tetrachiral
structure with relative density greater than
35.3%, the measure of internal friction becomes
close to 0, resulting in the decrease of the auxe-
tic properties in structures with this relative den-
sity. However, in the re-entrant structures the
values of 0!, although it goes to decrease after
the relative density value of 28.2%, remain at a
rather high level. The values of the measure of
internal friction for the re-entrant structure at the
peak point exceed the same values for the tetra-
chiral structure by a factor of 6.44.

= 040
: 0,35 =

0,30 /

0,25 p

0,20 o ——
0,15

0,10

0,05

0,00

Tetrachiral —e=k==Re-entry

Internal friction, O

14,0 21,1 28,2 353 42,4

Relative density p, %
Figure 6. Graph of the dependence of internal
friction on the relative density of honeycomb
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4. CONCLUSION

The authors have validated the impulse excita-
tion technique for non-destructive analysis of
viscoelastic properties of metamaterials with
two-dimensional auxetic structures. The follow-
ing conclusions could be formulated:

1. the re-entrant structure has more pronounced
viscoelastic properties compared to the tetrachi-
ral structure;

2. as the relative density of the structure in-
creases, the measure of internal friction decreas-
es independent of the type of the considered
structures;

3. the use of the impulse excitation method ena-
bles preliminary estimation of the damping
properties of the selected honeycomb structures;
4. according to the results obtained it could be
deduced that these plates are not pure elastic,
but are viscoelastic, and it is recommended to
apply the standard linear solid body model with
fractional derivatives to describe the mechanical
behaviour of such honeycomb plates.
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STRENGTH ANALYSIS OF STEAM TURBINE BLADES
FOR A NUCLEAR POWER PLANT

Patrick L. Kiprotich, Mariia V. Volkova, Robert F. Siro
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Abstract: The blade is an aerofoil-shaped component of a steam turbine that has a root attached to the rotor. The
root is the base of the blade that supports the entire structure and transmits the torque generated by the steam
flow to the rotor. The root must be designed in a manner that takes into account its removal during maintenance
and positional maintenance on-the-fly during turbine operation. This essentially ensures a safe working
environment for the operators and other personnel in the nuclear power plant.

Strength analysis of a steam turbine blade is a prerequisite procedure in the steam turbine design process during
which the strength and durability of the blades under various operating conditions are evaluated. Such operating
conditions include elevated temperatures, intense pressure and high rotational speeds. The purpose of this
scientific work is to demonstrate that the blades can withstand such extreme conditions with little or no
degradation over time. The adopted methodology involves modeling of the steam turbine blade using
SolidWorks, and using the Finite Element Analysis (FEA) software to simulate the mechanical behavior of the
associated blade material under various stress and strain conditions. The analysis takes into account factors such
as stress distribution and concentration to predict the response of the blade under high pressure steam jets. The
results of the analysis are adopted in the optimization of blade design and material selection to ensure safe and
efficient blade operation throughout the entire lifespan of the turbine blade. The results are also useful in the
identification of potential areas of weakness or failure that can be addressed through design changes and material
improvements.

Keywords: Strength analysis, steam turbine blade, finite element analysis, SolidWorks, Ansys,
static structural analysis, nuclear power plant

PACYET HPOYHOCTH JIONATOK MMAPOBOM TYPBUHBbI
JIA ATOMHOMU SJIEKTPOCTAHIIUA

ILJI. Kunpomuu, M.B. Boaxoea, P.®. Cupo

HannonansHsliil nccnenoBarensekuit saepusiii yausepeuter «HUSAY MATD MUON», r. O6uunck, POCCUA

AnHoranus: JlomaTka SBISETCS KOMIOHEHTOM TapoBOH TypOMHBI B (OpME adpOAMHAMHYECKOTO TPOdUII,
KOTOpPBI HMMEET KOpPEHb, NPUKPEIUIEHHbIH K poTopy. KopeHb — 3TO OCHOBaHME JIONATKH, KOTOPOE
MTOIICP)KUBACT BCIO KOHCTPYKIHUIO M TepenaeT KPYTSIIUA MOMEHT, CO3JaBacMblil IIOTOKOM I1apa, Ha POTOP.
Kopenp momkeH OBITH CIIPOSKTHPOBAH TaKHUM 00pa3oM, YTOOBI YUUTHIBATH BO3MOXKHOCTH €TI0 JIEMOHTa)ka BO
BpeMsi OOCHY)KHMBaHWs M COXpaHEHHE ero TMOJIOKEeHHs B TIpoiecce paboThl TypOWHBL. DTO, TO CYTH,
obecmieunBaeT 6e€30MacHbIe YCIOBUS TPY/Ia UL OTIEPaToOpOB U APYTOrO MEePCOHAIa Ha aTOMHON 3JIEKTPOCTAHIINH.
AHanu3 TNPOYHOCTH JIOMATKM TapoBOM TypOWHBI SIBISieTCSl 00s3aTeNbHOM Ipoleaypod B Tpolecce
MPOCKTUPOBAHMUS MAPOBOW TYPOUHBI, B X0JI¢ KOTOPOM OIICHUBAOTCS MPOYHOCTh U JIOJTOBCYHOCTH JIOMATOK HPH
PA3JIMYHBIX YCJIOBUAX OKCIITyaTalllu. K TaKUM YCJIOBUAM OTHOCATCA IMOBBIIICHHBIC TEMIIEPATYPbl, MTHTCHCUBHOC
JTABJICHUC W BBICOKHE 000pOTHL. Llenpro JaHHOW HAYYHOH paOOTHI SBISICTCS JEMOHCTPAIMS TOTO, YTO JIOMATKH
MOTYT BBIJICPKHUBATH TAKHE HKCTPEMAIIbHBIC YCIOBHS C MHUHAMAIBHBIM WM OTCYTCTBYIOIIMM YXY/IIICHUCM
MPOYHOCTH CO BpeMeHeM. [IpuHsATas METOJOJOTHS BKIFOYACT MOJICIUPOBAHUC JIOIATKU TTAPOBOM TYypOHHEI C
ncnonp3oBanueM Solidworks w mprMeHeHHe MpPOrpaMMHOTO 00CCIIEYCHHUS, UCTIONB3YIOMIET0 METO]] KOHCUHBIX
aneMeHTOB (FEA) Amst cuMyIny MEXaHHYSCKOTO TTOBEJICHHS CBSI3aHHOTO MaTepHalla JIOMATKH MPH Pa3IMIHBIX
YCIIOBHUSIX HAMpsbKeHus U aedopManuu. Pacder yuuteiBaeT Takue (pakTopbl, Kak pacrpeieieHue HalpsDKeHU U
UX KOHIICHTPALHs, YTOOBI IpeAcKa3aTh HAMPsHKEHHO-Ae(hOpMUPOBAHHOE COCTOSIHHE JIONATKH 0] BO3ICHCTBHEM
CTpy# mapa moj BEICOKUM JaBJICHHEM. Pe3ynbpTaThl pacdeTra UCIONB3YIOTCS A ONTUMH3AINN TPOSKTHPOBAHNUS
JIOIATOK M BbIOOpa MaTepuanoB, 4ToOBbl OOecmeyuTh Oec3omacHylo U 3(dekTuBHYr padOTy JIOMATOK Ha
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MPOTAKEHUU BCETO CPOKa HX CJ'Iy)K6BI. Pe3yJ’IBTaTBI TAK)XXC IIOJIC3HBI AJIs1 BBIABJICHHA ITOTCHIHAJIBHBIX 30H
c1a00CTH WK 0TKa3a, KOTOpbIE MOIryT OBITh YCTpAaHCHBI 3a CYET U3MCHCHHA KOHCTPYKIUHU W YJIYyUIICHUSA

MaTepuaIoB.

KiroueBbie ci10Ba: pacyeT Ha IPOYHOCTB, JIONATKA APOBON TYpOHHBI, METO KOHEYHBIX HJIEMEHTOB,
Solidworks, Ansys, craTuueckuii pacdeT Ha MPOYHOCTh, ATOMHAS HIIEKTPOCTAHIIHS

1. INTRODUCTION

A steam turbine is a fundamental subsystem in
every power generation complex, particularly in
nuclear power plants in which they convert the
potential energy stored in high pressure steam
into kinetic energy associated with the rotating
turbine blades, generating a rotary motion for
driving electrical generators which ultimately
results into electrical power. The efficiency and
reliability of the turbine is critically dependent
on the performance of the blades, which are
subjected to extreme operating conditions
associated with very high temperatures,
pressures and rotational speeds. In this scientific
work, we perform a strength analysis of the last-
stage reaction-type steam turbine blades.
Understanding the mechanical behavior of these
blades under operational stresses is essential in
preventing failures and ensuring the longevity
of the turbine.

The primary objective of this scientific work is
to model, analyze and validate the stresses
associated with the steam turbine blade
subjected to the extreme conditions formerly
mentioned. In the analysis, it is assumed that the
manifestation of such conditions is uniform on
all the blades and so the results associated with
a single blade can be replicated to give a whole
picture of the condition of all the blades in the
turbine. By conducting a detailed analysis of the
impact of these conditions on the blade, we get
results that are crucial in the enhancement of the
design and material selection for the turbine
blades.

By integrating advanced modeling and
simulation techniques, the study provides a
comprehensive understanding of the stresses
manifesting on the turbine blades, a prerequisite
stage in informed decision making on the basis
of the adopted materials and design
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improvements.  Additionally, the analysis
procedure adopted in this scientific work can
easily be applied in other types of turbines and
components, contributing to the broader field of
engineering and power generation. The findings
in the study are expected to have practical
implications in the maintenance and design of
steam turbines, ultimately enhancing the
stability and efficiency of power plants.

1.1 A Brief Description of the Steam Turbine
Blade and the Investigated Conditions

A steam turbine operates under the fundamental
principle of the Rankine Cycle, a
thermodynamic cycle that transforms heat
energy into mechanical work. In the Rankine
cycle, high-pressure steam is generated in the
steam generator. The steam is subjected to
expansion in a series of turbine stages to create
a rotary motion needed to facilitate the motion
of conductive material through the magnetic
field lines associated with permanent magnets
of the electrical generator. The steam is then
condensed and reintroduced into the cycle.

The blade causes the rotation of the rotor by the
action of reactionary or impulsive forces when a
jet of steam traverses over its surface. It’s
installed in slots on discs connected to a rapidly
rotating shaft. The blade is engineered to allow
steam to flow smoothly over its surface, altering
direction and generating a force that induces
rotary motion. In a nuclear power plant (NPP),
the turbine operates at extreme conditions
associated with high temperatures, oxidation,
cavitation, corrosion, bending and centrifugal
forces associated with the flowing steam,
necessitating the selection of materials that can
withstand such conditions. The design of the
steam turbine blades must therefore take all
these factors into consideration.
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Materials such as INCONEL 718, a

precipitation-hardened nickel-based superalloy,
are capable of withstanding these conditions but
require rigorous testing before use [1,2].

Figure 1. Turbine blades: (a) The shaft and disc with turbine blades, (b) Basic structure
of a twisted blade

Each edge of a cross-section is referred to as a
profile line, which, along with the section
profile line and the leaf height parameters,
adheres to gas dynamics requirements and
ensures structural strength. Due to multi-axial
stress state from the load, the blade must be
modeled using 3-dimensional (3D) solid
elements. The 3D model allows for detailed
views of the maximum stresses, ensuring the
design remains within safe limits. The blade’s
shape is determined by the minimum inertia of
the section, while its strength and vibration
performance are influenced by several
aerodynamic  parameters, including the
impeller’s suiting mode on the main shaft, the
geometric inlet angle, and the exit angle [4].

1.2 Steam Turbine Blade Material Strength
Analysis

Numerous studies have been conducted to
analyze the strength and life expectancy of
steam turbine blades under various loading
scenarios. Researchers have employed a range
of analytical, numerical and experimental
techniques to investigate the complex stress
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The blade consists of 3 main parts; the leaf type,
the blade root, and the blade tip, normally
mounted in a disc containing shaft as illustrated
in figure 1 [3].

(b) /Bkade tip

\

Leading edge\ Trailing edge

‘ Blade profile

Carry arc /Inncr arc

Blade root

distributions, material behaviors and failure
mechanisms associated with these components.
Analytical methods, such as beam theory and
energy methods, have been widely used to
estimate the stresses and deformations in turbine
blades subjected to centrifugal, thermal, and
aerodynamic loads. These methods provide
closed-form solutions and offer insights into the
dominant failure modes, such as high-cycle
fatigue, creep, and low-cycle fatigue [5].

Numerical techniques, particularly the FEA,
have proven to be powerful tools for detailed
stress analysis and turbine blade lifespan
prediction. This method can incorporate
complex blade geometries, material properties
and loading conditions to accurately simulate
the blade’s structural response and identify
critical stress concentration regions [6].

Experimental investigations have played a
crucial role in wvalidating analytical and
numerical models, as well as understanding the
underlying failure mechanisms. Static, fatigue,
creep and thermal cycling tests have been
conducted on actual blade specimens or scaled
models to provide valuable data on material
behavior, crack initiation and propagation, and
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the effects of the environmental factors such as
temperature and corrosion [7].

Strength analysis has led to the development of
new alloys and coatings designed to enhance the
strength and durability of turbine blades. Such
materials exhibit superior high-temperature
strength, creep resistance, and oxidation
resistance, enabling longer service life and
improved performance in nuclear power plant
applications [8].

To achieve reliable performance, it is essential
that the working stress manifesting on the
turbine blades does not exceed the maximum
allowable stress associated with the material.

1.3 Principles of Operation of Turbines

Turbines can be categorized based on the
principle of their operation. In this case, we
consider the categorization into impulse turbine
and the reaction turbine. The impulse turbine
operates by utilizing high-pressure steam that
enters a stationary nozzle, consequently
experiencing a decrease in pressure and a
corresponding increase in velocity. The high-
velocity steam is directed towards properly
shaped turbine blades, generating an impulse
force as it changes the steam flow direction
upon impact. The resultant force instigates blade
movement, initiating a rotary motion. The
impulse turbine maintains a constant pressure
across the moving blades. While the stationary
nozzles facilitate a pressure drop and an
increase in velocity, the moving blades do not
experience any changes in pressure. On the
other hand, the reaction turbine consists of rows
of fixed and moving blades. Initially, the steam
expands in the fixed blades, increasing in
velocity while its pressure decreases. As the
steam gets to the moving blades, its direction
changes, creating an impulse force on the
blades. While traversing through the moving
blades, it continues to expand and its pressure
further drops, generating a reaction force that
drives the turbine. A key characteristic of the
reaction turbine is the pressure differential
between the inlet and the outlet of the moving
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blades, indicating a significant pressure drop
across the blades [5].

2. MATERIALS AND METHODOLOGY

The adopted methodology entailed creation of
the 3D model of the turbine blade using
SolidWorks, adoption of the analytical
computation scheme for the stress, adoption of
the ANSYS supported numerical computation in
simulating stress, and validation of results by
comparing the adopted numerical and analytical
computation models. The implementation
workflow diagram is presented in figure 2.

‘ Problem identification ‘

!

’ Literature Review ‘

l

Collection of data

'

Developing a 3D model of turbine blade using Solidworks

i

Analytical Calculations

v

Developing the stress analysis and simulation of stress
concentration using ANSYS

!

Results Comparison

Y

Y

Is the agreement between analytical and
numerical computations significant?

Figure 2. Implementation workflow
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2.1 Steam Turbine Blade Material
Characteristics, Properties and Physical
Parameters

The steam turbine blade considered in this
scientific work is made of INCONEL Alloy 718,
a nickel-based superalloy whose mechanical
characteristics are outlined in table 1 [11].

Table 1. Mechanical characteristics of
INCONEL Alloy 718

Material characteristic Value/comment
Physical density, g cm? 8,221
Melting point, °C 1380-1425
Modulus of elasticity, GPa 205
Tensile strength, MPa 869.4
Yield strength, MPa 761,2
Creep resistance Excellent

Corrosion resistance Excellent in air, water

and steam
Oxidation resistance Good up to 1200 °C
Wear resistance Good
Fatigue resistance Good

Patrick L. Kiprotich, Mariia V. Volkova, Robert F. Siro

The material properties and physical parameters
of the turbine blade adopted in the analysis are
presented in table 3.

Table 3. Material properties and physical

parameters
Material properties Magnitude
Physical density, Kg m? 8221
Modulus of elasticity, E, MPa 1,95 - 10°
Yield strength, ¢,, MPa 761,20
Ultimate tensile strength, MPa 869,40
Elongation, % 40,00
Radius of the rotor disc, m 0,30
Height of the blade, mm 150,00
Cross-sectional area of the root of 1195,82
the blade, mm?
Blade rotation speed, w, rad s™! 314,16
Steam mass flowrate, t hr’! 1602

The INCONEL Alloy 718 turbine material
constitutes a blend of diverse elements, each with
specified percentage composition as outlined in
table 2. These element compositions impart
favorable characteristics, enabling the turbine to
operate effectively under high-pressure steam
conditions within the steam turbine system.

Table 2. Percentage composition of materials in
INCONEL Alloy 718

Element Composition , %
Nickel (Ni) 50-55
Chromium (Cr) 17-21

Iron (Fe) 18-22
Niobium (Nb) 4,75-5,5
Tantalum (Ta) 4,75-5,5
Molybdenum (Mo) 2,8-3,3
Titanium (Ti) 0,65-1,15
Aluminium (Al) 0,2-0,8
Columbium (Cb) 0,3-0,7
Others Trace amounts
192

2.2 Analytical Solution

2.2.1 Centrifugal Stress on the Turbine Blade
The rotating blades encounter centrifugal forces as
a consequence of their circular motion within the
turbine. These forces exert an outward pressure on
the blades, directly proportional to the square of
the rotational speed and the distance on the blade
from the center of rotation. Considering a
simplified two-dimensional (2D) representation of
the blade as depicted in figure 3 [9], the
centrifugal force acting on the turbine blade,
denoted by Fc is calculated using equation (1).

For=m-r-o? (1)

Figure 3. Load acting rotor blade
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Where m is the mass of the blade, r is the radial
distance from the center of rotation to the blade
tip, and w the angular velocity of the blade.
Considering an infinitesimal mass segment,
denoted by om, with a width dr, located at a
distance » from the center of rotation, the
centrifugal force acting on this point, represented
by dFc takes the form of equation (2).

SF.=6m- 1 - w? 2)
Given the cross-sectional area of the blade is 4,
mm?, and the material physical density p, kg

mm?, then the infinitesimal mass of the element
takes the form of equation (3).

sm=p-A-dr 3)

Substituting equation (3) into (2), and assuming
that both the material physical density and the

cross-sectional area are constant, we get
equation (4).
SE.=p-A-w?-r-dr 4)

Integrating equation (4) from the centroid of the
turbine shaft to the blade tip [10] gives the force
exerted on the entire turbine blade in the form of
equation (5).
T2
FC=p-A-a)2j rdr (5)

T

So that the resultant centrifugal force is
determined using the equation (6).

7 T

2

Foo=p-A w? ©)

Where r; is the radius of the rotor disc, and 72 is
the sum of the height of the blade and the radius
of the rotor disc, as shown in figure 2.

Considering the data provided in table 3, we
calculate the total radius of the blade by
summing up the radius of the rotor disc (r; = 0,3
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m) and the height of the turbine blade, so that, 2
= 0,45 m. Substituting all the known parameters
into equation (6) gives the centrifugal force on
the blade, Fc = 54600 N.

2.2.2 The Centrifugal and Bending Stresses on
the Turbine Blades

The centrifugal stress oc at the blade root is then
calculated using the relation (7).

F,

O, =

(7)

ATOOt

Where A0 1s the cross-sectional area of the
blade root. So that the resulting centrifugal force
acting on the blade root, oc = 45,50 MPa.

We must also take into account the bending
stress on the steam turbine blade due to the
steam pressure. This stress is sensitive to
various factors, including the blade geometry,
material properties, operating conditions, and
the aerodynamic forces acting on the blade. On
a beam-like structure, this stress takes the form
of equation (8).

op = /0,3 + o (8)

The tangential bending stress on the blade takes
the form of equation (9).

M
o = 7Y )

The axial bending stress on the blade takes the
form of equation (10).

- X (10)

Where M is the bending moment due to steam
pressure, x, y are the distances from the neutral
axis to the outermost part of the blade in the x
and y directions respectively, I, [, are the
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moments of inertia in the x and y directions
respectively.

Formulation of the bending stress requires
scrutiny of the combined velocity triangle for
steam turbine illustrated in the figure 4 [12].
This is a graphical assessment of the velocity
distribution of steam as it traverses through the
steam turbine blade. The velocities are
represented using velocity triangles, which
illustrate the magnitudes and directions of
various velocity components.

20
E A B F
v
< Vit Vo>
Figure 4. Combined velocity triangle for steam

turbine

The free body diagram of the steam turbine
blade adopted in the analysis is given in figure 5.

T r ]
s 7 §% |

iy \ N
o |
"/ \
200/ \

2y g 1
P/ \ i
/ \

\
‘1,
Figure 5. Steam turbine blade cross-section
with velocity diagram
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The mass flowrate, M, associated with all the

blades in a circular section of the steam turbine
under scrutiny is given in table 3. The total
number of turbine blades in each circular
section is given as, n = 90, therefore, the mass
flowrate associated with a turbine blade takes
the form of equation (11).

(11)

So that, on substituting into equation (11),
M = 494kgs™".

With reference to the depiction in figure 4, we
generate a combined velocity triangle diagram
for the steam turbine blade adopted in the
analysis as shown in figure 6.

o
T

| T2
| . |
' 2 ~— v

&

2 ln % P~ Il 8
R Bim < : N
| 8 -L y |
vl . =, : —

= L [] 1
71.93 125.70 71.93
L 197.63

Figure 6. Combined velocity diagram of the
turbine blade

The approximate values for the tangential and
axial components are obtained from figure 6.
The dimensional lengths correspond to relative
velocities in m s™'. From this figure, we retrieve
the angles a = B = 45° and 6 = ® = 20°
representing the angle the incoming steam
makes with the tangent of the wheel at the steam
inlet, the angle the discharging steam makes
with the tangent of the wheel at the steam outlet,
the inlet angle of the moving blades, and the
outlet angle of the moving blades respectively.
The linear velocity V is calculated from the
angular velocity of the rotor.

At the entrance, the vertical component velocity
of flow Vi corresponds to the axial component
velocity Vi, while the velocity of flow at the exit
Vi aligns with the axial component V2. Since
both Vs and Vy are identical at a velocity of
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71,93 m s, the axial force acting on the blade
becomes zero, implying that only the tangential
force is exerted on the blade. From the figure 6,
the velocity of the steam relative to the moving
blade V7 = 197,63 m s at the inlet and the
velocity of steam relative to the moving blade V2
= 71,93 m s at the outlet are used to calculate
the tangential force using equation (12).
Fo = m(Vyq + V) (12)
So that, the tangential force Fr = 1332,82 N.
The tangential moment M: caused by the
tangential force takes the form of equation (13).

M, = F(r, — 11) (13)

So that M; = 199,92 N m.
Table 4. Principal moment of inertia at the

centroid, I, and the depth of the blade from the
central axis

Centroid relative to x=10,00
output coordinate y=1,00
system origin, mm z=-9,11
Moments _ -
of inertia | Lu=7463533 | o000 Lem2dAd
of the area, L.=000 |Lo=7311710 L,:=0,00
at the e 7
centroid, = L=656535
W L2444 600 74
mm !

Polar moment of inertia

of the area, at the . Apgle between
centroid = 731171,07 principal axes and part

4 axes = 90°
mm

Principal moments of
inertia of the area, at the
centroid , mm*

L. =74635,33
1, = 656535,74

Moments
of inertia L,,=0,83
of the |Lu=174679,60 L..=16,86
L,,=830024,4
area , at the 1,=0.83 3 L
output 10850,11
coordinate | 7.=16,86 L= | L.=657726
system, 10850,11 ,64
mm?*

Volume 21, Issue 1, 2025

Table 4 entails the principal moment of inertia
at the centroid, /, and the depth of the blade
from the central axis. The measurements are
based on sectioned model. The cross-sectional
area of the selected face, 4 = 1190,91 mm?. The
value of the principal moment of inertia along
the y-axis, Iy, and its corresponding length, y
from the neutral axis is used to calculate the
tangential stress by substituting these values
into equation (9), so that o: = 50,65 MPa. Due to
the fact that the axial force acting on the blade is
zero, the bending stress on the turbine blade, oz
= o= 50,65 MPa.

The total stress acting on the turbine blade is
determined by summing up the tangential and
centrifugal stresses on the blade, equating to
96,15 MPa.

2.3 ANSYS Supported Numerical Solution
The Ansys Workbench’s static structural
analysis module was used in the numerical
computation of centrifugal and bending stresses.
This module utilizes the FEA techniques, which
involve breaking down a complex structure into
smaller, simpler elements. The equations
governing the motion and behavior of each
individual element are then solved numerically
to determine the stress, strain, and displacement
distributions throughout the entire structure
[13]. By discretizing the problem, the program
effectively analyzes the centrifugal and bending
stresses acting on the blade.

The 3D model of the steam turbine blade
subjected to numerical simulation is given in
figure 7.

2.3.1 Meshing and Solving for Centrifugal
Stress

In the static structural analysis module, the
geometry file of the steam turbine blade is
imported, the material properties of the blade
defined, in this case, Nickel alloy INCONEL
718 is chosen from the ANSYS material
database, the coordinate system for the analysis
is defined, and the meshing processes initiated.
The FEA technique solves the equations
governing the motion of the structures on
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infinitesimal volume elements of the solid
domain. The meshing process divides the
supplied geometry into infinitesimal elements
linked by nodes. The resulting mesh is given in
figure 8. The mesh element size for this analysis
was chosen based on several critical factors,
taking into account the distinction between
critical and non-critical regions of the blade.

Figure 7. 3D model of the steam turbine blade
adopted in the numerical solution

Figure 8. Steam turbine blade mesh
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The blade’s geometry has both simple and
complex features, necessitating a variable mesh
density approach, considering:

a) High stress gradient areas such as the root,
trailing edge, and the leading edge of the blade,
in which finer mesh elements were adopted.
This facilitated accurate analysis of stress
concentrations.

b) Uniform material regions such as the inner
and outer arc of the blade, in which coarser
mesh  elements were considered. The
homogeneous nature of the blade material
allowed for coarser mesh in less critical areas
without compromising the required accuracy.
This strategy reduced computational time and
facilitated optimization on resource usage while
maintaining the necessary accuracy.

The meshing process is proceeded by definition
of boundary conditions on the mesh as depicted
in the figure 9. This process involves applying a
fixed support condition to the region where the
blade attaches to the rotor disc section.
Additionally, a rotational velocity of 3000 rpm
is specified, which generally corresponds to the
operating speed of the NPP steam turbines.

A: Static Structural
Fixed Support
Time: 1. s

8/1/2024 10:47 PM

. Fixed Support

A: Static Structural
Rotational Velocity
Time: 1. s

8/1/2024 11:27 PM

[ | Rotational Velocity:
Components: -314.16,0.,0. rad/s
Location: 0.,0.,0. mm

Figure 9. Boundary conditions
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With the setup completed; including the
material properties, coordinate system, mesh,
and the boundary conditions, the Ansys static
structural analysis module solution is run to
evaluate the stresses and deformations on the
turbine blade under the specified centrifugal
loading conditions.

2.3.2 Solving for Bending Stress

Given that the simulation of steam flow using
Ansys Computational Fluid Dynamics (CFD) is
beyond the scope of the primary objective of
this scientific work, the adopted approach in the
computation of bending stress is not as
straightforward as it would be if CFD is
integrated in the solution. Instead of performing
CFD simulation to determine the bending force
acting on the blade, this value is arrived at by an
analytical means. The bending force is then
directly supplied as the primary bending load in
the boundary conditions within the static
structural  analysis  module.  While a
comprehensive CFD simulation would have
provided a detailed and accurate representation
of the steam-blade interaction, the adopted
approach  strikes a  balance  between
computational feasibility and capturing the
essential bending stress effects within the scope
of the primary objective of the scientific work.
The static structural module is then used to
compute the bending stress in the same manner
as previously executed in the case of the
centrifugal stress. All the boundary conditions
in this case are the same except for the bending
force on the blade.

The notable difference in the boundary
conditions is the introduction of the bending
force acting on the blade. The analysis setup;
including the geometry, material properties,
coordinate system, and the mesh remain
identical. Figure 10 is a depiction of the bending
force applied to the turbine blade, with the fixed
support constraint applied at the region where
the blade attaches to the rotor section. From this
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we determine the equivalent force exerted by
the steam jet impinging on the blade’s surface.

A: Static Structural
Force

Time: 1. s

8/1/2024 11:34 PM

B rorce: 1332.8 N
Components: 0.,0,-1332.8 N

Figure 10. Equivalent force exerted by the steam
Jjet impinging on the blade surface

3. RESULTS

Figure 11 is a depiction of the equivalent (Von-
Mises) stress distribution and total deformation
in the model; the results of the numerical
computation of centrifugal stress. The color
scale indicates the stress values, ranging from a
minimum of 0,00 MPa to a maximum of 45,33
MPa. The areas with higher stress
concentrations are highlighted in red and
orange, while the lower stress regions are
highlighted in blue and green. Figure 12 is a
depiction of the bending stress and the
associated total deformation force on the blade.
The maximum bending stress experienced by
the steam blade is 52,80 MPa. The comparison
is given in the table 5.
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A: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1

8/1/2024 11:10 PM

45.329 Max
F 40.292
35.256
30.219
25.183
20.146
B 15.11

10.073
5.0365

1.43e-11 Min

Patrick L. Kiprotich, Mariia V. Volkova, Robert F. Siro

A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

8/1/2024 11:13 PM

0.029059 Max
0.025831
0.022602
0.019373
0.016144
0.012915
0.0096865
0.0064577
0.0032288

0 Min

Figure 11. Centrifugal stress and associated total deformation

A: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1

8/1/2024 11:36 PM

52.803 Max

46.936
41.069
35.202
29.335
23.468
17.601
11.734
5.867

3.5409e-12 Min

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

8/13/2024 6:03 AM

0.056467 Max
0.050193
0.043919
0.037645
0.031371
0.025096
0.018822
0.012548
0.0062741

0 Min

Figure 12. Bending stress and associated total deformation

Table 5. Comparison of analytical and
numerical results

Analytical - Numerical difference
Centrifugal
stress, MPa 45,50 45,33 0,38
Bending
stress, MPa 50,65 52,80 4,07
Total, MPa 96,15 98,13 2.02
198

CONCLUSION

The analytical technique yielded a total stress of
96,15 MPa, arrived at by summing up the
centrifugal stress and bending moment stress
caused by the impingement of steam jet on the
blade. The total stress registered by the
numerical technique is 98,13 MPa, slightly
higher than the analytical results. The
discrepancy in the computation of total stress by
these two techniques represents 2,02%
difference.

The resulting discrepancy, even though slightly
significant, underscores the importance of
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conducting comparative studies. While in this
case the analytical method offers a simplified
approach, a computational simulation provides a
more comprehensive and potentially more
reliable means of assessing the structural
integrity and performance of the steam turbine
blade under realistic operation conditions.

The difference in the results could be attributed
to the limited scope of this scientific work, i.e.,
the decision not to incorporate the CFD analysis
functionality into the static structural analysis
workflow for purposes of computing the
bending stress associated with the steam jet on
the blade. However, the manifesting difference
is one that is insignificant in the validation of
the agreement between numerical and analytical
computation techniques.
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LONGITUDINAL DEFORMATIONS OF SHORTENING OF
STEEL-REINFORCED CONCRETE STRUCTURES UNDER
COMPRESSION FROM SHORT-TERM LOADS

Denis V. Konin
TSNIISK named after V. A. Koucherenko JSC Research Center of Construction, Moscow, RUSSIA

Abstract: Determination and investigation of longitudinal deformations of shortening of steel-reinforced con-
crete structures is an important step in the calculation of complex spatial schemes of buildings. Ignoring these
deformations can make it difficult to operate the facility and, in some cases, lead to the failure of adjacent struc-
tures. The study of longitudinal deformations of shortening of steel-reinforced concrete structures has not been
given due attention before. The longitudinal deformations of shortening for steel-reinforced concrete compressed
elements using a large range of heavy concretes (from B25 to B80) and percentages of reinforcement (from 0 to
22%) are estimated. The deformations were calculated. The analysis of experimental data obtained during test-
ing of conditionally centrally compressed models of columns of steel-reinforced concrete structures is presented.
It is shown that the existing diagrams of concrete work do not accurately describe the work of a composite steel-
reinforced concrete structure, it is its shortening and reduced rigidity. When the structure is compressed, concrete
loses its destruction at earlier stages of loading than it would be for concrete or reinforced concrete. This fact is
caused by the stress-strain state of the concrete section separated by steel elements, as well as the effects of early
detachment and slippage along the «steel-concrete» contact surface. It is necessary to use a system of additional
coefficients to eliminate the established discrepancy in determining the magnitude of longitudinal deformation
(shortening) under the action of short-term loads and experimentally obtained data. These coefficients should in-
crease the theoretical value of the expected relative deformations and consider the features of the work of con-
ventional and high-strength concrete as part of compressible steel-reinforced concrete structures. When deter-
mining the stiffness values for steel-reinforced concrete structures under the action of short-term loads and bring-
ing the calculated longitudinal stiffness to a value close to experimental data, it is proposed to introduce an addi-
tional coefficient. This coefficient further reduces the longitudinal rigidity of the structure depending on the
stress level in concrete and steel.

Keywords: central compression, off-center compression, vertical deformation, longitudinal stiffness,
steel-reinforced concrete structure, column, high-rise building

INPOJOJIbHBIE TEQ@OPMALIMHA YKOPOUYEHMUS
CTAJIEXKEJIE3OBETOHHBIX KOHCTPYKIIUUA ITPU C’KATUHU
OT HEMPOJOJIZKUTEJIBHBIX HAI'PY30K

/I.B. Konun
HOHUNCK um. B.A. Kyugeperko AO «HUL] «CtpoutensctBoy, T. Mocksa, POCCUA

AnHoTanus: OnpezneneHrue W HCCIEAOBAHHE NPONOJIBHBIX JeopManuil yKOPOYEHHs CTaliexele300eTOHHBIX
KOHCTPYKLHUH SBJIACTCS Ba)KHBIM 3TallOM B BOIPOCE pacyueTa CIOKHBIX IPOCTPAHCTBEHHBIX CXEM 31aHHii, Imo-
CKOJIBKY WX UTHOPUPOBAHUC MOXKET 3aTPYAHUTH SKCILTyaTaluio O6'I)CKTa M, B HCKOTOPLIX ClIy4dadaX, MPHUBECTU K
BBIXOJ/ly U3 CTPOS MPHUMBIKAIOIINX KOHCTPYKIMH. PaHee ucciae0BaHuIO MTPOIOIBbHBIX JedopMaluil yKopodeHust
CTaJIeXkKeIe300€TOHHBIX KOHCTPYKLUH HE YIEIsUIOCh JOJDKHOTO BHMMaHMs. JlaHa oleHKa MpomosbHBIX Aedop-
Manuil yKOPOUSHHUS JUIsl CTANIEKEIe300€TOHHBIX CHKAThIX JIEMEHTOB C MPUMEHEHHUEM OOJIBIIOrO JUana3oHa Ts-
kel 0etoHoB (ot B25 no B80) u nmponentos apmuposanus (ot 0 10 22%), mpou3sBesieH pacyer Ae(opMaruii.
[IpencrapieH aHamM3 YKCIICPUMEHTAIBHBIX IaHHBIX, TOJYYEHHBIX MPH HUCIBITAHUH YCJIOBHO IIEHTPAIBHO CXKa-
TBIX MOJICNICH KOJIOHH CTaJIeXKeNe300€TOHHBIX KOHCTpYKIHii. [Ioka3aHo, 4TO CyIecTBYIOLIHE AUarpaMMbl pabo-
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Longitudinal Deformations of Shortening of Steel-Reinforced Con-crete Structures Under Compression from
Short-Term Loads

TBI OETOHA HE BIIOJIHE TOYHO OIHCHIBAIOT pabOTy COCTABHOI CTaleKene300eTOHHOH KOHCTPYKIUH, B YACTHOCTH,
ee YKOPOYCHHE M NPHBEACHHYIO JKeCTKOCTh. [IpH paboTe KOHCTPYKLMH HA CKaTHe OETOH TepseT pa3pyIliacTcs
Ha OoJlee paHHHX JTamax HaTrPYXKCHHS, 9eM 3TO ObUTO OBI UTId OETOHA WM JKesle300eTOoHA. DTOT (akT BBHI3BAH
HAaIPSDKCHHO-1e()OPMUPOBAHHBIM COCTOSHHEM Pa3/eJICHHOTO CTalIbHBIMH 3JEMEHTaMH OCTOHHOTO CEYCHHMS, a
TaKoke 3 eKTaMi paHHETO OTCIOCHHS U MPOCKAIb3bIBAHMSA 110 KOHTAKTHON MOBEPXHOCTH «CTallb-0eTOH». [l
TOr0, 4TOOBI YCTPaHUTH YCTAHOBJICHHOE PAa3HOYTCHUE B OIPEACIICHUH BEJIMYMHBI IPOAOJIBHOU Iedopmarun
(YxopoueH¥Ust) TIpH IeHCTBIM KPaTKOBPEMEHHBIX HArpy30K M 9KCIEPHUMEHTAIBHO MOIYUYSHHBIX JIAHHBIX, HEO0XO0-
JIMMO HCIIOJIb30BaTh CUCTEMY JOTOJHUTENIBHBIX KOA((UIIMEHTOB, KOTOPhIE NOJDKHBI YBEIUYUBATH TEOPETHYE-
CKYI0 BEJIMYMHY OKUJIaeMbIX OTHOCHTENILHBIX JiehopMaliuii, a TakKe JTOJDKHBI YUYUTBIBATH OCOOEHHOCTH PabOThI
0eTOHOB OOBIYHOW M BBICOKOW ITPOYHOCTH B COCTaBE CIKUMAEMbIX CTaJle)Kele300€TOHHBIX KOHCTpyKuuit. Ilpu
OTIpEIeTICHNH 3HAYCHHUI )KECTKOCTEH ISl CTaekKeae300€TOHHBIX KOHCTPYKIHUI 1O/ IeiiCTBHEM KpaTKOBPEMEH-
HBIX Harpy30K U IPHUBEICHUH PACUCTHOH MPOIOIBHOI KECTKOCTH K BEJIMUMHE, OIM3KOH K IKCIICPHMEHTAIbHBIM
JAHHBIM, NIPEUIOKEHO BBECTH JIONOJHHUTEIBHBIN KOAQOUIHEHT, KOTOPBI TOMOIHUTEIBHO TOHIKACT TIPOIOIb-
HYIO KECTKOCTh KOHCTPYKIIUH B 3aBUCHMOCTH OT YPOBHSI HANPSDKCHUI B OSTOHE M CTAIIH.

KiroueBbie c10Ba: IEHTPaIbHOE CKaTHE, BHELIEHTPEHHOE CXKATHE, BEPTUKAIbHAS Ae(opMariys,
[POJIONBHAS HKECTKOCTh, CTAICKENIE300€TOHHASI KOHCTPYKIIHS, KOJIOHHA, BBICOTHOE 3/1aHHe

INTRODUCTION

The columns of high-rise buildings and the sup-
porting structures of stadium coverings, where
the elements are subjected to significant com-
pression forces, are usually designed in steel-
reinforced concrete structures, in particular, col-
umns with rigid reinforcement. For correct
analysis of complex spatial schemes of build-
ings, it is extremely important to correctly de-
termine the longitudinal deformations of steel-
reinforced concrete structures. Despite the fact
that the current normative documents on analy-
sis and design of such structures SP 63.13330
“Concrete and Reinforced Concrete Structures”,
SP 267.1325800 “Buildings and High-Rise
Complexes...”, SP 266. 1325800 “Steel-
reinforced concrete structures...” do not regulate
the ultimate values of shortening for eccentrical-
ly compressed elements. Ignoring these defor-
mations can complicate the operation of the fa-
cility and in some cases lead to the failure of
adjacent structures. The effect of longitudinal
deformations in multi-storey and high-rise
buildings can result in misalignment of the ver-
tical cells of the frame, which should have de-
formations no greater than those specified in
clause D.1.9 of SP 20.13330 and clause 8.2.4.16
of SP 267.1325800 “Buildings and high-rise
complexes...” where the allowed displacements
are of 1/300 of the floor height and less.

Volume 21, Issue 1, 2025

Cells skew is calculated by the formula f1/hs +
f2/1, where f1 and f2 are horizontal and vertical
displacements respectively, and hs and 1 - cell
height and its span as can be seen from Figure
E.3 in SP 20.13330 “Loads and Actions". In ad-
dition, during construction and operation of
high-rise buildings the standards GOST 27751-
2014 “Reliability of building structures and
foundations. Main provisions” and GOST
31937-2011 ”Buildings and structures. Rules for
inspection and monitoring of technical condi-
tion” stipulate monitoring of deformations of
structures.

Shear deformations of the frame cell can cause
damage to the exterior structural components,
facade modules, partition walls. It can also im-
pede the operation of elevators. The drift of the
top of the building from the vertical, as well as
standard formulas for cell deformation only
regulate the slab shear relative to each other and
do not include estimates of potential additional
vertical deformation. For example, damage can
also occur in high-rise and multi-floor buildings
due to varying column shortening. In the U.S.
structural design codes [1, 19], the shortening
effect is accounted for by the so-called Drift
Measurement Index (DMI = Drift Measurement
Index) for high-rise structures. This value is es-
sentially the average shear deformation of a ver-
tical rectangular cell. Its influence on envelope
structures for their main types is taken with re-
gard to [2].
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It is obvious that in the absence of experimen-
tally and theoretically substantiated methodolo-
gy for calculation of vertical longitudinal de-
formations of complex composite steel rein-
forced concrete structures almost impossible to
reliably determine the values of controlled ver-
tical deformations of the entire building frame
and its structural components, misalignments of
frame cells, which are permissible for a particu-
lar facility. For large-span structures, correct
determination of longitudinal deformations of
steel- reinforced concrete support structures
guarantee normal operation of coverings and
grandstand structures resting on them.

The papers [3, 4] demonstrate the results of tests
of eccentrically compressed steel-reinforced
concrete elements with a ratio of longitudinal
reinforcement from 3 to 20 percent. The ele-
ments are made of concrete with compressive
strength class up to B90 and fiber-reinforced
concrete. In these articles, as well as in [5], de-
voted to the calculation of columns for oblique
eccentric compression, the test results and cal-
culations for the ultimate limit states are pre-
sented in detail.

The design of frames of unique buildings and
structures with steel-reinforced concrete ele-
ments is based on the use of certified software
systems that implement the finite element meth-
od. Columns and supports of these structures, as
a rule, are modeled as bars of reduced stiffness,
or as a “combined” design by solid elements
(separately steel, separately concrete and re-
bars), combined by common nodes. Such mod-
els, even in calculations with respect to nonline-
ar deformation diagrams of steel and reinforced
concrete, cannot fully account for the behavior
of the composite structure, in particular, the
possibility of slippage of concrete relative to the
steel core [4].

The review of experimental studies in Russia
and the world and normative documents [6, 13]
shows that earlier the issue of studying longitu-
dinal shortening deformations of steel-
reinforced concrete structures was not paid
proper attention to. In contrast to long-term
shortening due to creep and shrinkage of con-
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crete [14, 15, 16, 19, 20, 21], which have been
extensively studied in recent years, the regulari-
ties of deformations of steel-reinforced-concrete
structures under short-term loads are poorly
studied.

RESEARCH METHODS

The laboratories of the V.A. Kucherenko Cen-
tral Research Institute of Steel and Concrete
Structures have carried out large-scale tests of
steel-reinforced concrete structures for central
and off-centered compression. Detailed test re-
sults are given in [3, 4]. The paper [7] provides
a methodology for calculating the strength of
steel reinforced concrete compression-bending
elements (columns) using a nonlinear defor-
mation model, which corresponds to the current
standards for the analysis of reinforced concrete
structures such as SP 63.13330. The ultimate
limit state of the structure is determined by
reaching the ultimate longitudinal strains of
concrete, reinforcement and rigid reinforcing
steel. The ultimate value of longitudinal strains
of concrete evui is accepted depending on the
ratio of concrete edge strains €1 and &2 by linear
interpolation from -0.002 at ei/e2=1 to -0.0035
at £1/62<0, where &2 is the concrete strain at the
most compressed edge with the minus sign. In
this case, the strength of the tensile concrete is
not accounted for in the calculation. The ulti-
mate value of the strain of the steel of the core
and tensile reinforcement is assumed to be
0.025 for central and eccentric compression.

In actual norms for the calculation of steel struc-
tures SP 16.13330 “Steel structures” a general-
ized diagram of steel deformation under load ac-
tion is given for different steels. Clause 4.2.4 es-
tablishes the possibility of modeling of nonlinear
operation of steel according to the diagram of
Figure B.1 and Table B.9 in SP 16.13330.2017.
Figure 1a,b shows stress vs. strain relationships
for steels from C255 to C550 in accordance with
the normative parameters. The ultimate strain of
steel should be taken corresponding to the end of
the yield plane. For steels with yield strengths

International Journal for Computational Civil and Structural Engineering



Longitudinal Deformations of Shortening of Steel-Reinforced Con-crete Structures Under Compression from

Short-Term Loads

from 255 to 550 MPa, the value of the ultimate
strain will vary from 0.017 to 0.047 respectively.
In this connection, it is obvious that it is incorrect
to take the ultimate strain as 0.025 as for rein-
forcing steel, regardless of the yield strength of
the steel. Since for steels C235, C245, C255 this
value will correspond to the steel performance in
the self-strengthening region above the yield
point, and for C355 and above the plastic proper-
ties of the steel will not be fully utilized. It is im-
portant to note that ignoring the performance of
steel in the elastic-plastic deformation region in
calculations using a two-line diagram of steel
performance (the so-called “Prandtl diagram”)
can lead to a distorted picture of strain distribu-
tion in the cross-section of the steel-reinforced
concrete element and inaccurate results of the
shortening calculation.

In order to properly account for concrete strains
in steel and reinforced concrete structures, sev-
eral variants of diagrams of behavior under load
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can be adopted. In recent standards it is allowed
to use two- and three-line diagrams (clauses
6.1.19...6.1.21 in SP 63.13330), as well as cur-
vilinear diagram of concrete deformation (Ap-
pendix G in SP 63.13330), which is developed
on the basis of the works summarized in the
monograph by Academician N.I. Karpenko [8,
12, 16]. Also, Prof. G.V. Murashkin and co-
authors developed and presented in [9, 10] an
exponential version of the concrete deformation
diagram. In addition to those listed above, it is
possible to use the curvilinear diagram given in
the European Union standards (Eurocode 2). In
the present work we will limit ourselves to con-
sideration of three-line diagrams (Figure 1 c¢)
and curvilinear diagrams (Figure 1 d), since by
now they are reflected in normative documents,
implemented in finite element program com-
plexes, tested by a large number of experimental
data and many years of experience in design and
operation of real buildings and structures.
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Figure 1. Deformation diagrams for steel and concrete: a - three-linear for steel (S3L), b - biline-
ar for steel (S2L), c - three-linear for concrete according to SP 63.13330 (B3L), d - curvilinear for
concrete according to SP 63.13330 (BCL)
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Calculation of theoretical longitudinal defor-
mations of a bar subjected to compression with-
out moments is carried out in the following way
to construct theoretical curves. At the break
points of each diagram, the boundaries of the
loading stages (I, II, IIL...) are drawn, within
which the shortenings of the structure are calcu-
lated. Thus, Figure 2 shows an example of split-
ting two- and three-line diagrams into stages for
concrete B80 and steel C255, Figure 3 shows an
example of splitting a curvilinear diagram of
concrete B80 with a three-linear diagram of
steel C255 performance. The longitudinal de-
formation of the bar at the first (I) Al; and sub-
sequent stages (II, III, ...) and the total longitu-
dinal deformation (shortening) AL are calculat-
ed as follows:

Al 1, . = A1, L
AL = ¥ ALy, (1)
where L is the effective design length of the bar,
Ag; p; qp.. 1s the range of strain on the consid-
ered section of the diagram.
For each stage, the corresponding moduli of de-
formation for steel, concrete, and reinforcement
are determined. For stage I, these moduli will be
denoted as Eg 1, E}, 1, E ) respectively. For each
stage of the steel-reinforced concrete structure,
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the concrete reduction factors are calculated,
and then the area of the reduced section 4,4,
the longitudinal stiffness of the reduced section
within the stage AD, using stage I as an exam-
ple is calculated by the formula:

E E
ast,l = ﬁ) s, = ﬁ' (2)
Ared,l =Ap + Astast,l + Asas,l (3)
ADa,l = Eb,IAred,I “4)

where A,, A, Ag; are the areas of concrete
cross-section, steel core cross-section and re-
bars’ cross-section respectively. The increments
of longitudinal force AN up to the correspond-
ing strain stage boundaries and the limiting val-
ue of longitudinal force N at which the strain
increases without increasing the load are calcu-
lated using the formulas:

AN; = Ag; AD,; , N = YYIILAN,,  (5)
By performing calculations using the above
formulas allows us to estimate the value of
shortening in compression and compare it with
the corresponding results of numerical modeling
and experimental data.
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Figure 2. To the description of the stages of performance of steel-reinforced concrete com-
pressed bar: a - superposition of two-line diagram of steel and three-line diagram of concrete
(S2L+B3L), b - superposition of three-line diagrams of steel and concrete (S3L+B3L).
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Figure 3. To the description of the stages of steel-reinforced concrete compressed bar perfor-
mance: combination of three-line diagram for steel and curvilinear diagram for concrete re-
spectively (§3L+BCL)

To verify the solution of this problem, the re-
sults of central compression tests of columns
with I-beam rigid reinforcement and concrete
prisms without reinforcement have been exam-
ined. The study of only centrally compressed
models, centering of which is performed with
special care during the tests, allows us to relia-
bly assess the degree of joint operation of the
structure and correctly measure the actual short-
ening of the models without the effects of buck-
ling at eccentric compression and non-uniform
loading of different materials in the cross-
section. Models K-3 and K-13 have a nominal
cross-sectional dimension of 400x400 mm in
concrete, the length of the column model is
1640 mm. The cross section of the steel core is a
welded I-beam made of sheet steel C255 ac-
cording to GOST 27772. Concrete was of com-
pressive strength class B25. Calculated longi-
tudunal reinforcement was of class A400, diam-
eter - 8 mm (8 pcs.). Transverse reinforcement
was of class A240, 120 mm spacing, 4 mm di-
ameter. The reinforcement ratio is 10.7%. To
provide joint performance of the steel core with
concrete it is envisaged to install studs on the
walls of the I-beams made of short pieces of re-
inforcement with diameter of 8 mm, length of
90...120 mm and spacing of about 200 mm. The

Volume 21, Issue 1, 2025

general view of the steel core and location of the
studs is shown in Figure 4, a. Models K10-3,
K10-8, K10-11 have smaller concrete cross-
sectional dimensions of 150x150 mm. The
length of the column model is 600 mm. The
steel core is an I-beam made of two channels
No.10 reinforced with sheet steel along the wall
to achieve a higher ratio of reinforcement. For
this purpose, steel C255 according to GOST
27772-88 and concrete of class B80 were used.
Working reinforcement was of class A400C; 4
pcs number of bars, 8 mm diameter. Transverse
reinforcement was of class A240, 50 mm spac-
ing, 4 mm diameter. The ratio of reinforcement
is from 10% to 17.5%. The cross-section is
shown in Figure 4, b. In addition to the steel re-
inforced concrete models, concrete prisms with-
out additional reinforcement were tested with
characteristics corresponding to the K10 model
group made of B80 concrete. Also, 3 cube spec-
imens with a side of 100 mm were prepared for
each concrete casting batch, that is 39 speci-
mens tested in total. The characteristics of the
tested models are summarized in Table 1. The
calculated shortenings according to formulas
1...5 are given in Table 2 for different curves,
the designations of which are adopted in ac-
cordance with Figure 1.
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Figure 4. Tested cross sections: a - K-3, K-13, b - K10-3, K10-8, K10-11, K-9-7, ¢ - SQ type model
with square core (FEM only)

Table 1. Parameters of the tested specimens

g = Com- Ultimate load N, 1IN
Q < = o,
0 5 =% | 25| press . e
No K, o Core = & gcjn g £ ﬁ Strength | h,cm | b, cm L, 8 g > % 8
reinf. steel 5 2s° 5% cm s -2 0 O o
S |25 2 2 | of cubes, = 5 2 B g
<5 | 3 MPa © =
1 2 3 4 5 6 8 9 10 11 12 13
K-3 10.7 C255 B25 + 135 28.55 39.7 399 | 164
6481 | 6480 | 6592
K-13 10.7 C255 B25 + 135 28.55 40.0 39.9 164
K10-3 22.0 C255 B80 - 27 93.8 15.1 15.1 60
K10-8 22.0 C255 B80 - 27 93.8 15.1 15.2 60 | 2037 | 2038 | 2423
K10-11 | 22.0 C255 B80 - 94 104.4 15.2 14.9 60
CP1 0.0 - B80 - 90 97.9 15.0 14.9 60
CP2 0.0 - B80 - 90 97.9 15.0 15.0 60 | 1258 - 1733
CP3 0.0 - B80 - 90 97.9 15.0 15.0 60
SQ 22.0 C255 B80 - - 15.0 15.0 60 | 2037 | 2037 -
Notes:

u is the ratio of reinforcement equal to the ratio of the area of steel in the cross-section to the area of flexible and rigid
reinforcement; 4, b is the dimensions of the cross-section of the concrete part, L is the length of the specimen, along
the axis of which the external load is transferred; N, is the ultimate load, determined by characteristic values of
strength of materials (characteristic), by FE-modeling (FEM), Test - by the results of the experiment.

Table 2. Theoretical shortening according to different diagrams, mm

At failure (for ;) At appearing of plastic strain in concrete (for &)
No
S2L+B3L S3L+B3L S3L+BCL S2L+B3L S3L+B3L S3L+BCL
1 2 4 5 6 7

K3 5.74 5.74 5.54 3.28 3.28 3.31
K13 . . . . . .
K-10-11

K-10-8 1.86 1.86 1.99 1.20 1.20 1.21
K-10-3

CP1

CP2 1.86 2.75 1.86 1.85
CP3

SQ 1.55 1.55 1.31 1.00 1.00 1.01
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The tests were carried out using a calibrated hy-
draulic jack creating axial load up to 1000 tf (10
MN) in the V.A. Kucherenko Central Research
Institute for Structural Engineering. Loading
was carried out in accordance with GOST 8829-
94  “REINFORCED CONCRETE AND
PREFABRICATED CONCRETE BUILDING
PRODUCTS. Loading test methods. Assesment
of strength, rigidity and crack resistance”. Ac-
cording to standard methodic, the load was ap-
plied by steps, each step was not more than 10%
of the failure load. The endurance for 10
minutes was carried out at each step. When the
design (control load) was reached, the endur-
ance was carried out for 30 minutes. Instrument
readings were reading continuously at each step
of loading with a frequency of 1 Hz. The “cen-
tral” compression of the model was ensured by
centering the column model relative to the
marks on the press tables, as well as by monitor-
ing the readings of strain gauges during the first
steps of loading. If the corresponding strain
gauges showed significant strain differences, the
model was additionally aligned to the table.
Thus, all the stress non-uniformities arising as a
result of the tests at “central” compression in
cross-sections are caused only by random inter-
nal eccentricities of the model. In the course of
the tests under stepwise application of compres-
sive load, the stresses in steel and concrete ele-
ments of column models in longitudinal and
transverse directions, vertical absolute shorten-
ing of the models by means of digital displace-
ment sensors fixed on the upper and lower ta-
bles of the press with a measurement accuracy
0f 0.001 mm were recorded at each step.

Finite element numerical simulation in ATENA
PC was performed for models similar in size
and material properties, taking into account the
nonlinear behavior of materials: curvilinear dia-
gram for concrete and three-linear diagram for
steel. The number of steps and mesh size for
each model was also selected separately. The
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minimum number of loading steps was at least
20...30 and the mesh size was about 20 mm. To
describe the performance of concrete, the mate-
rial model Fracture-Plastic Constitutive Model
(CC3DCementitious2) was utilized. It is based
on the combination of the tensile fracture model
with the compressive fracture model of the ma-
terial. The FE models completely replicated the
geometry and mechanical properties of materi-
als of the tested structures as shown in Figure 4
and Table 1. In addition, bars with a square core
as shown in Figure 4,c were modeled to verify
the effect of cross-sectional shape on concrete
performance. Structures with contact interaction
between steel and concrete were also modeled.
It was found that for models with small or zero
eccentricities, the presence of a finite contact
interaction at the steel-concrete joint practically
does not affect the results of calculations of lon-
gitudinal deformations of the column. That is,
there is no influence of the contact on the value
of the ultimate load and on the value of the ul-
timate longitudinal deformation of the bar. The
difference between forces and deformations for
similar models with and without modeling of
contact interaction is less than 0.5%. Therefore,
the contact interaction at the joint “steel-
concrete” was not modeled in a special way, and
the finite elements of steel and concrete had
common nodes in the calculation scheme. The
view of FE models is shown in Figure 5.
Capacity calculation according to the nonlinear
deformation model [3] practically does not de-
pend on the type of concrete state diagram to
determine the cracking moment M crc and ul-
timate moment M_ult in reinforced concrete ec-
centrically compressed and bent elements, as
shown in [11, 12]. When comparing the results
of calculation according to SP 63.13330 and ex-
perimental data, the authors of [11] found dif-
ferences of no more than 7.8% and 6.8% of the
above moments, respectively, for different vari-
ants of concrete constitutive diagrams.
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Figure 5. FE models: a - model K3, b - model K10-3

RESULTS AND DISCUSSION

The comparative analysis of theoretical, numer-
ical calculations and experimental data on
shortening deformations are shown in Figures 6,
7. The comparison of models was performed in
the dimensionless coordinate by force, since it is
necessary to compare the theoretical calculation,
in which the characteristic values of strength
and deformation properties of materials are
used, and experimental data, in which the values
of destructive loads are slightly overestimated
relative to the characteristic values. That is, one
of the coordinates of the graphs was the value
N/Nwn, where N is the current compressive
load in tests or calculations, and Nu» is the
characteristic ultimate compressive load, which
is calculated by the formula:

Nu,n = Rppdp + RynAst + RspAs, (6)

where Ry, Ryn, Rsy are the characteristic val-
ues of concrete compressive strength, yield
strength of steel, design strength of reinforce-
ment, respectively. Thus, the value of N/Nu»=1
corresponds to the standard strength of the
cross-section ignoring the material and opera-
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A. Axial deformations (shortening)

tional condition partial factors. For the tested
concrete prisms without reinforcement, Ny,»=Rbn
Ab. Also in the plots, horizontal dashed lines
show the load level corresponding to the design
values of material strength R», Ry, Rs calculated
by the formula:

Nu == RbAb + RyAst + RSAS (7)

Table 3 summarizes the typical points of the
theoretical and experimental curves with each
other, and below are figures with strain plots
(Figures 6, 7, 8) for the respective models.

Figure 6,a shows the shortening deformations
for unreinforced models (concrete prism - CP)
made of concrete of compressive strength class
B80. In this figure and further gray dashed lines
show the experimental data for the same type of
models. Blue and green lines respectively indi-
cate theoretical deformations calculated by for-
mulas 1...5, based on three-line and curvilinear
diagrams of concrete performance according to
SP 63.13330. Fractures of the models during
tests occurred with explosive release of energy.
It can be seen that the deformation sections
from 0 to N/Nu»=1.0...1.1 are practically linear.
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This corresponds to the actual concrete defor-
mation diagrams obtained by other authors (e.g.,
[17, 18]) in the section from O to the characteris-
tic compressive strength for B80 concrete
(Ron=57 MPa; Nyu»=1). In this case, the actual
“straightness” of the experimental curves indi-
cates that a certain margin will be obtained

when calculating the shortening strains using
the normative curves. At the same time, the cur-
vilinear diagram gives a slightly larger reserve
than the three-line diagram at stresses close to
the calculated values of concrete strength.

Table 3. Experimental shortenings

Experimental shortening, mm Shortening by FEM, mm
No. . At the initiation of plastic de- The initiation of
At failure S . .
formation in concrete Max plastic deformation
For unit test Mean For unit test Mean in concrete
1 2 3 4 5 6 7
K3 6.33 3.51
6.24 3.69 5.16 2.85
K13 6.15 3.87
K-10-11 2.38 1.84
K-10-8 2.33 2.17 1.81 1.78 1.68 1.06
K-10-3 1.80 1.68
CP1 2.03 1.40
CP2 2.15 1.96 1.51 1.41 - -
CP3 1.69 1.31
SQ - - - - 1.36 1.04
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Figure 6. Comparison of shortening diagrams: a -
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Figures 6, b and 7 present the shortening strains
for the models with rigid reinforcement made of
concrete of compressive strength classes B25
and B80 (gray dashed lines). The blue, orange
and green lines show the theoretical shortenings
determined by formulas 1...5 for various combi-
nations of steel and concrete diagrams. The red
line shows the results of FEM analysis utilizing
bilinear steel diagram and curvilinear concrete
diagram. All theoretical curves follow practical-
ly the same trajectory. This circumstance indi-
cates insignificant influence of the diagram type
on the linear shortening of the structure.
Experimental shortening curves for the models
with concrete B25 have the form of smooth
curves (Figure 6, b) with gradually increasing
shortening with increasing load. In this case, we
can state a good agreement of theoretical as-
sumptions for calculations by formulas 1...5 and
by FEM (red solid line).

Models with B80 concrete are shortened accord-
ing to a slightly different law close to linear
(Figure 7), as it was shown above for concrete
models without reinforcement (CP) in Figure 6,
a. That is, the presence of rigid reinforcement
(u=22%) in the cross-section of the model sig-
nificantly changes the shortening strain pattern.
At load N/Nu»=0.5...0.6 the average shortening

1,2
1,1 22
1,0 |

=
0,9 N,
08
0,7
06

Denis V. Konin

strain according to the experiment is about 0.85
mm, while the theoretically determined one is
about 0.55 mm. At the same time, the values of
shortening at load levels N/N.,=0.87, corre-
sponding to the beginning of concrete failure
and strains €b0=0.002, agree with the theoretical
values satisfactorily.

Figure 8, a shows a comparison of theoretical
and finite element calculations of linear defor-
mations for a structure with a square core. It can
be seen that at loads N/N.,»=0.7...0.9 the finite
element model performs somewhat differently
than expected theoretically by formulas 1-5.
Comparing the curves obtained by FEM for the
structure with I-beam and square cores (Figure
8, b) it can be concluded that the square core
operates more efficiently and the structure with
it deforms less by about 20-25% at loads close
to the calculated values of material strength.
Comparison of experimental results and calcula-
tions are summarized in Table 4. Formulas for
determining the difference of the compared val-
ues are given in the head of the table, where
[Teor.] denotes the values calculated by formu-
las 1...5; [Test] are the values obtained from the
results of experiment; [FEM] are the values ob-
tained from the results of FEM simulation.
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K10-3 2
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Figure 7. Comparison of shortening diagrams of steel-reinforced concrete models K10 (B80)
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Figure 8. Comparison of shortening diagrams of steel-reinforced concrete models: a - with square
core SQ (B80), b - comparison of structure performance with square and I-beam core

It can be seen that the values in columns 2...7
and 8...9 are negative, which means that the
calculation of linear shortening deformations
using formulas 1...5 or FEM using characteris-
tic diagrams does not provide a reserve relative
to the experimental data. That is, if the shorten-
ing is calculated according to the standards,
underestimated values will be obtained than
those obtained by experiment. Thus, the differ-
ence for concrete of ordinary strength (type
B25) will be 11...17%, and for high-strength it
is 14...32%. This circumstance cannot be con-
sidered satisfactory. Let's pay attention to the
fact that the results of comparison of capacity
calculations excluding stability effects with the
experiment provide a relatively good conver-
gence and the calculation method according to
the formulas of SP 266 or FEM gives the nec-
essary and expected reserve. To illustrate this
fact, one can compare the values of columns
11...13 in Table 1.

To eliminate the revealed discrepancy in the
value of longitudinal shortening deformation
under the action of short-term (short-term,
e.g., wind) loads and experimentally obtained
data, it is necessary to use a system of addi-
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tional coefficients. These coefficients should
increase the theoretical value of the strains,
and should also take into account the peculiar-
ities of concrete of ordinary and high strength
as part of compressible steel and reinforced
concrete structures. It is established that the
following formulas should be used to plot
concrete deformation diagrams in accordance
with the methodology of SP 63.13330:

€po(composite) = 1,15¢&p,, Ep2(composite) =
1,15¢,, — for concrete class B25, (8)
€po(composite) = 1,54¢&p,, Ep2(composite) =
1,18¢,, for concrete of class B80 )]

If the coefficients specified in formulas 8, 9 are
used, the necessary reliability and reserve of 2
to 6% for B25 concrete and 1 to 8% for B&0
concrete will be realized in structures under
short-term loads (see the values in brackets in
Table 4). For other intermediate concretes it is
allowed to interpolate the presented coefficients
by strain values.
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Table 4. Comparison of obtained values, %

[Teor.] — [Test] [FEM] — [Test] [Teor.] — [FEM]
[Test] [Test] [FEM]
g & g & g &
a3 a3 a3
) =5 . | 5% . | =%
E 8¢ Z | EEe 2 | Efe
< g 5 < g 5 < g 5
o 5 0 5 ° 5
No £ £3 £ 3
' Z2 Z 8 Z 8
Data used
Table 2 Table 2 Table 2 Table 2 Table 2 Table 2 Table 3 Table 3 Table 2 Table 2
Table 3 Table 3 Table 3 Table 3 Table 3 Table 3 Table 3 Table 3
Type of theoretical material deformation curve
(S - steel according to SP 16, B - concrete according to SP 63)
S2L+ S3L+ S3L+ S2L+ S3L+ S3L+ S3L+ S3L+ S3L+
B3L B3L BCL B3L B3L BcL | LB g3y B3L B3L
1 2 3 4 5 7 8 9 10 31
K3 -8,0 -8,0 -11,2 -11,2 -11,2 -10,3
K13 8 | 68 | @b | @b | @n | en | TR e B2
K-10-11
-14,2 -14,2 -8,3 -32,6 -32,6
K:10:8 0.9) 0.9) (7.9) 3.7) (3.7) 32,1 22,6 40,3 10,8 13,0
K-10-3
CP1
CP2 -4,9 - - - - - - -
CP3
SQ - - - - - - - 14,0 -4,0
Note: values in parentheses are given by using the proposed factors for the construction of material deformation dia-
grams

B. Axial stiffness of compressed bars

The effective geometric characteristics of the
cross-sections must be utilized and the stiffness-
es of the elements must be calculated. Due to
the active inclusion in spatial performance, in-
cluding the action of wind loads, it is extremely
important to correctly determine the stiffness of
the elements when assessing the overall defor-
mation of the building. Based on the results of
the conducted experiments, it is possible to es-
timate the reduced (total) axial stiffness of com-
pressed steel-reinforced concrete structures at
each design or loading stage. It is possible to
plot the diagram “force vs. axial stiffness”
(N/Nun) - Dai) on the basis of the adopted ap-
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proach of division of diagrams into stages by
transforming formulas 4, 5:

AN;L

ADa.i = Ali s

(10)

where Al; is the shortening according to the re-
sults of the experiment at load N; at the i stage
of loading. The graphs of stiffness variation de-
pending on the applied load are shown in Fig-
ures 9...11. On the horizontal axis of the graphs
the value N/Nu» is plotted, where N is the cur-
rent compressive load at tests or calculations,
and Ny is the normative ultimate compressive
load, which is calculated according to the for-
mula 6. The vertical dashed line corresponds to
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the load level corresponding to the design
strength values of materials R», Ry, Rs, calculat-
ed by formula 7. Experimental data are shown
in gray dashed lines. Blue, orange, green lines
show the theoretical values of stiffnesses ac-
cording to formula 10. Red line shows the stiff-
ness of the compressed structure according to
the numerical model. The horizontal black

1,0E+05
8,0E+04

6,0E+04

— —cP1

40E404 | _ _ o, \\/

— —CP3 \ )

——B80 (B3L, Cr163) \
2,0E+04 ——B80 (BCL, Cr163) |

N ult pacu |

— .- Da,n SP266 | N/N,,

0,0E+00 s
0,0 0,2 0,4 0,6 0,8 1,0 1,2

Figure 9. Diagrams of change in stiffness Da as
a function of load for concrete models (B80)

The stiffness of unreinforced models (concrete
prisms CP1...CP3 - gray dashed line in Figure 9)
at the initial stages of loading of structures (at
N/Nu.»=0...0.3) is much higher than the value of
Da,n. Further, after initial compression, the stiff-
ness begins to drop to a value of about 0.75Dq.n
and remains stable up to a load of about
N/Nun=1.1. The stiffness graph goes sharply
downward to a value of about 0.4...0.5Dgn.
Failure (D4»=0) occurs at about the load level
N/Nui=1.4. The utilization of nonlinear strain
diagrams will allow a fairly accurate modeling
of the behavior of concrete under load and the
graph shows that the curvilinear diagram is ob-
viously more accurate in describing the perfor-
mance of concrete under load (green line), com-
pared to the tri-linear diagram (blue line).

The stiffness of steel-reinforced concrete mod-
els made of B25 concrete (gray dashed line in
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dashed line on the graphs shows the value of the
reduced normative axial stiffness of the section
Da,n, calculated by the formula similar to G.11
of SP 266.1325800, where instead of the mo-
ment of inertia the cross-sectional areas are tak-
en, and the coefficients ks=ks=1 and the concrete
deformation modulus - E»=0.85E», as under
short-term load action.

7,0E+05 - [
|

6,0E+05

5,0E+05

D,, kN (/10)

4,0E+05 b

~
—e— Pyy. S2L{B3L
—=—Pyy. S3L+BI~

3,0E+05 .
—— Pyy S3L+BCL
2,0E+05 | — —K3
— —K-13
Atn S2L+BCL
1,0E+05 ey AN
— - - Nult pacy \
— - - Da,n SP266 \
0,0E+00

0 01 02 03 04 05 06 07 08 09 1 11
Figure 10. Diagrams of change in stiffness Da as
a function of load for steel reinforced concrete
models K3 and K13 (B25)

Figure 10) at the initial stages of structural load-
ing (at N/Nu»=0...0.3) is much higher than the
value of Dgn. Further, after the initial compres-
sion, the stiffness starts to drop sharply to a val-
ue of about 0.56D,.. At the load range
N/Nun=0.3...1.05 it steadily decreases almost to
0. Failure (Ds»=0) occurs approximately at the
load level N/N.»=1.07. The comparison shows
that the use of the curvilinear diagram also
shows a good convergence with the experi-
mental curves (green line), while the three-line
diagram of concrete and steel (orange) and even
more so the two-line diagram (blue) give an un-
justified overestimation of the stiffness at loads
N/Nun=0...0.5. Numerical modeling using the
curvilinear concrete deformation diagram (red
line) also shows a good convergence with the
experimental stiffness diagram.
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Figure 11. Diagrams of change in stiffness Da as a function of load for steel-reinforced concrete
models K10 (B80)

The stiftness of steel-reinforced concrete models
made of B8O concrete (gray dashed line in Figure
11) at the initial stages of loading of the structures
(at N/Nu,~0...0.3), as well as for the above consid-
ered models, is significantly higher than the value
of Dgn. Further, after the initial compression, the
stiffness begins to drop to a value of about
0.57Da,» and remains stable up to a load of about
N/Nu=0.7. After the plastic deformations start to
develop in the steel core at the load range
N/Nu»n=0.7...1.2 the stiffness of the element de-
creases smoothly to the value of 0.3Ds.. Here
cracks actively develop and separation of concrete
from steel takes place and the stiffness diagram
sharply goes down to the value of about 0.14Dgn.
Failure (D4»=0) occurs at approximately the load
level N/N.u»=1.4. It can be seen that the diagram of
stiffness change in steel-reinforced concrete struc-
ture made of high-strength concrete (B80) and
with high ratio of reinforcement (model type K10)
practically repeats the diagram for unreinforced
concrete (Figure 9). There are the same character-

istic steps of stiffness drop and then a stable stiff-
ness value without significant decrease over the
load range N/N.,=0.3..0.7. At the same time,
modeling of stiffness by formulas 4, 5, 10 (orange
line), as well as by the finite element method (red)
using curvilinear diagram of concrete deformation
and three-linear diagram for steel do not provide
an accurate description of the change of stiffness
(as well as deformation) of the structure in the
range of loads N/N.,»=0.3...0.7.

In order to bring the axial stiffness to a value
close to the experimental data, it is proposed to
introduce an additional coefficient kcomposiee 1IN
accordance with Formula 11, Table 5 and Fig-
ure 12 when calculating stiffnesses for steel-
reinforced concrete structures under the action
of short-term loads:

Da,composite = kcomposite (O-BSEbAb + EsAs +
EseAse), (11

Table 5. Correction factor to modulus of deformation

k composite for steel reinforced concrete structures with reinforcement ratio p<22% and
N/Nyn heavy concrete of compressive strength class

B25 B80

1 2 3

0 1 1
0.3 0.55 0.55
0.7 - 0.55
1 0.1 0.3

1 0 0
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1
0,9
S08
0,7
0,6

omposite

0,5
0,4
0,3

0,2 | ——composite [B25+5255]

0,1 | —s—composite [B80+8255]

0

N/N,,,
o 010203040506 070809 1

Figure 12. Diagram if the coefficient k¢omposite

CONCLUSION

1. Longitudinal shortening deformations for
steel-reinforced concrete compressed members
have been evaluated with a wide range of heavy
concretes (from B25 to B80) and reinforcement
ratios (from 0 to 22%). Deformations were cal-
culated manually using modified formulas of SP
63.13330 taking into account three types of
concrete deformation diagrams (two- and three-
line, curvilinear) and two types of steel defor-
mation diagrams (two- and three-line according
to SP 16.13330). Finite element method analysis
of structural models has been performed. These
calculations take into account the characteristic
diagrams of materials performance, as well as
the possibility of slippage at the steel-concrete
contact in accordance with [4]. Experimental
data obtained during testing of conditionally
centrally compressed column models of steel-
reinforced concrete structures have been ana-
lyzed.

2. It has been found that the existing concrete
performance diagrams do not accurately de-
scribe the performance of a composite steel-
reinforced concrete structure, namely its short-
ening and reduced stiffness. When the concrete
structure operates in compression, its failure at
earlier stages of loading than it would be for
concrete or reinforced concrete. This circum-
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stance is due to the stress-strain state of the con-
crete section separated by steel elements, as
well as to the effects of early delamination and
slippage on the steel-concrete contact surface.

3. To eliminate the identified discrepancy in de-
termining the value of longitudinal deformation
(shortening) under the action of short-term
loads and experimentally obtained data, it is
necessary to use a system of additional coeffi-
cients. These coefficients should increase the
theoretical value of the expected strains €»o and
b2, and should also account for the peculiarities
of the operation of concrete of ordinary and
high strength as part of compressible steel and
reinforced concrete structures.

4. To bring the calculated axial stiffness to a
value close to the experimental data, it is sug-
gested to introduce an additional coefficient
kcomposire, Which additionally reduces the axial
stiffness of the structure depending on the level
of stresses in concrete and steel, when calculat-
ing the stiffness values for steel-reinforced con-
crete structures under the action of short-term
loads.

5. Considering the curvilinear diagram of con-
crete in compression provides more accurate
results of the serviceability limit state (for de-
formations) than two- and three-line diagrams
when performing calculations of spatial
schemes of complex structures taking into ac-
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count physical nonlinearity on the deformed
scheme. Curvilinear diagrams more accurately
describe the deformations of the structure oper-
ating in compression at the initial stages of de-
formation and loading.
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Abstract. The paper presents the main stages of designing the strengthening of shallow foundations with piles
made in clay soil (injection and bored-injection) for reconstructed buildings. Such foundations are often called
combined foundations. The basic methods for installing these piles as part of reinforced foundations are present-
ed, including injection cylindrical piles, bored-injection cylindrical piles of Titan and Atlant types, and bored-
injection conical piles. The methodology of foundation strengthening design with the use of such piles is dis-
cussed. As a result of investigations of soil properties, lithologic structure of the base and other parameters the
procedure of evaluation of soil conditions of construction sites is shown. The data on assessment of technical
condition of bases and foundations of reconstructed buildings are presented. The article presents the main results
of tests of injection piles, provides guidelines for determining their load-bearing capacity. It provides infor-
mation on verification calculations performed while designing foundations reinforced by injection (bored-
injection) piles, including the determination of the design resistance of the compacted soil of the base. An engi-
neering method for calculating the settlement of reinforced foundations with injected, bored-injected piles in clay
soils, which can be used in the design practice of reconstructed buildings, has been presented. The method al-
lows accounting for the displacement (settlement) of the soil due to its weakening in the places of wells for the
piles and data on the change in the stress state of the base under the bottom of the slab part of the foundation.

Keywords: strengthened foundation, injection and bored-injection piles, reconstruction of buildings,
assessment of soil conditions of construction, foundation strengthening solutions

IMPOEKTUPOBAHHUE YCUJIEHUA ©YHIAMEHTOB
C UCHHOJIB3OBAHUEM CBAMU I1PU PEKOHCTPYKIINU
3JJAHUM B INIMHUCTBIX TPYHTAX

AM. Honuwyx ', A.A. llemyxoe ', H.C. Huxumuna °, H.B. Ceménos

! Ky6aHckuii rocy1apcTBeHHbIH arpapHbiii yausepeutet uM. U. T. Tpy6ununa, r. Kpacnogap, POCCUSI
’HanuoHanbHbIH HCCIIeI0BaTeNbCKH MOCKOBCKHII FOCYIapCTBEHHBIN CTPOUTENBHEI YHUBEPCUTET,
r. Mocksa, POCCH

Annotanust. [IpuBesieHbl OCHOBHBIE JTAllbl IPOSKTUPOBAHMS yCUICHHS (DYHIAMEHTOB MEIIKOTO 3aJI0’KEHHUSI CBa-
SIMH, U3TOTaBIMBAEMBIMU B TJIMHUCTOM TpyHTE (MHBEKIIMOHHBIE U OypOMHBEKIMOHHBIE) ISl PEKOHCTpyUpye-
MbIX 3/aHuil. Takue (yHAaMEHTBl 4acTO Ha3bIBAIOT KOMOMHUPOBAaHHBIMHU. [IpencTaBiieHbl OCHOBHBIE CIIOCOOBI
yCTpOiCcTBa yKa3aHHBIX BBIIIE CBalf B COCTaBE YCHJIMBAEMBIX (DYHIaMEHTOB, BKJIIOYass MHBEKIMOHHBIC LMJIMH-
JPUYECKHE CBaW, OYpOMHBEKIMOHHbBIC HMIMHAPUYECKUE CBaW KOHCTpYKuuH «Titan», «Amuanmy, OypOUHbEK-
LIMOHHbIC KOHUYECKHE cBau. JlaHa METO/MKa MPOEKTUPOBAHMS YCHIICHNSI (DYHIAMEHTOB C MCIOJIBb30BaHUEM Ta-
kux cBail. [1o pe3ynbraTaMm MccaeIOBAaHUN CBOICTB TPYHTOB, JTUTOJIOTHYECKOTO CTPOEHHS OCHOBAHUS U IPYTHX
MapaMeTPOB MOKa3aH MOPSIOK BBIMOJIHEHHS OLEHKH IPYHTOBBIX YCIOBUH ILUIOMAN0K CTpoUTeNbeTBa. [Ipencras-
JICHBI JIaHHBIE IO OIIEHKE TEXHUYECKOTO COCTOSHHS OCHOBAHUH M (hyHIaMEHTOB PEKOHCTPYHUPYEMBIX 3IaHHM.
IIpuBeaEeHBI OCHOBHBIE PE3YIIBTATHI UCIIBITAHUY MHBEKIIMOHHBIX CBal, JaHbl YKAa3aHUS 10 ONPENEICHUIO UX He-
cymeil ciocoOHOCTH. IIpuBezeHBI CBEIEHMSI O MOBEPOYHBIX pacyeTax, BBIIOIHAEMBIX HPH MPOCKTHPOBAHUH
(YH/IaMEHTOB, YCHJIMBAEMbIX HHBEKIIMOHHBIMU, OYPOMHBEKIIMOHHBIMU CBasMHU, B TOM YHCIIE 110 ONPEACTICHHUIO
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pacdyeTHOTO CONPOTHUBICHUS YINIOTHEHHOTO rpyHTa OCHOBaHUs. [IpecTaBineH HHKeHEpHBII METO pacdera oca-
JIOK YCHJIMBAEMbIX (D)YHIAMEHTOB C MHBEKIIMOHHBIMH, OYpPOHHBEKIIMOHHBIMU CBAasIMU B TJIMHUCTBIX TPYHTaX, KO-
TOPBIII MOXKET HCIIOJIL30BAThCS B MIPOCKTHOM MPAKTHKE PEKOHCTPYHUPYEMBIX 3AaHUH. MeToJ1 MO3BOISET yUUTHI-
BaTh NepeMeIIeHNs (0Ca/IK1) TPyHTA 3a CUET €ro ociaaliieHHs: B MecTaX yCTPOWCTBA CKBaKUH I10]] pacCcMaTpHBa-
eMble CBaW U JIaHHbIe 00 M3MEHEHHMU HAIPSKEHHOTO COCTOSHMSA OCHOBAHMS I10]l MOAOLIBOM NJIMTHON 4acTH

(hyamamenra.

KaioueBble ciioBa: ycuianBaeMblid yHIAMEHT, HHBEKIIMOHHBIE N OYPOMHBEKIINOHHBIE CBaH,
PEKOHCTPYKIHA 3aHUH, OIIEHKA TPYHTOBBIX YCIOBHI CTPONTEIBCTBA, PEIICHHS 110 YCHICHHIO (DyHIAMEHTOB

BASIC PROVISIONS

A way to increase the load-bearing capacity of
shallow foundations is to change the scheme of
operation by transferring part of the load from
the building to the piles. The foundation thus
formed is often called a combined foundation.
In this case, the piles can be arranged under the
footing of the foundation through its slab part or
adjacent to its perimeter (Fig. 1).

In recent years, injection and bored-injection
piles have been increasingly used to strengthen
the foundations of reconstructed buildings. In-
jection piles are defined as structures that are
formed in prepared (ready-made) boreholes by
injecting into them under pressure a mixture of
fine-grained concrete with subsequent pressure
testing of the system “pile - base soil”
(Polischuk A.I., Petukhov A.A. et al., 2003). In
the case of such piles, the borehole is construct-
ed by preliminary pushing into the ground steel
tubular injectors of special design (Fig. 2) [1, 2,
3]. If the borehole is drilled using auger or other
equipment such piles are usually called Titan
cylindrical bored injection piles [4, 5]. [4, 5].
They were introduced in construction by
Ishebek (Germany, 1956). The considered
bored-injection cylindrical piles are used mainly
for the action of vertical compressive and pull-
ing (anchor) loads. Sometimes they are called
Titan bored-injection anchor piles (Fig.3). In
Russia, the Titan piles have been used since
about 1985-1990. As a development of Titan
bored-injection piles, the company In-
zhProektStroy (Russia) in 2006-2008 proposed
a design solution of Atlant bored-injection piles
for compressive and pull-out (anchor) loads, as
well as for moment forces (Fig. 4).
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0.000 0,000

Figure 1. Foundations reinforced by injection
(bored-injection) piles: a - under the bottom of
the existing strip foundation; b - adjacent to the
slab part of the existing separate foundation; 1 -
existing strip foundation, 2 - existing separate
foundation; 3 - injection (bored-injection) piles;
4 - cone hole in the slab part of the foundation;
5 - reinforced concrete cage; 6 - bearing layer
of the foundation soil

As part of the development of design solutions
for bored-injection cylindrical piles, D.A.
Chernyavskiy, O.Y. Yeschenko (2010), and
later G.G. Solonov, D.A. Chernyavskiy et al.
(2024) proposed a device and a method for
manufacturing bored-injection conical piles,
which are now increasingly used in new con-
struction and building reconstruction (Fig. 5)
[6, 24].
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Figure 2. Injection piles and schemes of their
formation in the soil (authors A.I. Polishchuk,
A.A. Petukhov et al.).: a - Injector immersion, b -
Arrangement of injection pile by injecting fine-
grained concrete, 1 - Injector section without
perforation; 2 - Well side surface; 3 - Air gap
between injector and well wall; 4 - Injector
section with perforation, 5 - Injector pipe
widening at the bottom of the injection pile for
air gap arrangement,; 6 - Cutting plates; 7 -
injection pipe widening along the injection pile;
8 - well plugging; 9 - expandable part of the
injection pile during concrete mixture injection;
10 - lower end of the pile; 11 - injector push-in
force; 12 - direction of concrete mixture injection
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Figure 3. Structural elements of Titan cylindri-
cal (anchor) bored injection pile (Germany)
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Figure 4. General view of constituent structural
elements of the Atlant bored-injection pile (Russia)

Figure 5. Scheme of bored-injection conical pile
(authors D.A. Chernyavskiy, O.Y. Yeschenko):
1 - drill bit; 2 - connecting coupling;,

3 - fine-grained concrete mixture; 4 - lateral
surface of the borehole; 5 - hollow steel rod; 6 -
drill bit with drilling blades

METHODOLOGY FOR FOUNDATION
STRENGTHENING DESIGN AND PILE
PERFORMANCE STUDIES

The design methodology for strengthening of
shallow foundations of reconstructed buildings
includes the following stages: selection of ex-
perimental sites for testing of full-scale injection
( bored-injection) piles; performance of engi-
neering and geological surveys; manufacturing
of structural elements of piles; preparation of
fine-grained concrete mixture and its experi-
mental injection into boreholes; construction of
injection, bored-injection piles at the selected
site; investigation of physical and mechanical
properties of soils in the pile space; testing of
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injection (bored-injection) piles by static inden-
tation load. The experience of the above meth-
odology can be borrowed from the authors' pub-
lications and technical literature [1, 7, 8, 9] for
the period from 2003-2023.

For example, experimental studies at the
experimental sites in Tomsk and Kemerovo were
grouped into series of experiments [1, 10]. Injection
piles with lengths of 1.5, 3.5, 5.0 m without
widening injectors and with extensions at the level
of their lower ends in the form of tips to form an air
gap were applied (Fig. 6). Each injector pipe had
two sections: a “blind” section, usually up to 1.5 m
long, and a section with 15-20 mm diameter holes
staggered at 80-100 mm spacing. At the boundary
between these sections, a ring of the same diameter
as the tip widening was provided.
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Figure 6. Design solution of tips for 57 mm (a,
b, ¢) and 108 mm (d, e, f) diameter injectors
used in the production of injection piles.

a, d - tips for piles without widening;

b, e - the same with widening diameter (1.37-
1.4)D; c, f - the same with widening diameter
(1.75-1.8)D, where D is the injector diameter

Injectors were immersed up to the design level
using a hydraulic long-rod jack due to the
cramped conditions at the experimental site in
Tomsk and a drilling rig UGB-1BC at the ex-
perimental site in Kemerovo. Injection of fine-
grained concrete was carried out with the help
of a CO-49 m and CO-180 pump, providing a
constant rate of its supply of about 2.5 m%/h.

Volume 21, Issue 1, 2025

The maximum pressure created by the pump
was 1.5-2.0 MPa. The concrete mixture was in-
jected into the boreholes in portions of 0.1 m’
with technological breaks for 5-10 min for “in-
termediate” pressing of the soil mass with work-
ing pressure (Fig. 7). The concrete mixture was
injected up to the specified volume calculated
on the basis of the geometry of the piles being
constructed. After injection of the concrete mix-
ture, the soil in the pile space was pressurized
by maintaining the working pressure in the
borehole for a specified period of time to ensure
soil compaction around the pile shaft.

KEY RESULTS AND THEIR ANALYSIS

Results of assessment of soil properties and soil
conditions of construction. The evaluation of
base soils enables designers to choose the most
rational solution for the reconstruction of build-
ings in terms of their reliability and cost-
effectiveness [1, 11]. Studies of changes in physi-
cal and mechanical properties of soils around the
shaft of injection piles were carried out on the se-
lected soil monoliths from pilot sites (Kemerovo,
Tomsk). The change of soil density p in the sur-
rounding massif along the length of the pile was
revealed. In the natural state, the soil density (p)
was 1.70-1.73 g/cm?, while at the boundary of the
pile shaft with the soil mass the soil density
changed and reached 1.97-1.98 g/cm’.

p, MIla

1,0

0,8
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0.4

0,2

0 I I
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V.
Figure 7. Changes in injection pressure p
(MPa) of the concrete mixture for injection

piles: 1 - 5.0 m long piles (site 1), 2 - 3.5 m long

piles (site 1); 3 - 1.5 m long piles (site 2); 4 - 5.0

m long piles (site 1 - with soil fracturing)
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The specific cohesion of the clayey soil after pile
placement increased from 13.3-15.0 kPa to 18.2-
18.6 kPa within a distance of up to 500 mm from
the lateral surface of the piles. At the same time,
the angle of internal friction of clayey soil
increased insignificantly, by 1-3 deg [1, 9, 10].
According to the results of static soil probing, it
was found that after pile arrangement the soil
resistance under the probe tip within the length of
the arranged pile gc increased 1.5-2.0 times and
amounted to 1.5-2.2 MPa. Soil resistance on the
lateral surface of the probe f. within the depth of
the pile increased by 1.4-1.5 times. Based on the
results of studies of soil properties, lithologic
structure of the foundation and other parameters,
the soil conditions of the test sites under
consideration were evaluated [20, 22].

Assessment of the technical condition of foun-
dations. For reconstructed buildings, the condi-
tion of foundations shall be established based on
the results of inspection, including the examina-
tion of the base soils and verification calcula-
tions [1, 12]. Based on the results of the work
performed, considering the identified defects,
damages and verification calculations, their
technical condition can be assessed in accord-
ance with the requirements of GOST 31937-
2011 and other technical literature [13, 14].
Since 2011 there have been 4 groups for as-
sessing the category of technical condition of
building structures, including base soils, ac-
cording to GOST 31937-2011 in Russia. Ac-
cording to this standard, load-bearing building
structures and foundation soils may be in:
normative technical condition, serviceable
condition, limited serviceable condition and
emergency condition.

Test results of injection piles and justification
of their bearing capacity. Tests of injection
piles were carried out in accordance with GOST
5686-2020. Analysis of the results of injection
pile tests allowed to reveal the nature of their
operation performance under load. For example,
in the considered tests at pilot sites (Kemerovo,
Tomsk) it was found that for injection piles with
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injectors without tips (Fig. 6) the bearing
capacity Fa was the lowest. For piles having
injectors with bottom end extensions in clayey
soils their bearing capacity Fq increases.
Significant increase of up to 20-30 % and more
in the bearing capacity Fq of injection piles was
detected if the diameter of the widening Dy
exceeded the injector diameter D by a distance
C=(0.37-0.4)D.

To substantiate the bearing capacity of injection
piles, the requirements of regulatory documents
and technical literature (SP 24.13330.2021;
Mangushev R.A. et al., 2015; Handbook of
Geotechnical Engineering, 2023; Polishchuk
A.L et al., 2023) have been utilized. The value
of external load N = Fq4, which corresponded to
their settlement equal to 10 mm, was taken as
the bearing capacity Fa of injection piles at the
pilot sites in the cities of Kemerovo and Tomsk
[1]. In the absence of data on in-situ tests of
piles, their bearing capacity can be determined
using formulas and methods presented in
regulatory and technical documentation and
publications of authors [2, 9, 14, 15, 16, etc.].

Loading assessment of strengthened founda-
tions. Loading assessment of strengthened (com-
bined) foundations means the analysis of initial
data and calculation results, which reveals the
compliance of their design solution with the cur-
rent loads (N, M, Q) and ground conditions of
the construction site of the building being recon-
structed [17, 18]. During the loading assessment,
verification calculations are first performed for
shallow foundations before they are strengthened
(before the building is reconstructed). In particu-
lar, the design resistance of the compacted base
soil Rup must be determined and compared with
the pressure at the bottom of the shallow founda-
tions p (p < Rup) before and after reconstruction
[22]. In addition, the foundation settlement S and
its irregularity AS are also determined. If the
pressure p exceeds the design resistance Rup (p >
Rup) or the settlement S or the irregularity of set-
tlement AS of the foundations exceeds the per-
missible limits, the foundation should be
strengthened with piles (“strengthened founda-
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tion”) [9, 19]. The strengthened foundation is
then designed [7, 14, 22].

Verification calculations of the final settlement
of the foundation S strengthened by injection
(bored-injection) piles should be performed
according to the requirements of SP
22.13330.2016. The engineering calculation
method developed by the authors can also be
utilized, according to which the foundation
settlement Sreq (mm) of the reconstructed
building is determined considering the nonlinear
relationship between stresses and deformations in
the soil [2, 21, 23] using the formula:

Srec= So "knt Sf(ktech - 1), ()

where S, is the final settlement of single injection
piles (injection pile), mm [19, 20]; S is the design
settlement of the existing shallow foundation
(before strengthening with piles), determined by
calculation mm; ko, = 1.01 —1.13 is the
coefficient, which takes into account soil
displacement (settlement) due to soil shrinkage
along the borehole walls during injection pile
installation; k,, = 0.93-0.98 — coefficient, which
takes into account the data on the change in the
stress state of the soil in the basement under the
bottom of the slab part of the foundation after the
installation of injection piles.
Thus, the proposed sequence of actions in the
design of foundation reinforcement with the use
of piles (injection, bored-injection) allows to
properly organize the main stages of work of
specialists and create an effective design
solution that ensures its reliable operation for
reconstructed buildings in clay soils.

CONCLUSIONS

1. The paper provides data on the performance
of reinforced concrete foundations formed from
shallow foundations when their slab part is
reinforced with injection or bored-injection piles
of 3...8 m length. The scope of application of
the considered structural solutions of
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foundations extends mainly to reconstructed
buildings in clay soils, including weak soils.

2. It has been found that injection and bored-
injection piles made of fine-grained concrete are
now increasingly used for strengthening
foundations of reconstructed buildings. In
particular, the introduction of injection piles was
carried out at the objects of reconstructed
buildings in Tomsk and Kemerovo (2005-2008),
and bored-injection piles at the objects in Sochi
and Krasnodar (2020).

3. The proposed engineering method for
calculating  settlements  of  foundations
strengthened by injection, bored-injection piles
@h)clayey soils can be used for the conditions of
building reconstruction. The method allows to
account for the displacement (settlement) of the
soil from the external load at the locations of
wells and data on the change in the stress state
of the foundation soil under the bottom of the
slab part of the foundation.
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