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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.

6 Volume 19, Issue 3, 2023



International Journal for Computational Civil and Structural Engineering

OBLIAA MHOOPMALIUA O XXYPHAIE

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

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

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

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

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

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

(TeXHUUYECKHUE HAYKH),

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

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

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

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHIUUECKHE HAYKH ),

* 2.1.9 — CtpoutenbHas MeXaHUKA (TEXHUYECKUE HAYKH)

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

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

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

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

3agaum KypHaJa:

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

* IPUBJICUEHUE BHUMAHHUS K HauOOJee aKTyalbHbIM, IEPCIEKTUBHBIM, IIPOPHIBHBIM U WHTE-
PECHBIM HaIPaBJICHUSAM Pa3BUTHS U MPUIIOKEHUI YUCICHHBIX U YHCICHHO-aHAIMTUYECKUX METO/IOB
pemieHus pyHIaMEHTaIbHBIX U MPUKJIAJIHBIX TEXHHYECKUX 3a7a4, COBEPILIEHCTBOBAHMSI TEXHOJIOT UM
MaTeMaTU4YeCKOT0, KOMITBIOTEPHOTO MOJEIMPOBAHUS, pa3padOTKU U BEpU(PHUKALUU PEaTU3YIOLIETO
MIPOrPaMMHO-AJITOPUTMUYECKOTO 00ECIIeUEHUS;

* obecrieueHre 0OMEeHa MHEHUSMH MEX/1y UCCIIEA0BaTeNIIMU U3 Pa3HBIX PETMOHOB U TOCYAapCTB.

Temaruka sxxypuaga. K paccMoTpeHnIo 1 myONnMKauy B )KypHaJIe IPUHAMAIOTCS aHATUTHUECKHIE
MaTepualbl, HayuyHble CTaTbU, 0030Pbl, PELICH3UU U OT3BIBbI HA Hay4YHbIE MYOIUKALUU 110 (yHIaMeH-
TaJbHBIM U IPUKJIAJHBIM BOIPOCAM TEXHUYECKHUX HAyK, IPEXk/ie BCEro B 00IaCTH CTPOUTENbCTBA. B
KypHaJe TaKKe MyOIuKyI0TCs HH(OPMAIIMOHHbBIE MaTepHAIIbl, OCBEIIAOIIIE HAYYHbIE MEPOTIPHUSTHS
U TIepeIoBbIe JOCTHKEeHHs Poccuiickol akaileMU apXUTEKTypbl M CTPOUTEIBHBIX HayK, HAy4YHO-00-
pa30BaTeNbHBIX U MPOEKTHO-KOHCTPYKTOPCKUX OPTraHU3aAIMA.

Temaruka crareid, MPUHUMAEMBIX K IyOIHMKalUU B JKypHaJe, COOTBETCTBYET €r0 HAa3BaHUIO U
OXBaTbIBACT HANPABJICHUS HAYYHBIX UCCIIEOBAHUN B 00JIACTH pa3pabOTKU, UCCIIEIOBAHMS U TPUIIO-
YKEHUH YUCIICHHBIX U YUCIIEHHO-aHAIUTUYECKUX METO0B, IPOTPAMMHOT0 00€CIIeUeHHsI, TEXHOJIOTHii
KOMIIBIOTEPHOTO MOJICIMPOBAHMS B PEIICHUH MTPUKIIAIHBIX 33/1a4 B 001aCTH CTPOUTEIBCTBA, a TAKKE
COOTBETCTBYIOIIME NMPOPUIbHBIE CIENUATbHOCTH, MPEACTABIECHHBIE B JUCCEPTALMOHHBIX COBETaX
o UIBHBIX 00pa30BATEBHBIX OPraHU3alMAX BBICIIEr0 0Opa30BaHusl.

Penakumonnas nojauruka. [TomuTrka penakiimoOHHOM KOJUIETHH KypHasia 0a3upyeTcst Ha co-
BPEMEHHBIX IOPUAMYECKUX TPEOOBAaHUSAX B OTHOUIEHHHM aBTOPCKOTO IpaBa, 3aKOHHOCTH, Ilaruara
U KJIEBETHI, U3J0KEHHBIX B 3aKoHOzaTenbcTBe Poccuiickoit denepanuy, U 3THUECKUX MPUHIIMIAX,
MOJI/IEP’KUBAEMBIX COOOIIECTBOM BEAYIIMX M3JaTeIel HayuHOU EPUOANKH.

3a nybnukayuto cmameti niama ¢ asmopos He e3vimaemcs. Ilyonukayus cmameii 6 JHcypHae
becnaamuas. Ha T1aTHOM OCHOBE B JKypHasle MOTYT ObITh OIyOJIHMKOBAaHBI MaTe€pUasbl PEKIaMHOTO
XapakTepa, UMEIOLIUE NMPSMOE OTHOLIEHUE K TEMAaTHKE JKypHaJa.

XKypnai npegocrapisieT HENOCPEACTBEHHbIN OTKPBITBINA TOCTYI K CBOEMY KOHTEHTY, MCXO/Is U3
CJIEAYIOIIETO IPUHIUMA: CBOOOIHBINA OTKPBITHIHM TOCTYH K pe3ysbTaTaM UCCIIeI0BaHUN CITIOCOOCTBYET
YBEIUYEHUIO TII00ATBHOTO 0OMEHa 3HAHUSMH.

HNupexcupoBanue. [IyOnukanuy B )KypHajie BXOISIT B CUCTEMbl PACUETOB MHJIEKCOB ILIUTUPOBAHUS
aBTOPOB U >KypHAJIOB. «MHIEKC IIUTUPOBAHUS — YUCIIOBOM MOKa3aTellb, XapaKTePU3YIOLMI 3HAYMMOCTh
JTAHHOU CTAThU M BBIYKCIISFOIIHICS Ha OCHOBE MOCIICTYFOIIMX ITyOTMKAINIA, CCHITAFOIIIXCS HA TAHHYO Pa0oTYy.

ABTtopam. [Ipexe ueM HarpaBUTh CTAaThIO B PENAKIMIO KypHasa, aBTOpaM CIEIyeT O3Ha-
KOMUTBCSI CO BCEMHU MaTepuallaMu, pa3MeIleHHbIMU B pa3jenax caiTa )KypHajla (MHTepHEeT-CalT
Poccuiickoii akageMun apXuTeKTypbl U CTpouTenbHBIX HayK (http://raasn.ru); mompasznen «M3nanus
PAACH» unm untepuer-caiit M3narensctBa ACB (http://iasv.ru); monpaznen « Kypuan [JCCSE»): ¢
OCHOBHOH MH(opManueit o XKypHaje, ero eI IMHU U 3a7a4aMi, COCTABOM PEAAKIIMOHHON KOJUIErHU
U PEJAaKLIMOHHOI'O COBETA, PEAAKIIMOHHOMN MOJIUTHUKOM, TOPSAIKOM PELIEH3UPOBaHMsI HAIIPaBJIIEMbIX B
KYpHaJ CTaTel, CBeIEHUsIMU O COOJIIOACHUM PEJAaKLIMOHHON 3THUKH, O MOJUTHKE aBTOPCKOTO MpaBa
U JIMLEH3UPOBaHMs, O MPEICTaBICHUH KypHasla B HH(OPMALIMOHHBIX cUcTeMaX (MHIEKCUPOBAHUN),
nHpopMalLueil 0 MOANUCKE Ha KypHAaJl, KOHTAKTHBIMU JaHHBIMH U TIp. JKypHan paboTaeT mo JuieH-
3un Creative Commons Tuna cc by-nc-sa (Attribution Non-Commercial Share Alike) — JIuniensus «C
yka3aHueM aBTopcTBa — Hekommepueckas — Konuner».
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MODELING OF LOADS FROM TSUNAMI WAVES ON THE
STRUCTURE

Tatiana A. Belash', Anton D. Yakovlev?

1 JSC Research Center of Construction, Moscow, RUSSIA
2 KAPproject, Saint Petersburg, RUSSIA

Abstract. Currently, the improvement of methods for calculating building structures is continuing, including,
among other things, methods for determining the magnitude of the load. Despite the fact that for most impacts,
the principles of determining loads and methods from the application have been formed for a long time, a
number of special tasks are sometimes encountered in design practice, for example, the impact of tsunami waves
on a structure. This article is devoted to modeling the wave roll on a structure in the "Fluid Flow (Fluent)"
module of the ANSYS 2021 software package and comparing the results obtained with the methodology
presented in SP 292.1325800.2017 "Buildings and structures in tsunami-prone areas. Design rules". The studies
presented in this article have shown that the nature of the propagation of hydrodynamic pressure when modeling
wave rolling in ANSY'S is similar to that presented in SP 292.1325800.2017: according to a triangular plot with
maximum pressure at the bottom. But at the same time, the value of the maximum pressure on the joint venture
is about 1.5 times greater than according to the calculation in ANSYS, which is explained by many different
factors. But, despite this, modeling of the tsunami waves rolling on the construction site can be performed at the
pre-project stage in order to assess the nature of the pressure distribution over the surface of the object, which
will allow choosing the most suitable structural and space-planning solutions.

Keywords: calculation of building structures, stress-strain state, tsunami, loads, building structures

MOAEJNPOBAHUE HAT'PY3OK OT BOJIH HYHAMMU HA
COOPYXEHHE

T.A. Beraw’, A./]]. Axoenee?

AO «<HUL»CtpoutensctBo», r. Mocksa, POCCHS
000 «KAIInpoekr», r. Cankr-Ilerepoypr, POCCUSI

AHHoTanmus. B Hacrosiiee Bpemsi NPOJOJDKAIOTCS YCOBEPLICHCTBOBAHHME METOJOB pacdeTa CTPOMUTENIbHBIX
KOHCTPYKIIHH, BKIIFOUAIOIINX B ce0s1, B TOM YHUCIIE, U CIIOCOOBI ONpeieNieHUs] BEJIMYMHbI Harpy3ku. HecMoTpst Ha
TO, YTO JJI1 OOJBIIMHCTBA BO3JCHCTBUH YK€ JIOCTATOYHO JaBHO C(HOPMHPOBAIMCH NMPUHIMIIBI OINPEICICHHS
Harpy30K M CHocoObl M3 NPHIJIOKEHUS, B IPOCKTHOW INpPAaKTHUKE HHOINA BCTpEYaeTcs psij OCOObIX 3ajad,
HaIpuMep, BO3ACHCTBHE BOJIH IyHAMH Ha COOpYy)XKeHHe. J[aHHas CTaThsl MOCBSIIEHA MOJCIMPOBAHHUIO HaKaTa
BOJIHBI Ha coopyxeHne B moayiie «Fluid Flow (Fluent)» mporpammuoro komriekca ANSYS 2021 u cpaBHeHUIO
IIOJIyYEHHBIX Pe3yJIbTaTOB C METOIMKOM, npencrasieHHor B CIT 292.1325800.2017 «3naHus U cCOOpy>KEHUS B
LyHaMHOIIaCHBIX paiioHax. [IpaBwia npoekTupoBaHus». VccienoBaHUs, NMPEICTaBICHHBIE B JaHHOW CTaTbe,
ITOKa3aJik, 4TO XapaKTep paclpOCTPaHSHUS THAPOIMHAMUYECKOTO JaBJICHHS IIPH MOICIIMPOBAHUN HAaKaTa BOJIH B
ANSYS ananmoruden mnpencrasieHaomy B CIT 292.1325800.2017: mo TpeyronbHOU SIIOpE ¢ MaKCUMaJIbHBIM
naBieHueM BHU3Y. Ho mpu 3ToM BenmunHa MakcuMaiabHoro nasienus o CIT mpumepno B 1,5 pa3a 6onbie, yem
mo pacuery B ANSYS, 4TO OOBSCHSIETCS MHOXXECTBOM pa3in4HbIX (akTopoB. Ho, Hecmorps Ha 93To,
MOJICJTUPOBaHUE HAaKaTa BOJH I[yHaMH Ha OOBEKT CTPOUTEIHLCTBA MOXKET BBIMIOJHITHCS HA CTAIUU MPEIIPOCKTA,
YTOOBI OLIEHUTH XapakTep paclpeicieHus] NaBICHHS IO IOBEPXHOCTH OOBEKTa, YTO IIO3BOJIUT BBIOpAThH
HanOoJee MoAXOASIINe KOHCTPYKTUBHBIE U 00BEMHO-TUIAHHPOBOYHBIE PEIICHUS.

KioueBble cj10Ba: pacdeT CTPOUTENBHBIX KOHCTPYKINH, HAIPSHKEHHO-1e()OPMUPOBAaHHOE COCTOSIHUE, IlyHAMH,
HArpy3KH, CTPOUTEINBHBIE KOHCTPYKIUN
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Modeling of Loads from Tsunami Waves on the Structure

INTRODUCTION

Tsunami is the Japanese name for a system of
gravitational waves arising in the sea due to
large—scale disturbances of the free surface.
Despite all the possible danger of tsunami-prone
territories, people have long settled in such
territories. Most often these were fishing
settlements that were supposed to be organized
on the coasts. But with the development of
science, humanity manages to reduce the risk of
staying in tsunami-prone areas. The evolution of
methods for calculating building structures for
the impact of tsunami waves plays an important
role in this, which leads to the possibility of
designing tsunami-resistant buildings. [1, 2]

The purpose of the calculation of building
structures is to assess their bearing capacity. For
these purposes, software complexes based on
the finite element method are currently most
often used. This method has high accuracy, but
implies solving a large number of equations, so
this method has become popular with the spread
of computer technology. Thus, at present,
designers have a fairly effective way to
determine the stress-strain state of structures.
But it is important to understand that in order to
obtain adequate results, it is necessary to enter
adequate initial data, including geometric and
stiffness parameters of the structure under study,
boundary conditions of the design scheme and,
of course, loads (both the way they are applied
in the design scheme and their numerical value).
In the global design community, conventions for
setting power loads (both permanent and
temporary) in the design scheme have been
formed for a long time. Such loads are applied
to the structural elements, as a rule, in the form
of static loads. Also, methods for applying
instantaneous dynamic loads (such as wind
pulsation or earthquake) have been formed for a
long time. Thus, for most loads, it is
unambiguously clear how to set them in various
computer computing programs. But, in design
practice, sometimes there are special tasks, for
example, the impact of tsunami waves on a
structure.
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Strictly speaking, on the territory of the USSR
(and further on the territory of the Russian
Federation), according to the resolution of the
Council of Ministers of the RSFSR No. 19 of
January 8, 1964, construction in tsunami-prone
areas is prohibited. This led to the fact that in
Russia for a long time there were no building
codes for the development of sea coasts exposed
to the danger of a tsunami. [3, 4]

Only since 2018, the code of rules of SP
292.1325800.2017 "Buildings and structures in
tsunami-prone areas" approved by the order of
the Ministry of Construction of the Russian
Federation No. 915/pr dated June 23, 2017 is
put into effect. Design Rules", developed by the
working group of the ANO "Regional Alliance
for Disaster Analysis and Reduction". [5, 6]

SP 292.1325800.2017 allows you to find the
value of the load from the expected tsunami
wave, which in the future should be set as a
static load in the direction of the expected action
of the tsunami wave. However, currently there
are a large number of software systems capable
of simulating the roll of a wave on a structure,
which will allow us to estimate the distribution
of pressure from the wave over time. Such
programs include Autodesk CFD, XFlow,
ANSYS and others.

This article is devoted to modeling the wave roll
on the structure in the "Fluid Flow (Fluent)"
module of the ANSYS 2021 software package
and comparing the results obtained with the
methodology presented in SP
292.1325800.2017.

MATERIALS AND METHODS

According to SP 292.1325800.2017, the loads
from the tsunami are special and are taken into
account in a special combination of loads
(clause 5.5.1 of SP 292.1325800.2017). Setting
loads of a special combination that takes into
account the impact of a tsunami on a structure
depends on the purpose and location of this
structure (clause 5.1.2 of SP
292.1325800.2017),  which ~ makes  the
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methodology presented in this document
universal and applicable for most design cases
in tsunami-prone areas.

For example, the specific load on the frontal
face of the structure from the impact of boron
according to SP  292.1325800.2017 is
determined by the formula (1):

P=033:p-C} exp(LA4p)-p- (B —p)
(l—ti)-t-KHp-sin3s+0,5-p-g-612-tz-
p- Knp, ()

where C; — the speed of the boron front when
rolling ashore; u — dimensionless parameter; t, —
duration of the impact of the boron front on the
coastal object; t — wave propagation time; € — the
angle between the direction of propagation of the
boron front rolling onto the shore and the frontal
face of the structure; K, — the permeability
coefficient of the face of the structure, equal to
the ratio of the material-filled part of the face of
the structure to its total part. [6]

As can be seen from formula (1), this document
takes into account various factors affecting the
magnitude of the load from the tsunami wave on
the structure. But, in fact, in this approach, we
bring an almost instantaneous shock load to a
static one (albeit with a fraction of the duration
equal to 0).

The "Fluid Flow (Fluent)" module of the
ANSYS 2021 software package allows you to
simulate the movement of liquids and gases,
including taking into account the interaction
with obstacles (in our case, these are buildings
and structures). The process of performing
calculations is similar to those in most
calculation programs (such as Lira or SCAD),
but each stage has its own peculiarities.

At the first stage, a calculation scheme is
created. It consists of a three-dimensional
structure (that is, taking into account the actual
dimensions of all building structures that will be
exposed to interaction with water). And also the
calculated area is modeled — the area of space in
which a liquid (or gas) will be generated and
interact with obstacles. Figure 1 shows a
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computational model of a fragment of a bridge
structure with a computational domain.

Figure 1. Calculation model

At the next stage, this calculated area is divided
into finite elements. ANSYS tools allow you to
thicken the grid of finite elements near the
boundaries of bodies (bridge structures), which
will increase the accuracy of calculations,
reducing the calculation time. A fragment of the
generated finite element grid is shown in Figure 2.

Figure 2. Fragment of finite element grid
generation

At the next stage, the initial data is set, of which
there is a huge amount in this software package.
Initially, the parameters of the input face of the
computational domain are set — on which waves
will be generated (the blue face in Figure 3). A
wave propagation model is chosen for this facet:
in this study, the "Short Gravity Waves" model
is adopted according to the theory of a
cnoidal/solitary wave. This choice is justified by
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the fact that all other wave generation
mechanisms, which are presented in the "Fluid
Flow (Fluent)" module, are designed for
medium and large depths, and this study
examines the roll of waves on shore structures.
Also, the height of the waves (8 m for this
calculation) and the speed of their propagation
are set here (the speed is taken as in the
calculations for SP  292.1325800.2017).
Secondly, the output faces (red faces in Figure
3) — from which water can come out either
calmly or taking into account resistance to
different pressures (atmospheric pressure was
established in this study). Thirdly, other faces
(gray faces in Figure 3) on which waves will not
be generated, but which limit the movement of
the wave: these are the faces along the
movement of water, the structure itself and the
lower face (denoting the ground). If the "No
Slip" parameter must be unambiguously set for
the faces along the wave motion in order to
exclude the loss of wave energy when
interacting with them, then it is possible to set
roughness for the remaining faces. So, in this
scheme, the roughness height (0.2 m) and the
constant roughness (0.5) were set, simulating
the interaction of the wave with the earth's
surface, similar to the parameter n required to
determine the dimensionless parameter pu from
the formula (1). [6, 7]

Figure 3. Boundary parameters of the
computational domain

In addition to the boundary conditions discussed
above, the parameters of the volume of the
computational domain itself were also set. The
main of these parameters are the presence of
gravity (9.81 m/s2) and the multiphase of the
model. Monophasicity implies that several
different substances (in this case air and liquid)
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occur in the computational domain. Standard
density and viscosity parameters are set for each
substance, taken from the default ANSYS
program library.

After the calculations, we get a picture of the
water distribution in the calculated area at the
required time (Figure 4).

Figure 4. Wave rolling on a bridge fragment

And you can also look at the pressure isofields,
at the areas of interest to us, for example, on the
surface of the structure under study (Figure 5).

—

i

Figure 5. Pressure from the wave on the
structure

As can be seen from Figure 5, the nature of
pressure propagation is similar to that presented
in SP 292.1325800.2017: according to a
triangular plot with maximum pressure at the
bottom. The maximum pressure value in this
calculation is 69630 Pa. At the same time, the
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maximum pressure value according to the
formula (1) for the same wave is 103590 Pa,
which is about 1.5 times more than according to
the calculation in ANSYS.

RESULTS

It should be understood that this distribution is
characteristic only for this particular case
(accepted geometric characteristics of a
construction object, accepted wave height, etc.).
Another important point is that formula (1) is
valid for boron — the most dangerous variant of
a tsunami wave is a vertical wall of water, while
ANSYS simulates ordinary waves of the desired
we need heights. Therefore, it is possible that a
special wave propagation model for collecting
water will appear in future versions of ANSY'S,
and then the difference in the results of the joint
venture and roll modeling in ANSYS will be
even smaller. But at the moment, ANSYS can
be considered as an alternative to testing models
in the pool — to assess the nature of the
interaction of waves with structures of various
shapes and sizes, as well as to see the nature of
the pressure distribution over the surface of this
structure.

CONCLUSION

The magnitude of the load from the tsunami bar
when calculated according to the methodology
presented in the joint venture is about 1.5 times
greater than when modeling the roll in ANSYS,
which is explained by many different factors.

Modeling of the tsunami waves rolling on the
construction site can be performed at the pre-
project stage in order to assess the nature of the
pressure distribution over the surface of the
object, which will allow choosing the most
suitable structural and space-planning solutions.
It is necessary to further develop both methods
for calculating loads from tsunami waves and
software systems capable of simulating the roll
of tsunami waves on various objects. The

Tatiana A. Belash, Anton D. Yakovlev

ultimate goal of this development should be
software systems capable of simulating the roll
of tsunami waves on building structures with
sufficient accuracy, as well as obtaining pictures
of the stress-strain state of these structures,
which should lead to the design of safe
buildings and structures in tsunami-prone areas.
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STATISTICAL MODEL OF AERODYNAMIC IMPACT ON THE
LARGE-SPAN COVERAGE
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Abstract: The aim of the study was to study the possibility of using the Dirichlet distribution as a statistical
model of the process of dynamic interaction of large-span structures with aerodynamic load. As an object of re-
search, a model of a hangar building was chosen for the maintenance of two AirbusA-380 aircraft at a scale of 1:
500 blown in a wind tunnel at five directions of wind flow at angles of 0 °, 30 °, 45 °, 60 °, 90 ° to the front of
the structure ... It is shown that the statistical model of the Dirichlet distribution has sufficient flexibility and re-
alism and compares favorably with the models built on the basis of the normal distribution, beta distribution,
gamma distribution and Poisson distribution when describing the processes of intense dynamic interaction of
wind load with structural elements. The problem of finding an integral assessment of the state of the processes of
interaction of the wind load with the hangar building for the maintenance of two aircraft was reduced to calculat-
ing the self-organization parameter of the distribution over the surface of the building model of the aerodynamic
coefficients, which was taken as the ratio of the total weighted amount of the Dirichlet models detected in the
analyzed numerical series of the registered signal i-th dimension with negative external entropy to the total
weighted number of Dirichlet models with positive external entropy.

The study showed that the dimensionless informational and statistical indicator of self-organization makes it
possible from a unified standpoint to assess the states that differ from each other in terms of external signs, the
processes of interaction and their dynamics. The integral indicator can be used to rank the efficiency of operating
systems and can be useful in assessing the state of the processes of dynamic interaction of the operating pressure
and objects and structures of various shapes and purposes.

Keywords: wind load, statistical model, Dirichlet distribution, entropy, self-organization

CTATUCTHYECKASA MOJEJIb ASPOAUHAMHUYECKOI'O
BO3JAEUCTBUSA HA BOJIBHIEITPOJIETHOE TIOKPBITUE

B.U. Epocpees !, A.B. Unaxunckuii ', E.A. Hukumuna ', B.M. Pooowrkun ',
I1.A. Xazoe?, A.A. Camanoe '

! Mucturyt npo6iem manmnoctpoenust PAH — ¢punuan ®TBHY «Denepanbubiil MCCIen0BaTebeKuil nentp « MHCTUTYT
npukitagaoi ¢pusuku uM. A.B. T'anonosa — I'pexoBa Poccuiickoit akagemun Hayk», r. Hikauit Hosropox, POCCHS
2 HikeropoICKuii rOCy1apCTBEHHBIN apXUTEKTYPHO-CTPOMTENBHBIA yHUBEpcHUTeT, T. Hikuuii Hosropon, POCCUS

Annotanusi: [{espro nccneoBaHus SBISJIOCh U3yUeHUE BO3MOXKHOCTH MCIIOIBb30BaHUs pacipenenenus Jupux-
Jie B Ka4eCTBE CTATHCTHYECKOW MOJENU Mpolecca TUHAMHYECKOTO B3aHMMOJICHCTBHS OOJBIIEIPOJICTHBIX KOH-
CTPYKIIUIA C BETPOBBIMU HArpy3kamu. B kauecTBe 00beKTa UCCIeI0BaHMsI ObLT BRIOPAH MAKET 3[aHMS aHTapa JUIs
TEXHHUYECKOT0 00CITyKuBaHUs ABYyX camolieToB AirbusA-380, paszpaborannblii B macitabe 1:500, koTopbilit
MOJIBEprajiach adpoJAMHAMUYUECKIM BO3JCHCTBUSIM B a9POJMHAMHUUECKON TpyOe MO MATH Pa3jIMYHbIM Hampasiie-
HUSM BeTpoBoro motoka mox yrimamu 0°, 30°, 45°, 60°, 90° k mepenHeit yactu koHCTpykumu. ITokazano, 4to
CTaTHCTHYEeCKass MOJeNb pacrpeneneHus Jupuxie obiajaeT A0CTaTOUYHOM T'MOKOCTBIO, OTPaXKaeT peajibHYIo
KapTUHY W BBIFOJIHO OTJIMYAETCs OT MOJEJIEH, NOCTPOSHHBIX Ha OCHOBE HOPMAJIBLHOTO pacmlpejereHus, Oera-
pacripeziesieHusl, TaMMa-pacrpe/iesieHust U pacrpejenenus [lyaccona npu onvcaHuy NpOLECCOB HHTEHCHBHOTO
JMHAMHYECKOr0 BO3JICHCTBUS BETpa Ha SJIEMEHTHI HOKPHITHS. 3a/iadya HaX0XKJCHUSI MHTETPAIILHON OLICHKH CO-
CTOSTHHSI TIPOIIECCOB B3aMMOJICHCTBHSI BETPOBOW HArpy3KH CO 3/[aHHEM aHrapa JJisi TEXHHYECKOT0 00CITyKHBaHHS
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JIBYX CaMOJIETOB CBOJMJIACH K BBIYHMCIICHHIO ITapaMeTpa CaMOOPraHU3alMi PacipeielieHHs 0 MOBEPXHOCTH Ma-
KeTa 3JIaHus 3HAYCHU I a9pOJMHAMHYECKUX KO3()(UIIMEHTOB, B KAYeCTBE KOTOPOTO OblIa MPUHSTA BEIMUYUHA OT-
HOIIECHHS CYMMapHOT'O B3BEIICHHOTI'O KOJIMUYECTBA BBISBJICHHBIX B aHAJIM3UPYEMOM YHCIOBOM psijie 3aperiucTpu-
POBaHHOTO curHajia Mozeneil Jlupuxie i-0ff pa3MepHOCTH, UMEIOIIMX OTPHUIATENIbHOE 3HAYEHHE BHEITHEH 3H-
TPONINH, K CYMMapHOMY B3BEHICHHOMY KOJMYECTBY Mojelieil J[upuxie, NMEIOMNX TOJIOKHUTEIFHOE 3HAUYCHUE
BHEIITHEH SHTPOIIHH.

[IpoBeneHHOE WCCIEIOBAaHNE TTOKA3alI0, 9TO Oe3pa3MepHBI MH(POPMAIMOHHO-CTATUCTUIECKAN MMOKa3aTeIhb ca-
MOOPTaHHU3AINHU TI03BOJISCT C €ANHBIX ITO3UIIHIA OIIEHUTH COCTOSIHHUS, OTIMYAIOIINXCS MEKAY COO0 10 BHEITHUM
MIPU3HAKAM TIPOIIECCH B3aMMOCHCTBHA U MX TUHAMHUKY. VIHTETpalbHBIN MOKa3aTelIh MOXKET OBITh HCIIOIB30BAH
JUIsL paH)KUpoBaHust (P(GEKTUBHOCTH JCUCTBYIOIIUX CHCTEM U MOXKET OKa3aThCsl MOJIE3HBIM MPHU OLIEHKE COCTOsI-
HUSI TTPOIIECCOB ANHAMUYECKOTO B3aMMO/ICHCTBHS JCHCTBYIOLIETO AAaBJICHUS U PA3IMYHBIX 110 GopMe U Ha3Haue-
HUIO 00BEKTOB M KOHCTPYKLIHUH.

KuroueBbie ciioBa: BETpOBas Harpys3ka, CTaTUCTUYCCKasd MOACJIb, PaCpCaACIICHNUC ﬂnpnxne, OHTpOIINA,
caMOOpranmn3anus

1. INTRODUCTION

Structural aerodynamics have always been con-
sidered quite important and paramount in de-
sign. Many works of domestic and foreign au-
thors are devoted to the study of the distribution
of aerodynamic loads on various objects and
structures using methods of numerical modeling
and experiments in a wind tunnel [1-6]. Howev-
er, there is no unified methodology for assessing
the state of the processes of dynamic interaction
of the operating pressure and objects and struc-
tures of various shapes and purposes. For large
objects of complex shape, taking into account
the wind profile, this problem is not fully solved
even with modern computing means [7-12]. In
particular, as shown by the results of experi-
ments, the aerodynamic characteristics for
large-span buildings, as a rule, differ for each
object [13-18]. The main approach to solving
the problem of the distribution of aerodynamic
loads consists in setting a mathematical model
of a building or structure and solving three-
dimensional equations of fluid and gas motion
with adequate turbulence models implemented
in modern software and computational systems
for fluid dynamics, as well as carrying out a
physical test of the model in a wind tunnel. At
the same time, the question of assessing the na-
ture of the interaction of large-span structures
with a complex geometric shape as a whole with
the aerodynamic load remains, as a rule, open.
Therefore, obtaining an assessment of the state
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of the processes of interaction of wind load with
complex large-span structures based on the use
of new information technologies requires further
development.

2. MATERIALS AND METHODS

Modern large-span structures are a complex
system consisting of a complex of various sub-
systems, which, in the course of the action of
the wind load, through the exchange of energy,
are interconnected by processes of intense dy-
namic interaction. In this system, complex
transient processes occur and critical chaotic
regimes arise, as a result of which self-
organization processes can occur, which means
that the system's reactions are determined not
only by external forces, but mainly by its struc-
ture and internal connections. A large number
of interacting elements, the influence of many
poorly controlled external factors lead to the
fact that the processes that determine the state
of such structures reveal a probabilistic nature
and can be represented by a statistical model
(image) in the form of a probability density
function defined on a limited interval by the
Dirichlet distribution. The model reflects the
result of joint implementation of n-1 independ-
ent processes xj, proceeding with speeds (in-
tensities) vj, and the opposite process in the
sense of the process, proceeding with a speed
vn. In this sense, the distribution is informa-
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tionally equivalent to an object of any nature density function of the Dirichlet distribution,
and degree of complexity [19]. The probability defined on a k-dimensional simplex, is

1—‘(al’l) k v;—1 k v, —1
D seurs :—II'— T x ]_E__ e 1
(Xl Xk) Hinzl F(Vi) i=1 % ( i=1 X ) ( )

: N g
0<Y x<Lvy20,..,v, 20,20 vy =an=k+1

In ()0 (Mis the gamma function. The entropy
of the Dirichlet distribution according to the
definition

H=—|p(x)log, p(x)d
)J; X X )dax (2)

up to the base of the logarithm is

H(V veava) = [TT(vi) ~InT(ag) + (@, —n)w(au—il(vi Dy (v;) 3)
i=1 i=

Here in (4) and (5) y(x)= d InT'(x) is the loga- lgr's 'psi-'function). The entropy of the Dirichlet
dx distribution can be represented as the sum
rithmic derivative of the gamma function (Eu-

H(D) =H;(vq{,....,v,)+H.(a,) 4)

in which the always positive term

i (Ve ¥) = I T T ) = 2 (4 - Dy () )

represents the entropy production corresponding
to the second law of thermodynamics, and the
term

H.(a,)=-InT(a,)+(a, —n)w(a,) (6)

represents the entropy flow characterizing the (v, =,...,= v, = v, ) the Dirichlet distribu-
processes of interaction with the external envi-

ronment. Atn>3the entropy flux (6) can take
both positive and negative values.

With an unlimited increase in the number of
processes proceeding at the same speeds

tion can be approximately replaced by a gamma
distribution with density
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XV},—]

y(x) = o))

and the entropy

H,=v,+InT'(v,)-(v, -Dy(v,)

The expression for the entropy of the gamma
distribution does not allow to select any part of
it that characterizes the entropy flux. Therefore,
the model represented by the gamma distribu-
tion corresponds to an isolated system. Conse-
quently, the choice of this model when describ-
ing processes in problems of atmospheric
sounding [20,21] or in problems of detection
[22,23] is incorrect, since an isolated system
does not take into account the interaction of an
object with the external environment. As a sta-
tistical model, the gamma distribution is only to

X

Pox

Like the gamma distribution, the Poisson distri-
bution is a fluctuation model, since the mathe-
matical expectation (space-time characteristic)
for (9) is by definition equal to the second cen-

H, :V(l—lnv)+lnF(1+V)+§l//I(l+V)

does not allow, as in the case of the gamma dis-
tribution, to single out the entropy flux. Conse-
quently, model (11) corresponds to an isolated
system with all the ensuing consequences. It
should be noted that the normal distribution, de-
fined on an unlimited interval, as a statistical
model of the researched process, assumes that
the investigated object has physical properties,
the parameters of which tend to an infinitely
large or small value. Obviously, there are no
such properties.
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exp(—x),x20,v, 20

f = —exp(— x);V >0;x =1,2,...

(7)

(8)

the extent a satisfactory model for observing the
state of an object, in which it is possible to im-
plement an infinitely increasing number of pro-
cesses proceeding at the same speeds.

Aty =1 (7) it turns into an exponential distribu-

tion — a model of observation (but not a mech-
anism) of radioactive decay.

If the speeds of processes take on discrete val-
ues, and the number of processes is large, but of
course, then the model will correspond to the
Poisson distribution, which has the form:

)

tral moment (impulse-energy characteristic). It
can be shown that the expression for the entropy
of distribution (9)

(10)

Thus, of all the considered distributions, only
the Dirichlet distribution has sufficient flexibil-
ity and realism, which favorably distinguishes it
from the models built on the basis of the normal
distribution, beta distribution, gamma distribu-
tion and Poisson distribution.

The object of the study is the projected hangar
building for the maintenance of two AirbusA-
380 aircraft in Moscow, covered by spatial
arches with a span of 227.65 m (Fig. 1).
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Figure 1. Main section of the hangar for maintenance

For testing in a wind tunnel, a model of the
hangar building on a scale of 1: 500 was made
on a 3D printer. The pressure measurement at
characteristic points of the coating surface was
carried out by means of a drainage system of
126 air outlet pipes connected to a microma-
nometer. The experiment was carried out for
five directions of the wind flow, at angles of 0°,
30°, 45°, 60°, 90° with respect to the front of the
structure. The tests were carried out in the la-
boratory of the Department of Heating and Ven-
tilation of NNGASU.

The problem of finding an integral assessment
of the state of the processes of interaction of the
wind load with the hangar building for the
maintenance of two aircraft was reduced to cal-
culating the self-organization parameter of the
distribution over the surface of the building
model of the values of aerodynamic coefficients
(tab. 1-5), which was taken as the value [23]

of the ratio of the total weighted yigi, number

9of Dirichlet models of i dimension, which
have a negative value of the external (flow) en-
tropy, revealed in the analyzed numerical series
of the registered signal, to the total weighted
3 iQl,, number of Dirichlet models with a posi-

tive value of the external entropy.

3. RESULTS AND DISCUSSION

The obtained values of the aerodynamic coeffi-
cients Cw=Psur/Po ,where Psur is the pressure
measured at the studied point of the surface, and
Po is the dynamic pressure exerted by the wind
flow on the vertical surface, are given in tables
1-5.

The values of the self-organization parameter of
the distribution of aerodynamic coefficients for
different directions of the wind load are shown

K. = ZLID— in Fig. 2.
S (11
>iQb,

Table 1. The values of the aerodynamic coefficients Cw at a wind flow direction of 0°
-0,15 | -0,15 | -0,10 | -0,12 | -0,15 | -0,15 | -0,15 | -0,15 | -0,15 | -0,15 | -0,15 | -0,15 | -0,12 | -0,15
-0,17 | -0,17 | -0,15 | -0,17 | -0,17 | -0,17 | -0,20 | -0,20 | -0,20 | -0,20 | -0,17 | -0,17 | -0,15 | -0,17
-0,17 | -0,20 | -0,20 | -0,24 | -0,27 | -0,27 | -0,24 | -0,24 | -0,27 | -0,27 | -0,20 | -0,20 | -0,17 | -0,17
-0,22 | -0,24 | -0,27 | -0,32 | -0,29 | -0,34 | -0,37 | -0,34 | -0,37 | -0,34 | -0,29 | -0,27 | -0,24 | -0,20
-0,29 | -0,34 | -0,37 | -0,44 | -0,41 | -0,44 | -0,46 | -0,44 | -0,44 | -0,44 | -0,41 | -0,32 | -0,29 | -0,27
-0,41 | -0,51 | -0,51 | -0,54 | -0,56 | -0,56 | -0,54 | -0,56 | -0,54 | -0,54 | -0,51 | -0,46 | -0,37 | -0,37
-0,54 | -0,61 | -0,61 | -0,61 | -0,63 | -0,61 | -0,61 | -0,63 | -0,63 | -0,63 | -0,61 | -0,59 | -0,51 | -0,49
-0,63 | -0,68 | -0,66 | -0,66 | -0,68 | -0,66 | -0,63 | -0,66 | -0,71 | -0,68 | -0,68 | -0,68 | -0,68 | -0,59
-0,76 | -0,80 | -0,73 | -0,71 | -0,68 | -0,68 | -0,68 | -0,66 | -0,73 | -0,71 | -0,76 | -0,76 | -0,78 | -0,78
24 International Journal for Computational Civil and Structural Engineering
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Table 2. The values of the aerodynamic coefficients Cw at a wind flow direction of 30°

-0,32 | -0,22 | -0,22 | -0,24 | -0,19 | -0,14 | -0,16 | -0,27 | -0,16 | -0,14 | -0,14 | -0,14 | -0,11 | -0,11
-0,38 | -0,22 | -0,22 | -0,27 | -0,19 | -0,16 | -0,22 | -0,30 | -0,16 | -0,14 | -0,16 | -0,16 | -0,11 | -0,11
-0,41 | -0,22 | -0,19 | -0,27 | -0,16 | -0,16 | -0,24 | -0,35 | -0,19 | -0,16 | -0,19 | -0,16 | -0,11 | -0,11
-0,41 | -0,22 | -0,22 | -0,30 | -0,19 | -0,19 | -0,24 | -0,35 | -0,19 | -0,16 | -0,22 | -0,16 | -0,11 | -0,11
-0,41 | -0,22 | -0,22 | -0,27 | -0,19 | -0,19 | -0,24 | -0,35 | -0,22 | -0,19 | -0,22 | -0,19 | -0,11 | -0,11
-0,41 | -0,22 | -0,19 | -0,27 | -0,19 | -0,19 | -0,24 | -0,38 | -0,22 | -0,19 | -0,22 | -0,19 | -0,11 | -0,08
-0,38 | -0,19 | -0,19 | -0,24 | -0,19 | -0,16 | -0,22 | -0,35 | -0,19 | -0,19 | -0,22 | -0,19 | -0,14 | -0,11
-0,32 | -0,19 | -0,16 | -0,24 | -0,16 | -0,14 | -0,22 | -0,30 | -0,19 | -0,16 | -0,22 | -0,19 | -0,14 | -0,11
-0,30 | -0,16 | -0,19 | -0,22 | -0,14 | -0,14 | -0,19 | -0,30 | -0,16 | -0,16 | -0,19 | -0,19 | -0,16 | -0,14
Table 3. The values of the aerodynamic coefficients Cw at a wind flow direction of 45°
20,03 | -0,13 | 0,13 | -0,17 | -0,17 | -0,13 | -0,20 | -0,17 | -0,17 | -0,20 | -023 | -0.27 | -0,20 | -0,27
-0,03 | -0,10 | -0,10 | -0,13 | -0,13 | -0,10 | -0,17 | -0,13 | -0,10 | -0,13 | -0,13 | -0,17 | -0,10 | -0,20
-0,03 | -0,10 | -0,10 | -0,13 | -0,13 | -0,10 | -0,13 | -0,13 | -0,10 | -0,10 | -0,13 | -0,13 | -0,07 | -0,17
-0,03 | -0,10 | -0,10 | -0,13 | -0,13 | -0,10 | -0,13 | -0,13 | -0,10 | -0,10 | -0,10 | -0,10 | -0,07 | -0,13
-0,10 | -0,13 | -0,13 | -0,20 | -0,17 | -0,13 | -0,13 | -0,17 | -0,10 | -0,10 | -0,10 | -0,07 | -0,07 | -0,13
-0,13 | -0,13 | -0,17 | -0,23 | -0,27 | -0,20 | -0,27 | -0,27 | -0,20 | -0,17 | -0,13 | -0,07 | -0,07 | -0,10
-0,13 | -0,17 | -0,20 | -0,27 | -0,33 | -0,30 | -0,53 | -0,53 | -0,50 | -0,37 | -0,30 | -0,20 | -0,07 | -0,10
-0,17 | -0,20 | -0,23 | -0,37 | -0,40 | -0,43 | -0,60 | -0,60 | -0,63 | -0,70 | -0,67 | -0,63 | -0,33 | -0,13
-0,23 | -0,23 | -0,27 | -0,40 | -0,53 | -0,57 | -0,60 | -0,63 | -0,70 | -0,87 | -1,00 | -1,07 | -1,10 | -0,60
Table 4. The values of the aerodynamic coefficients Cw at a wind flow direction of 60°
20,04 | 0,07 | -0,11 | -0,15 | -0,19 | -0,22 | -0,26 | -0,30 | -0,11 | -0,22 | -0,26 | -0,26 | -0,15 | -0,19
0,04 | -0,07 | -0,11 | -0,15 | -0,15 | -0,15 | -0,19 | -0,26 | -0,11 | -0,19 | 0,19 | 0,19 | -0,15 | -0,22
20,04 | -0,04 | 0,07 | -0,15 | -0,15 | -0,15 | -0,19 | 0,22 | -0,07 | -0,19 | -0,19 | -0,19 | -0,15 | -0,22
20,04 | -0,04 | -0,07 | -0,15 | -0,15 | -0,11 | -0,19 | -0,19 | -0,07 | -0,15 | -0,19 | -0,19 | -0,15 | -0.26
-0,04 | -0,04 | -0,07 | -0,11 | -0,15 | -0,11 |-0,19 | -0,19 | -0,07 | -0,15 | 0,19 | -0,15 | -0,15 | -0,22
20,04 | -0,07 | -0,07 | -0,15 | -0,11 | -0,11 | -0,19 | -0,19 | -0,07 | -0,15 | -0,15 | -0,15 | -0,11 | -0,22
20,04 | -0,07 | -0,11 | -0,15 | -0,11 | -0,11 | -0,22 | -0,19 | -0,07 | -0,15 | -0,15 | 0,15 | -0,11 | -0,22
0,07 | -0,11 | -0,15 | -0,15 | -0,15 | -0,15 | -0,30 | -0,19 | 0,11 | -0,11 | -0,15 | 0,15 | -0,07 | -0,19
20,07 | -0,15 | 0,22 | -033 | -0,37 | -0,33 | -0,48 | -0,33 | -0,30 | -0,30 | 0,30 | -0,15 | -0,07 | -0,15
Table 5. The values of the aerodynamic coefficients Cw at a wind flow direction of 90°
0,03 |0,07 |0,14 |0,17 |0,21 |0,21 |0,28 |0,31 |0,28 | 0,28 |0,34 |0,38 |0,34 |0,31
0,03 | 0,07 (0,14 |0,17 |0,07 |0,17 |0,24 |0,24 |0,24 |0,24 |0,24 |0,24 | 0,24 | 0,28
0,07 | 0,07 | 0,10 |0,10 |O0,14 |0,14 |0,24 |0,17 | 0,21 |0,21 |0,21 |0,21 |0,21 |0,24
0,07 |0,03 (0,07 |0,10 |0,14 |0,14 |0,21 |0,17 |0,21 {0,017 |0,17 | 0,17 |0,17 | 0,21
0,07 |0,07 (0,07 |0,10 |0,14 |0,14 |0,21 |0,14 |0,17 |0,17 |0,17 | 0,17 |0,17 | 0,21
0,10 | 0,10 | 0,14 | 0,14 | 0,14 | 0,14 |0,21 |0,04 |0,17 | 0,17 | 0,07 |0,17 |0,14 |0,17
0,14 | 0,14 (0,24 |0,34 (031 |031 041 |0,28 |0,28 |0,17 |0,17 |0,14 |0,14 | 0,17
0,14 | 0,21 |045 0,59 |0,62 (052 |0,69 |0,62 |05 |048 |041 |028 |0,14 |0,14
0,17 10,24 1045 |0,66 |0,69 |0,66 |0,72 |0,69 |0,69 |09 |093 |0,79 |0,62 |0,24
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Figure 2. The values of the self-organization parameter of the distribution of aerodynamic coeffi-
cients for a hangar building for the maintenance of two aircraft at different directions of wind load
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Figure 3. Distribution of the self-organization parameter over the hangar surface for two directions
of the wind flow: a — 90 degrees (frontal direction); b — 0 degrees (longitudinal direction)

If we consider self-organization as a process,
the essence of which is the formation of a set of
actions leading to the creation of a stable system
response, then, as follows from Figures 2, 3, the
interaction of the wind flow with the object of
study is complex. This interaction is greatest at

26

angles of 30 and 60 degrees, and the least at the
longitudinal direction of the wind flow. With
the frontal direction of the wind flow, the pro-
cess of interaction between the wind flow and
the structure is maximal along the ends of the
central part (Fig. 3a).
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4. CONCLUSIONS

Our research has shown that a dimensionless
informational and statistical indicator makes it
possible from a unified standpoint to assess the
states that differ from each other in terms of ex-
ternal signs, processes and their dynamics. The
integral indicator can be used to rank the effi-
ciency of operating systems and can be useful in
assessing the state of the processes of dynamic
interaction of the operating pressure and objects
and structures of various shapes and purposes.
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NUMERICAL MODELING OF THE PROCESS OF
DEGRADATION OF PERMAFROST SOILS OF THE BASE OF
THE RAILWAY ROADBED IN THE AREA OF PASSAGE OF
CONSTRUCTION EQUIPMENT

Sergey A. Kudryavtsev, Tatyana Yu. Valtseva, Igor 1. Gavriloy
Far Eastern State Transport University, Khabarovsk, RUSSIA

Abstract: When studying freezing, permafrost and thawing soils, it is absolutely necessary to develop models of
processes occurring in soils and their mathematical description as a basis. This will make it possible to perform a
calculated assessment of the "thawing foundation - structure" system during the entire lifetime of the object,
which will make it possible to design it correctly. The article considers a soil model that allows us to consider
the process of degradation of permafrost soils of the base of the railway roadbed in the zone of passage of con-
struction equipment.

Keywords: numerical modeling, permafrost soils, permafrost degradation, temperature, thawing, freezing

YUCJEHHOE MOJIEJJMPOBAHUE MPOLIECCA JETPAJIALIUU
MHOTI'OJETHEMEP3JbIX TPYHTOB OCHOBAHUS
3EMJISTHOT'O MOJIOTHA KEJIE3HBIX JOPOI B 30HE
MPOE3/IA CTPOUTEJbLHON TEXHUKU

Kyopsaeuee C.A., Banvyesa T.10., I'aspunos U.HU.

OI'BOY BO «/lanbHEBOCTOYHBIH rOCyIapcTBEHHBIN YHIHBEPCHUTET IyTel coolmeHns», Xadaposck, POCCUS

AnHotanus: [Ipu uccnenoBaHny MpoMep3aroInX, MHOTOJIETHEMEP3IIBIX U OTTANBAIOIINX IPYHTOB B KaueCTBE
OCHOBAaHHMsI COBEPIIEHHO HEOOXOIUMOM SBIIETCS pa3paboTKa MOJETIel MPOTEKAIOMIMX B IPYHTAX MPOLECCOB U
UX MAaTEMaTHYECKOE ONHCAHUE. DTO MO3BOJIUT BBIMOIHUTL PACUETHYIO OIEHKY CHCTEMBbl «OTTaMBAIOIIEE OCHO-
BaHHE — COOPY)KEHUE» B TEUCHUE BCETO CPOKa CYILECTBOBAHHS 00BEKTA, YTO AACT BO3MOXKHOCTh MPABUIIBHO €r0
CIIPOEKTHPOBaTh. B cTraThe paccMoTpeHa MOIesIb IPYHTA MO3BOJISIOIIAS PACCMOTPETh IPOLECC JIerpajallii MHO-
TOJIETHEMEP3JIbIX TPYHTOB OCHOBAHUSI 3eMJISTHOTO TIOJIOTHA JKEJIE3HBIX JIOPOT B 30HE MPOe3/ia CTPOUTEIHHOM TeX-
HUKH.

KiaroueBble ¢JI0Ba: YKCIEHHOC MOJAECJIMPOBAHUEC, MHOT'OJICTHEMCP3JIBIC I'PYHTEI, ACTpaaalus MEpP3J10ThI,
TeMIICpaTypa, OTTauBaHUC, IIPOMCP3aHUC

INTRODUCTION facilities in regions with permafrost soils begins

with thermophysical calculations in order to in-

Russia is rightly considered the coldest country
in the world. Its characteristic feature is the
presence of permafrost soils occupying more
than two-thirds of the total area. In these areas,
called the cryolithozone, thawing deformations
that develop during the degradation of the base
due to an increase in air temperature and perma-
frost are extremely important. Any design of

Volume 19, Issue 3, 2023

crease the efficiency of systems regulating the
temperature regime of frozen foundations of
embankments and recesses on railways and
highways [1].

For soil in a frozen state, with an increase in
temperature, even in the region of negative val-
ues, the strength of ice inclusions decreases,
which is accompanied by a decrease in strength
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and deformation characteristics. At zero tem-
perature, the ice inclusions thaw and the soil
experiences subsidence, which can reach signif-
icant values. The thawing process itself and the
subsidence caused by it develop over time,
which makes it necessary, in addition to the
evolution of temperature fields, to consider con-
solidation during thawing for low-permeable
soils.

THE MAIN PROBLEMS OF DESIGNING
ON PERMAFROST SOILS

At the end of 2013, engineering and geological
survey work began within the framework of the
project for the development and construction of
the second tracks of the railway infrastructure of
the Baikal-Amur Mainline (BAM) and the
Trans-Siberian Railway. The research began
without scientific support and generalization of
the accumulated experience, and for some de-
sign organizations this is the first experience of
working on permafrost soils. Due to the ex-
tremely tight deadlines allowed for the survey of
some of the objects, the survey was conducted
in winter, since the first design solutions for
construction should be issued in the spring.
Taking into account the above, as well as the
fact that there are no clear instructions and
standard solutions in regulatory documents con-
cerning the design of measures excluding sub-
sequent deformations in the abutment of the ex-
isting railway track bed on permafrost soils of
the base, we consider it necessary to outline the
experience of examination and treatment of the
decreeing earthen dam and ways to improve its
operational reliability.

The most common deformation of the BAM
roadbed is precipitation of embankments (up to
94% of the total length of the roadbed on per-
mafrost soils) [2]. When performing detailed
diagnostics, we have to face three main types of
deformations of embankments:

- thermal (thawing - compaction) deformations
due to thawing during the degradation of perma-
frost bases;
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- plastic (heaving-spreading-squeezing) defor-
mations, due to waterlogged, heaving soils at
the base of the embankment, falling into the
zone of seasonal freezing-thawing;

- suffusion deformations due to the removal of
pulverized clay fractions of soils from the road-
bed and the base of the embankment.

Currently, thermal deformations of embank-
ments are most common in the Western and
Central sections of the BAM. Here the natural
conditions are favorable for the preservation of
permafrost rocks. Therefore, a new active layer
was formed at the base of the mounds with a
height of 1.5-6.0 m 3-5 years after their con-
struction [3] and, despite the increase in average
annual air temperatures in recent years, the
depth of seasonal thawing and the temperature
regime of the soils of the bases change differ-
ently depending on the average annual air tem-
perature.

Practically all thermal precipitation of the Western
and Central sections is caused by faulty drainage
channels and channels of artificial structures,
which provoke the development of stagnant water
formations, thermokarst, filtration flows through
the body of the embankment and eventually the
degradation of permafrost (Fig.1).

Figure 1. Long-term thawing of Ltnderground
ice in the base and filtration of water through
the body of the embankment

Thermal precipitation of the embankments of
the Eastern part of the BAM today occurs only
where strongly icy layers of soil and under-
ground ice lie at the base of the roadbed.

Sudden thermal deformations, dangerous for
train traffic, were recorded by us during the
thawing of the lenses of re-vein ice. With unse-
cured drainage, the warming filtration flows are
concentrated in the relief depressions occupied
by re-vein ice. After the thawing of the ice, a
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strong sod reinforced with roots and stems of
shrubby vegetation prevents the filling of the
cavity with the soil of the body of the embank-
ment for some time. The filling of the cavity
and the occurrence of dips occurs, as a rule,
suddenly, during the passage of trains.

The experience of a detailed survey of the road-
bed of the Eastern section of the BAM confirms
the predictions of scientists. At the base of the
embankments, regardless of their height, a
"thawing bowl" with a depth of up to 5 meters
or more has formed, the current rate of thawing
of permafrost under the embankments does not
exceed several centimeters per year.

However, the rates of thawing deformations ex-
ceed the predicted 1-2 cm/year, since thermal
deformations are replaced by plastic defor-
mations of the watered, heaving soils of the
foundations of the roadbed falling into the zone
of deep seasonal freezing [2, 3].

The assessment of the deformations of thawing
of the base, composed of frozen soils, is aimed
at establishing the possibility of allowing thaw-
ing during the operation of buildings or struc-
tures erected in the cryolithozone. If the value of
the final precipitation is less than the maximum
permissible, then there is no need to resort to
expensive measures to preserve the frozen state
of the soil during construction.

The first priority in this case will be the calcula-
tion of temperature fields in the base with the
determination of the boundary of the thawing
bowl within the lifetime of the structure. At the
same time, it should be borne in mind that dur-
ing thawing, which occurs at a constant zero
temperature, ice-cement bonds are destroyed,
which is accompanied by a sharp decrease in the
mechanical characteristics of the base. With rap-
id thawing, caused, for example, by the action
of local heat sources in icy cohesive soils, the
stability of the thawed zone of the base can be
disrupted, which leads to the extrusion of soils,
accompanied by subsidence. In this regard, the
most important in such cases will be the as-
sessment of the strength of the foundation, fold-
ed thawed soil. For this purpose, the pressure on
the thawed soil should be limited by the values
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of the calculated resistance set for both thawed
soils using their characteristics @ and c in the
thawed state.

Experimental determination of these character-
istics should be carried out according to the un-
consolidated shift scheme.

If there is no extrusion of the soil during thawing,
and the pressure on the thawing soil does not ex-
ceed the calculated resistance of the soil, then the
precipitation of the foundations can be determined
based on the principle of linear deformability.

At low pressures (according to N.A.Tsytovich
up to 400 kPa), the expression for the relative
drawdown eth can be represented by a linear
function of the form

€h = Awn + O P, (1)
where A is the thawing coefficient; dwm is the
compressibility coefficient of the thawing soil
due to its compaction by pressure p.

The first term of the formula is called "thermal"
precipitation, and the second term is "cargo",
which corresponds to the nature of deformations.

NUMERICAL MODELING OF THE
PROCESS OF DEGRADATION OF
FROZEN SOILS

When studying freezing, permafrost and thaw-
ing soils, it is absolutely necessary to develop
models of processes occurring in soils and their
mathematical description as a basis. This will
make it possible to perform a calculated assess-
ment of the "thawing base — structure" system
during the entire lifetime of the object, which
will make it possible to design it correctly.

Thermophysical and deformation problems in
which it is necessary to consider inhomogene-
ous bases, including layers of thermal insulation
of variable thickness, taking into account unilat-
eral heating or cooling of the object, phase
transformations in the spectrum of negative
temperatures, etc. are available for solution only
using numerical methods. Such methods have
led to the development of highly efficient pro-
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grams capable of calculating temperature fields
and deformations in the base.

Naturally, such programs are commercial, which
is justified by the great complexity and duration of
their creation. At the same time, the most valuable
programs are capable, in addition to temperature,
to solve the problems of joint calculation of the
"foundation — structure" system.

Professors S.A.Kudryavtsev, I.I. Sakharov, V.N.
Paramonov for the first time in world practice
developed a mathematical model by the finite
element method "Termoground" [4], which is an
integral part of the software package "FEM
models" developed in the company "Georecon-
struction", which allows performing complex
construction calculations of freezing, frost heav-
ing and thawing processes seasonally freezing
and permafrost soils of the foundations of build-
ings and structures in spatial formulation for
scientific, design and construction organizations
of the Russian Federation [4].

The freezing-thawing processes are described
by the thermal conductivity equation for a non-
stationary thermal regime in a three-dimensional
ground space:

oT o’T o0°T o°T 2
Cth(f)pd T~ )\’th(f)( ] +qy @)

+ +
ot ox> oy’ oz’

Where C, ;) is the specific heat capacity of the

soil (thawed or frozen), J/kG-K; pd — density of
dry soil, kG/m?; T — temperature, °C; t — time, s;
My — thermal conductivity of the soil (thawed

or frozen), W/m-K; X, y, z — coordinates, m; qv
is the power of internal heat sources, W/m®.

This equation makes it possible to determine the
values of the incoming and outgoing heat flow
from the elementary volume of the soil, leaving
the main flow of the soil volume at a point in
time equal to the change in the value of heat
turns. In the permafrost soil model, the freezing-
thawing processes are estimated non-stationary
in time and non-linearly due to changes in ther-
mophysical characteristics depending on chang-
es in soil temperature and humidity. As a result
of numerical modeling, temperature and hu-

midity fields in the soil base are determined for
each estimated period of time. [3-10].

As 1s known, when freezing soils, the source of
forces are the deformation of heaving. Obviously,
if physical experiments do not give an acceptable
result, first of all, one should try to determine the
heave deformations based on theoretical consider-
ations, starting from obvious facts. One way or
another, all deformations during freezing of soils
are caused by the transition of water into ice. This
is water present in the ground before freezing, as
well as brought to the front due to migration.
Thus, it is necessary to have an idea of the amount
of water present in the ground initially, which is
determined by the survey data, and the volume of
water delivered from the melt zone.

THE INFLUENCE OF HIGHWAY ROADS
ON THE DEGRADATION OF
PERMAFROST

To date, extensive experience has been accumu-
lated in the operation of buildings and structures
on the Trans-Siberian and Baikal-Amur high-
ways in permafrost conditions. Particular atten-
tion was paid to the uneven thawing of extended
railway embankments depending on their orien-
tation relative to the cardinal direction of the
Earth. Solar energy is distributed in space in the
form of a so-called direct directed flow of solar
radiation, characterized by itself in the form of a
straight line connecting the Sun and the Earth's
surface. In view of the presence of the atmos-
phere and the Earth's surface, solar radiation
already enters extended linear structures (rail-
way embankments) in the form of three streams
of solar energy: direct, diffuse or scattered and
reflected from the Earth's surface.

To ensure the construction of the railway road-
bed, temporary highways are being built, de-
signed to transport soil from quarries to em-
bankments being erected. Pritrass highways are
built according to the norms of roads of the V
category, as a rule, along the entire route, usual-
ly within the right-of-way. The type and design
of the highway is determined on the basis of a
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detailed study of local conditions and taking in-
to account the transported soil.

The Baikal-Amur Highway passes through the
territory with severe climatic conditions at 52-
56 latitudes, at different angles of light and
through areas of permafrost with a depth of 100
to 300 meters and high seismicity up to 9 points.
During the construction of the highway and the
ongoing modernization, the latest designs are
used, new methods of construction and opera-
tion of facilities in difficult engineering condi-
tions have been developed and patented.

We have given thermophysical calculations in
the annual cycle of the condition of the railway
embankment without measures and with
measures traced in the latitudinal direction.
Monthly solar radiation was taken in accordance
with the norms of climatology and data from the
nearest weather stations.

Fig. 2 shows the calculation results and shows
plots of soil temperatures and zones of frozen
soil (blue color) and thawing soil of the con-
struction of the railway roadbed with a highway
for the month of October of the tenth year of the
forecast without measures to protect the perma-
frost soils of the base.

Figure 2. Plot of soil temperatures, ° C and
zones of frozen soil (blue) and thawing soil of
the structure for the month of October of the
tenth year of the forecast without measures to
protect the permafrost soils of the base.

These forecast calculations showed that due to
the violation of the soil and vegetation layer in
the zone of passage of construction equipment
during the construction of the structure without
additional measures, the degradation of perma-
frost soils increases by an average of 0.5 m over
10 years.
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Fig. 3 shows the design scheme of the railway
roadbed with measures to reduce the degrada-
tion of permafrost soils of the base in the form
of cooling berms with the device of a highway.

Figure 3. The design scheme of the railway
roadbed with measures to reduce the degrada-
tion of permafrost soils of the base in the form
of cooling berms with the device of a highway

and retaining wall

Fig. 4 shows the calculation results and plots of
soil temperatures, °C and zones of frozen soil
(blue color) and thawing soil of the construction
of the railway roadbed with a highway for the
month of October of the tenth year of the fore-
cast with measures to protect the permafrost
soils of the base in the form of a cooling stone
outline and retaining wall.

Figure 4. Plots of soil temperatures, °C and
zones of frozen soil (blue color) and thawing
soil of the construction of the railway roadbed
with a highway for the month of October of the
tenth year of the forecast with measures to pro-
tect the permafrost soils of the base in the form
of a cooling stone outline and a retaining wall.

Calculations have shown that due to the viola-
tion of the soil and vegetation layer in the zone
of the permafrost base of the pritass highway,
during the construction of a structure with a
cooling rock berm, the degradation of perma-
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frost soils continues to occur by an average of
0.4 m over ten years. It is necessary to provide
for measures to restore the boundary of perma-
frost soils in the area of the pre-mass highway
for the passage of construction equipment.

To restore the boundary of permafrost soils in
the area of the pre-mass highway for the pur-
pose of passing construction equipment, it is
advisable to provide a counterbanket of rocky
soil, at least 1 m high and more than 5 m wide.
Figure 5 shows the design scheme of the railway
roadbed with measures to reduce the degradation
of permafrost soils of the base in the form of
cooling berms and a counterbanket of rocky soil
for the construction of a highway on it.

Figure 5. The design scheme of the railway
roadbed with measures to reduce the degrada-
tion of permafrost soils of the base in the form
of cooling berms and a counterbanket of rocky

soil for the construction of a highway on it

Fig. 6 shows the calculation results and plots of
soil temperatures, °C and zones of frozen soil
(blue color) and thawing soil of the construction
of the railway roadbed with a highway for the
month of October of the tenth year of the fore-
cast with measures to reduce the degradation of
permafrost soils of the base in the form of cool-
ing berms and a counterbanket of rocky soil for
the device there is a highway on it.

Calculations have shown that the use of a coun-
terbanket made of rocky soil for the construction
of a highway on it as an event to stabilize perma-
frost soils showed a gradual increase in the
boundary of permaftost soils by an average of 0.3
m over ten years.
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Figure 6. Plots of soil temperatures, °C and
zones of frozen soil (blue color) and thawing soil
of the construction of the railway roadbed with a

pre-track highway for the month of October of
the tenth year of the forecast with measures to
protect the permafrost soils of the base in the
form of a cooling stone outline and a counter-
banket of rocky soil for the construction of a pre-
track highway and a retaining wall on it walls.

CONCLUSIONS:

1. Any design of objects in regions with perma-
frost soils is advisable using thermophysical
calculations in order to identify rational struc-
tures that reduce and regulate the temperature
regime of frozen foundations of embankments
and recesses on railways and highways.

2. The first priority in thermal engineering fore-
cast calculations is the determination of temper-
ature and humidity fields in the base with the
establishment of the boundary of the thawing
bowl within the lifetime of the structure.

3. Thermophysical and deformation problems in
which it is necessary to consider inhomogene-
ous bases, including layers of thermal insulation
of variable thickness, taking into account unilat-
eral heating or cooling of the object, phase
transformations in the spectrum of negative
temperatures, etc. are available for solution only
using numerical methods.

4. Predictive numerical calculations have shown
that due to the violation of the soil and vegeta-
tion layer in the zone of passage of construction
equipment during the construction of the struc-
ture without additional measures, there is an in-
crease in the degradation of permafrost soils by
an average of 0.5 m over ten years.

International Journal for Computational Civil and Structural Engineering



Numerical Modeling of the Process of Degradation of Permafrost Soils of the Base of the Railway Roadbed in the Area
of Passage of Construction Equipment

5. Numerical calculations have shown that the
use of a counterbanket made of rocky soil for
the construction of a highway on it as an event
to stabilize permafrost soils showed a gradual
increase in the boundary of permafrost soils by
an average of 0.3 m over ten years
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Abstract: During construction, a liquid solution of a grout or waterproof filler is pumped into porous rock to
improve its properties. The filtration of a suspension moving at a variable speed in a porous medium is
simulated. A one-dimensional problem of filtration in a homogeneous porous medium with a curvilinear
concentration front of suspended and retained particles is considered. For the numerical solution of the problem
by the method of finite differences, the method of characteristics is used. The transition to characteristic
variables allows one to straighten the front and construct a discrete grid with a constant step. When calculating
the solution using an explicit difference scheme, additional points are used that do not coincide with the grid
nodes. A detailed description of the algorithm for calculating a solution at the grid nodes and an example of a
numerical solution of the problem are given.

Keywords: deep bed filtration, porous medium, suspended and retained particles, finite difference method,
method of characteristics, numerical solution

XAPAKTEPUCTHUYECKUU METO/I JIJIS1 PEILEHUS 3AJIAYA
OUNJIbTPALIIUH

JLH. Kysbmuna ', IO.B. Ocunog *, A.P. Ilecmepes *

! HaumonanbHbIH MCCIEN0BATENLCKUM YHUBEPCUTET «BhICIIas mKoia S5KOHOMUKNY, T. Mocksa, POCCUSI
2 HanmoHaJIbHBIH KCCIeN0BaTENLCKUH MOCKOBCKHUI TOCY 1apCTBEHHBIN CTPOUTENBHBIA YHUBEPCUTET, T. MOCKBa,
POCCHUA

AnHoTauusi: [Ipu cTpouTenbcTBe ISl YIydIIEHUS CBOMCTB MOPUCTONM MOPOJIBI B HEE 3aKAUMBACTCS KUIAKUN
pPACTBOp YKpEMHUTENss WM BOJIOHCIPOHHUIIACMOIO HAMONHUTENsA. Monenupyercs (GuibTpamnus CycreH3uH,
JBIDKYIICHCS ¢ IEPEMEHHOM CKOPOCTHIO B MOPHUCTOH cpejie. PaccMarpuBaeTcst oqHOMEpHas 3a/1a4a (GHIbTPALUH
B OJTHOPOJHOHM MOPUCTON cpelle ¢ KPUBOJIMHCHHBIM (PPOHTOM KOHIICHTPAIM B3BCIICHHBIX M OCAXKICHHBIX
gactur. [lI1 YHCIEHHOTO peIIeHUs 3aJadd  METOJOM KOHEYHBIX pPAa3HOCTEH HCHOJB3yeTCs METO.
xapakTepucTrk. [lepexoq K XapaKTepUCTUYCCKAM IIEPEMEHHBIM MO3BOJISCT BHINIPSAMHUTE (PPOHT U TOCTPOUTH
TUCKPETHYIO CETKy C TIOCTOSHHBIM ImaroM. [IpW BBIYMCICHWM pEIICHUS [0 SIBHOW pPa3HOCTHOH cxeme
HCTIOJTB3YIOTCS AOTIOTHUTENbHBIE TOUYKH, HE COBMAJAloMue ¢ y3namu ceTku. [IpuBeneHo moapoOHOe ommcaHue
AITOPUTMA IIOCTPOCHUS PEIICHHS B y3JIaX CETKH U IPUMEp YNCIEHHOTO PEIIeHHUS 3a/1aUH.

KiioueBble ciioBa: FJ'Iy6I/IHHaH (bl/IHI)TpaHI/IH, nopucTras cpcia, B3BCHICHHbIC U OCAXKJACHHBIC YaCTUIIbI,
METOA KOHCUYHBIX paBHOCTeﬁ, MCTOA XapAKTECPUCTUK, YUCICHHOC PCHICHUC

1. INTRODUCTION

Filtration of suspensions in porous media occurs
in many construction technologies. To
strengthen the foundation, liquid concrete is
injected into loose soil, which, when solidified,
strengthens the rock. During the construction of

Volume 19, Issue 3, 2023

underground storage facilities for hazardous
liquid waste, watertight partitions are
constructed. To do this, a solution of a polymer
or bentonite is pumped into the cavity, which,
when wetted, expand and fill empty pores.
During the reconstruction of roads, a grout is
pumped into the eroded cavities under the
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roadbed, which is filtered in sand and fine
gravel [1-6].

Filtration models describe the transport of
suspended particles by a carrier fluid through
pores. Under the influence of various forces
(electrostatic,  gravitational, hydrodynamic,
mechanical and others), some particles are
deposited on the framework of a porous medium
and form an immobile deposit. Depending on
the physical and chemical properties of the
particles, of the liquid, of the porous medium
frame and on the geometry of the pores, one or
another mechanism of particle capture
predominates. If the sizes of particles and pores
are close, then the size-exclusion mechanism is
the main one: suspended particles freely pass
through large pores and get stuck in the neck of
narrow pores [7-11].

Mathematical models of filtration include quasi-
linear partial differential equations with various
conditions which determine the unique solution.
Analytical solutions of such problems are
available only in the simplest cases. As a rule,
numerical methods are used to obtain the
solution [12-16].

The model of pure water displacement by a
suspension in a porous medium is given by
inconsistent initial and boundary conditions.
The solution — the concentration of suspended
particles — is discontinuous at the concentration
front. It is zero before the front and positive
behind the concentration front [17].

For the numerical solution of filtration
problems, the finite difference method with a
constant step is mainly used [18-20]. This
method works well on a rectangular grid. It can
be used also on a wedge obtained by cutting off
from the rectangle the area before the rectilinear
concentration front, where the solution is zero.
The ratio between the time and coordinate steps
is selected so that the grid nodes lie on the
concentration front.

If the suspension velocity changes, then the
concentration front becomes curvilinear [21]. In
this case, to get the nodes to the concentration
front, a variable grid spacing is usually chosen.
It is also possible to keep the grid step constant

Liudmila I. Kuzmina, Yuri V. Osipov, Artem R. Pesterev

and check each node whether it lies behind the
front [22].

The proposed algorithm uses the characteristic
variables of the hyperbolic system [23-25]. In
these variables, the front becomes rectilinear,
which makes it possible to apply the finite
difference method with a constant step. The
solution in Cartesian variables is obtained by
reverse substitution. The algorithm is used to
solve the filtration problem with deposit rise.
For a variable suspension velocity, this problem
has no analytical solution [26, 27].

2. FILTRATION MODEL WITH DEPOSIT
EROSION

In the domain Q= {(x,7): x>0, >0}, a one-
dimensional filtration model of a monodisperse
suspension moving in a porous medium with a
variable speed v(¢) >0 is considered

oC oc oS
5+v(t)a+§=0, (1)
2 _F$)1C-p(5) )
with boundary and initial conditions
x=0:C=1, t=0:C=0,5=0. (3)

Consider (1) as an equation with respect to the
unknown C(x,7) for a given solution S(x,7).

Let us introduce a characteristic variable 7. The
characteristics of equation (1) are given by a
system of ordinary differential equations [28]

ﬂzl, ﬁ:v(t).
dr dr

4
The initial conditions for characteristics (4)
depend on their location. For characteristics
coming out of the OX axis

t(0)=0, x(0)=x,, x,>0, (5)
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for characteristics coming out of the OT axis
t(0)=t,, x(0)=0, #,>0. (6)

Integrating equations (4) with conditions (5) and
(6), we obtain two families of characteristics:

OX:t=r, x:Iv(t)dr+x0;
0

, (7
OT: t=1+t,, xzjv(t)dr.
0

Since the initial and boundary conditions (3) are
not consistent at the origin, the solution C has a
discontinuity. The discontinuity line I' — the
concentrations front of the suspended and
deposited particles is a characteristic emerging
from the origin of coordinates. It is given by
system 4) with the conditions
t(0)=0, x(0)=0.

In this case # =7 and the concentration front is
determined by the formula

t

X (1) = [v(g)ds ®)

0

Using the method of characteristics, it can be
shown that problem (1)-(3) has a zero solution

in the domain Q°={(x,f): x>x.(¢), >0}
(before the front), behind the front in the
Q" ={(x,t): x<x.(¢), t>0} the
solution is positive.

Substitute equation (2) into (1). In characteristic
variables, equation (1) takes the form

domain

dC
d—T——(F(S)C—(ﬂ(S))- )

t+dt

t

j (F(S)C—p(S))dt = %(F(S(x(t +dt,1,),t+dt)) C(x(t +dt,1,),t + dt) —

For the uniqueness of a positive solution, the
conditions are set on the boundaries of the

region Q" :
(10)

The limit value of the retained concentration at
t — oo is determined from the ratio

F(S)-¢(S)=0.

3. ALGORITHM FOR NUMERICAL
SOLUTION

To effectively use the finite difference method
in the domain QF, let's pass to variables
ity (t>1)):

T=t—1,, x(t,to)zjv(g)dg. (11)

lo
From formulae (11) it follows

dc_dc
dr dt

We integrate equation (9) with respect to the

variable ¢ from ¢ to t +dt:

C(x(t+dt,1,),t+dt) - C(x(t,1,),1) =

t+dt 12
=— j (F(S)C—p(S))dt (12)

Approximate calculation of the integral on the
right side of equation (12) is performed using
the trapezoid method:

(13)

—@(S(x(t+dt,t,),t +dt))+ F (S(x(t,1,),0)) C(x(t,1,),1) - go(S(x(t,to),t))).
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Substitute the integral (13) into equation (12):

C(x(t+dt,t,),t+dt)=

Liudmila I. Kuzmina, Yuri V. Osipov, Artem R. Pesterev

(2= F(S(x(t.1,),0)dt) C(x(t,1,),0) + dt (@(S(x(t +dt,1,),t +db)) + p(S(x(t,1,),0))) (1)
- 2+ F (S(x(t+dt,t,),t +dt))dt '
To find the value S(x(z+dt,t,),t +dt), integrate equation (2) over time for a fixed x =x(t,7,):
t+dt
S(x(t,t,),t +dt)—S(x(¢,t,),t) = I (F(S)C—o(S))dt. (15)
Calculate the integral on the right side of (15) using the left rectangle method:
SCx(t, 1), +dt) = S(x(t, 1), 1) +(F (S(x(1,2,),0)) C(x(t,,),1) = 9 (S(x(t,1,), 1)) )t (16)

Formulae (14), (16) make it possible to
sequentially calculate the discrete values of the
solution.

First, consider an example of how the algorithm
works on the first few iterations. Denote by dt
a constant grid step in variables ¢, ¢, and let

C,,» S, be the the node

(t,t,)=(jdt,idt), 0< j<N, 0<i<j. We
calculate solutions at the grid nodes by time
layers starting from ¢ =0.

The layer =0 contains one grid node (0,0), in
which the solution values are known from
condition (3): C;, =1, §,,=0.

The layer ¢t=dt contains two mesh nodes:
(dt,0) and (dt,dt). For t,=0 the point
(x,t)el'and according to (10) §,,=0. The

value of C, is obtained from formula (14):

solution at

(2= F(0)dt) 1+ 29(0)dt
M 2+ F(0)dt '

At the point (dt,dt), the coordinate x =0 and
according to (3) C,, =1. The value S,, = §(0,dr)
is determined by the formula (16):

81 =800 +(F(Sye) 1= (S,))dt

The layer ¢=2dt includes three mesh nodes:
(2dt,0), (2dt,dt), (2dt,2dt). For t,=0 the

point (x,£)el’ and §,,=0. The value C, is

determined by formula (14). At the node
(2dt,2dt), the coordinate x=0 and C,, =1.

The value S§,,=S5(0,2dr) is calculated by
formula (16):

Sp2 =8+ (F(S1,1) 1= (/)(Sl,l))dt .

Let's define the value S, in the node (2dt,dr).
First, we find S(x(dz,0),2dt) by formula (16):
S (x(d1,0),2dt) = S, , +(F(S,,)C,o—0(S,,) ) dt .

Note that the point (#,#,) corresponding to the
Cartesian coordinates x = x(dt,0), t =2dt lies
on the layer ¢=2dt, but generally speaking,
does not coincide with the grid nodes. It follows
from formula (11) that the point (¢,7,) cannot
coincide with the node (2dt,0).

On a layer ¢ =2dt he value S, is obtained by
linear interpolation in x using two known values
S(x(dt,0),2dt) and S, ,:
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_ S(x(dt,0),2dt)(x(2dt,dt) - x(2d1,0)) + S, , (x(dt,0) - x(2dt,dr))

21 = x(dt,0)—x(2dt,0)

The value C,, is determined by formula (14).

Consider the algorithm in the general case. Let the
solution in all j+1 nodes of the layer ¢ = jdt is
known. Let us find the solution at the nodes of the
next layer ¢+dt=(j+1)dt. The node (j+1,0)

lies on the front I' and §,,,=0, C.,, is

J+1,0 J

calculated by the formula (14). The node

(j+Lj+1) liess on the axis OfT,
Ciajn=1 S, is obtained from the formula
(14). Let the solutions at the nodes

(j+1,0), ..., (j+1,i—1) be computed. To obtain
the solution at the internal node (j+1,7), 1<i<j,
calculate S (x(t,t,),t+dt), t,=idt by formula
(16) and linearly interpolate S, over two values

S(x(t, to),t+dt) and S The value C. ,; is

J+li-1* i
determined by formula (14).

Since the computational formulae of the
algorithm use one time layer, an array of
solutions of only one time layer is stored in the
computer's RAM.

Note that when passing to Cartesian coordinates
x,t, the grid becomes non-uniform, the time

step df is constant, but in the layer ¢, = jdr the

nodes are distributed non-uniformly due to
variable speed v(¢):

s x =025

/ = = Suspended concentration C
—— Retained concentration S

08

06

04

02

0.0
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jdt

x, = x(jdt,idt) = [ v(¢)ds.

idt

4. RESULTS OF NUMERICAL
SIMULATION

The calculation of the filtration problem with
sediment rise is performed for system (1), (2)
with the functions

w(6)=15(1+e7), F(S)=1-5, p(S)=5.

In variables ¢, ¢, the grid step df =0.01.

Since the step in x is not constant in Cartesian
coordinates x,?, the grid nodes, generally

speaking, do not lie at the intersection of the
time layers of the grid with the lines x = const .
To plot two-dimensional graphs of solutions at
constant x, it is required to interpolate solutions
using values at close nodes. The Python
software automatically performs interpolation
and presents graphs using built-in algorithms of
open-source library SciPy [29, 30].

Fig. 1 and 2 show solutions at constant time ¢
and constant coordinate x.

According to Fig. 1 and 2 the deposit
concentration is rapidly approaching the limit
value $*=0.5.

x = 0.75
CS1o0

\

~

= = Suspended concentration C
—— Retained concentration S

038

0.6

04

L
—
-~

o
N
—

0.0
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Figure 1. Solutions C and S at constant x.
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5. DISCUSSION

The change of variables in the system of
filtration equations makes it possible to
straighten the curvilinear concentration front
and construct a discrete grid with a constant step
in both new variables. This method is used to
derive the lattice Boltzmann equations for
solving hydrodynamic problems [31].

There are various options for choosing
variables, in which the solution area is limited
by straight lines. For example, characteristic
variables 7, ¢, can be used. We have chosen

variables ¢, f, to simplify both equations of
system (1), (2).

In the filtration problem without deposit lifting
(in equation (2) @(S)=0), the suspension
velocity is reduced to zero. This significantly
complicates the computational procedure.
However, the proposed method is easily
transferred to this case. This problem will be
considered separately.

6. CONCLUSIONS

To calculate the filtration problem with a
variable suspension speed
e the finite difference method is applied,
e the method of characteristics is used,
e the solution is obtained on a grid with a
constant step,
e to find the solution, auxiliary points are
used that do not coincide with the grid
nodes.
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EXPERIMENTAL STUDIES OF THE STABILITY OF THIN-
WALLED CYLINDRICAL SHELLS OF MEDIUM LENGTH
FILLED WITH BULK MATERIAL UNDER TORSION
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2Research Institute of Mechanics, N.I. Lobachevsky State University of Nizhny Novgorod,
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Abstract. Experimental studies were carried out to study the effect of bulk filler on the stability of shells during
torsion. In the domestic and foreign literature, we have not found publications where the stability of thin-walled
shells filled with bulk material under torsion would be considered. To carry out experiments, a special
installation has been developed and manufactured that allows testing samples for torsion, bending and complex
loading, loading the samples accordingly. Before the tests, samples were taken for the absence of defects in the
form of dents, ovality, diversity, constancy of cross-sectional dimensions. It is known that defects in samples
significantly affect stability. The samples were tested with a length of 140 mm, 90 mm, 25 mm. The samples
were made by deep drawing from a high-plastic aluminum alloy 3004 in the H19 state. In this case, one end of
the samples was rigidly fixed to the installation, a torque was applied to the other end, which increased until the
samples lost stability. At the beginning and at the end of the test, the samples were loaded in small portions to
catch the beginning of movement and the beginning of loss of stability. The installation made it possible to
create various boundary conditions of the samples. In experiments, the torque and the twist angle were measured.
Linear dependences of the twisting angle on the torque are constructed. So, stability was lost in elasticity. For
samples filled with bulk filler, at the beginning of the twisting process, there was a nonlinear relationship
between the torque and the twisting angle. This is due to the occurrence of friction forces between the filler and
the inner wall of the samples, which created a counteracting torque. Then the graphs for the empty and filled
samples were enlarged parallel to each other.

For empty samples [1], critical stresses, critical twisting angles, the number of waves formed, and their direction
were calculated. The convergence of the calculated and experimental parameters within 36% is obtained. The
bulk filler, in the form of iron powder, increased the value of the critical torque to 17%.

Keywords: torsion, stability, experiment, sample, installation, filler, torque, voltage

IKCIIEPUMEHTAJIBHBIE UCCJIEJOBAHUA
YCTOMYUBOCTU TOHKOCTEHHBIX HUJIUHAPUYECKUX
OBOJIOYEK CPEJHEW JJIMHBI, 3AIIOJTHEHHBIX CHITYUYUM
MATEPUAJIOM, ITIPU KPYYEHUU

M.B. Ilempoe ', A.H. Kuoey ’, b.B. Muxaiinos ', E.I'. 'onux ', B.A. Heanoe !

'Yygarckuii rocynapcteennsiii yausepcuter umern V.H. Vibsuosa, . Uebokcaper, POCCU S
2HUU mexanuku Hukeropoackoro rocynnsepeurera um. H.U. Jlo6auesckoro, r. Hwkuuii Hosropox, POCCHUS

AHHOTanMsl. OKCIEPUMEHTAIBHBIC MCCICAOBAHUS BBINOIHEHBI C IENBI0 H3YyYCHUS BIMSHHUSA CBITY4Yero
3aMOTHUTENS Ha YCTOWYMBOCTH OOOJOYEK MpPH KPydeHHWH. B oTedecTBeHHOW W 3apyOekHOIl nmTepaType He
oOHapyKeHbl HaMH NyOJMKaIllMh, TA€ pacCMaTPHUBAJIOCh OBl yCTOMYMBOCTH TOHKOCTEHHBIX OO0OJOYEK,
3aM0JHEHHBIX CBITYYUM MaTEepHUaIOM, HpPH KpydeHWH. [l BBINOJIHEHMS 3KCIEPHUMEHTOB pa3paboTaHa H
H3roToBJICHA CIIClMaJIbHAasA YCTaHOBKA, IMO3BOJIANONIASA HCIIBITHIBATDH o6pa3u1>1 Ha KpYy4Y€HHC, Ha u3rud U Ha
CIIO)KHOE HArpy’KeHHe, Harpyxas oOpaslbl COOTBETCTBYIOMUM 00pa3oM. J{o ucnbITaHuil Ipou3BoAMICcsS 0TO0p
06pa3u013 Ha OTCYTCTBUEC Jle(beKTOB B BUJAEC BMATHUH, OBAJIBHOCTH, PA3HOCTCHHOCTH, IMOCTOAHCTBA pPa3MEpOB
nornepevHoro ceyeHust. MzectHo, uto nedexTsl 00pa3loB CyIIECTBEHHO BIUSIOT Ha YCTOMYMBOCTH. OOpasibl
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Mikhail V. Petrov, Alexander I. Kibets, Boris V. Mikhailov, Ekaterina G. Gonik, Viktor A. Ivanov

ucnbpIThIBAIMCH anuHOM 140 MM, 90 MM, 25 mMm. OOpa3ipl M3rOTaBIMBAIUCH TIYOOKOH BBITSDKKOW U3
BBICOKOIIJIACTUYHOTO amoMuHueBOro ciiaBa 3004 B coctossuun H19. B manHOM citydae oauH KOHeEI[ 00pasiioB
JKECTKO 3aKPEIUISUICS K YCTAHOBKE, K PYrOMY KOHILY MPUKJIAJBIBAIICS KPYTSILIMNA MOMEHT, KOTOPBIH BO3pacTal
JI0 TIOTEpH YCTOMYMBOCTH 00pa3loB. B Hayane v B KOHIIE UCTIBITAHUSI HATPYIKaIK 00pa3ibl MaJbIMU MOPLHUSIMH,
YTOOBI YJIOBUTh Hayajlo [BIDKEHWS W HA4yaJlo IOTEPU YCTOWYMBOCTH. YCTAHOBKA MO3BOJISUIA CO3/aBaTh
pa3iuyYHbBle TpPaHWYHBIE YCJIOBUS 00pasnoB. B sKkcmepuMeHTax H3Mepsuld KPYTSIIMA MOMEHT M YroJl
3aKkpyunBaHus. [locTpoeHBI JHMHEHHBIE 3aBHCHMOCTH yIJla 3aKpyYMBAaHUS OT KPYTSIIETO MOMEHTAa. 3HAYHUT
YCTOWYMBOCTH Tepsulach B ymnpyroctu. Jlimst oOpasioB, 3allOJHEHHBIX CBHITyYHM 3allojHUTENIeM, B Hadale
npolecca 3aKpy4YnBaHMS HMMENO MECTO HEJIMHEHHas 3aBHCHMOCTh MEXIY KPYTSIIMM MOMEHTOM H YIJIOM
3aKpyduBaHUs. DTO CBA3aHO C BO3HMKHOBEHHEM CHJ TPECHUSI MEXKIY 3allOJIHUTEIEM W BHYTPEHHEH CTEHKOM
00pasIoB, KOTOpbIE CO3/aBAIM MMPOTUBOJCUCTBYIONIMIA KPYTSIIMA MOMEHT. 3aTeM TpaduKe il MyCThIX U
3aI10JIHEHHBIX 00Pa31I0B yBEIMYUBAINCH MAPAIUICIBHO JAPYT JAPYTY.

Just mycThix 00pasuoB [1] paccunuThIBAIUCH KPUTHYECKUE HAIPSIKCHUsI, KPUTUYECKHE YIJIbl 3aKpy4HBaHMS,
4KCI0 00pa30BaBIIMXCSl BOJH, MX HampabieHue. [loiydeHa CXOAMMOCTb pPAcyYeTHBIX M IKCIEPUMEHTATbHBIX
napameTpoB B mpezaenax 36%. Celmydnii 3aloHUTENb, B BUJAE KEJIE3HOIO IMOPOIIKA yBEIHYMBAN 3HAYCHHE
KPUTHYECKOT0 KpyTsIero MomenTa 1o 17%.

KuroueBbie cjioBa: KpydeHHE, YCTOWIHBOCTb, IKCIIEPIMEHT, 00pa3ell, YCTAaHOBKA, 3aII0JTHUTEITb,
KPYTANIUA MOMEHT, HaIIPsDKCHHE

INTRODUCTION

Problems of stability of cylindrical shells were
considered in numerous works [1-18,22-31,
etc.]. In the works of L.H. Donnel, H.M.
Mushtari, V.M. Dorevsky and others obtained
simple formulas for calculating critical stresses
and the number of waves. Studies of the
buckling of shells filled with liquid, gas, and
other loads were carried out in [12,24,26]. In
[9,18,20-23], the stability of shells in bending
filled with bulk material was studied. In these
studies, the influence of various bulk materials,
the geometric dimensions of the shells, the
percentage of volume filling on stability was
established. The critical bending moment, for
shells filled with bulk material, increased by 10-
20%. The stability of thin-walled cylindrical
shells filled with bulk material during torsion
has been little studied [19] and this problem is
very relevant. For example, tank semi-trailers
are used to transport bulk cargo (flour, grain,
sand, etc.). It is much cheaper to transport such
goods on tank semi-trailers, they can be
transported along rural roads to remote areas.
The tank is a thin-walled cylindrical shell,
which is attached to the trailer of the car and
when the car is moving, it can bend, twist,
which leads to loss of stability. The purpose of
this work is an experimental study of the

torsion loss of thin-walled shells filled with
bulk material.

EXPERIMENTAL SETUP, SAMPLES,
TESTING

A special setup (Figure 1) was made and
assembled for the experiments. Sample 1 was
rigidly fixed at one end to frame 2. The other
end was placed in wall 3, where it could turn,
and to stiffen this end, a metal disk was inserted
inside, to which rod 4 was attached to create a
torque.

Rod 5 was rigidly attached perpendicular to the
axis of sample 1, to the end of which a leg of
the dial gauge ICH-10 6 was attached to
measure displacements and calculate the angle
of rotation.

Dynamometers 7 were used to measure the
forces. Forces were created by weights 8, which
were placed on hangers 9. Hangers 9 were
connected by cables 10 by dynamometers 7 and
rod 4 at the same distance from the longitudinal
axis of the sample. This created torque.

The specimens were made from 3004 aluminum
alloy in H19 temper from deep drawn sheets in
a die. The samples were of high quality, but
before testing they were selected, checked for
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the absence of defects in the form of dents,
ovality, variation in wall thickness, and
constancy of cross-sectional dimensions. The
dimensions of the samples are presented in
Table 1. The dimensions of the samples are
assumed to be similar to tanks manufactured at
the enterprises. A photograph of the samples is
shown in Figure 2.

Figure. 1. Test facility.

The samples were tested empty and filled to
90% of the volume with PZh-5 iron powder.
Weights 8 were loaded simultaneously from
both sides, at the beginning of twisting and
when approaching the critical state, they were
loaded in small portions.

In the experiments, at each load, the readings of
the dynamometers and the indicator of the clock
type ICh-10 were recorded.

Volume 19, Issue 3, 2023

Table 1. Sample sizes

N | Radius Wall Length L/R
series | R, mm tthickness h,) L, mm
mm
1 31,5 0,1 140 4,45
31,5 0,1 90 2,86
3 31,5 0,1 25 0,79

One end of the sample was pinched, and the
other end, when a torque was applied, could
only rotate freely, excluding other movements,
which is the advantage of the installation. If the
wall 3 is removed, bending and bending with
torsion tests can be performed

——

Figure 2. Sample photography: I-sample before
testing, 2-sample 140mm long after testing
without loading, 3-sample 90mm long tested
with filler, 4-sample 25mm long tested without
loading

TESTING

Tests began with a thorough inspection and
sampling. The absence of ovality, thickness
variation, the presence of dents, scratches, and
variation in geometric dimensions was checked.
Samples with a dent were immediately rejected.
The wall thickness of the samples was 0.1 mm
and samples with a wall thickness of 0.11 mm
were not allowed for testing. Ovality was not
observed. Then the correct fixing of the sample
on the installation began. One end of the sample
was mounted on the mandrel of frame 2 and
crimped from the outside with a clamp to obtain
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a rigid fastening. To avoid distortion of the
sample during the test, the second end was
inserted into the bearing hole installed in wall 3,
where it could rotate freely. Then, metal rods 4
were installed on both sides of the sample. The
coaxiality of the centers of the circles of the
ends of the sample was corrected with a laser
beam. Hangers 9 were hung on cables 10 to the
ends of the rods 4.

At the beginning and at the end of the tests,
weights were loaded with a small mass in order
to catch the beginning of twisting and the
moment of loss of stability. During the test, the
coaxiality of the centers of the circles of the

ends of the sample was constantly checked by a
laser beam so that the conditions of the torsion
test were not violated (there was no bending). In
the experiments, the magnitude of the load and
the corresponding movement of the indicator
leg were recorded.

TEST RESULTS

Each series of samples was tested at least five
pieces. Average statistical test results are shown
in Table 2.

Table 2. Results of test.

empty filled 108
S:?rilzlse Mo 105, | 9104, | Mo 105, [ @u- 107 l\l\flffnllo[l’] n %
MN m radian MN m radian
1 1094 22,2 1154 374 1218 6 11,3
1103 29,5 1290 40 1540 8 28,4
3 1745 39,6 1986 46 2294 14 | 315

In table. 2 denotes: Mecrcritical torque, @cr-angle
of twist under the action of M, n-number of
waves after buckling of the sample, %-percentage
of divergence of critical torques obtained in
experiments and calculated from the literature [1]
for empty samples. The percentage of discrepancy
increases with decreasing sample length. This is
due to the fact that the calculation formulas were
obtained for shells of medium length.

As an example, the test results for specimens 90
mm long are shown in Figure.3.

@107 rad

30

0 200 400 60O 800 1000 1200 M. 10°%, MN-m

Figure 3. Test results of samples with a length
of 90 mm. Graphs 1,2,3 for empty 4,5,6 for
filled samples

The angle of twist was calculated as the ratio of
the movement of the indicator leg to the distance
from the sample axis to the indicator leg.

The graphs are linear, the loss of stability
occurred in elasticity. The graphs for empty and
filled with iron powder samples are parallel,
except for the initial twisting process, where the
influence of the friction force between the
powder and the inner wall of the sample occurs.
The experimental value of the critical shear
stress is:

Lo _ M, _
r 2mR2)
B 1103 -1078 B
©2-314-31,52-10"6-0,1-10"3
= 17,7 Mlla. (1)

Estimated upper critical shear stress [1]:
T = 0,78E%4\/% =0,78-0,7 -

.105%4/31;% = 24,27 MPa, )
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where E=0.7 10° MPa modulus of elasticity.
The divergence of critical shear stresses is
26.6%.

For samples filled to 90% of the volume with
iron powder, the critical torque increased
compared to the critical torque for empty
samples of the first series by 5.5%, the second
series by 17%, and the third series by 14%. The
value of Mer increased with decreasing sample
length.

The number of generated waves according to
[1] for samples of the first series:

8 R 4|R 8
n=4,2-,1-p? \/; \E= 4,2 -4/1-0,3% -
315 4[315
B s 5
In experiments n=6.
Second series: n=10, and in experiments n=6.
Third series: n=22, and in experiments n=14.
In experiments, the number of waves is less
than in calculations by 25%, 20%, 36%,
respectively. For the filled samples, waves first
formed in the upper part, where there was no
iron powder. Waves then formed on the rest of
the wall.

The angle of inclination of the dents to the axis
of the specimens of the first series [1]:

y=1,73- ‘*\[’Z—z =1,73 - 4/31':(')‘;'1 =12,6. (4)

The second and third series y=14° and y=26°
respectively. In experiments y=12°...24°,

The difference between the results is due to the
fact that the calculated dependences in [1] were
obtained for shells without defects, and the
tested samples were not ideal.

CONCLUSION

1. Loose aggregate increases the critical torque
value.

2. The stability of the samples is lost in
elasticity.

Volume 19, Issue 3, 2023

3. When designing and manufacturing tank
trucks for the transport of bulk materials, it is
necessary to take into account the effect of
aggregate on stability.

4. The formulas used in the calculations from
[1], which were obtained for shells of medium
length, give calculated results for short samples
of the third series, which differ significantly
from the test results.
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RECIPROCITY LAWS FOR OSCILLATIONS
OF DISSIPATIVE SYSTEMS

A.N. Potapov
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Annotation: A general method for proving reciprocity relations in an arbitrary elastic discrete dissipative system
(DDS) is presented. The method is based on the use of the algebraic theorem of P.L. Pasternak and on the new
properties of the Duhamel integral, which are obtained for a dissipative system with internal friction of the mate-
rial, which is taken into account on the basis of the non-proportional damping model. For displacements, veloci-
ties and accelerations, the dynamic reaction equations are written in the form of systems of linear equations and
their symmetrical structure is shown. The functional dependence of the force parameters of the calculation model
and the corresponding kinematic parameters of the reaction is determined by an arbitrary scalar function of time.
An extended interpretation of the reciprocity theorems is given and sufficient conditions for their fulfillment are
formulated, which consist in the requirement that the matrix differential operator of the equation of motion be
symmetrical. New laws of reciprocity in dissipative systems are formulated and proved. The reciprocity of the
product between the velocities / accelerations of masses and nodal forces is established. In contrast to the well-
known theorem on the reciprocity of possible work, these laws are theorems on the 1st / 2nd derivative of possi-
ble work with respect to time and therefore go beyond the Betti principle. For particular cases of these theorems,
the reciprocity of velocities and reciprocity of accelerations is shown. Expressions of general and particular theo-
rems have a fairly simple mathematical form that does not require recourse to integral transformations, and are
presented in an analytical form.

Keywords: Duhamel integral, dissipative system, reaction, displacement, velocity, acceleration

COOTHOLIEHHUA B3BAUMHOCTH
B IMHAMUKE JUCCUITATUBHBIX CUCTEM

A.H. ITomanoeg
PI'AOY BO «tOsxHO-Ypanbcknii rocymapeTBenHbli yansepeurer» (HNY), r. Yensonnck, POCCHUS

Annoranus: [TpuBeneH oOmmii METON JOKA3aTEIbCTBA COOTHOIICHUA B3aMMHOCTH B IPOU3BOJIBHON YIPYTOM
muckpeTHol muccumnatuBHO# cucteme (/1C), ocHOBaHHBIN Ha MCIIONB30BaHUHN anredpamdeckoit Teopemsl [1.J1.
ITacrepHaka M HOBBIX CBOKCTBax MHTerpana Jlroamesnsi, KOTOpbIE IOJyY€Hbl JJIsl AMCCHUIIATUBHON CHCTEMBI C
BHYTPEHHUM TPEHHEM MaTepHala, yUYUTHIBAEMbIM Ha OCHOBE MOJEIH HEMPONOPIIMOHAIBHOTO JeMII(HPOBAHNS.
Jlis mepeMerieHuii, CkopocTeld U YCKOPSHUH ypaBHEHUS TUHAMUYECKOH peakIiH 3alHicaHbl B OpPME CUCTEM
JUHEHHBIX ypaBHEHUH M MOKa3aHa WX CUMMETPHUYHAsA CTPYKTypa. OyHKIMOHAIbHAS 3aBUCUMOCTh CHJIOBBIX Ma-
paMeTpoB pacueTHON MOJENN M COOTBETCTBYIOIIUX KHHEMAaTHUECKUX MapaMeTPOB PEaKIMU OINpeaesieTcs mpo-
W3BOJIBHOW CKaJISIPHOM (QyHKIMeH BpeMeHH. JaHa pacumivpeHHast TPaKTOBKa TEOPEM B3aUMHOCTH U copMyIn-
POBaHBI JTOCTATOYHBIE YCIIOBHS UX BBIITOJIHEHHS, 3aKITI0YAIONINECs] B TPEOOBAHUN CUMMETPHN MaTPUYHOTO JTH (-
(epeHIIMaIBHOTO OnepaTopa ypaBHeHHs ABkeHUs. CHOpMyIMpOBaHbI U T0Ka3aHbl HOBBIE 3aKOHBI B3aUMHOCTH
B JIMCCHUITATHBHBIX CHCTEMax. YCTaHOBJICHA B3aMMHOCTb HMPOM3BEACHHS MEXIY CKOPOCTSIMHU / yCKOPEHHSMH
Macc M y3JIOBBIMH CWJIAMH. B OTIIHUME OT M3BECTHOM TEOPEMBI O B3aMMHOCTH BO3MOJKHBIX Pa0OT JaHHBIE 3aKO-
HBI TIPEJICTABIIET COOOH TeOpeMbl O 1-if / 2-i MpOU3BOAHON BO3MOXKHOM paOOTHI IO BPEMEHH H IIO3TOMY BEIXO-
JIIT 3a paMKH npuHOuna bertu. {7t yacTHBIX CiTydaeB 3THX TEOPEM IIOKa3aHa B3aMMHOCTb CKOPOCTEH U B3aNM-
HOCTb YCKOpeHHH. BbIpakeHus oOMMX 1 4aCTHBIX TEOPEM UMEIOT I0CTATOYHO MPOCTYIO MaTeMaTHUYECKyIO (op-
My 3alucH, He TpeOyollyo o0palieHuss K MHTerpajibHbIM [TPe00pa3oBaHMsIM, U MPEACTABISIOTCS B aHATUTHYC-
CKOM BHJIE.

KaroueBbie cioBa: unrerpain Jlroamernsi, TUCCUMATHBHAS CUCTEMA, PEAKIINSI, IEPEMEIIICHHE, CKOPOCTh, YCKOPEHHE
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Reciprocity Laws for Oscillations of Dissipative Systems

INTRODUCTION

The main provisions on the issues of reciprocity
in elastic systems were formulated in the works
of Maxwell, Betty, Rayleigh and other scien-
tists. These problems are most fully elucidated
in the works of Rayleigh, who for the first time
extended the results of his research to dissipa-
tive systems, introducing the scattering function
for this purpose [1].

In deriving reciprocity relations, Rayleigh con-
sidered systems with a finite number of degrees
of freedom, referred to below as discrete sys-
tems. As sources of perturbation of a discrete
dissipative system (DDS), he took periodic
forces of a harmonic type and given mass dis-
placements, which also obey the harmonic law.
In his proofs, Rayleigh relied on the analysis of
the potential and kinetic energies of the DDS,
which are homogeneous quadratic functions of
generalized coordinates and velocities. As a
result, a general law of reciprocity was obtained
(the theorem of reciprocity of work in the form
of a product of forces and displacements), re-
gardless of the Italian scientist Betty, who for-
mulated this law a year earlier (1872). Rayleigh
also proved all particular reciprocity theorems:
displacements, reactions, reactions and dis-
placements. In addition, for a conservative
system that has only kinetic energy, a work
reciprocity theorem was obtained in the form of
a product of impulses of forces and mass veloci-
ties and a particular theorem on the reciprocity
of impulses.

In [2], a purely algebraic interpretation of the
principle of reciprocity was given, according to
which reciprocity was considered as a property
characteristic of any system of n linear equa-
tions with a symmetric structure of coefficients.
Reciprocity theorems are used in various fields
of science and technology: acoustics, electrical
engineering, geophysics, etc. In the field of
practical applications of elastodynamics [3],
reciprocity theorems are used in microelectro-
mechanical devices, which are typical structural
elements of building mechanics. In miniature,
they are thin bodies such as beams, plates, shells

Volume 19, Issue 3, 2023

and membranes. In the field of nanotechnolo-
gies (nano- and metamaterials) [4], an approach
is used that makes it possible to apply the Betti—
Rayleigh reciprocity theorem to calculate scat-
tered fields in the form of plane waves at the
interface between a homogeneous medium and
a metamaterial.

The principle of reciprocity assumes the invari-
ance of the characteristics of the frequency
functions between any two material points
during the replacement between the source and
the receiver. This fact laid the foundation for
many practical studies on ground vibrations
caused by traffic [5], in seismic exploration [6],
and problems of soil dynamics [7-10].

In [5], a problem related to soil dynamics was
solved by checking a numerical model of vibra-
tion caused by road roughness during the
movement of a vehicle such as a car. Rayleigh
surface waves, generated by vertical vibrations
from dynamic loads on the axle and propagating
in the soil, are studied. Soil response in the free
field was calculated using the dynamic Betty-
Rayleigh reciprocity theorem using the transfer
function between road and receiver. In the field
of geophysics, in particular, seismic exploration
[6], a method has been developed for detecting
underground cavities using special dynamic test
procedures designed to determine the character-
istics of underground anomalies. The studies
were carried out using active or passive sources
and receivers placed on the earth's surface or
inside wells for Rayleigh surface waves scat-
tered from inhomogeneities in layered half-
spaces. Discrete analytic expressions for the
Green's functions are obtained on cavities using
the thin layer method based on the Betti—
Rayleigh reciprocity theorem.

Estimates of the levels of vibrations of the
surface of the soil medium from a point source
located inside the half-space were carried out in
[7] based on the theorem on the reciprocity of
displacements. The same theorem was used in
studies on assessing the risk of damage to build-
ings due to sedimentation of the soil surface
during shield penetration [8], when moving
high-speed vehicles (trains, cars) [9]. The article
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[10] considers the case of the impact of a seis-
mic wave on a rigid foundation located in diffi-
cult soil conditions. The assessment of seismic
load on a rigid foundation was carried out in the
frequency range using the reciprocity theorem.
The papers [11, 12] provide proofs of reciproci-
ty theorems for an arbitrary dynamic load with-
out taking into account [11] and taking into
account internal friction [12]. In the latter case,
the damping matrix was adopted on the basis of
the proportional damping model, which made it
possible to write the differential equations of
motion in a separated form.

For dynamic problems of the theory of elastici-
ty, an approach [13] to the derivation of the
reciprocity theorem based on the variational
principle was proposed, in contrast to the gener-
ally accepted method of deriving reciprocity
relations, which used the integral Laplace trans-
form. When writing the equation of motion, the
internal friction of the material is not taken into
account. In [14], reciprocity relations were
obtained in differential form for differential
operators of elasticity theory and, for a particu-
lar discrete case, transitions to classical reci-
procity relations between the coefficients of the
force method, displacement method, and the
mixed method were shown.

A number of works on reciprocity relations
were carried out in the field of nonlinear prob-
lems of building mechanics, in particular, for
nonlinear elastic systems it was shown [15] that
reciprocity relations follow from the conditions
of conservative properties of the system. The
article [16] developed a technique applicable to
discrete or continuous systems with smooth or
non-smooth nonlinearities using the Betti-
Maxwell reciprocity theorem.

A large cycle of works relates to the elastody-
namics of Rayleigh surface waves in solids,
where an effect associated with the violation of
reciprocity in an elastic medium was discov-
ered. In works [17, 18], devoted to the study of
the propagation of Rayleigh waves with masses
arranged in the form of a hexagonal and triangu-
lar lattice, this effect is explained by the lack of
symmetry in the modes of natural oscillations,

Alexander N. Potapov

which manifested itself in the asymmetry of
responses in the form of displacement fields in
the direction of the medium. Also, the effect of
the lack of symmetry in the modes of natural
oscillations was noted in [19]. In [20], the viola-
tion of reciprocity in the elastodynamics of
linear time-invariant acoustic waveguides was
studied, which, according to the authors, is
possible only due to violation of the time rever-
sal symmetry at the microlevel.

1. Research method

A more general and at the same time simpler
method for proving reciprocity theorems, which
does not require the use of integral transfor-
mations, is described in the articles [21, 22].
The approach is based on new properties of the
Duhamel integral, obtained by analyzing the
equation of motion of the DDS and its charac-
teristic equation. The interpretation of well-
known theorems is extended, proofs of new
reciprocity theorems are obtained, and condi-
tions are formulated that ensure reciprocity
properties in DDS.

The differential equation of motion of the DDS
and its characteristic equation corresponding to
the homogeneous equation have the form:

(1
2

MY () +CY(t)+KY(t) = P(t)
MS*+CS+K=0,

where M = diag (mu,..., mn), C, K — are real and
symmetric matrices of masses, damping and
stiffness; Y(¢) = [yi(0)], P(O) =[pi(O)] G =1, ... , n)
— displacement and external load vectors; S €
Myu(C) — the required matrix of dynamic charac-
teristics of DDS; n is the number of degrees of
freedom. The transition from equation (1) to (2)
is performed using the fundamental matrix ®(¢)
— oSt

When analyzing the characteristic equation (2),
an arbitrary type of damping is considered,
which is determined by the matrix C. Here, the
only mandatory condition is the requirement for
the symmetry of the matrix C = C". In the pres-
ence of symmetry of the matrix C, the type of
damping can be adopted based on any model
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(proportional or non-proportional) damping, and
then the solution of equation (2) is written as:

S=M"(=C+V+U)2 € Mx(C), &)

where: V' =—VT, U= U'. With a small dissipa-
tion characteristic of conventional building
structures, additional properties are valid: V, iU
€ Mn(R) (i — imaginary unit).

The vector P(¢) is represented as a product of an
arbitrary scalar function of time &(f), which
specifies the shape of the dynamic load, and the
amplitude vector Po=[poj] j =1, ..., n):

P(t) = &(n)Po. “)

In this case, the reaction equations of the system -
displacement vectors (Duhamel integral), velocities
and accelerations, take the form:

Y(£) = 2Re {I(1)} P,
Y(¢)=2Re{SI(f)} P,

F(6)= 2Re 820 Po + M), | O
where
1) = (U [ (—0)"e(x) da). ©)

It follows from the analysis of equation (2) in
[23] that solution (3) satisfies the equalities:

STU=US, @(1)'U=Ud(1), (7)

which establish the fact of symmetry of matrices
US, UD(¢). This fact regarding the second equa-
tion in (7) is based on the property of the exponen-
tial matrix ®(¢) = €% to be expanded into an infi-
nite series in powers of the matrix argument S:

0 S k
o= >0

k=0

Indeed, the equality US = STU implies a whole
class of equalities related to any integer power
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of the matrix S: US* = (SH'U (k = 0, =1, £2,
... ). From here one can obtain any linear com-
bination of such equalities, and hence a combi-
nation containing the coefficients of the expan-
sion series of the fundamental matrix ®(¢). This
leads to an important symmetry property of the
auxiliary matrix functions SKU'®(+—1)" (k = 0,
+1, £2, ...), from which it is sufficient to choose
only the dependencies for k=0, 1, 2:

U'd(t-1)T, SU D),
SPU ' d(t-1)".

These matrices are contained in the structure of
equations (5). They coincide up to a scalar factor
with the corresponding expressions, which are
under the integral sign in (5). Note that for elastic
vibrations of the system, the matrices U™, SU™' u
S2U™ do not depend on the integration variable
and, therefore, can be introduced under the inte-
gral sign (6) in equations (5).

Generalizing these results, we represent the
vector form of equations (5) in the form:

} )

)

Y(t) = D(OP(1), Y(t) = V(OP(),
Y(t) = A(t)P(0),

where

D(#) = D(1)" = 2Re {I()}&() ",
V(t)= V()" =2Re {SI0)}E(@0),
A(f) = A()T = 2Re {SPI(0)}E(t) ™ + M,

2. Results and discussion

In view of the symmetry (9), these relations
express special cases of reciprocity in a dissipa-
tive system, representing the displacement
reciprocity theorem (Maxwell's theorem, first
equation): D(¢f) = D(¢)", the velocity reciprocity
theorem (second equation): ¥(f) = V()" and the
acceleration reciprocity theorem (third equa-
tion): A(f) = A(%)".

Velocity reciprocity theorem in DDS:

The speed Vi(t), imparted to the mass mi from
the action of a unit force given by the law Px(¢)
= 1-&(¢) and applied to the mass mx, is equal to
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the same speed Vii(f) = Vi(t), that occurs when
moving mass my, as a result of the action of a
unit force Pi(t) = 1-&(¢), applied to the mass m.
The theorem of reciprocity of accelerations in
DDS:

The acceleration Ai(¢), arising from the move-
ment of the mass m; from the action of a unit
force given by the law Px(f) = 1-&(¢) and applied
to the mass mix, is equal to the same acceleration
Aki(f) = Au(t), arising during the movement of
the mass mi, caused by the action of a unit force
Pi(t) = 1-&(1), applied in the mass m;.

The presence of reciprocity of accelerations is
recognized by many experts as a fact [11],
although there is no proof of the existence of
this theorem in the scientific literature.
According to the physical meaning, the ele-
ments of matrices (9) are, respectively, the
dynamic displacements, velocities and accelera-
tions of the DDS nodes. The dynamic nature of
these quantities and reciprocity relations is
indicated by the scalar function &(7) of the load
form, which is included in all expressions of
matrices (9). These matrices have a fairly sim-
ple mathematical form of notation, represented
by analytical expressions and do not require
recourse to integral transformations.

It should be noted that Rayleigh in his studies
initially considered periodic effects of both
force and kinematic types, taking as a scalar
harmonic function of time £(¢) = sin (8¢ + @),
where the angular frequency 9 and the initial
phase ¢ of the periodic effect were considered
constant values for all nodes of the discrete
system. In this case, Rayleigh considered only
steady-state oscillations. Indicative, in this
regard, is his statement, which has the character
of insight: “If the force is not a harmonic func-
tion of time, then the types of oscillations in
different parts of the system generally differ
from each other and from the type of force
oscillation” [1]. That is, Rayleigh well under-
stood that with an arbitrary law of acting forces,
the oscillatory process in the system becomes
too complicated to study the emerging "types of
oscillations" and requires more advanced meth-
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ods of analysis, which at that time were not
available.
Systems of equations (8) at any fixed moment
of time are considered as systems of algebraic
equations with a symmetric structure of coeffi-
cients, for which the property of reciprocity can
be shown based on the theorem of prof. P.L.
Pasternak [2]. We present a scheme for proving
the law of reciprocity using the first equation in
(8) as an example.
Let some other group of new forces pi(f)' (j =1,
... , n) represented by the vector P(f)' act on the
same n-mass dissipative system, then from for-
mula (4) we have P(¢t)' = §(f)Po', where Po' = [po/']
(=1, ..., n). This action will cause the response
of the elastic system in the form of a new dis-
placement vector Y(¢)' = [yi(¢)'] =1, ..., n). This
set of forces and displacements will correspond
to the equation Y(#)' = D(¢)P()', which is convert-
ed to the form P(¢)' = D(t)"' Y(¢)'. After the opera-
tion of transposing the first equation in (8) Y(£)"
= P(f)'D(t) and term by term multiplication of
the left and right parts of the obtained equalities
as a row by a column, we obtain an equation.
This equation expresses the equality of possible
works (the Betti principle) performed in an elas-
tic dissipative system by the force vectors P(z)
and P(¢)' on displacements represented by the
corresponding vectors Y(¢)', ¥(¢):
Y(H)'P(1)' = Y(£)TP(¢). (10)
Similarly, for two other linear systems in (8)
with symmetric matrices V(¢) and A(¢), reciproc-
ity relations are constructed according to the
above scheme:

Y(0)"P(t) = Y (1) "P(),
Y()TP(t) = Y(¢) "P(2). (11)

Relations (11) represent new laws of reciprocity
in the dynamics of dissipative systems. These
laws are outside the scope of the Betty principle
(10), since their expressions do not represent
possible work. The first relation in (11) has the
dimension "kN-m/s" and it can be considered as
a theorem on the reciprocity of the 1st deriva-
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tive of the possible work with respect to time,
the second relation (with the dimension
"kN-m/s*") - as the reciprocity theorem 2nd
derivative of possible work with respect to time.
Laws (11) establish the reciprocity of the prod-
uct of velocities / accelerations of masses in one
state of the system and the nodal forces in its
other state. In this case, the proof of particular
cases of reciprocity relations (9) follows from
the property of the Duhamel integral based on
the symmetric structure of the integrands (6). To
construct general reciprocity laws (10), (11),
Pasternak's theorem is used, which is based on
systems of equations (8), which have a proven
symmetric structure of coefficients.

Thus, the prerequisite for the existence of reci-
procity relations in a dissipative system is due to
the presence of symmetry of the differential
operator of the equation of motion (1), which is
a sufficient condition for the fulfillment of the
reciprocity laws shown above. Less obvious is
the necessity of a condition for the fulfillment of
these laws.

Indeed, symmetry breaking in the structure of a
differential operator, for example, when using a
damping model with a non-symmetric matrix C
# CT, will affect the properties of the character-
istic equation (2) and auxiliary equalities (7).
This will affect the structure of the expression
for the dynamic response of the system (5), (6).
With this formulation of the problem, the laws
of reciprocity will be formulated in a more
complex, generalized form. This indicates that
in the field of dissipative systems there are still
many problematic issues that need to be re-
solved.

An illustration of the reciprocity theorems is
given on the example of vibrations of a rigidly
clamped steel I-beam (Ne 50, J: = 39727 cm?)
for its various states (Fig. 1, 2, 3). The beam
length is / = 1500 cm, point masses m: = 0.5282
kNs*/cm atn=17.

The damping matrix is adopted in accordance
with the non-proportional damping model used

in the author's works [23]: C = %(KT + TK),

S [m;

where T = diag (11, ..., 17); ti= ﬁ’, mj, 1jj —
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diagonal elements of matrices M, K (6 = 0.07 —
logarithmic oscillation decrement).

Parameters of natural oscillations of a steel
beam: the frequency of the fundamental tone of
oscillations was wmin = 52.78 rad/s, the period of
oscillations was 7= 0.12 s.

The reciprocity of velocities and accelerations is
shown in fig. 1 for the case of action of single
rectangular pulses Pi(¢t) = 1-§(¢) with a length of
0.1 s (pulse shape &(¢) = 1). In the first state, the
reaction of the beam at the 3rd node from the
action of the impulse 1-&(¢) applied to the mass
me 1s shown. Oscillograms of velocities and
accelerations are red (Fig. 1). The scale of ac-
celerations (dashed line) is reduced by 50 times.
In the second state, the same reactions (blue
color) occur at the 6th node from the action of
the impulse 1-§(¢) applied to the mass ms.

0.15 0.2

0 0.05 0.1

Figure 1. Oscillograms of velocities (solid line)
and accelerations (dotted line) in a rigidly
clamped beam under the action of a rectangular
pulse equal to 1 in two states of the system: at the
6th node (response at the 3rd node - red) and at
the 3rd node (response at the 6th node - blue)

On Figure 2, the action of vibrational forces
with an angular frequency of 300 s™' is consid-
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ered: P(f) = &(t)Po, where £(f) = sin 300z. The
reciprocity of the Ist derivative of the possible
work with respect to time is shown. Flat curves
on the graphs are plotted only for the peak load
values shown on the right side of Figure 2. In
the first state, the amplitudes of the forces pos,
pos are multiplied by the speeds of the same
nodes, caused by the amplitudes of the forces of

Alexander N. Potapov

the second state: po2, po3, pos. The given
oscillogram of the 1st derivative of the possible
work (red color) coincides with a similar value
(blue color) obtained by multiplying the
amplitudes of the forces of the 2nd state at the
speed of nodes 2, 3, 5, caused by the amplitudes
of the forces of the 1st state.

1 ¥ 3 g 7 ¥3 % k

LA 4 p 14 4 L, 23 3 . 0 0
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0.5 0.5 ! 40 0
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0.1 0.15 0.2

Figure 2. Reciprocity of the Ist derivative of the possible work under the action of vibrational forc-
es in a rigidly clamped beam

On Figure 3 shows a spatial plot of the surface
of the 2nd derivative of the possible work from
the action of a sinusoidal impulse load P(¢) =

S(DPo,

where &(f) = sin nt/ti, t1 = 0.1 s is the pulse
length. The pulse amplitudes have the same
values as under the action of the vibration load
in the previous example.

NN
o Q-

¥ ¥ %

Y(®)"P(¢)

0 h

pojsin Tt/t
=0.1s

@/ 2

YO TP(ty

Figure 3. Surfaces of the 2nd derivative of the possible work under the action of sinusoidal pulses

CONCLUSION

1. Thus, a general method for proving reciproci-
ty relations is given, based on the properties of
the Duhamel integral and the algebraic theorem
of Professor P.L. Pasternak.

2. In the formulation of the problem according
to the reciprocity theorems, the following is
allowed: the form of the external load is deter-

mined by an arbitrary scalar function of time;
fluctuations can be both steady and unsteady;
DDS damping type can also be arbitrary (pro-
portional, non-proportional).

3. Obtained and proved particular laws of reci-
procity of velocities and accelerations in dissi-
pative systems. The expressions of the symmet-
ric matrices of velocities and accelerations have
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an analytical form of notation that does not
require recourse to integral transformations.

4. The area of application of the laws of reci-
procity, which go beyond the framework of the
Betty principle, has been expanded. General
reciprocity theorems about the 1st and 2nd
derivatives of possible work with respect to time
are proved.

The proposed approach indicates that the Du-
hamel integral is not only a tool for analyzing
DDS, on the basis of which quantitative esti-
mates of reaction parameters are built, but also
an effective tool for studying such systems in
order to obtain qualitative estimates. The re-
vealed properties of symmetry in the structure
of the reaction equations open up new possibili-
ties for studying and understanding the theoreti-
cal foundations of the ongoing processes hidden
in the nature of the oscillations of dissipative
systems. In the field of fundamental research,
which includes problems of reciprocity rela-
tions, the solution of these problems is highly
topical and is of exceptional importance for
practical use.
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COUPLED HEAT AND MASS TRANSFER PROBLEM WITH
DEPENDENT HEAT CONDUCTIVITY PROPERTIES AND ITS
SEMI-ANALYTICAL SOLUTION

Viadimir N. Sidorov, Alim M. Primkulov
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Present paper proposes a computation method for a coupled heat and mass transfer problem within the
porous media where the heat conductivity properties of the media undergo changes caused by the mass transfer.
Heat and mass transfer processes are coupled through the inclusion of evaporation and condensation phenomena
which in turn require the solution to an another the vapour transfer problem. This complex coupled problem re-
sults in a system of both linear and non-linear second order partial differential equations that are spatially discre-
tized by Finite Element Method. Temporal integration is carried out analytically. Thus, the proposed system of
equations covering linear vapor transfer problem, linear filtration problem and non-linear heat transfer problem
is transformed into a system of both linear and non-linear first order ordinary differential equations being solved
by semi-analytical method. Picard approach of successive iterations is used for linearization of the equations.
Convergent solution is achieved which is demonstrated on a sample problem herein below. Proposed method
gives good insight on the processes taking place within the structures being subjected to temperature and vapor
pressure gradients, including the residual effects of moisture accumulation, and assesses its impact on heat con-
ductivity of materials that the structures consist of. Present study is a part of more extensive research on the ap-
plication of semi-analytical methods in heat transfer problems, therefore it is not exhaustive and complete.
Shortcomings of the method and its possible work-arounds as well as the topics for further studies are discussed
in Conclusions and Further Studies section.

Keywords: Heat and mass transfer problem, coupled problem, non-linear, finite element method,
semi-analytical method

COBMECTHAA 3AJAYA TEIINIOMACCOOBMEHA
C 3ABUCUMbBIMU TEILIONPOBOJIALLIMU CBOUCTBAMU
N EE HOJYAHAJIMTUYECKOE PELHLIEHUE

B.H. Cuoopos, A.M. Ilpumkynoe

HanumonaneHelil nccnenoBareabckuil MOCKOBCKUI IOCYIapCTBEHHbIN CTPOUTEIIbHBIA YHUBEPCUTET,
r. Mocksa, POCCH

Annotanust: B Hacrosieit pabote npeayiaraeTcsi METOJI pacueTa CBsI3aHHOM 3a/1a4i TEIUIOMAaccolepeHoca B Mo-
PUCTBIX Cpeflax, KOT/ia CBOWCTBA TEIUIOIPOBOJIHOCTH CpPEll IMPETePIICBAIOT U3MCHCHHUS, BBI3BAHHBIC MaccoIepe-
HocoM. [Iporiecchl TemIo- 1 MacconepeHoca CBsI3aHbl SBICHUSIMHU HCIAPSHUST U KOHACHCAIUH, YTO, B CBOIO Ove-
penb, TpeOyeT perieHus Ipyroi mpoOieMbl mepeHoca mapa. Jta cioxHas npobjemMa NMPUBOAUT K CUCTEME Kak
JIUHCHHBIX, TaK W HEIMHCHHBIX JU((EpCHIMANBHBIX YPABHCHUI B YaCTHBIX IPOU3BOIHBIX BTOPOTO MOPSIKA,
KOTOpBIC AUCKPETH3UPYIOTCS B COOTBETCTBHU C AITOPHUTMOM METONa KOHEUYHBIX 3JIeMEHTOB. IHTerpupoBaHue
10 BPEMEHHOW MEePEeMEHHOM BBIMOIHIETCS aHATUTHYECKH. TakuM 00pa3oM, cuctema IudpepeHHaibHbIX ypaB-
HCHHM, BKJIFOYAIOIIAs JIMHCHHOE ypaBHEHHE IMMApOIepeHOCca, JHHEHHYIO 3amady (GWIBTPAllMK W HEJIHHEHHOe
ypaBHEHHE TEIUIOIEPEHOCa, MPeodpa3yeTcs B CUCTEMY KakK JTMHEWHBIX, TaK M HeJHMHEHHBIX 1u(depeHITnaTbHBIX
ypaBHEHUIi MEPBOTO MOPSIJIKA, PEIIAEMBIX TTOJyaHATUTHYECCKUM MmyTeM. Jliist TrHeapu3aliy ypaBHEHUH HCIOb-
3yercst moaxoj [Tukapa nocienoBarebHbIX nTepanuii. JJocturaercs cxojsieecs: pelieHue, 4To JeMOHCTPHPY-
€TCA Ha NpUMEpE 3aavu. HpeﬂHO)KeHHbIﬁ METOA TO3BOJIACT IMOJYUYUTH MPEACTABJICHUE O TGHHOQ)I/I?)I/ILIGCKI/I)(
MPOIIECCax, MPOUCXOJAIINX B KOHCTPYKIIUAX C YUETOM IPaJUEHTOB TEMIIEPATYpPhl U JaBICHUS Napa, B TOM YHC-
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Jie 00 OCTATOYHBIX SBJICHHUSIX HAKOILICHUS BJard U OLCHUTDH UX BJIMAHHUC HA TCIUIOMPOBOAHOCTH MATCPUAJIOB, U3
KOTOPBIX U3rOTOBJICHBI KOHCTPYKIIHUH. Hacrosmee nccinenopanue sBISIETCS YaCThIO Oouee O6H.II/IpHOFO Hucciaenao-
BaHUs MPUMEHCHUSA MOJIYAHAJIUTUUICCKUX METOHAOB B 3aJadax TeHJ'IOO6MeHa, MMO3TOMY OHO HE€ ABJISICTCA UCYUEP-
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1. INTRODUCTION

Multi layered exterior wall structures are widely
used in modern buildings as they allow to
achieve proper insulation properties as well as
to have the desired interior and exterior appear-
ance meanwhile be elegant, lightweight and be
of sufficient strength and resilience. On the oth-
er hand, the study of physical processes taking
place within such kind of walls are becoming,
obviously, more complicated as the significantly
varying material properties cause those physical
processes to occur differently comparing to the
homogenous single material wall structures.
Multi-layered structures have extensively been
studied both domestically and internationally
with respect to their responses to varying indoor
and outdoor conditions which have been reflect-
ed in building codes and manufacturer's design
guidelines. Present study though, proposes a
mathematical model that can quantitatively de-
scribe the processes in such structures with due
account of their interactions and interdepend-
ence under the given boundary conditions.

In particular it reviews the heat transfer phe-
nomenon within multi-layered wall structure in
conjunction with the vapor transfer and the fil-
tration occurring simultaneously and accounts
their interactions.

Mathematical model that uses semi-analytical
computation techniques is proposed to describe
the process in such wall structures. Spatially, the
model utilizes the Finite Element Method
whereas the temporal variations are solved ana-
lytically.

Building Codes and Standards [1] contain vari-
ous simplified computation methods for practi-
cal problems that, with due safety margin, ac-
count all negative factors that may develop

within the structures thus allowing to design
such structures in compliance with the servicea-
bility requirements. The idea in those standard
methods is to determine composition and geo-
metric proportions of the structures that would
withstand the extreme weather conditions of the
region, assuming that at all other intermediate
states of the weather the structure would per-
form adequately.

Main objective of present study is to couple the
major physical processes happening in the wall
within proposed mathematical model that will al-
low to calculate the immediate state of the struc-
ture under the given indoor and outdoor climate
condition and including residual factors remained
from the previous actions and solve such coupled
problem. Hence the difference of the proposed
heat and mass transfer model from standard com-
putation methods is that the model describes accu-
rately the immediate state of the wall.

2. RESEARCH METHODS

2.1. Wall Model

As a practical example let consider tri-layered
wall structure consisting of inner and outer
blockwork walls and heat insulation layer
sandwiched in between. This structure is seem-
ingly good case of the composite wall where the
water condensation is very likely to occur. The
insulation layer in the middle of the structure
retains the majority of the heat thus causing the
outer blockwork layer to be cooled down till
almost the outdoor temperature. On the other
hand, the same outer brickwall has a vapor
transmissivity apparently lower than that of the
middle insulation layer. These two factors joint-
ly, under certain combination of boundary con-
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ditions, result in vapor condensation within the
wall, that will consequentially adversely effect
the heat transfer phenomena. Evaporation and
condensation processes non-uniformly distribute
the moist throughout the wall which creates a
moisture gradient. Having the material filtration
properties this gradient induces the filtration
process within the wall. Condensation, evapora-
tion and filtration processes combined form the
ultimate moisture content distribution within the
wall.

One dimensional mathematical model, where
the spatial argument varies along the thickness
of the wall might be used to build the relation-
ships between the processes. Physical model of
above-mentioned tri-layered wall structure is
depicted in Fig.1. The total wall thickness is L

whereas the width of each individual layer is é

Left hand side of the composite wall faces with
the indoor environment varying within the range
of positive temperatures while the right-hand
side contacts the outdoor environment with the
range of temperatures that may have also the
negative values.

!

Figure 1. Multi layered wall structure

Indoor and outdoor temperatures are not con-
stant with time as was noted earlier. Let as-
sume that they are given as functions of time:

Din = Pin(t)
Dour = Pout(t)

(1
2
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where, ¢y, ®our - iIndoor and outdoor tempera-
tures; ®@;,,, @,y - Some functions of t; t - time.
Similarly, the indoor and outdoor partial vapor
pressures are varying with time and can be de-
scribed as:

)
(4)

Pyin = Pv,in(t)
Pv,out = Pv,out(t)

where Py, in, Pyour - indoor and outdoor vapor
pressures; P, i, Py, oy¢ - Some functions of t; t -
time.

All major material properties such as heat con-
ductivities, vapor transmission resistivities, lig-
uid moist filtration properties that appear as pa-
rameters in mathematical model are also known
and given.

2.2. Physical Processes

The physical model as it is shown on Fig.1 can
be described as a finite domain consisting of:

e porous media composed of inner blockwork
wall, heat insulation and outer blockwork wall
all with its own individual properties - the skele-
ton;

e moist in its liquid phase (water) which de-
fines the moisture content of the skeleton,;

e humid air (binary gas) consisting of air and
water vapor mixture.

Having the boundary conditions as specified in
section 2.1 above, the processes taking place
within the wall can be described as follows:
Mass transfer

This process includes the transfer of the binary
gas and liquid water through the skeleton as
well as the moist phase changes such as conden-
sation as transformation of vapor into liquid wa-
ter and the evaporation as transformation of lig-
uid water into vapor. This mass transfer may
happen due to the following causes:

a) At microscopic level (so called molecular
transfer):

— Diffusion due to temperature gradient (as per
Fick's law);

— Diffusion due to vapor concentration gradi-
ent;

— Diffusion due to chemical potential gradient;
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— Osmosis caused transfers.

b) At macroscopic level (so called convection
transfer):

— Capillarity adsorption transfer;

— Pressure gradient transfer (including hydrau-
lic gradient);

— Gravity induced transfer.

Heat transfer

Heat transfer within the same domain occurs
due to the following factors:

a) At microscopic level (so called molecular
transfer):

— Heat diffusion induced by the difference of
temperatures between the skeleton, the air/vapor
and/or the liquid water;

— Heat transfer due to change in Enthalpy of
the skeleton in the result of moisture content
change;

b) At macroscopic level (so called convection
transfer):

— Heat transfer induced by temperature gradi-
ent and the conductive properties of the media;
— Heat transfer due to moisture phase change
(evaporation/condensation);

— Heat transfer due to radiation;

— Heat sink/sources at the boundaries of the
domain (derivative boundary conditions).
Detailed discussion of each of above listed pro-
cesses can be found in [2].

2.3. Heat and Mass Transfer Equations

Physical processes described in 2.1 - 2.2 may
occur simultaneously or in various combinations
thereof. Also, each of them may have impact in
different magnitude on the temperature distribu-
tion in the wall. General approach in heat and
mass transfer practical problems is to select the
relevant processes individually, considering the
particularities of that specific problem and eval-
uating the effect that the process may have on
the result. Nonetheless the common property of
all those processes is that they can be easily in-
corporated into the governing equation as a sep-
arate term. Hence, in most general form the
equations describing heat and mass transfer can
be written as:
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Nm
aU(l'z'g) ad du
Am1,m2,m3 ot == E Z D(m1,mz,m3), ox
i=1
My, Km
du
- Z V(ml,mz,m3)i a + Z Q(ml,mz,m3)i
i=1 i=1

B Np Mp
ap 0 0¢ o
Mg = a(Z D(h»&) - ; Varige t @ (6)

i=1

)

where, m1l, m2, m3 indices denote the mass
transfer of vapor, liquid and solid masses re-
spectively; u - mass being transferred;
N,,, M,,,, K., - number of physical processes in-
cluded into mass transfer problem, viz. N, —
number of processes occurring due to diffusion,
M,, — number of processes occurring due to
convection, K,,— number of processes occurring
due to mass source or sinks (see mass transfer in
2.2); Amimzm3 Dmimzm3) Vimimams) - ma-
terial properties of relevant physical process of
the mass transfer (e.g. A;y1.m2m3 — retarding co-
efficients of mass transfer, Dn1m2m3) — mass
transfer permeability coefficients, Vg mams) —
mass transfer velocity); Qumimzms) - mass
source/sink (e.g. evaporation, condensation rates
etc.) along the model and at the boundaries; 4
index denotes the heat transfer problem; ¢ -
temperature; Ny, M, - number of physical pro-
cesses included into heat transfer problem (see
heat transfer in 2.2); Ay, Dy, Vy, - material prop-
erties of relevant physical process of the heat
transfer; Q, - heat source/sink rate; t - temporal
variable; x - spatial variable.

For the sake of simplicity, the present paper fo-
cuses on macroscopic level processes only as
they have more significant effect on temperature
distribution within the topic problem, namely:
convection due to temperature gradient; mass
transfer due to vapor pressure and hydraulic
gradients. However, it is straightforward to in-
corporate all the others processes as well with
its associated physical parameters. Having this
simplification made, the governing equations
shall take the following form:

Liquid phase moisture transfer - filtration.

ah_k 9%h
at T axz

FEM .
+Qy = (A} = [Cu]{h} + {F}

()

72 International Journal for Computational Civil and Structural Engineering



Coupled Heat and Mass Transfer Problem with Dependent Heat Conduc-tivity Properties and its Semi-Analytical

Solution

where, h - mass content of liquid water, in kg
per unit volume in m® of the skeleton; ks -
permeability coefficient, constant value for
each material and does not change in time, in

%; Qf - liquid water source/sink — a function

accounting the incoming or outgoing moist, in
m?/sec; g - Finite element (matrix) transfor-
mation of the governing differential equation;
{h}, {h} - vectors of mass contents and its time
derivatives values at the finite element nodes;
[C,],{F} - Finite Element transformed matrix

. 92
and vector that discretely models k¢ 5.2 operator

and water source/sink function @ in filtration
equation.
Partial vapor pressure distribution

0%p
v 0x2

0
Pk

- ®)
at

+Q, = (p} = [C,](p} + (P}

where, p - partial vapor pressure, in Pa; k, -
vapor conductivity coefficient, constant value
for each material and does not change in time,

—k . . .
msei o Qp - boundary condition function

that accounts the variation of partial vapor
pressure at the boundaries, contact surfaces

. . . . Pa
with indoor and outdoor environments, in g

FEM
= - Finite element (matrix) transformation of

governing differential equation; {p}, {p} - vec-
tors of vapor pressures and its time derivatives
values at the finite element nodes; [Cp],{P} -
Finite Element transformed matrix and vector

2
that discretely models k,,%operator and the

boundary condition function @, in partial vapor

pressure equation.
Heat transfer.

d d d FEM
2L (oG @)22) + 0= o

=) = [C.(Ole} + (T

where, ¢ — temperature, in °C; D(f(¢)) - heat
conductivity depending on some function of ¢,
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e T
individual for each material, in — Qy, - heat

source/sink that accounts the boundary condi-

tions and heat transfer due to evaporation or
kcal FEM

condensation, in ; = - Finite element

m3- hr
(matrix) transformation of governing heat trans-
fer differential equation; {¢}, {qb} - vectors of
temperatures and its time derivatives values at
the finite element nodes; [Cqb]' {T} - Finite Ele-

ment transformed matrix and vector that dis-

] ]
cretely model —— (D (f () 5) operator and Qj,

function in heat transfer equation.

Heat transfer equation (9) shows the heat con-
ductivity coefficient D being dependent on a
function of temperature ¢. Fig. 2 depicts the
variation of heat conductivity property of a ma-
terial with its moisture content as proposed by
T.I. Rubashkina [6]. Similar relations are also
given in other resources [2]. In order to establish
the function D, it is necessary to build the rela-
tionship between the moisture content /# and the
temperature ¢, as it will be shown later.

0,060
0,055
0,050
0,045
0,040
0,035
0,030
0,025
0,020

Extruded polystyrene
D(W)=D"(1+0.033W)

Styrofoam
D(W)=D*(1+0.046W)

Heat conductivity, D, W/(m C)

] 2 4 6 8 10 12 14 16 18

Moisture content, W, %
Figure 2. Heat conductivity D as a function of
moisture content W

As it can be seen from Fig. 2 the moisture con-
tent of the wall material, which is, in our case,
the solution to equation (7), changes the heat
conductivity linearly. Then the solution to (9)
explicitly depends on the solution of (7). Thus
(7) and (9) should be solved jointly to obtain the
temperature distribution within the media being
adjusted to the moisture content. Linear rela-
tionship of material moisture content and its
thermal conductivity can be defined as:
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h(t) h(t)
p(57) =0, D (10)

where, Dy, Dy - proportionality coefficients of
linear relationship as in Fig.2 which are the con-
stant values for each material; h(t) - mass con-
tent of liquid water as a function of time t, to be
determined by the solution of (7); p,, - dry den-
sity of the material.
Equation (7) includes the condensa-
tion/evaporation function @ which in turn de-
pends on temperature. Hence the thermal con-
ductivity D eventually non-linearly depends on
temperature ¢.
Moisture transfer problem (7) can be simplified
by assuming that Dy is the heat conductivity
property valued at the time t = 0, then the ini-
tial values for this problem will be a vector of
ZEeTOS.

h(x,t =0) =0 (11)
Accordingly, the solution of (7) will define the
variation of moisture content throughout the
wall at any given time t = t; in comparison to
the initial values which are the moisture content
att = 0.

2.4. Evaporation and Condensation

In order to calculate the amount of moisture that
condenses or evaporates within the wall a model
proposed by Dalton [2] shall be utilized. Using
the notation of the paper it can be expressed as:

aM

— =04 (xp (t) — xT(t))

de (12)

am . .k
where, ks rate of change of moisture in = ;

hr
® = (25+ 19v) - evaporation/condensation
coefficient in

— where v - air flow velocity
which is negligibly small for the topic problem
and can be set to zero; A - contact area, as-
sumed as unity, in m?; x,,(t) - air humidity as

. . . kg
a ratio of vapor mass to dry air mass, in s
x7(t) - maximum air humidity as a ratio of sat-
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urated vapor mass at a given temperature to a
. . kg

dry air mass, in P

Dalton model states that the condensation hap-

pens when x,(t) > x7(t), or mass change rate

M . o .
—; 18 positive valued and the evaporation hap-

: M . .
pens otherwise, when —; Isnegative valued.

It is a routine to show that x,,(t) and xr(t) can

be expressed by the following formulas, based
on the ideal gas theory [5]:

_0.0022k;

xp(t) a Patm™m p(t) (13)
_ 0.0022k;

xp(t) = vas(t) (14)

where, t — time, in hr; pgs, - absolute pressure
(atmospheric pressure), assumed as 100 kPa; m
- molecular mass of dry air, circa 4.81 X
1072%kg; k- Bolzmann constant, 1380649 x
10722 %; p(t) — partial vapor pressure distribu-
tion within the wall, which is a solution to (8),
in Pa; p,¢(t) - saturated partial vapor pressure
for a given temperature, in Pa, can be calculated
by using the following formula in kPa (Magnus
formula):

DPys(t) = 610.94¢ ¢+243.04

(15)
where, ¢ - the temperature in °C; Equation
(15) makes the saturated vapor pressure p,q(t)
and consequently maximum air humidity x,(t)
in (14) dependent on the temperature ¢, hence

: dMm . .
the rate of change of moisture d—“: in (12) is also

depends on temperature. Once equation (12) is
established it can be incorporated into mass
transfer problem (7) in form of mass sink or
source function. Here the "sink" means the
evaporation whereas "source" - the condensa-
tion. Namely:

1dM 1

T (0 = %2 (®))

(16)
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where, p,,- density of water, in %.
Function (16) accounts such phenomena as va-
por transmission via its xp(t) term and heat
transfer via its x;(t) term, while itself appears
in mass transfer (filtration) problem (7). The
filtration equation (7) in turn, redistributes the
moisture within the wall due to hydraulic gradi-
ents and effects the heat conductivity value
through (10).
The evaporation and the condensation phase
change processes are also associated with the heat
transfer as they are either endothermic as in case of
evaporation consuming the heat from its surround-
ings, or exothermic as in condensation releasing the
heat to its surroundings. Amount of heat consumed
or released, is proportional to the amount of mass
of water evaporated or condensed, i.e. it is propor-
tional to (16). Then the heat sink/source function
Qy, appearing in (5) can be written as:
Qn =710Qf (17)
where, Qy — moisture phase change (16); r -
specific evaporation/condensation heat.
In [2] it is recommended the specific evapora-
tion/condensation heat to be calculated as:
r =595 — 0.55¢ (18)
where, r - evaporation/condensation heat in
kcal/kg; ¢ - temperature in °C.
Should r be assumed as a constant, say 595
kcal/kg, this simplification creates an error in
the range of 2.0% - 2.5% in r value, which
might be ignored. Alternatively (18) can be ful-
ly used in the calculations then an additional
term occurs in (9) which needs to be handled as
per finite element method procedure. Present
study uses constant value for 7.

2.5. Vapor Transfer

Vapor transfer problem, as it is defined in (8),
with the boundary conditions (3), (4), after the
finite element discretization, becomes a system
of linear ordinary first order differential equa-
tions that have an analytical solution:
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solution

0} =[G ]} + (P} —

t
(D)} = el {py} + f ell=Op©Yds  (19)

where, {py} - is a vector of initial values (partial
vapor pressure distribution within the wall at ¢ =
0), which can be assumed as a linear interpola-
tion between py, ;,,(0) and p,, 44, (0) as per given
boundary conditions (3) and (4).

Vector notation {-} means that (19) results in a
vector of nodal vapor pressure functions of time
of the corresponding finite element model.
Boundary conditions (3) and (4) are assumed to
be essential or Dirichlet boundary conditions.

2.6. Heat and Mass Transfer
Mass transfer or filtration problem (7) has the
following finite element form:
{h} = [Co]th} + (F} (20)
Here the vector {F} is a finite element trans-
formed form of (16) thus it also depends on tem-
perature through the link between (15) — (14) —
(16). Therefore, in order to establish this function
and solve (7) for a given time t,, it is necessary
to have the temperature distribution function
¢(t). Should this function be guessed or some-
how estimated then semi-analytical solution to
(7) can be found as follows:

{h“’)(t)} = elCnlt{p,} + J-te[ch](t—f){Fm)(f)}(
0

(RO (D) = ffe[ch](t—f){F(O)(g)} aé
0

(21a)
(21b)

as {h'9(¢t)} = {0} according to (11), then (21b)
can be used instead of more general (21a). As
the function h(t) depends on ¢(t), which is the
function we are looking for, then we have a
non-linearity, as according to relationship (10),
h(t) values are needed to determine heat con-
ductivity properties of the media. This non-
linearity is resolved by using Picard iterative
approach method. Angle brackets (-) in h{®(t)
denote the iteration number.

75



In order to achieve the rapid convergence of the
solution one may use the linear heat transfer
equation to obtain the temperature distribution
function as first iteration for Picard method.
Namely, the equation can be assumed as:

G 9? ;
a—f =Dy d_x(f + Qe = {8} = [Colte} + (Tsc

(22)
where, Q5 - are the function that includes only
the boundary conditions (1) and (2); Dy - see
(10); see (9) for others.

Unlike in (9) the matrix [C¢] in (22) is not time
dependent and just a matrix of constants
Semi-analytical solution to (22) has the follow-
ing form:

t
{p0(0)} = eloelt{py} + f eleol =T (O)}de  (23)
0

where, {¢,} - is a vector of initial temperature
distribution in the wall at time ¢ = 0. Similarly
to {py}, the initial values of {¢,} in discrete
nodes might be assumed as linear interpolation
between [(¢in = q)in(O)) (¢out =
®,,:(0))] as per (1) and (2).

Having determined the temperature distribution
function at first iteration by (23), one may de-
fine the mass transfer function by using (21b).
Each following iteration for heat transfer prob-
lem requires the solution of (9) which is linear-
ized by the results of previous iteration and be-
comes the second order partial differential equa-
tion with variable coefficients. The solution to
this equation has the form of:

{0} =
el ®ldrig )

+ eloleO@lar f e levelar (700 ) ag (24)
0

where, [C <i)(r)] - the matrix which elements are
the functions of time via (10); {T“)(E)} - a vec-
tor which elements are the functions of time that
include the boundary conditions and heat
source/sink as per (17); i - iteration number.
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Both (22) and (9) have non-essential or Neumann
boundary condition as given by (1) and (2).

2.7. Assumptions

All formulation described in sections above are
based on the following assumptions:

a) At any given point within the domain and at
any given moment of time, the porous media, the
moisture in its vapor and liquid phases are all in
local thermodynamic equilibrium, i.e. have the
same temperatures along with other properties;

b) Porous media is none-deformable and homo-
geneous within each element of the material of
the wall;

c¢) Gas phase (air and vapor) obeys the ideal gas
law;

d) Heat transfer by radiation is negligible and
ignored;

e) Moisture transfer due to gravity is ignored;

f) Condensation and evaporation phenomena do
not change the initial moisture content of the
skeleton significantly such that the degree of
saturation of the porous media might be as-
sumed as a constant within time t € [0 t4],
where t; - is the design time.

2.8. Computation Workflow

Proposed formulation has been converted into a
computation workflow that then is used for de-
veloping of the computer program. Conversion
of governing partial differential equations into
finite element equations is omitted here, as this
can be found in many resources [3].
Computation steps:

Step 1

Form three finite element models with the iden-
tical spatial discretization, one for each of prob-
lems, i.e. vapor transmission, heat transfer and
filtration problem;

Step 2

For a given initial vapor pressure distribution
{po} establish a function of {p} = {p(t)} by us-
ing (19);

Step 3

For a given initial temperature values {¢,} and
by using (23) establish a function of {¢} =
{(j)(i)(t)} where i = 0;
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Step 4

Having the functions of {p} = {p(t)} and {¢} =
{cp(i)(t)} determined on the current iteration,
establish the functions Qf = Q¢(t) and Q@ =
Qy(t) as per (16) and (17) accordingly;

Step 5

Solve filtration problem by using (21) to estab-
lish {n} = {2 (0)};

Step 6

Establish the functions D = D({h}) for the
material conductivities by using (10);

Step 7

Solve the heat transfer problem with variable
coefficients by using (24) incorporating the
conductivity functions as per Step 6 and the heat
sink/source functions Q; = Qy(t) as per Step 4;

Step 8

Compare the temperature distribution values for
a given time t = 0 + t; using the results of Step
7 with the values of temperature distribution
function used at Step 4. Should the difference
between the values are in excess of acceptable
limit, return to Step 4 at the following iteration
(i =i+ 1) where use temperature distribution
function {¢} = {¢p* ()} as it is obtained in
Step 7. If the difference is less than the accepta-
ble limit then the problem is solved.

Above workflow assumes the linearization of
differential equation (9) by Picard method.
This method has been preferred comparing to
any others because it allows to monitor the
iterative progress of every physical phenome-
non happening within the model, be it filtra-
tion or heat transfer; and interpret them in the
framework of boundary conditions and mate-
rial properties.

3. PROBLEM DEFINITION, RESULTS AND
DISCUSSIONS

3.1. Problem Definition

Wall model is assumed to be as in Fig.1. The
goal is to calculate the distribution of tempera-
tures within the wall at the given moment of
time.
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Given:
Inner brickwall thickness ? m

Insulation thickness 23—0 m

Outer brickwall thickness % m

Structure thicknesses are deliberately selected
as wide in order to demonstrate the non-linear
behavior.

Brickwall properties:

Heat conductivity b, = 0340 and p,, = 0375
Unit weight y,,q, = 40024

Vapor conductivity & e
Filtration permeability k;,,, = 017

Insulation layer properties:

Heat conductivity b, = 0033 and p,, = 0.121-=
Unit weight y,,q, = 15022

Vapor conductivity & i

Filtration permeability &, = 15

Vapor pressure boundary conditions:

mgr

=0.17

Vwall

mgr

0.5

Vwau — "

. t .
Puin =873 +50sin (%), in Pa
Pooue = 378+ 314sin (%), in Pa

Temperature boundary conditions:

¢ =20 +4sin (%), in °C
boue = =5+ 15sin (%), in °C

Design time period t; = 20hr.

Below are the figures showing the temperatures,
vapor pressure and moisture change variations
throughout the wall in their successive iterations.

Figure 3. Temperature distribution within
the wall at time t = 20hr. 1,2,3,4,5 — distribu-
tion curves for respective iteration.
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Figure 4. Saturated vapor pressure distri-
bution within the wall at time t = 20hr.
1,2,3,4,5 — distribution curves for respective
iteration. 6 - vapor pressure distribution as per
vapour transit problem.

Figure 5. Moisture content variation curves at
t = 20hr. 1,2,3,4,5 — distribution curves for
respective iteration.

Calculation is considered as converged and
completed when the following criterion is satis-
fied:

¢ (ta) = d (e,
||¢(i>(td)”2 +1

< e

where, ¢@(ty), ¢V (t,) — are i and
(i — 1) iterations for temperature distribution
functions evaluated at t = t;; €, — allowable
error (assumed to be 0.001); ||-||, - second norm
of respective vector.

3.2. Discussions
The problem solved in Section 3.1 above has
demonstrated how the solution iteratively has
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been found as per proposed workflow. Red
dashed line 6 in Fig.4 represents the vapor pres-
sure distribution at time t; = 20hr obtained by
solving vapour transit problem (19). Yellow sol-
id line 1 (Fig.4) is the saturated vapor pressure
values being calculated based on linear heat
transfer problem (see yellow line 1 in Fig. 3).
The difference between red line 6 and yellow
line 1 constitutes the evaporation if it is negative
valued and condensation if it is positive valued.
Point of intersection corresponds to the Dew
Point temperature. The filtration problem (7)
solved by accounting this difference results in
moisture variation distribution as shown by yel-
low line 1 in Fig.5.

As the linear relationship is proposed in (Fig.2),
the moisture content defines the heat conduc-
tivity property of respective material in tri-
layered wall structure.

When all corrected values of heat conductivities
D and heat sink/source functions @, are entered
into heat transfer problem (9) and solved by
(24) the temperature distribution curve in sec-
ond iteration is obtained, which is represented
by green dashed curve 2 in Fig.3 and as the sat-
urated vapor pressure distribution curve 2 in
Fig.4. As it can be seen, the temperatures within
the wall from inner face till Dew Point location
(a point of intersection of 1,2,3,4,5 curves with
curve 6 in Fig.4) have decreased, comparing to
the previous iteration, thereafter the tempera-
tures are increased. This can be explained as
follows:

e The wall, up until the Dew Point location ex-
periences the evaporation which results in dry-
ing out of the wall material thus decreasing its
conductivities as per (10). The lower the heat
conductivity the higher the resistance to heat
transfer, and the better its insulation properties.
Also, the heat is partially consumed to compen-
sate the evaporation heat. Therefore, the com-
bined effect of reduced moisture content and the
evaporation heat consumption explains why the
temperature drops within this zone of the wall.

e Once the Dew Point location is crossed,
evaporation changes into the condensation
which increases the moisture content which in
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turn increases the conductivity. The higher the
conductivity the more the heat is transferred.
Additionally, there is a heat expel due to the
condensation process. Yet again, the combined
effect of these two processes results in increase
of the wall temperature comparing to its previ-
ous iteration.

Having calculated the temperature distribution
functions by solving the non-linear problem in
t € [0,t,], these functions are used for the next
iteration. The iterations fine-tune the evapora-
tion and condensation amounts until the stabi-
lized temperature distribution is achieved. These
iterations are shown in different colors on the
respective figures.

4. CONCLUSIONS

Proposed semi-analytical formulation and com-
putation workflow give a powerful tool to calcu-
late practical the mass and heat transfer prob-
lems in multi-layered structures taking into ac-
count the interaction in between the key physi-
cal processes. Finite element conversion of dif-
ferential equations allows to define and incorpo-
rate many other phenomena mentioned in sec-
tion 2.1 above thus making the formulation a
universal tool.

However, the formulation has also some short-
comings that should be kept in mind while using
it. They are briefly discussed below:

a) Unrestricted Moisture Content Change
Linear relationship as defined in (10) is contin-
uous with practically no upper and lower
bounds. Computationally the argument of (10)
may take such a value that would make the heat
conductivity value or the total moisture content
less than minimum allowable values. Similarly,
the moisture content may rise largely such that
the material would not be able to hold that
amount of liquid water.

The problem of excessive and negative valued
moisture content in the model can be overcame
by introducing the limiting values for moisture
content for each material comprising the wall
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structure. In such case the equation (10) shall
take the following form:

h(t)

Diin; YW = ——= < Wy
Pm
h(t) h(t) h(t)

D <_> = { Dy——+Dg; VW =——€ (Winin, Winax] (25)

Pm Pm Pm
h(t)

Diax; YW = ——=> Wy
Pm

where, W,pin, Winax - are respectively minimum
and maximum moisture content that respective
material may have; Dy, in, Dimax - are respective-
ly minimum and maximum heat conductivity
coefficients of respective material.

b) Limitation of Saturation Degree during the
Evaporation and the Condensation

Among the other assumptions made in formula-
tion, one regarding the constant degree of satu-
ration is arguable. Excessive condensation and
evaporation will inevitably either fill in the
voids of the material fully (till maximum de-
gree) or dry it out till minimum possible mois-
ture content. Dalton's model, as described in
section 2.4, defines the amount of condensation
or evaporation based on the contact area A as
noted in (12) which is an area of interface sur-
face between the liquid water and the air. Hav-
ing assumed the saturation degree as constant,
the contact area A becomes constant throughout
the material as well. However, the saturation
degree and thus the contact area at evaporation
zone of the model may decrease, whereas it may
increase at the condensation zone. Accordingly,
the total amount of moist being evaporated
should decrease as the material becomes drier
and is actually less than that obtained by pro-
posed calculation, whereas the total amount of
condensation should increase and be more that it
is calculated. This has an effect on temperature
distribution as well. By intuition one may as-
sume that the temperatures all throughout the
wall would be slightly higher comparing to
those obtained by proposed calculation.

The way to overcome this shortcoming is to in-
troduce a function that would calculate the satu-
ration degree in space and time and incorporate
that function into the computation workflow.
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Apparently, the saturation degree should be a
function of moisture content h(t) or Sr =
Sr(h), where Sr is a saturation degree having
its value within a range of [0 -+ 1]. Assuming at
time t = 0 the saturation degree of the material
to be Sr = Sty then (16) can be rewritten as:

_1dM
4 _1 py dt
= —0OAST, (xp t) — xr (t))
Pw
15t term—sink/soource function
1
+—0A(x,(t) —xp(t))Sr(h)
Puw (% /)

2nd term —to be included into FEM

(26)

Here, 15 term in (26) is similar to (16) and is
included into filtration calculations in accord-
ance with proposed workflow. 2@ term can be
further developed by assumption:

Sr(h) = ah (27)
where, a - is some proportionality coefficient.

Then second term will change the filtration gov-
erning equation (7) to the following form:

oh d%h

ot (28)

where,
6(t) = —0Aa (xp(t) - xT(t))
Pw

Q- 18 first term of right-hand side of (26).

This modification to filtration equation makes it
a differential equation with variable coefficients.
Accordingly, it will require the relevant solution
method.

c¢) Filtration Formulation in Unsaturated Media
Filtration equation (16), even with the modifica-
tions as proposed in (b) above, does not accu-
rately describe the flow happening within the
wall. In [2] it is proposed to use the specific
moisture content which is equal to

h(t)
u =
Pm
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and use relevant mass transfer coefficient of the
media that includes the pore saturation degree as
well. This is a kind of generalization of filtration
phenomenon. However, should the filtration
within the unsaturated media (the skeleton) be
described in form of the equation similar to (7)
that equation would become more complicated
and non-linear. By intuition one may say that the
proposed computation method gives conservative
results as it assumes that flow occurs in a con-
stant saturation degree, thus this non-linearity is
ignored and the computation is simplified. The
evaporation/condensation rate may account the
saturation degree effect, if the modification as
proposed in (b) is used, whereas for filtration
problem the saturation degree effect is ignored
posing inconsistency. The numerous computa-
tions being run for various initial conditions and
using the materials properties that are common in
construction industry, showed that mass transfer
due to filtration is relatively small comparing to
the condensation and evaporation, therefore one
may assume that the saturation degree effect, if
ignored in filtration problem only, may constitute
an error within the permissible limits. Nonethe-
less this topic has to be investigated further.

d) Ice formation

Another phenomenon that has not been included
into calculations is the ice formation within the
part of the wall which has negative Celsius tem-
peratures as well the liquid water properties
within porous media which may vary at low
temperature. In [1] it is proposed to introduce a
coefficient €;., that reduces the function (16) at
low temperatures such that it is correcting both
filtration and heat transfer problems. Further
investigations on the way how to include these
factors into the calculations need to be done.
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FE MODELLING FOR CAPACITIES OF HEADED STUD SHEAR
CONNECTORS IN COMPOSITE STEEL BEAMS WITH SLABS
CONCRETE

Muthanna Abbu, Doaa Talib Hashim, Hasan M. A. Albegmprli
Northern Technical University (NTU), Mosul, IRAQ

Abstract. This study examines the performance of shear studs in composite steel beams. The ANSYS APDL
program was used to investigate the impact of lateral horizontal pressure. The structure under analysis consists of
a composite steel beam with a concrete slab. The beam section measures 254 x 254 (73 kg/m) and supports a slab
measuring 1600 mm in length, 1200 mm in width, and 150 mm in height. It is embedded with 6 headed studs
having a diameter of 19 mm, each measuring 100 mm in height, with a single row of pointed studs spaced at 150
mm intervals. Firstly, the study positioned itself 200 mm away from the end of the slabs on each side. The pertinent
dimensions for this study were the headed studs and the limited load value. Only one parameter was altered, which
was the load value. The simulated composite steel beam was analyzed for every alteration in the parameters. These
results were then compared to those ones obtained from the experiment, revealing an alternative analysis that
incorporated the aforementioned changes. Additionally, the Von Mises stresses and stress intensity were
investigated in this study. Structural analysis indicated that the studs demonstrated resistance against horizontal
slipping caused by lateral compressive loading. A parametric analysis of four composite steel beams was
conducted using ANSYS Language of Design (APDL) to evaluate each parameter and eliminate other factors. The
structure's performance was examined through the constructed software.

Keywords: composite steel beam, Finite Element, ANSY'S, shear studs

KOHEYHODRJIEMEHTHOE MOJEJIMPOBAHUE HECYIIEN
CIHHOCOBHOCTH IO CABUT'Y CTAL BOJITOB
B CTAJIEXKEJE3OBETOHHbBIX BAJIKAX C BETOHHBIMUA
HEPEKPBITUAMMU

Mymanna A60y, /loa Taruo Xawum, Xacan M.A. Anvoezmnpnu

Cesepubiif Texunueckuii yausepcuret (CTVY), r. Mocyn, UPAK

AHHoTanusi. B nannoi paboTe paccMaTpuBarOTCs OOIIME XapaKTEPUCTHKH COIPOTHUBICHUS Cpe3y OONTOB B
KOMITO3UTHOM cTanbHOU Oasike. PaboTa KOMIO3UTHON OalTki MOAEIHPOBaIach ¢ MOMOIIbI0 porpaMMbl ANSYS
APDL. Ilpu 5TOM Yy4YHUTBIBAJIOCH BIMSIHAE OOKOBOTO FOPU30HTAIBLHOTO JAaBICHUS. AHATM3UpYeMast KOHCTPYKIIUS
TIpeACTaBIsieT co00i KOMIO3UT Oanka-nepekpsiTie. Ceuenne Oanku cocraBisieT 254 x 254 (73 kr/m), tumTHAs
yacTh umeeT nHy 1600 MM, mmpunay 1200 MM 1 BeIcOTY 150 MM 1 6 cTan-0onToB AnameTpoM 19 MM U BBICOTOM
100 MM B 0JTHOM psiTy, pacmoioXKeHHbIX ¢ uHTepBasioM 150 Mm. CHauana uccieioBaIuCh Y4acTKH KOHCTPYKIIMU
Ha paccrostHud 200 MM OT TOpL@ IUIMTHI ¢ 00X CTOpPOH. BenmuumHa mpenenbHOM HAarpy3KH Ha CTaja-001ThI
SIBISUIACH TIPEIMETOM JAHHOTO MccienoBanus. [Ipn MoiennpoBannuy BapbpOBaIach TOJIBKO BEIMUMHA HATPY3KN
Ha KOHCTpYKHOMIO. [l KaX1oW KOMMIO3UTHOW Oanku ObIT BBINOJHEH aHAIN3 H3MEHEHHs IapaMeTpoB.
[Tonmy4yeHHble pe3yabTaThl CPABHUBAINCH C SKCIEPUMEHTATBHBIMUA JAHHBIMH, YTO MPEJOCTAaBHIIO BO3ZMOYKHOCTh
JIOTIOJTHUTENGHOTO aHaIM3a paccMaTpHBaeMbIX M3MEHEHWH mapamerpoB. Kpome Toro, ObuM HCCIeIOBAaHBI
HanpspkeHuss @oH-Muzeca 1 MHTEHCUBHOCTD HaIlPsDKEHUI. B pe3yibTare BBIIOJHEHHOIO CTPYKTYPHOI'O aHaIu3a
OBIIO YCTAaHOBIICHO, YTO B 00JIACTH CTa-001TOB BO3HUKAIOT HAIPSKECHHsI, BBI3BAHHBIC COITPOTUBICHUEM CIIBUTY
110 TOPU3OHTAJIBHOW MOBEPXHOCTH OT JEUCTBHs OOKOBOW Harpys3ku. IlapameTpsl OLlEHMBAIUCH B KaXJIOH M3

Volume 19, Issue 3, 2023 83



Muthanna Abbu, Doaa Talib Hashim, Hasan M. A. Albegmprli

YETBIPEX KOMITO3UTHBIX 0aiok. J[ist mapamMeTprdecKoro UCCIIeAOBaHUsI HCITOIb30Basiach mporpamma ANSY'S. [l
HCCIIeIOBaHMS PadOTHl KOHCTPYKINHU OBLT HCIIOTIB30BAH S3BIK MpoekTupoBanus (APDL).

KuroueBble ciioBa: crajexene300eTOHHAs KOMIIO3UTHAs 0anka, KoHeuHbIe 3jeMeHThl, ANSYS, cTan-60aThI

1. INTRODUCTION

Steel structures have a significant market share
in building construction. They are frequently
used in combination with various types of
precast concrete floors. By 2020, precast
concrete floors are predicted to be utilized in
50% of multi-story steel frames, with this
percentage expected to be significantly higher
in several sectors such as hotels, residential
buildings, and parking garages, according to
the International Precast Concrete Association.
As an alternative to traditional "down stand
beam" construction, precast slabs can be used
in both an "upstand beam" configuration (with
slabs on top of beams) and as "upstand slabs".
Wide spans between supporting beams can be
achieved using precast units in both situations,
providing a level soffit and lengthy spans [1].
Flatness was maintained throughout the entire
floor area. The mechanical action of the shear
connectors transmitted longitudinal shear force
through the steel flange of the concrete slabs,
which made contact in the steel concrete
composite beams. The ability of the shear
connections to transmit these longitudinal shear
forces was determined by their strength, as well
as the resistance of the concrete slab to the
longitudinal cracking produced by the high
concentration of shear forces. However, most of
the research on composite construction has
focused on conventional reinforced concrete and
metal deck construction, with little information
available on the shear capacity of precast hollow-
core slabs with pointed studs [2].

The efficiency of structures can be increased
through composite action, which involves
combining structural components into a single
composite section. Construction of composite
beam designs is less expensive since it requires

less material, allows for deeper floor depths to
be kept to a minimum, and is quicker to
complete. Furthermore, when compared to no
composite alternatives, this technology is well
known for the stiffness and strength
improvements that may be achieved. It is
essential to consider the degree of connection
and interaction that exists between of the steel
section and concrete slab when developing the
structural behavior and design of composite
beams. In engineering, a "shear connection" is
a connection between two components that is
capable of withstanding all stresses applied to
them. This is probably the most common
occurrence; nevertheless, the widespread usage
of beams in building construction over the past
two decades has led in more instances when the
interconnection is unable to resist the full force
of the forces applied to it partial shear
connection. In this case, the connection may be
break in shear before any of the other
components reaches their respective failure
states. When the connection between the
components is considered to be eternally stiff,
the situation is referred to as full interaction in
the context of composite beams at their
serviceability limit. However, although this is
often assumed in design, it is theoretically
unattainable, and situations where the stiffness
of the link is restricted (partial contact) must be
addressed. Depending on the circumstances,
the connection itself may flex, producing
relative movement along the steel concrete
contact and increased the shear deformation
throughout the beam.

Since the mid-nineteenth century, composite
steel concrete systems have been used in a
variety of applications. Mechanical interactions
between concrete components and steel sections
are represented by connections, dents or bumps
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that are created either by friction or adhesion
between the two materials. Typically, composite
beams are constructed from a steel section
(typically "I" shaped), which is situated in the
majority of the tensioned zone, and a concrete
slab, which is located in the majority of the
compressed zone. They are metal devices that
allow mechanical binding to be accomplished.
Significant functions of shear connections
include enabling slab/beam new the material
joint operations, limiting longitudinal the slip
and of the vertical displacements of interface
components, and taking shear loads. Integrating
steel and concrete in this way makes it possible
to reap advantages of both the materials
functioning in concert. Thus, from the
viewpoint of material strength, it is possible to
utilize steel sections to support tension loads
while concrete is used to support compressive
pressures. In addition to greater structural
stiffness and reduced structural sections, this
combination also results in a lighter foundation
design, better material performance, and
cheaper construction costs.

Shear connections are using to connect the solid
concrete slab to the steel beam in the oldest kind
of composite beams application. When headed
studs were first introduced onto the market,
channel connections were extensively utilized in
the construction of bridges and buildings.
(Ollgaard et al., 2010) [3] was the first to evaluate
of shear capacity the headed stud. In order to do
this, 48 'small scale' pushout specimens with the
solid concrete slab were cast and tested, and the
results were published. When designing the
studs, it was important to consider their
diameters (16 and 19 mm) as well as the quantity
of studs per slab. The aggregates used in normal
weight concrete and light weight concrete were
two different kinds. Significant concrete features
include the strength the concrete and its density.
Modulus of the elasticity and split of concrete are
also important. Concrete strength, density,
modulus of elasticity, and split the tensile
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strength are all factors to consider. As a result of
implanting the headed studs in light-weight
concrete, test results of revealed a significant
reduction in shear connection resistance from (15
to 25 percent), leading to the conclusion that
shear stud of capacity was primarily controlled
by the modulus of elasticity and concrete's
compressive strength. In addition, it was
discovered that cross sectional size of the studs
was a function of shear the strength in testing.
The following experimental equation for
estimating the shear of capacity the headed studs
implanted in solid concrete slab was established
as a result of this research for structural design
purposes.

According to literature, demountable of shear
connections have been the subject of very little
investigation. In the 1960s, 1970s, and 1980s
(Dallam, 1968) [4] and (Marshall et al., 1971) [5]
were the first to explore the use of bolted shear
connections in addition to (Dedic & Klaiber,
1984) [6], and (Hawkins, 1987) [7]. As
previously indicated, high the strength-friction a
grip bolts in the solid of concrete slab were the
investigated using the push out method as well as
full scale composite beams test as part of the
previously mentioned research endeavors. The
post-installation method was often used to put
these bolts into the concrete slab after it had been
cast, and this was a common practice. It takes
more time to complete the post-installation
process, on the other side. By using the push test
method, Dallam [4] has examined the behavior of
high the strength of grip bolt ASTM A325 and
A449 in the composite the structures with three a
different the diameters, (12.7 mm, 15.9 mm, and
19.9 mm) and a height (102 mm). The formwork
for a bolt placement was not immediately
noticeable. At serviceability limit stage, there
was no evidence of sliding, and of ultimate the
shear strength was almost double, that of weld
studs, indicating that the design was successful.
Composite components were produced by
connecting the concrete slabs and steel segments
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together, utilizing shear connectors. (Anju and
Smitha 2016) [8] have used four different kinds
of shear connections were investigated, and best
of connector for the certain composite beams,
was selected based on its performance under
static stress, with the loading and quantity steel
in connector serving as of common variable. The
(FE) was using to analyze of various types the
steel shear connections in the composite beams.
In this experiment, nodal displacements were
applied in increments at a load of 155 kN, and the
resulting displacements were compared with
each other. Following the findings of the finite
element FE research, it was discovered that
channel type of shear, connection has low
displacement than other the types, while the
perfobond types connectors has the most
displacement the applied loads.

2. MATERIAL AND METHODS

The experimental study of (Lam, 2007) [9] has
been used to conduct a modeling using
software program. The analyzed structure was
the composite beam slab, beam section (254 X
254 X 73 kg/m) with slab (1600 mm X 1200
mm) and 6 headed studs 19 mm diameter with
100 mm high with the single row of studs with
headed spaced at 150 mm distance. The first
stud was 200 mm from the end of the slabs.
The headed studs and the value of the limited
load were the most relevant dimensions for the
aims of this study. One parameter was changed
the change was in load value. The resulting
composite steel was analyzed for each change
in a parameter. The results were compared to
those from the experimental, which revealed a
possible alternate analysis that included the
selected changes. In this parametric
investigation, the experimental analysis was
also examined for a constant slip of studs. The
influence of load on slab was ignored in this
section, and just the cross-section parameters

were studied. Also, keep in mind that in the
analysis, we selected a different load for each
model that was almost equal to the
experimental concentrated load values. Four
composite steels were evaluated at each
parameter and would chick with other factors.

3. FE MODELS

Composite beam slab models were simulated
using an ANSYS finite element software [10].
The pressure was applied to measure the slip in
the studs. Construction of a composite slab
concrete with steel beam consists of three major
parts: the concrete of slab, the structural steel
beam and the connection stud. Three-
dimensional line elements were used to represent
these three components. A three-dimensional
linear frame element was used to model the
composite structure. The models were simulated
using ANSYS, a commercial finite element
software. Figure. 1 and Figure. 2 show the FE
model, which was built using solid elements in
both the slab and steel beam sections as well as,
link element for the stud connection. The slab
was attached to the steel beam by stud
connectors. Solid185 components were utilized
in the 3-D modeling of the slab concrete and steel
beam in the model. It was necessary to model a
stud connector using the TARGE170 element,
and the CONTA173 element was required to
model a point connection between slab concrete
and the stud connector. A horizontal load was
applied to the slab and the changes that occur in
the screw were studied [11].
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ANSYS

R15.0/
A 27 2021
25:26132

Figure 1. Showing the model beam steel with
slab concrete

4. RESULTS FOR VARIATIONS OF
CROSS SECTION PARAMETERS

Figure 3 shows the deformation and the un-
deformed model for the horizontal pressure on
it. Table.1 and Figures. 4, 5, 6, and 7 show the
results of the Finite Element Analysis (FEA)
employing RC1, RC2, RC3 and RC4 along
with the results of the loading tests, and design
values. The design study showed that the
stresses and horizontal movement obtained
during the loading test were overstated. A
composite structures behavior may be
determined by using displacements and
stresses obtained from finite element models.
It's also possible to compare stress profiles with
it. The slip studs in RC1 during the experiment
was 3.7 mm, while it was 4.14 mm in an

TYFE NOM ADG 27 2021

23:26:
FLOT NO. 1

Figure 2. Showing the steel section with studs

analysis done at a load of 71.7 kN for model
RC1 by using ANSYS program. As well as the
rest of the models as shown in the table.
Through the curve diagrams shown in the
Figures 8 and 9, there is a small difference by
following the curve between the experimental
work and by the ANSY'S which it caused by the
difference of some laboratory conditions that
led to the difference in the results, but the
results of the slip were somewhat close to the
experimental results. It was noticed that the
increase in the slip has a direct relationship
with the applied load as shown in the Table. 2.
Table. 2 shows the values of slip (mm), at each
applied load (KN), where random loading
points were selected and slipping was
determined.

Table 1. slip value results for FE models

Model Maximum load to stud Slip at Maximum load Slip to Maximum load

Name (kN) (mm) (mm)
Experimental Simulation by ANSYS

RCl1 71.7 3.7 4.14

RC2 102.6 6.3 5.93

RC3 101.6 6.9 5.88

RC4 100.1 6.2 5.79
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Table 2. slip values with deferent loads

Load | 3 16 30 38 53 60 67 71.7
(kKN)
RCl |
P 0 | 0173 | 0925 | 1.735 | 2.19 | 3.065 | 3.471 | 3.875 | 4.147
(mm)
Load | 10 21 33 45 67 80 95 102.6
(kKN)
RC2 |
P 0 | 0578 | 1214 | 1.908 | 2.602 | 3.875 | 4.627 | 5495 | 5.934
(mm)
Load | 7 18 31 49 62 75 90 | 101.6
(kKN)
RC3 4y
P 0 | 0404 | 1.041 | 1793 | 2.834 | 3.586 | 4.338 | 5.206 | 5.876
(mm)
Load | 5 17 25 41 58 72 83 | 100.1
(kN)
RC4 (o
P 0 029 | 0983 | 1.146 | 2371 | 3.354 | 4.164 | 4801 | 5.79
(mm)
120 - 100 Al
D()
-100' - 80 EO
~w e
E{ 40 /'0
3 —=-RG —+-RO4 | - S e _e_zg;
CO —&—RC3
3 o8 —&—RC4

Mean Slip (mm)

Figure 8. Showing experimental curve
5. RESULTS AND DISCUSSIONS

A computer program depended on finite element
method for simulating the behavior of composite
beam slab was used. The composite beam slab
was modeled as three-dimensional structures
using commercially available software. The
parameters considered in the study include flange
thickness, web thickness, span length, haunch
ratio, concrete depth and web box depth. The aim
of this study is to present a detailed description
and explanation of the behavior of composite
beam slab at several types of models under
variety loads. Comparisons were made between

Volume 19, Issue 3, 2023

0 1 i 3 4 5 6
Slip (mm)

Figure 9. Showing ANSYS curve

stresses obtained for the composite beam slab
according to many changes in the variety of the
load. Finally, the parametric investigations were
performed on the composite beam slab model, to
evaluate of effects the several important
parameters on behavior the composite beam slab.
The results from this study would enable
structures engineers to design composite beam
slab more reliably and economically.

The results obtained from ANSYS FEM, were
compared with the experimental results in the
case of slip. It found that they were very close to
reality and this indicated the correct work of the
program.
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6. CONCLUSIONS

The analyzed structure was a composite beam
slab, beam section (254*254*73 kg/m) with slab
(1600mm* length, 1200mm* width and 150mm
high) and 6 headed studs 19mm diameter with
100mm high consisting of a single row of pointed
studs spaced 150mm apart. The first stud is
200mm from the end of the slabs. The headed
studs and the value of the limited load were the
most relevant dimensions for the aims of this
study. One parameter was changed the change
was in load value. The resulting composite steel
was analyzed for each change in a parameter. The
results were compared to those from the
experimental, which revealed a possible alternate
analysis that included the selected changes.
Using software utilizing Parametric analysis
using ANSYS. Language of Design (APDL) is
constructed to examine the behavior of the
structure.
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SEISMIC FRAGILITY EVALUATION OF SOIL-PILE-
STRUCTURE INTERACTION EFFECTS SUBJECTED
TO MAINSHOCK-AFTERSHOCK RECORDS
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Abstract: In most current seismic design on bridges, only mainshock actions are considered without
incorporating the effect of mainshock-aftershock (MA) sequences and interaction soil-pile. However, a large
mainshock usually triggers numerous aftershocks in a short period. This paperstudy the effect of mainshock-
aftershock sequences on the behavior of interaction Soil-pile-structure system (ISPS). abeam on nonlinear
Winkler foundation (BNWF) model is usingand subjected to non-linear static analysis and incremental dynamic
analysis (IDA) leading finally to the fragility curves which are developed. These analyses aim to capture the
collapse state of structures under aftershock events preceded by various mainshock levels. Results obtained from
capacity curve, incremental dynamic and fragility curves of ISSP system. The analytical results show that in the
MA sequences, for dense soil the vulnerable of mainshock-aftershock (MS-AS) loading are more damage due to
mainshock loading for all diameter of the pile and the mass. For soft soil are more vulnerable to damage due to
mainshock-aftershock (MS-AS) loading. But in the stiff clay the effect of mainshock-aftershock (MS-AS)
loading for all the diameter of pile and for masse are neglected.

Keywords: bridge, interaction soil-pile-structure, Winkler foundation, dynamic analysis, fragility curves,
mainshock-aftershock

OILIEHKA CEUCMHMNYECKOM HEYCTOMYUBOCTHU
YOPEKTOB B3AUMOJENCTBUSA
I'PYHT-CBASI-KOHCTPYKIMS, IOJABEP)KEHHBIX 3AITUCSIM
OCHOBHBIX TOJIYKOB U A®TEPIHIOKOB

Cyxeiina Caooyxu, /[ocapup HAxuayu, Paguk /lemaz

LGC-ROI, /lemapraMeHT rpakIaHCKOT'0 CTPOUTENbCTBA, TexHomorndeckuii hakyaprer YHuBepcurera batHsr 2,
r. batua, AJDKUP

AnHoTanusi: B O0NbIIMHCTBE COBPEMEHHBIX CEHCMUYECKUX PACYETOB MOCTOB YUHMTBIBAIOTCS TOJIHKO OCHOBHBIC
TOJMUKKM ©e3 ydera BO3JCHCTBHS TIOCIEIOBATEILHOCTEH OCHOBHBIX TONYKOB M adrepmokoB (MA) n
B3aUMOJICHCTBUS TpyHTa M cBaM. OJHAKO CHIIBHBIM TJIaBHBIH TOJYOK OOBIYHO BBI3BIBACT MHOTOUYHMCIICHHBIC
TIOBTOPHBIC TOJYKM 3a KOPOTKMH Nepuoj. B naHHON cTaThe HCClemyeTcs BIMSHHUE IOCIEIOBATEIbHOCTEH
OCHOBHBIX TOJYKOB M a(TEpPIIOKOB Ha MOBEICHHE CHCTEMbI B3aMMOJCHCTBHS «TPYHT-CBas-COOPYKECHHE»
(UCTIC). 6anka Ha HenuHeWHOM pyHAaMenTe Bunxiepa (BNWF) ucnons3yetcs u moasepraeTcs HeMHHEHHOMY
CTaTHYECKOMY aHAJIN3y U HHKPEMEHTHOMY TUHaMu4YeckoMy aHanu3y (IDA), 9To B KOHEYHOM UTOTE IPUBOAUT K
MIOCTPOGHHUIO KPHUBBIX XPYNKOCTH. OTH aHAINW3bl HANPaBICHB HAa TO, 4TOOBI 3a(UKCHPOBATH COCTOSHHE
0OpyIIeHUs] KOHCTPYKIMH TMpH aTEPIIOKOBBIX COOBITHAX, KOTOPBIM IPEIIIECTBOBAIN OCHOBHBIE TOIYKH
pa3Iu4YHBIX ypOBHEH. Pe3ynbTarbl, IOJy4EHHbIE U3 KPUBOM €MKOCTH, KPUBBIX MHKPEMEHTHOM IUHAMHMKHU U
KPHUBBIX XPYNKOCTH cucTeMbl ISSP. AHanuTndeckue pe3ynbTaTsl IOKA3bIBAIOT, YTO B MTOCIEIOBATEIBHOCTIX MA
JUIs TUIOTHOTO TPYHTa VSI3BUMBIC HArpy3kd OCHOBHOro yraapa-adrepmioka (MS-AS) seustorcs Oonee
pa3pyLIUTENIBHBIMU M3-32 HAarpy3Kd OCHOBHOIO yjapa JUuls BCEro AuaMeTpa. Bopca M Macchl. [[ng msrkoro
TpyHTa OHHU OoJiee ysS3BHMBI K MOBPEXKJICHUSIM H3-3a OCHOBHOTO ynapa-aprepmoka (MS-AS). Ho B xecTkoit
TJIMHE BIMSHHUEM TiaBHOTO yzaapHo-adrepmokoBoro (MC-AC) HarpykeHHst IO BCEMy IUAaMETpy CBaW U II0
Macce mnpeHeOperatotT.KimoueBsle ciioBa: MOCT, B3aMMOJEHCTBHE T'PYHT-CBas-KOHCTPYKIHS, (GYHAaMEHT
Bunknepa, ITMHaMHYIECKHil pacdeT, KpUBbIE XPYIKOCTH, TJIABHBIA TOIY0K-a() TEPIIOK.
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KioueBbie ciioBa: MocT, B3auMo/IeHiCTBHE TPYHT-CBasi-KOHCTPYKIus, GpyHAaMeHT BuHkIepa,
JIMHAMHYECKHH pacyeT, KPUBbIE XPYIKOCTH, IIABHBIH TOIYOK-a(TepIIOK

1. INTRODUCTION

An earthquake-prone region has the potential to
release several extreme earthquake events
within a few decades. In one violent earthquake
sequence, numerous strong aftershocks occur
within several hours or days after the
mainshock. For example, On February 6,
around 4:15 a.m. local time, a magnitude 7.8
earthquake  struck  south-central  Turkey
(Turkiye) near the Turkey/Syria border. Just 11
minutes later, it was followed by a magnitude
6.7 aftershock. The largest aftershock at the
time of writing was a M7.5 aftershock which
struck 95 km (~60 miles) to the north. USGS
observations and analyses indicate all these
events are occurring within the East Anatolian
fault system.

Bridges are required to withstand a disastrous
earthquake without collapses, and retain
sufficient capacity along emergency routes
prior to/during potential aftershocks in order to
promptly dispatch emergency vehicles to the
impacted area [2]. In seismically active areas,
bridges are subjected to the combined effect of
a mainshock (MS) and a series of aftershocks.
For example, the March 2011 Tohuku, Japan,
earthquake with a moment magnitude (Mw) of
9 was succeeded by hundreds of aftershocks
with at least thirty of them greater than Mw 6
[3]. Compared to the MS, the aftershocks (AS)
may have significant intensity with a longer
effective duration, and different spectral shape,
energy content and specific energy density [4].
The diversity of the bridge constitutive
components accentuates the need to consider a
vast range of interactions, including deck-
abutment, abutment embankment [5, 6] and
soil-foundation-pier [7, 8] where the Soil-
Structure Interaction (SSI) is deemed to
represent the most prominent factor in
modifying the dynamic response and seismic
performance of bridges [9]. Owing to the multi-
parametric nature of the soil domain, however,
the impact (either favorable or unfavorable) of
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SSI on the seismic response of bridges is scarce
and findings in this domain are conflicting [10].
Until recently, the consensus amongst
researchers was that SSI effects are beneficial
to the seismic response of bridges by providing
a natural isolation layer beneath the bridge with
additional flexibility and damping [11].
Mylonakis and Gazetas explored the
performance of a simplified bridge-foundation
system under a set of actual ground motion
records on soft soil and concluded that the
elongated period and increased damping of the
system has an adverse effect on the imposed
seismic demands [9]. In another study, Jeremic
et al. conducted a comprehensive finite element
analysis on the seismic performance of the I-
880 viaduct in California and concluded that
depending on the characteristics of the input
excitation, SSI can be both beneficial and
detrimental [12]. Several other studies have
been carried out on the effect of SSI on the
seismic response of bridges and shown that SSI
has a conspicuous effect on the bridges having
relatively light superstructures and heavy
substructures regardless of the soil stiffness
[10]. The influence of SSI on the seismic
performance of the bridge system is a function
of the adopted modeling approach of the
underlying soil domain. These approaches can
be categorized as (a) linear or nonlinear lumped
springs at the column bases representing the
dynamic characteristics of the of bridge
foundations and the supporting soil deposit
[13,14]; (b) coupled comprehensive 3D
representation of the entire soil-foundation-
bridge system [15,16]; and (c¢) employing the
concept of Beam on a Nonlinear Winkler
Foundation (BNWF) using a set of distributed
dynamic soil springs (p-y, t-z, and g-z) to
account for the nonlinear interaction along the
length of the piles [17,18]. While the inherent
nonlinearity and frequency-dependent nature of
the soil is prohibitive in using lumped springs,
and the computational cost of analyzing an
integrated finite element model of the entire
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soil-bridge system is cumbersome, BNWF is
discerned to be the most easy-to-manipulate yet
accurate approach for simulating the soil
domain [17]. Numerous studies have
investigated the influence of SSI on the seismic
performance of conventionally designed bridges
[15;19]. However, there are few publications
available in the literature on the extent to which
the SSI affects the structural response of
seismically isolated bridges [20].

Seismic fragility analysis is a crucial approach
to assess the earthquake performance of soil-
pile interaction in order to improve the seismic
design, retrofitting, and enhancing reliable
decision-making on structural engineering.
More recently, Ajamy et al.(2018)[21] have
worked on an analytical approach to develop
seismic fragility curves for an existing Jacket
Type Offshore Platforms (JTOP) located in the
Persian Gulf using the same data set as
described in Ajamy et al. (2014)[22]. The
approach used for developing the seismic
fragility curves is based on the IDA global
interaction method that takes intoaccount the
effects of both epistemic and random
uncertainties on the expected probability
seismic performance of the JTOP. Shafieezadeh
et al. (2013)[23] and Su et al. (2017) have used
three-dimensional nonlinear FE models to
evaluate the seismic performance of dock
structures.

Su et al.(2017)[24]have used uncertainties in
structural and soil properties as part of a
numerical analysis to investigate the variability
of seismic behavior of pile-supported
wharves.Chara et al. (2016) [25]and Stefanidou
et al. (2017) have estimated the effects of SSI
on seismic fragility of bridges and building
structures respectively. Xiaowei Wang et
al.(2019)[26] have identified parameter
sensitivity rankings for the evaluation of the
seismic performance of bridges supported by
groups of piles in liquefiable soils undergoing
scour potentials

The primary goal behind the present study is to
interrogate the prevailing perception that
incorporating the ISSP effects mitigate the

Souheyla Saddouki, Djarir Yahiaoui, Rafik Demagh

probability of damage to a bridge system and its
comprising components subjected to mainshock
and aftershocks seismic excitations. This
research study aims to identify the structural
and soil parameters (types of the sand, pile
diameter and mass) that have the most and least
sensitive effects on theseismic fragility of ISSP
system. To reach this objective, a soil-pile-
structure finite element (FE) model and a
pushover analysis are used to determine the
curve of capacity of the ISPS, define the
damage condition criteria, and finally generate
the fragility curves.

2. NUMERICAL TOOL AND MODELING
STRATEGIES

The numerical analyses developed and
described in this paper with different nonlinear
modeling strategies were studied using the
computer program SeismoStruct V7
(SeismoSoft and 2022)[27]. The program
includes models for the representation of the
behavior of spatial frames and soil under static
and/or dynamic loading, considering both
material and geometric nonlinearities. With this
software, seven types of analyses can be
performed, namely: dynamic and static time
history (analysis, conventional and adaptive
pushover, incremental dynamic analysis, modal
analysis, and static analysis (possibly nonlinear)
under quasi-permanent loading.

2.1. The Finite Element Model Of Frames

In this study, the elements with distributed
inelasticity and all the elements are based on
force formulations. In this approach, the entire
member is modeled as an inelastic element, the
source of such in elasticity beingdefined at the
sectional level. The global inelasticity of the
frame is obtained by integration of the
contribution provided by each controlling
section (Fig. 1). A major advantage of such
models is the nonexistence of a predetermined
length where the inelasticity can occur, because
all the sections can have excursions in this field
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of response. Though this approach is a closer
approximation to reality, it also requires more
computational capacity; that is, more analysis

time, as well as memory and disk space
(Calabrese et al. 2010) [ 28].

Core concrete (confined)

o
>

Steel bars

L I 1 1

Integration sections

\(__‘over concrete (unconfined)

Figure 1. Example of controlling sections along the element and b section fiber discretization

The Material concrete of Mander model was
used; to simulate concrete behavior with tensile
strength and linear tension softening. For
confined concrete material parameters, the
equations proposed by Mander et al [29]. were
used as represented in Esq.(2) and (3).

2¢&, .  \?
fe = KJe 0.002K _](CO.OOZK) ]
Ps yh
K=1+22
fe

Wherefyhis the hoops yield strength, ps is the
ratio of the volume of hoop reinforcement to the
volume of the concrete core, fc, and ec are the
concrete longitudinal compressive stress and
strain. variable Kf’cand ecu are the ultimate
compressive strength and compressive Strain of
the confined concrete.

The cyclic behavior of the steel bars is
simulated using the classical Menegotto and
Pinto (1973) [30]model with kinematic
hardening and possibility to take into account
buckling by introducing a negative modulus
slope in compression depending on the
transverse steel reinforcement spacing. The
monotonic behavior is defined through the
initial Young’s modulus (Es), the plastic
threshold (esy, rsy), the ultimate strength and
strain (eu, ru) and the yielding slope (Eh). The
unloading and reloading process, is guided by
analytic relations (Eq corresponding to a set of
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curves ranging between the elastic and the
yielding asymptotes

1-b

o" = be* + 1+ (e)R)UR

where:

05 — Oy

oy + 0,
& — &

&+ &

A&
R=R, -
O A +E

Tension: 1= 1 and j = 2; Compression: i = 3 and
j = 4. (rs, es) is the studied point; (ro, eo) is the
crossing point of the elastic and yielding slopes;
(rr, er) are the coordinates of the previous point
of load reversion; b is the Eh/Es ratio; R is a
shape parameter; n is the ratio between the
maximum reached strain during loading; eo, Ro,
Ai and Aj are material constants that can be
obtained from experimental results. A detailed
description of the model is presented in
Menegotto and Pinto (1928)[31].

2.2. Definiton Ofpy Curves

The backbone curve defined in this model is a
multilinear curve defined by fitting a given
(theoretical or experimental) non-linear force
displacement curve, namely a p-y curve. It is
constituted by four segments that can either
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simulate monotonic or post-peak behavior (
Each slope is determined by the ratio to the
initial stiffness of the backbone curve defined
by the parameter KO. Cyclic behavior is
achieved by introducing specific unload-reload
rules. Fig. 2b shows the unloadingcurve, termed
the General Unloading Curve (GUC) (segments
5 — 6) and the reloading curve, termed the
Standard Reload Curve (SRC) (segments 7 — 8 —
9 — 10), derived by scaling the backbone curve
by a factor based on the force at the beginning
of reloading or unloading [32] andon the current
cyclic degradation factor [33], i.e.

pur

k=1+
65pf

in which pur is the current force at the onset of
unloading or reloading, ds is the strength
degradation parameter (described in more detail
in the next paragraph) and pf is the ultimate
force. The plus (+) and minus (-) signs denote
unloading and reloading, respectively. The
model simulates either progressive gapping with
depth and with the number of load cycles, or
pile moving through the slack zone. The Direct
Reload Curve (DRC) simulates the soil reaction
when the pile moves through the slack zone and
is designed as a convex strain-hardening curve
controlled by a limiting-force parameter related
to the past maximum force. Fig. 2c depicts the
formation of pure gap (segment 11), or slack
zone (segment 12 characterized by a strain-
hardening behavior simulating the densification
of the loose caved-in soil).

A generalized fatigue formulation s
implemented for simulating the cyclic soil
hardening/degradation of both stiffness and
strength wheresoil failure conditions and
damage evolution functions are dealt separately.
The failure condition curve (e.g., S—N curve
from cyclic hardening/degradation function
[32], used to estimate both the stiffness and
strength hardening/degradation factors

§=1+©—D[1-@1-D)e]""
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where the subscript { stands for either k, the
stiffness degradation factor, or s, the strength
degradation factor. 6 m({ represents the
minimum or maximum amount of degradation,
D the current cumulative damage and 6 the
curve shape parameter. Fig. 3a shows the
hardening factor, 0, versus the number of
cycles, N, the maximum hardening factor of &
m{ (> 1) can be achieved by either a concave
(0C< 1) or a linear (86 =1) or a convex (8> 1)
curve shape parameter. In Fig. 3b the
degradation factor, 0, versus the number of
cycles, N; the minimum degradation factor of 6
m{ (< 1) can be attained by either a concave
(68> 1) or a linear (6C =1) or a convex (0C< 1)
curve shape parameter. The
hardening/degradation factor remains constant
as & m( is reached. It is worth mentioning that
the cyclic soil degradation and hardening is
linked to an increase or decrease in the mean
effective confining pressure due to the void ratio
and pore pressurechanges. The fatigue model
used in this paper might be also used for
simulating the effects of the liquefaction in
terms of degrading behaviour (Allotey and El
Naggar[33,34] ) but neglects the lateral
spreading that can be accounted for by adding
further inertial loads tothe pile (e.g. see
Brandenburg et al.[35]). In this paper, non-
liquefiablesoil deposits are considered.

2.3. Pile-Soil Interaction Analysis With Bnwf
The soil-pile interaction is evaluated using a
BNWF model, which approximates the soil-pile
interaction using non-linear (p-y) springs in
parallel with stiffness proportional dampers.
This  allows  estimating the  relative
displacements between soil and pile due to the
free-field motion. In the BNWF model the pile
itself is modelled as a series of beam-column
elements, each with discrete springs connecting
the pile to the soil, and the freefield motion
obtained within the deposit is applied to the p-y
springs as excitation to the system.

In this paper, the BNWF model proposed by
Allotey and El Naggar[34]is employed for
investigating the effect of soil nonlinearity on
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the seismic performance of a single pile. This
BNWF model is able to simulate generalized

dynamic normal force-displacement
relationships, accounting for cyclic soil
degradation/hardening, soil and structural

yielding, slack zone development and radiation
damping. In addition, this BNWF model was
revised [33] to account for the build-up of pore
pressure due to cyclic loading and the different
compaction levels of the soil in the vicinity of
the pile in a simplified fashion. In particular, a

— e o o = = e — — o — ——
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generalized fatigue model based on the total
stress method has been developed for simulating
cyclic hardening/degradation of stiffness and/ or
strength that can account implicitly for several
hysteretic soil-pilebehaviours. Finally, results
demonstrating the effects of soil non-linearity
and the duration of strong motion on the seismic
behaviour of piles are compared to the results
obtained by the linear soil-pile interaction
model defined by Dezi et al. [36,37].
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Material Models for concrete and steel rebars

Figure 2. Numerical Tool and Modeling Strategie

3. INCREMENTAL DYNAMIC ANALYSIS
AND FRAGILITY ASSESSMENT

IDA is a parametric analysis method that is used
to estimate the structural performance under
certain earthquake record (see [38]for details).
It consists of the development of one curve,
under each ground motion, for a specific
damage measure (i.e. drift) versus a specific
intensity measure of the ground motion (i.e.
peak ground acceleration, PGA). The main
objectives of IDA are simply to provide deep
understanding of the response versus the

Volume 19, Issue 3, 2023

potential level of the ground motion records and
better understanding of the relation of the
structural response versus the intensity of the
ground motion (maximum  displacement,
strength, stiffness). This method has been
widely used by several researchers in a
nonlinear dynamic analysis (see[39;40], for
example) as well as in studying pounding
phenomenon (see [41-42] for example).

Fragility is the probability of reaching or
exceeding a specified damage state. It is
expressed in terms of a certain seismic
parameter,such as spectral acceleration, spectral

97



displacement, peak ground velocity and PGA
[43-44] Some researchers have provided
historical background on the development of the
fragility curves (see ,[45-46], forexample). Four
different methods can be used to develop the
fragility curves, i.e. the expert-based or
judgmental method (it depends on the estimates
and opinions of experts), empirical method (it is
based on thedamage data reported from
previous earthquakes - see loannou et al.,[47]for
example), analytical method (it is based on the

sy,

Mainshock- damaged

Aftershock-damaged

Souheyla Saddouki, Djarir Yahiaoui, Rafik Demagh

time history analyses), andhybrid method (it
involves both experimental and numerical
analysis [48]). Billah and Alam[49]described
the advantages and disadvantages of each
method. Among all of them, the analytical
method is the most often used one since no
experimental or damage datais required for it.
One of the most simplest approaches among the
analytical methods is the method developed by
Ibrahim and El-Shami[50].

N -

p -

CC N

—_—

Figure 3. Incremental dynamic analysis method

In this method, the conditional probability of a
structure to reach or exceed a specific damage
state, D, given the PGA, is defined inEq. (3):

P(D/PGA) = d((In (PGA) — w)/o)

where® is the standard normal cumulative
distribution function; pand care the mean value
and standard deviation of the natural logarithm
of PGA at which the building reaches the
threshold of a specific damage state or
performance level, D.

Eq. (3) was developed based on the work of
Shinozuka et al. [51] where the analytical
fragility curves were constructed based on the
nonlinear dynamic analysis and the fragility

curves were represented by using two-parameter
lognormal distribution functions estimated by the
maximum likelihood method. The cumulative
distribution functions were calculated by
dividing the number of data points that reached
or exceeded a particular damage state by the
number of data points of the whole sample [52].
The accuracy of the use of the mean and standard
deviation was investigated and the analytical
interpretation of randomness and uncertainty
associated with the mean was also provided [51].
Five different damage states/performance levels
have been described in the literature, i.e. the
operational performance (OP), immediate
occupancy (10), damage control (DC), life safety
(LS), and collapse prevention (CP). These
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performance levels are defined by certain
damage measure, mainly the interstorey drift
ratios (or percentages). The maximum allowable
interstate drifts for each performance level may
differ because it depends on the opinion of the
expert. One of the most often wused
recommendations are the suggestions of Xue et
al. [53] which are summarised in Table 1.

Table 1. Limit states considered in this study

Limit state Transverse drift ratio
%

occupancy (10), 0.7

life safety (LS), 1.5

collapse  prevention 2.5

(CP).

4. GROUND MOTIONS USED IN THE
DYNAMIC ANALYSIS

In order to investigate the nonlinear behavior of
the mainshockdamaged concrete gravity the ISPS
systems for bridge subjected to strong
aftershocks, seismic sequences including the
mainshock and one major aftershock are needed
for performing the nonlinear dynamic analyses.
In this study, as-recorded mainshock—aftershock

seismic sequences are selected according to the
following criteria: (a) the magnitude of the
mainshocks isequal to or greater than 5.5 and that
of the major aftershocks is equal to or greater
than 4.0, (b) accelerograms are recorded at
stations, which are located in free fields or low-
rise buildings, and (c) the predominant period
(Tp) of the mainshocks is less than 0.4 s, which
corresponds to the typical dam sites. With these
criteria, 19 as-recorded mainshock— aftershock
seismic sequences shown in Table 2, which were
recorded at the same station and in the same
direction, are selected from the strong motion
database of the COSMOS [54]. The data sample
includes wellknown earthquakes with strong
seismic activities, such as the Mammoth Lakes
(1980), Kozani (1995), Whittier Narrows (1987),
and Cape Mendocino/Petrolia (1992) events. For
each of the 19 sequentialground motion records,
the time gap between the mainshock and the
aftershock seismic events is set to be 10 s as
illustrated in Fig. 4, whichshows the
aforementioned four representative mainshock—
aftershock seismic sequences. This gap has zero
acceleration ordinates and is adequate to allow
the structure to cease moving after the previous
seismic event.

Table2. List of mainshock-aftershock seismic sequences considered in this investigation

No | Seismicseq | Station Com | Date Mag R Recorde | Predomin | Duratio
uences location p- (km) d PGA | antPeriod n (5-
(cm/s2) (s) 95%) (s)
1 Mammoth | 54099 90 1980-05- 6.1(My) 9.1 402.19 | 0.22 8.96
Lake 25(16:33:44) 5.7(ML) 34 338.87 | 0.16 3.54
1980-05-25
(20:35:48)
2 Mammoth | 54301 270 1980-05- 6.06(M) | 14.1 303.97 | 0.1 7.72
Lake 25(16:33:44) 5.94Mp) | 144 372.42 | 0.25 3.42
1980-05-25
(16:49:27)
3 ChalfantVa | 54428 270 | 1986-07— 6.4(ML) 18.5 435.80 | 0.20 7.26
lley 21(14:42:26) 5.6(Mv) 27.9 156.56 | 0.12 7.66
1986-07—
21(14:51:09)
4 ChalfantVa | 54428 360 | 1986-07— 6.4(My) 18.5 394.60 | 0.24 8.16
lley 21(14:42:26) 5.6(My) 27.9 101.54 | 0.12 11.16
1986-07—
21(14:51:09)
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5 ChalfantVa | 54171 180 1986—-07— 6.4(ML) 23.7 249.10 | 0.24 12.76
lley 21(14:42:26) 5.6(ML) 15.5 179.66 | 0.34 14.16
986-07—
31(07:22:40)
6 ChalfantVa | 54171 270 1986—-07— 6.4(ML) 23.7 169.00 | 0.36 17.04
lley 21(14:42:26) 5.6(ML) 15.5 121.44 | 0.24 17.18
986-07—
31(07:22:40)
7 Imperial | 0952 140 1979-10-15 6.5(My) 52 539.78
Valley (23:16:53) 5.01(Mp) | 13.9 221.36
1979-10-15¢(
23:19:35)
8 Imperial | 5055 225 1979-10- 6.5(My) 8.8 24296 | 0.19 13.32
Valley 15(23:16:53) 5.01(Mp) | 123 112.67 0.22 12.84
1979-10-
15(23:19:35)
9 Imperial | 5055 315 1979-10- 6.5(My) 8.8 209.4 0.22 13.22
Valley 15(23:16:53) 5.01(Mp) | 123 246.96 0.22 12.84
1979-10-
15(23:19:35)
10 Kozani ITSAK 0 1995-05- 6.1(MLr) 19.5 211.03 0.20 5.84
13(08:47:00) 5.3(Myp) 12.1 126.19 0.22 541
1995-05-
17(04:14:00)
11 Kozani ITSAK 90 1995-05— 6.1(Myr) 19.5 136.00 | 0.20 7.72
13(08:47:00) 5.3(Mvr) 12.1 119.26 | 0.14 5.63
1995-05-
17(04:14:00)
12 Whittier | 24400 270 1987-10— 6.1(My) 14.2 399.10 | 0.20 7.94
Narrows 01(14:42:20) 5.3(My) 16.3 33330 | 0.14 5.18
1987-10-
04(10:59:38)
13 Whittier | 24400 360 1987-10— 6.1(My) 14.2 420.10 | 0.18 7.14
Narrows 01(14:42:20) 5.3(My) 16.3 308.60 | 0.16 6.2
1987-10-
04(10:59:38)
14 Whittier | 24402 0 1987-10- 6.1(My) 19.4 299.30 | 0.10 4.54
Narrows 01(14:42:20) 5.3(My) 18..2 266.00 | 0.14 2.14
1987-10-
04(10:59:38)
15 Whittier | 24402 90 1987-10- 6.1(My) 19.4 15790 | 0.22 8.1
Narrows 01(14:42:20) 5.3(My) 18..2 187.90 | 0.14 3.04
1987-10-
04(10:59:38)
16 Whittier | 24461 270 1987-10- 6.1(My) 13.9 3743 0.15 5.72
Narrows 01(14:42:20) 5.3(My) 14.8 210 0.14 4.5
1987-10-
04(10:59:38)
17 | Northridge | Castaic- 90 1994-01-17 6.69 568
Oldridge 1994-01-17 5.93 138
route
18 | Northridge | Rinaldi 318 1994-01-17 6.69 472
Receiving 1994-03-20 5.28 476
Sta
19 | Northridge | 0637 270 1994-01-17 6.69
1994-01-17 5.28
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Figure 4. Four representative as-recorded mainshock—aftershock seismic sequence:(a) Mammoth
Lakes, Station: 54099-Comp,(b) WhittierNarrows, Station: 24402-Comp

5. NUMERICAL MODELS OF BUILDINGS Table 3. The problem investigated and the two
types of presumed soil deposits

Figure 5 shows a single column that extend Loose | Dense | Soft | Stiff
toSm above and 30m below ground. The sand sand clay | clay
column has a uniform section and steel ©=30° | @=45°

reinforcement. SeismoStruct v7 (SeismoSoft

and 2022) software allows for strength and Kpy 54 1266 105 30,
stiffness degradation in the components by (below

providing the force deformation criteria for water

hinges used in the numerical analyses. The table)

material properties of the structure, piles and (MN/m3)

soils are given in Tables 3and 4

10.5

I
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Figure 5. Interaction of soil-pile-structure configuration
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Table 4. Parametric cases

Paramet | M(t) Pile | Type of soil
er diamete
r)
D (m)
Value |150;35 (1.5 ;2 | (Loose,Dense)sa
0; 700 | ;3 nd
(soft,stiff) clay

5.1. Pushover Results
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Figure 6. Lateral load-Displacement behaviour:
the ISPS system and the fixed: a) sand; b) clay

Figure 6 show Lateral load-Displacement
behaviour the ISPS system: a) sand; b) clay The
results indicate that the lateral capacity of the
dense sand more capacity and less ductility
compared the loose sand and the fixed ,note
in the result the lateral capacity of the soft caly
gives a lower lateral capacity and more
ductility compared the stiff clay
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5.2. Ida Results

The figure 7 presented the IDA results obtained
with nonlinearanalysis of 19 earthquakes for the
two extreme cases (mainshock only and
mainshock - aftershock) for ISPS system with
dens soil type. In order to show the effect of
earthquakes with the two extreme cases, after
the end of IDA analysis, we take the average
results of the acceleration for each
displacement.

0.5

=]
n
1

<
W

e
o

Sa(T1,5%)/g

o
-

e
o

Sa(T1,5%)/g

Inter-Story drift%

(b)
Figure 7. IDA results in ISPS system (a)
Mainshock+Aftershock; (b) Mainshock

Effects of the Section of Pile

The average IDA curves for the ISPS systems
for dense soil and Losse soil are presented in the
Figs 8 The results indicated that the effect of the
aftershock damage on ISPS are negative and
depend on the diameter of the pile. For the
dense soil, the results show the decrease in the
values of acceleration after adding the
aftershock earthquake with the percentage
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18.3%, 21.5% and 23.04% for diameters 1.5m,
2m and 3m respectively. For the losses soil, the
results show the slight decrease in the values of

earthquake with the percentage 7.01%, 8.26%
and 10.04% for diameters 1.5m, 2m and 3m
respectively.
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Figure 8. Average IDA curves of in ISPS system different section :Mainshock+Aftershock; and
Mainshock for Dense soil and Losse soil
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Figure 9. Average IDA curves of in ISPS system different section :Mainshock+Aftershock; and
Mainshock for Soft and Stiff soils

Figure 9 The average IDA results for[SPS
systems for soft soil and stiff! soil shows that
the consideration of aftershocks The influence
can be seen in the differences between the
median curves;increases the extent of ISPS
systems responses and depend on the diameter
of the pile; For the soft soil, the results show the
decrease in the values of acceleration after

Volume 19, Issue 3, 2023

adding the aftershock earthquake with the
percentage 12.2%, 15.77% and 23.5% for
diameters 1.5m, 2m and 3m respectively. For
the stiff soil, the results show the decrease in the
values of acceleration after adding the
aftershock earthquake with the percentage
16.3%, 34.1% and 43.64% for diameters 1.5m,
2m and 3m respectively
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Figure 10. Fragility curves of theSPS system different section :Mainshock+Aftershock, and
Mainshock (a)Dense, (b) looce
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Figure 11. Fragility curves of theSPS system different section :Mainshock+Aftershock,; and Mainshock
(a) Soft, (b) Stiff.

Figure 10 and 11 show the fragility curve under
loading of  Mainshock+Aftershock  and
Mainshock with variation of the pile section for
Dense, loose, soft and stiff soil.For the
probability of exceeding equal to 50%, when add
aftershock and increase in the diameter of pile
the damage state becomes more serious,for the
dense sand the medium intensity St are
increased with 0.017g, 0.029g, 0.04g for 1.5 m,

104

2 m and 3 m diameters, respectively. As in the
loose sand Sct are increased with 0.015g,
0.018g, 0.0212g for 1.5 m, 2 m and 3 m
diameters, respectively. As for the soft caly are
increased with 0.016g, 0.022¢g, 0.05g for 1.5 m,
2 m and 3 m diameters, respectively.

And for stiff clay the medium intensity Sct are
increased with 0.017g, 0.02g, 0.11g for 1.5 m, 2
m and 3 m diameters, respectively.
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Effects of the mass

Fig. 12 shows the average IDA curves for ISPS
systems for different types of sand (dense sand
loose sand) under mainshock-only and the
mainshock-aftershock loading with the varying
of the masse (150t , 350t ,700t). Can be seen
that the effect of the mainshock-aftershock
loading are neglected when the inter-story drift
as low as to 1%, but when the inter-story drift

grate to 1% the effect it depends on sand types
and masse.

For dense sand the results gives a decrease with
10.33% .15.83% and 18.57% for masse 150t,
350t and 700t respectively, and for loose sand
with masse 150t the results give a decrease with
7.26% but for masse 350t and 700t the effect of
aftershockare neglected.
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Figure 12. Average IDA curves of in ISPS system different mass :Mainshock+Aftershock; and
Mainshock: (a)Dens (b)Loose

Fig. 12 shows the average IDA curves for
ISPS systems for different types of clay (soft
clay stiff clay) under mainshock-only and the
mainshock-aftershock  loading with the
varying of the masse (150t , 350t ,700t). Can
be seen that the effect of the mainshock-
aftershock loading are neglected when the
inter-story drift as low as to 1%, but when the
inter-story drift grate to 1% the effect it
depends on sand types and masse.

For soft clay the results gives a decrease with
12.5% 22.7% and for masse 150t, 350t and and
700t the effect of aftershockare neglected, and
for stiff clay with masse 150t the results give a
decrease with 36.7% but for masse 350t and
700t the effect of aftershockare neglected.

Volume 19, Issue 3, 2023

For the dense sand, the medium intensity Sct are
increased with 0.029g, 0.014g, 0.008g for 150t,
350t and 700t masse, respectively. As in the
loose sand Sct are increased with 0.027g,
0.013g, 0.009g for 150t, 350t and 700t mass,
respectively. As for the soft caly are increased
with 0.022g, 0.017g, 0.015g for for 150t,
350tand 700t masse, respectively. And for stiff
clay the medium intensity Sct are increased with
0.012g, 0.009g, 0.008g for 150t, 350tand 700t
masse respectively.In globale the results indicat
that the efect of the masse and type of soil are
effected by mainshock-aftershock.
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CONCLUSION

In this paper, the seismic evaluation of soil
structure system (ISPS) with different soil,
diameter and mass , subjected to sequential
mainshock-aftershock records, was studied by
means of the pushover analysis and IDA for
generate the fragility curves. The effect of the
soil type, masse, diametre of pile on ISPS
system under mainshock (MS) and mainshock-
aftershock (MS-AS) loading was investigated in
this paper using the pushover, the IDA and the
fragility assessment methods. Four type of soils
(dense and loose sand, soft and stiff caly ) with
different masse (150t, 350t, 700t) and varing the
diamtre of pile (1.5m, 2m, 3m) were considered
in the study.From the findings of this research,
the following conclusions can be drawn:

- In most cases, the lateral capacity of the loose
gives a lower lateral capacity to dense sand, but
about the ductility the loose sand more ductility.
And for clay, the stiff clay show higher lateral
capacity to soft clay.

- Based on both IDA and fragility assessment
methods, the effect of type soil on ISPS system :
for dense soil the vulnerable of mainshock-
aftershock (MS-AS) loading are more damage
due to mainshock loading for all diameter of the
pile and the masse; But for loose sand the effect
of aftershock are neglected after mainshock
loading for all the diameter of the pile and the
masse effect.

- The effect of clay type on ISPS system : for
soft soil are more vulnerable to damage due to
mainshock-aftershock (MS-AS) loading. but in
the stiff clay the effect of mainshock-aftershock
(MS-AS) loading for all the diameter of pile and
for masse are neglected.
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NUMERICAL MODELLING OF WIND LOADS ON WINDOWS.
VALIDATION FOR A HIGH-RISE SQUARE PLAN BUILDING

Oleg S. Goryachevsky
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Abstract: This paper presents the results of numerical and experimental modelling of mean and peak pressure
coefficients for window assemblies on a rectangular building. The applicability of the SST and GEKO k-o
turbulence models implemented in ANSY'S Fluent is investigated. A simple steady-state method for determining
the peak wind pressures, which utilizes the turbulence kinetic energy calculation, is shown to be sufficient for
practical purposes. A comparative analysis with the values of pressure coefficients given in the Russian building
code is carried out. The obtained results can be used in the design of window assemblies of typical buildings.

Keywords: computational fluid dynamics (CFD), experimental wind tunnel (WT) testing,
pressure coefficients, structural aerodynamics, window assemblies

YUCJEHHOE MOJIEJIMUPOBAHUE BETPOBBIX JIABJJEHUM
HA OKHA. BAJIMJAIIUA AJIAA TUITOBOI'O
MHOI'O3TAYKHOI'O 3JAHUA KBAJIPATHON ®OPMbI

O.C. I'opaueeckuii

HanuonaneHslil ucecnenoBaTenbckuil MOCKOBCKHM FOCYJapCTBEHHBINM CTPOUTENBHBIA YHUBEPCUTET, T. MOCKBa,
POCCHA

AHHOTanusi: B crarbe mHpencTaBIEHBI PE3yNbTaThl YUCIEHHOIO W AKCIEPHMEHTAIBHOTO MOJIEINPOBAHUE
CPelHUX W NHKOBBIX a’POJUMHAMHYECKUX KO3(D(UIMEHTOB AIsI OKOHHBIX KOHCTPYKIMH HPSIMOYTOJIBHOTO
3manus. Mccnemyercss mpumeHHMocTh Moxener TypOyientHoctH SST m GEKO k-0, peann3oBaHHBIX B
nporpammHoM komiiekce ANSYS Fluent. Ilokasana jocratounas ajisi NPaKTHYECKUX LEJNEH TOYHOCTh
CTAalMOHAPHOW ITOCTAHOBKU U IIPOCTEHIIEr0 METOAA ONPEIENICHUs NMUKOBbIX 3HAYCHUI BETPOBBIX JABICHUN Ha
OCHOBE KHHETHYECKOH »Hepruu TypOyineHTHOcTU. IIpoBeneH COMOCTAaBUTEIbHBIN aHAIN3 CO 3HAUCHUAMU
a’pOAMHAMUYECKUX KOI(P(UIMEHTOB, PUBEJCHHBIX B POCCHHCKMX HOpMax. [loiydeHHbIe pe3yiabTaThl MOTYT
OBITH MCIIOIb30BAHbI IIPU MPOSKTHPOBAHNM OKOHHBIX KOHCTPYKIMH TUIIOBBIX 3JJaHUH.

KiroueBble cj10Ba: BEMUCIUTENbHAS THIPOIMHAMIKA, SKCIIEPUMEHTAIbHBIC HCTIBITAHHS B a3POIMHAMUYECKOH TpyOe,
a’pOANHAMUYECKUH KO3 UINCHT NaBICHUH, CTPOUTEIbHAS a9POJHHAMHKA, OKOHHBIE KOHCTPYKIINHT

1. INTRODUCTION

Physical (experimental) modelling of wind
loads and actions took on in its modern form in
the middle of the 20th century. Tests in wind
tunnels (WTs) with uniform flow began in the
early 20th century [1], but the results differed
significantly from field observations. The first
WT with a long test section used to model
atmospheric boundary layer (ABL) was built at
the Colorado A&M College campus [2]. The
first significant structures that were designed
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based on test results from the same WT (the
college had already been renamed to Colorado
State University) were the World Trade Centre
Twin Towers in 1964 [3-4].

Large-scale studies were conducted for
another 30 years to test against the full-scale
(field) data in order to wvalidate the
experimental ~modelling results [5-10].
Important  validation requirements were
identified, including the reproduction of the
statistical ~ flow  characteristics  (mean
velocities, turbulence intensity and spectrum)
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[11-13], taking into account the developed
similarity criteria [14] and the use of high-
frequency pressure sensors [15]. Limitations
were also identified, e.g., the Reynolds
number independence is observed only for
bluff bodies, and the deviation from field data
for roofs and bodies with uncertain separation
point. A review of the history of development
and validation of experimental modelling of
wind actions is given in [16].

Computational Fluid Dynamics is a powerful
tool for analyzing wind actions and related
problems  (pedestrian  comfort, emission
propagation, snow loads, etc.) [17-18].

The first works on numerical modelling of wind
actions were carried out in the 1970s. However,
mass industrial application of CFD technologies
was hampered by [19]:

1) colossal requirements for computational
resources at the time;

2) insufficient theoretical
turbulence  models and
approaches;

3) lack of software available to the researching
engineers;

4) lack of reliable V&V process.

Due to scientific and technological progress,
by the beginning of the 2Ist century,
favourable  opportunities  for  industrial
application of CFD technologies in the
construction  industry have  developed.
Therefore, in the early 2000s there was an
explosive growth in the number of scientific
studies and attempts (successful and not) to
apply, verify and validate numerical
modelling for the solution of problems of
structural aerodynamics [20-23]. The first
CFD application guidelines in structural
aerodynamics from European [24] and
Japanese [25] researchers were published.
They contained basic recommendations for
boundary conditions, size of  the
computational domain, turbulence models,
discretization parameters, reliable numerical
schemes and V&V principles.

At present, there are a number of building code
recommendations on the application of

development of
eddy-resolving
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computational fluid dynamics in structural
aerodynamics, including the determination of
wind loads [26-29]. Meanwhile, contrary to the
global trend, numerical modelling of wind loads
and actions has been removed from the Russian
building code [30].

Among Russian-language sources, there is a
deficit of high-quality literature on numerical
modelling of wind actions in structural
aerodynamics. The only full-fledged monograph
exists [31], and the papers on modelling snow
loads [32], aeroelasticity of buildings and
structures [33] and estimation of pedestrian
comfort parameters [34] are noteworthy.

There are three main approaches to the
numerical solution of the Navier-Stokes
equations [35-36]:

1) DNS (Direct Numerical Simulation), which is
characterized by extremely high computational
complexity, relevant only for academic
problems at low Reynolds numbers;

2) LES (Large Eddy Simulation), which is used
to determine transient characteristics of the
flow. It has high computational complexity
when the wall functions are used and even
higher complexity when the boundary layer is
resolved;

3) RANS (Reynolds-averaged Navier-Stokes),
which is a fast but often insufficiently accurate
approach for determining time-averaged flow
characteristics.

In industrial applications, the hybrid RANS-
LES approach [37] shows sufficiently accurate
results with adequate requirements to
computational resources.

With any approach utilized, the reliability of the
obtained results is evaluated after V&V
procedure of the numerical model against the
experimental data [38]. An integrated approach
with simultaneous use of numerical and
experimental modelling results gives a
synergistic effect, eliminating the weaknesses of
each approach [39].

Based on qualitative experimental results, it is
possible to calibrate the parameters of
numerical models (usually, the coefficients of
turbulence models) to obtain reliable and more
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comprehensive results. Recently, the GEKO &-
o turbulence model has been developed,
which makes it relatively easy to calibrate its
parameters using experimental data [40-41].
This paper presents the results of numerical
modelling of mean and peak pressure
coefficients on the facades of a rectangular 25-
storey building. The results of numerical
modelling were compared to the experimental
data obtained in the WT of NRU MSUCE for
the corresponding building and the normative
values of SP 20 [30].

2. METHODOLOGY

2.1. Building model description

The mean and peak pressure coefficients on the
facade windows of a rectangular 25-storey
building are investigated (Fig. 1). The building
dimensions are dxd=40x40m, and the height is
h =75m. Windows’ dimensions are 1.75X2m,
and the spacing is 2.958m. Depth of windows in
the facade is 0.23m.
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a) front view

b) top-down view

Figure 1. Building dimensions, mm

Numerical modelling and wind tunnel tests were
performed for 24 wind directions (from 0° to
345° in 15° intervals) (Fig. 2). The model’s
symmetry allowed to reduce the number of
sensors and to estimate the modelling errors.
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Figure 2. Design wind directions

Pressure coefficients were measured at the
centroids of the window surfaces. Since each
window is an independent structure, the extreme
values of pressure coefficients are of practical
interest:

max __ J min __ J
c —mjax(c ), c, —m]_m(ce)
max J min . . j (1)
C,, =max (ce,+ ) ; Cl = m}n (ce’_ )
where ¢/ is the external mean pressure

coefficient for the j-th wind direction, and
cl,., is the external positive (negative) peak

pressure coefficient for j-th wind direction.

2.2. Wind pressure coefficients
Pressure coefficients at the building surfaces
were determined in the classical way:

AP(x,y,z)

“Cor2)="0m

)

where ¢ is the generalized pressure coefficient,
AP is the excessive wind pressure on the
building fagade, Q is the dynamic pressure, and
X, y, z are the coordinates.

In SP 20, the pressure coefficients vary only
horizontally, and the wvertical variability is
controlled by the equivalent height z. [30].
Therefore, in order to accurately compare the
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values of the coefficients given in SP 20 to
those modelled numerically or in the WT (2), it
1s necessary to take into account the following
relationship between them:

norm_ __

0 wk(h)

Ze 2a ( h qu Ze 2a
=C —_— e =C e
norm 10 10 norm h

where wo is the basic wind pressure, k(z) is the
height variation factor, a is the terrain factor,
and cnorm are the values of horizontal pressure
coefficients given in SP 20.
For the object of this study:

oo E ~ wok(z,)c

3)

d, 0<z<h-d A
z =
°\h, z>2h—-d X
Then:
e (d/h)", 0<z<h-d )
Corom > z2h—-d

As can be seen from expression (5), starting
from the 13th floor and above, the values of
pressure coefficients according to (2) and the
building code are identical. Consequently, for
the upper floors the numerical and
experimental values can be compared directly.
For a correct comparison of values on the
lower floors it is necessary to lower the
normative coefficients by a factor of 0.82,
0.77 and 0.72 for terrain types A, B and C
respectively.

It should be remembered that the piecewise-
constant vertical values of wind pressures
given in SP 20 [30] are a simplification. In
reality, the pressure coefficients are
distributed over the surface continuously,
forming complex three-dimensional patterns
(Fig. 4). Value jumps can be observed only
across the corners.

Volume 19, Issue 3, 2023

Pressure
253.8

183.3
112.8
42.3
-28.2
-98.7
-169.2
-239.7
-310.2

-380.7
[Pa]

Figure 3. Numerical simulation of mean wind
pressure distribution, Pa

2.3. Wind tunnel experiment description
Experimental studies were carried out in the
NRU MSUCE WT by the AAISK UNPL staff.
The WT has a closed circuit and a modular
nine-unit fan with a testing area length of
18.9m.

The upstream flow velocities and reference
pressures were determined 1.5m away from the
1:100 scale model placed in the WT testing area
(Fig. 4).

Pressure sensors were placed in the middle of
window openings on the 14th, 23rd and 25th
floors (Fig. 5) on two sides of the model.
Pressure coefficients for each control point and
wind direction were determined by statistical
processing of pressure sensor readings (1000Hz
frequency):

c — ABIVE
© 0
_ Af)max(min) (6)
0T
max(min) = APave * 3GP
where APave, APmax, APmin are average,

maximum and minimum pressure values at the
test points, respectively, o, 1is the wind

pressure standard deviation, and Q is the
dynamic pressure at the top of the model.
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The experiments were carried out without
roughness, as the aim was to determine the
pressure coefficients with the least influence
of the upstream flow turbulence possible.
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Figure 5. Pressure sensors (in red, not present

on the other sides) and additional measurement

points in the numerical model (in blue, present
on all sides) layout
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2.4. Numerical model description

The numerical model is based on the Navier-
Stokes  equations for  incompressible
Newtonian fluid with mass forces omitted:

ou, ou, l1op u ou,

— U, E et

or 7 ox; pOx, p Ox0x, o
ou,
—=0; p,n=const
ox,

i

where u; is the velocity components for the x;
direction, p is the pressure, p is the density, p
is the dynamic viscosity, and ¢ is the time.

Direct numerical solution of equations (7) for
practical problems at high Reynolds numbers
is not possible due to very high computational
requirements. LES approach is not considered
in this paper, as well. In the present study, the
Reynolds-averaged Navier-Stokes (RANS)
equations are  applied, obtained by
decomposing the instantaneous quantities into
their time-averaged and fluctuating quantities:

ul

p(x.0)= 7 (8)

x,t)=1u(
X,

where u'(x,t), p'(x,t) are the fluctuating

quantities  of and

respectively.

velocity pressure,

The resulting expressions are called the

Reynolds equations:

ou, 0
TR T S
P o, 8xj[ o
9
e Ee B\ X
H ox; 0Ox PHM,

The disadvantage of time-averaging is the

appearance of second order moments pu;u in

(9). The additional unknown quantities form
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the Reynolds stress tensor. To close the
obtained equations (9), the additional
hypotheses called the turbulence models are
needed.

In this paper, two turbulence models are
applied:

1) SST, which is widely used and proven in
engineering applications [35];

2) GEKO k-o, which is relatively recently
implemented in ANSYS Fluent [40] with wide
calibration possibilities.

Let us provide a mathematical description of
the latter model:

o (it k)
p =5 —C,pko+
Ox,
(10)
o0 [k
Ox; G, )OX;
6(7!1.0))

p = Co)lE %])k - CmZszp(Dz +

Ox .

J

+pF3CD+i ;,L+i o
ox, G, )Ox,

J

(11

where k is the turbulence kinetic energy
(TKE), o is the specific turbulence dissipation
rate, P is the production of TKE, p = pk/o is

the eddy viscosity, C’D=il%a—(D Cy,

G, ®0x; Ox, ’

Co1, Cw2, Ok, 0w are the model constants, and
F1, F>, F3 are the model functions, which can
be calibrated through freely assignable
coefficients. In this work, the value of
Csep (F1, F2, F3), which governs the eddy
viscosity, was varied. The values of Csep =
1.00, 1.75 and 2.25 were considered.

Note that k-0 models have a weakness in
modelling the free shear flows because of the
strong dependence on the inlet turbulent
characteristics [42]. Therefore, in practice,
mixed BSL-SST models are wused, which
implement both k-¢ and k-® models in different

Volume 19, Issue 3, 2023

flow regions. The separation of the regions is
done by blending functions. The GEKO k-®
model implements a similar approach.

The following boundary conditions for the
computational domain were applied:

1) the wvelocity profile at the
(ﬁ,n)zU(z),(ﬁ,t)zO (n, T are vectors
normal and tangent to the surface,
respectively, z is the height coordinate);

2) k(z) and o(z) were also specified at the
inlet;

2) backflow pressure at the outlet was set to 0:
r=0;

3) free slip wall conditions were set for the
lateral and upper boundaries:

(w,n)=0,(u,n)=0;
4) no-slip wall conditions were set for the
ground and building surfaces: u =0.

inlet:

The standard (RMS) wind pressures were
calculated using the methodology that is
outlined in [31]:

(12)

where U is the mean wind speed, and /v is the
turbulence intensity.

In [31], the turbulence intensity is proposed to
be determined from the Bernoulli's law and
the turbulence isotropy:

On the walls, the TKE value is 0. Therefore,
averaged values are taken in small volumes
around the wall points.
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The peak pressure coefficients, then, can be
estimated by the following formulas:

. - Ap+0.0,
_ o (14)
Ap-0 o,
C =——
0

where 0+, 0- are the coefficients that can be
fitted from experimental data (equal for the
whole model).

Although  expression (13) and  the
methodology for determining TKE on the
walls have somewhat weak theoretical
justification, in practice it allows to determine
the peak pressure coefficients fairly
accurately. This will be confirmed in the
present study.

2.5. Numerical simulation description
ANSYS Fluent 2021R2 was wused for
numerical modelling, carried out at a 1:100
scale (ks = 100), similarly to the WT
experiments.

The computational domain size corresponds to
a fragment of the WT testing area, with the
height of 2.44m, width of 4m and length of
9.5m (Fig. 6). The inlet boundary is located
3m away from the center of the building
model.

Figure 6. Computational domain
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A mesh interface was established between and
additional cylindrical volume around the
building model and the rest of the domain,
approximating the transition between non-
conformal meshes. This approach avoids
rebuilding the mesh between the wind
direction changes, which are achieved by
rotating the outer volume around the
cylindrical inner volume.

The poly-hexcore finite volume mesh was
created in ANSYS Fluent Meshing (Fig. 7).
The cell size on the building surface is
0.0025m with 5 inflation layers, and the total
number of finite volume cells is 5.75 million.

The simulations were carried out using the
steady-state pseudo-transient approach, in
which the transient quantities that disappeared
after the time-averaging procedure are re-
introduced into the equations (9-11). The
time, then, is replaced by a sufficiently large

pseudo-transient timestep. The relaxation
coefficients ensure sufficiently fast
convergence. This approach is usually more
efficient compared to the direct solution of the
steady-state equations.
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The total number of iterations is 125. The first
75 iterations are simulated with the standard
pseudo-timestep, and the last 50 iterations are
simulated with a timestep reduced by a factor
of 2. This approach ensures better
convergence. At the end of the simulation, the
scaled residuals for all conservation equations
fall below 5-10*. Test simulations showed
that increasing the number of iterations does
not affect the result significantly.

Second Order Upwind numerical scheme was
used for the momentum equations (9) and
turbulence transport (10-11) in space and
pseudo-time. The Coupled pressure-velocity
solver was used.

2.6. Inlet profile characteristics

The wind speed profile (Fig. 8) and turbulence
characteristics for the inlet were set similarly
to those measured in the WT. The expression
for wind speed was determined using the least
squares method:

_ U, (Z/Zo )a >
U, (Zl/Zo)a >

where Up = 15.6m/s, zo=0.15m, z1 =0.32m,
a=0.10.

z < Z1
U(z) ®)

z22z

12
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Figure 8. Numerical and experimental
wind profiles
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The turbulence intensity in the WT was kept
constant at ~3% for z > 0.3m. For the
numerical model, the intensity measured in
the experiment was approximated by the least
squares method, too. It was then converted to
k and o, which were set at the inlet.

3. RESULTS AND DISCUSSION

For the modelled pressure coefficients, errors
were evaluated. For the experimental data, the
errors mainly come from deviations in the
wind direction angle due to the imperfection
of the WT’s rotary table mechanism, minor
asymmetry in the sensors’ location, and sensor
measurement errors.

The scatter of experimental values was
estimated by the difference between the
results obtained in symmetrical zones.

For the numerical data, the errors mainly
come from non-ideal iterative convergence
and high gradients in the corner zones.
Iterative fluctuations were considered for the
last 25 iterations. The difference of the sought
values was measured on a circular area with a
radius of Smm (approximately 30% of the
window surface area).

Figs. 9-12 show floor plots of the extreme
pressure coefficients’ values (1). Each plot
includes a diagram, which shows the location
of the corresponding windows on the building.
The variation of experimental values is shown
by error bars, while the variation of numerical
values is shown by translucent bars of the
appropriate colour.

The SST and GEKO k- (Csep = 1.00, 1.75
and 2.25) turbulence models were considered.

The coefficients in expression (14) were taken
equal to 6+ = 0.25 and 0- = 2.25.

It is known that the pressure coefficients
obtained from numerical simulation are often
slightly  higher than those from the
experiments. This situation is observed even
when the reference pressures are measured at
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the same location. In this study, the shift cesnir = 0.07 was introduced to reduce the

effect was also detected. Therefore, a
correction of the pressure coefficients by

numerical values.
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Figure 11. Floor plots of minimum negative values of mean pressure coefficient c¢™
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Analyzing the plots in Figs. 9-12, it can be
seen that the numerical and experimental
results are subject to noticeable errors.
Accounting for the errors allows for a more
complete analysis of the results.

1. All numerical and experimental values of

max

c™ are in good agreement with each other

(deviations <10%). For the floors below the
middle one, the SST model gives slightly
lower values than GEKO. However, it is not
possible to establish which model is more
plausible due to the lack of experimental data
points.

2. All numerical and experimental values of

max

c,, are in good agreement with each other

(deviations <10%). The SST model gives
slightly better results than GEKO.
3. The of ™

significantly different between the turbulence
models. GEKO at Csep = 1.00 gives the worst
results (deviation from the experimental data
up to 40%) for the 14th floor, but better
results for the 23rd and 25th floors (fits within
the experimental spread). The SST model
gives the best results for the 14th floor
(deviation <10%).

4. The numerical and experimental values of

numerical values are

min

¢, are in good agreement with each other in

the center zone of the building. However, the
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min

SST model gives slightly better results at the
14th floor, while GEKO at Csgr = 1.00 gives
better results at the 23rd and 25th floors.

5. In the corner zones, the numerical and

experimental values of ¢, correspond best

for the SST model. However, the experimental
data on the 25th floor for the 2nd window
from the corner was not reproduced accurately
enough by either turbulence model. For this
point, the numerical data gives significantly
overestimated  values (-2.0 vs. -1.5
experimental values).

Comparison of the obtained results with
paragraph B.1.17 of SP 20 [30] reveals a
significantly poor design of normative
schemes (Fig. 13). As such, experimental and

numerical values of ¢ do not reach even

1.0 anywhere, unlike the value of 1.2 the
building code suggests. For the lower and
upper parts of the building the values of the
coefficients are much lower than for the
central part.

At the corners of the 25th floor the numerical

values of ¢ can reach -2.6 (in the code: -

2.2), although the experimental values do not
exceed -2.05 (remember that this is where
numerical and experimental values deviate the

most). However, on other floors, ¢,™ values
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are significantly lower than normative values.
For the 2nd window from the corner, both
experimental and numerical values are
significantly higher than the normative -1.2.

For other zones of the building, ¢™

can be slightly higher than -1.2, reaching -1.4
in the numerical simulations.

values

12
d
12 {'Vb,d,h:} b 1.2
12
max
a) c,.
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Figure 13. Normative values of peak pressure
coefficients (h is the building height)

According to SP 20 [30], the pressure
coefficients and the corresponding wind loads
decrease steeply at the bottom of the building.
However, the modelling results show that the
decrease of pressure coefficients at the bottom

of the building is observed only for ¢ and

max in

c while ¢

. and c:i_“ remain almost
constant.

The Russian building code does not contain
regulations for extreme values of mean
pressure coefficients, despite their necessity
for the design of window assemblies.
Therefore, it is not possible to carry out an

appropriate comparison.
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4. CONCLUSION

Comparison of the results of numerical and
experimental modelling confirms that the
numerical modelling of mean and peak wind
loads 1is sufficiently reliable for practical
purposes. At the same time, the possibility of
numerical modelling to obtain a significantly
more complete distribution of the coefficients
without additional resources is demonstrated.
One of the important advantages of the
proposed approach is the relatively low
computational cost due to the use of the
steady-state approach only. This is very
important for practical problems constrained
by time and budget.

However, the numerical approach used in this
paper turns out to be dependent on the
availability of experimental data for calibrating
the turbulence models, computing the
coefficients 0+, 0- and the shift factor cesnis.
Obviously, the development of more advanced
models to determine peak wind pressures
independent of experimental data is required.
The GEKO k-o turbulence model has shown a
good ability to be calibrated with
experimental data. However, to achieve better
results than those obtained using the SST
model, more research is required for a full
calibration of the GEKO model.

The importance of error evaluation for the
experimental and numerical results is
demonstrated. In industrial applications and
scientific research, appropriate analysis is
often not performed, which can lead to
dangerous underestimation of wind loads.

The extreme values of mean and peak pressure
coefficients obtained in this study are
recommended for use by window assembly
engineers.
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Abstract: Morocco, which is in a seismically active zone, is currently experiencing a significant development in
terms of the realization of development and infrastructure projects. Therefore, reflection on soil liquefaction
problems during project design is essential. The densification of soils by vibro compaction is a recent process of
soil treatment, its effect is to improve the geo mechanical characteristics of the soil in this case the relative
density and subsequently the reduction of the potential for liquefaction, it is a technique soil improvement in the
mass, it is closely linked to the grain size of the soil to be treated, its percentage of fines less than 10% (going to
0.08 mm <10%), this technique gives the treated soil sufficient cohesion to avoid large increases in pore
pressures during the earthquake. This article aims, through the study of a real case, to evaluate the effectiveness
of vibro compaction to improve the relative density of the soil and consequently the reduction of the risk of
liquefaction of the treated soil. The work focuses on the analysis of the SPT tests carried out before treatment
and on the CPT tests of control of the vibro-compactge works carried out after execution. This study showed that
this process generates an effect of improvement of the relative density and reduction of the compaction by
inducing a reduction of the risk of liquefaction.

Keywords: treatment, Liquefaction, SPT, CPT, Vibro compaction, relative density

BJAUAHUE YIIVIOTHEHUSA IOYBbI HA OCJIABJIEHUE
SABJEHUSA EE PA3KWXEHUA B IOPTOBOM ITPOEKTE
B MAPOKKO

Moxamen b3uas !, Jlaxcen Baxu !, Jlarudpa Oanud ', Anac Baxu !, Adgexak Caduxu 2,
Xamy Mancypu ?

! JTaGoparopus L3GIE, Umxenepras mkona Moxammamuu, BP 765, Arnan Pa6ar 10090 Yuusepcurer Moxammena V
B Pabare, Mapokko
2 O6mecTBennas nmadoparopus LPEE mis ucnsranuii 1 uccnenobanuii, r. Kacabmanka, Mapokko

AHHOTauusl : Mapokko, Haxojsuieecs B CEHCMMYECKM AKTUBHOW 30HE, B HACTOSLIEE BPEMs MEpPEKHUBAET
3HAYUTEIBHOEC PAa3BUTHUE C TOYKU 3PEHHs peaj3aliy JIeBEJIONEePCKUX M HMH(QPACTPYKTYPHBIX IPOEKTOB.
[TosToMy Ba)kKHO YUYHTHIBATH MPOOIEMBI Pa3KIDKECHHUS MOYBHI MPH pa3paboTKe MPOEKTa. YIUIOTHEHHE TPYHTOB
MyTeM BUOPOYIUIOTHEHUS - 9TO HOBEHIIMI Tpoliecc 00paboTKu IpyHTa, ero A3QdeKT 3aKiIoyaeTcs B yaydIIeHuH
TeOMEXaHNUUECKHX XapaKTePHCTHK T'PyHTAa, B JIAHHOM ClIydyae OTHOCHUTEIBbHOW IUIOTHOCTH M, KaK CIIE/ICTBHE,
CHIDKEHUH TOTEHIHaIa Pa3KImKEHUs, TO METO/ YJIy4lIeHHUs] TPYHTa B Macca, OHa TECHO CBSI3aHa C pa3MepoM
3epeH 00pabdaThIBaeMOro TPyHTa, €ro MPOIEHTHAs 101 MeakuX dactui] meHee 10% (mo 0,08 mm <10%), aTOT
METOJT IPUIaeT 00pabOTaHHOMY TPYHTY JOCTaTOYHYIO CBS3HOCTB, 9YTOOBI M30€KATh 3HAUUTEIFHOTO YBEIHUCHHS
IOp. TaBJICHUS BO BpeMs 3eMJICTpsceHUs. JlaHHas CTaThs HalpaBlicHa Ha U3yYCHHE PEabHOTO CIydasi, YTOOBI
OleHUTh S()(HEeKTUBHOCTH BUOPOYIUIOTHEHHS [UIA YIYYIICHUS OTHOCHUTEIHHON IUTOTHOCTH TPYHTa W,
CIIEJIOBAaTEIIFHO, CHIDKCHHS PHCKA pPa3KIKeHHs oOpabareiBaeMoro rpyHta. OCHOBHOE BHHMaHHE B pabote
ymensercss aHanuzy wucneitanuii CIIJA, mpoBeneHHBIXx 10 o0pabotkwm, u wucheitanmii CPT  koHTpos
BHOPOYIUIOTHAIONINX pabOT, MPOBEACHHBIX MTOCTIE BEIMOIHEHHUS. DTO NCCIEI0BAHNE TTOKA3aJI0, YTO 3TOT MPOIece
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Jact 3¢)¢)CKT yaydiaeHus OTHOCHUTEILHOM IUIOTHOCTH MU YMCHBIICHUA YIJIOTHCHUS, BbI3bIBass CHUKCHHUE pHUCKaA

PaA3KNIKCHU.

KaroueBsie ciioBa: o0padotka, cxxkenue, KIIT, CPT, BubponpeccoBanue, OTHOCUTENbHAS TUIOTHOCTh

1. INTRODUCTION

Carrying out projects on predominantly sandy
land in seismic zones requires consideration of
the liquefaction phenomenon in order to avoid
unforeseen damage (Seed, 1971[2]; Robertson &
Wride, 1998[3]; Boulanger & Idriss , 2008 [4]).
To meet this need, the evaluation of the
liquefaction potential by appropriate methods
therefore becomes an important step in the
design of projects in order to decide on possible
treatment methods, depending on the nature of
the ground treated. Our studied case is the soils
of Nador in the North — East of Morocco. this
soil consists of sandy deposits presenting a risk
of liquefaction. after having confirmed the
seismic risk by the exploitation of the SPT tests
carried out on the materials in place, the vibro-
compaction was carried out to fight against the
phenomenon of liquefaction. The vibrations
generate a  temporary  phenomenon  of
liquefaction of the ground surrounding the
vibrator. In this state, the inter granular forces

16

Figure 1. Location of the study area
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are almost cancelled, and the grains rearrange
themselves in a denser configuration presenting
better mechanical characteristics. The purpose of
this article is to describe the technique as it is
carried out today and to discuss the parameters to
be defined and controlled to ensure the
effectiveness of the liquefaction treatment
process by vibro-compaction and in particular
the relative density of the soil, and this through
the exploitation of a companion of the CPT tests
carried out after treatment of the materials.

2. PRESENTATION OF THE SITE

The site object of our study is located in the
North-East of Morocco, it is the city of Nador
which is known to the Mediterranean. The site is
made up of permeable sandy deposits. At this
location, the characterization of the soil's

susceptibility to liquefaction is essential. the
location of the study area is shown in figure 1.
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2.1 Geological setting

The study area is part of the Eastern Rif, and
presents geological formations characterized by
an upper Miocene and a lower Pleistocene
belonging to the Villafranchian. These lands
consist mainly of pink silts with a gravelly bed,
and a small strip of a powerful Quaternary;
both belonging to the Middle Quaternary.
Around the site There is a set of characteristic
reliefs, formed by intermediate substrates : To
the east, the volcanic Massif of Gourougou,

located at the eastern limit of the site. It is 25
km long along the E-W axis and 15 km wide
along the N-S axis. it culminates at 887m. It is
a complex stratovolcano formed from a variety
of volcanic,

basic and intermediate rocks. To the north, the
Cap des Trois Fourches massif, resulting
mainly from pyroclastite lava volcanism, and a
set of metamorphic rocks. It culminates at
433m at the top of the tarjat.
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2.2 The seismicity of the region

The province of Nador is part of the Rif
chains, this region is the seat of a very active
instrumental seismic activity, which has been
verified and validated by a set of studies
which have highlighted the existence of
numerous active structures in the within the
Rif chains.

The area planned for the port of Nador project
and the watershed to which it belongs are
located at the north-eastern end of the high Rif
ranges, at the bay of Bettoya. It is obviously in
the northern zone with medium seismicity. In
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addition, the Nador region is part of zone No. 3
according to the RPS 2000 revised in 2011, and
therefore a maximum acceleration of 0.2 g is
considered.

3. CONTEXT AND GEOTECHNICAL
RECONNAISSANCE

to assess the state of compactness of the soil, an
SPT test was carried out. the test result is
shown in Table 1..
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Table 1. SPT test result

Depth(m) Number of shots
1.5 9
3.5 25
5.5 17
9.5 2
11.5 12
13.5 13
15.5 17
17.5 24
19.5 40
21.5 68
23.5 > 50
25.5 >50
27.5 >68
29.5 77
31.5 78
33.5 >80
35.5 >T77
37.5 >83
39.5 >95
41.5 >99

The lithological section shows that the terrain
of this area consists mainly of sand-based
sediments up to a depth of 21.50 m. Note
however the presence of a layer of alluvium
between 21.50 and 22.50 m. The bedrock is
made up of volcanic tuff and greyish marls up
to a sounding depth of 44.30 m.

the sands encountered are loose to moderately
compact, except between the depth of 19.30 m
and 20.30 m where there is a dense layer of sand.

4. SOIL LIQUEFACTION RISK
ASSESSMENT

In the presence of groundwater, the resistance
to liquefaction of the soil is evaluated by
applying the NCEER method, developed by
Youd and Idriss[5], The risk of soil liquefaction
is given by the safety factor F.S:

Volume 19, Issue 3, 2023

F.S = CRR/CSR (1)

With: CSR: cyclic stress ratio.

CRR: cyclic resistance ratio. According to euro
code 8[6], and RPS 2000 version 2011 [7],
liquefaction occurs if the CRR/CSR ratio <
1.25 (2)

4.1. Cyclic Stress Ratio (CSR) Assessment
Seed and Idriss 1971[8] formulated the
following equation for the calculation of the
cyclic stress ratio CSR

CSR =% = 0,65 (m—) (—°) ry (3)

S'vo g S'vo

Where 7., is the average cyclic shear stress;
Omax 1S the maximum horizontal acceleration at
the ground surface; g = 9.81 m? / s is the
acceleration due to gravity; o, is the initial
vertical total stress; 6’ is the initial effective
vertical stress; rq is the stress reduction factor.
The stress reduction coefficient is expressed as
a function of depth by the following equations
(Liao and Whitman 1986) [8]:

rq =1-0.00765z z<9,I15m (4)
rq =174 - 0.0267z 9,15m <z <23m (5)

4.2. Evaluation of Cyclic Resistance Ratio
(CRR)

The determination of cyclic soil resistance can be
carried out using data obtained from in-situ tests
(Standard penetration test, Cone penetration test,
shear ~wave velocity measurement). To
incorporate the effect of earthquake magnitude
(duration of earthquake or number of cycles), an
MSF magnitude correction factor that adjusts the
CRR value to an earthquake magnitude of 7.5
will be added in the following equation which
becomes as follows:

CRR = CRR7.5 * CM (6)

With CM correction factor, determined
according to Annex B of EN 1998-5[6], based
on surface wave amplitude M
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Table 2. CM correction factor, determined
according to Annex B of EN 1998-5/6]

M CM
5.50 2.86
6.00 1.20
6.50 1.69
7.00 1.30
8.00 0.67

4.3 Evaluation of Safety Factor

The standard penetration test is the most
commonly used test. It consists of determining
the number of strokes N necessary to sink a
corer to a depth of 30 cm, while taking
reworked samples indicative of the different
layers crossed. This method wuses the
normalized standard penetration index N1.60cs
For a magnitude of 7.5 an approximation of
CRR is given by the formula established by
Idriss and Boulanger (2006) [9-11]

_ (N1)gocs (N1)socs 2 (N1)6ocs 3
CRR7-5_EXP[ 14.1 +( 126 ) _( 23.6 ) +

4
(“52=) —24] @
(N1 goes = (N1)go + EXP (1. 63+ ———
15.7 2
(ress) ) ®)
Table 3. Safety factor for SPT-Test
Depth(m) Nspt CSR CRR FS
1.5 9 0.26 0.52 2.01
3.5 25 0.25 >4.0  >1.5
5.5 17 0.27 0.55  2.08
7.5 17 0.25 0.40 1.56
9.5 2 0.24 0.13  0.55
11.5 12 0.23 022 097
13.5 13 0.21 0.21 1.00
15.5 17 0.20 0.24 1.20
17.5 24 0.18 0.31 1.69
19.5 40 0.17 1.07 6.29
21.5 68 0.16 >4.0 >1.5
23.5 50 0.14 1.41 >1.5
25.5 50 0.13 .73 >1.5

The safety factor calculated in table 3 leads to
the conclusion that the layers between 9.00 m
and 16.00 m are liquefiable.

4.4 Prediction of Seismic-Induced Settlement
Based on the curves of Ishihara and Yoshimine
[12], Driss& Boulanger proposed the following
empirical relationship:

gv=1.5¢(~0:025Dmini) ‘min (8 ;y max}

.. N1(60)cs
\/ 46

If Dr,ini > 39.2% = Fult=0.032+0.047. Dr,ini -

0.0006.(Dr,ini)?

iF not Fult =+0.9524

If FS <F ult=>ymax— o ()]
If FS>2 =y max=0

IFFult <FS<2 = ymax=3.5(2- FS)(—rr)

Table 4. Safety factor for SPT-Test

Depth(m) Nspt  (N1)gges Drjini  SS(cm)
1.5 9 22.51 0.70 1.15
3.5 25 39.08 0.92 0.00
5.5 17 24.76 0.73 0.41
7.5 17 23.18 0.71 0.77

9.5 2 7.46 0.40 8.77

11.5 12 16.70 0.60 2.46
13.5 13 16.27 0.60 2.38
15.5 17 18.73 0.64 1.20
17.5 24 23.42 0.71 0.31
19.5 40 34.19 0.86 0

SS : Seismic-Induced Settlement
The Seismic-Induced Settlement is about 18.00
cm.

5. SOIL TREATMENT BY VIBRO-
COMPACTION

According to paragraph 3, there is a risk of
liquefaction between 9.00 and 16.00 m depth.
The treatment against liquefaction was done by
vibro-compaction in the context of the
construction of the port of Nador in Morocco,
in order to improve the relative density of the
materials in place.
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To evaluate the effect of soil densification on
liquefaction, the results of CPT tests carried out
after treatment are used. Given the number of
tests carried out which are more than 20 CPT
tests after vibro-compaction, we will simply
interpret the 7 tests which are located at the
points indicated in table 5:

Table 5. Checkpoints of CPT tests after vibro

compaction
Point X Y CPT
1 703413.10 520974.01 CPT1
2 703392.58 520996.46 CPT2
3 307390.42 520953.30 CPT3
4 703454.86 521014.34 CPT4
5 703382.57 521052.02 CPT5
6 703410.14 520933.01 CPT6
7 703398.25 521024.51 CPT7

The determination of the relative density after
vibro-compaction can be done by referring to
the work of Jamiolkowski (1985) which made
it possible to establish a generic correlation
applicable to all types of sand and which is
formulated in the following form:

ol &)
4e = Co- Py e€Pm . (%22) (10)
dc
Dp = Cil.ln +PO (11)
o ((52)c:)

0" v0= 2. Vsat — Yw) (12)
Ysat = 21 kPa
Yw = 9.81 kPa

P, = 101.325 kPa
gc : Measured cone resistance

DR = Relative density; o', : Effective
vertical stress; CO : Jamiolkowski coefficient
(1985 2001); CI1 : Jamiolkowski coefficient
(1985 2001); C2 : Jamiolkowski coefficient
(1985 2001). This work was supplemented by

Volume 19, Issue 3, 2023

Jamiolkowski (2001), who proposes new

coefficients C0O, C1 and C2, re-evaluated:

Table 6. Coefficients C0, C1, C2 determined by
Jamiolkowski in 1985 and 2001 for relations

10 and 11.
Jamiolkowski 1985 2001
Co 11.79 17.68
C 2.93 3.1
C 0.72 0.5

The 2001 coefficients are more unfavourable in
that, for an equal target relative density, they
require higher values of qc than those of 1985.
The use of this formula makes it possible to
trace the variation of relative density as a
function of depth (Fig3 to Fig9), and this by
exploiting the results of the CPT tests carried
out after vibro-compaction.

The value of the relative density required after
treatment depends on the requirements of each
project, but in general it must be greater than
70%. for the case of treatment of the sand of
the port of Nador by vibro-compacting the
validation criteria are as follows:

1. The minimum geometric mean of the relative
density measured between 0 and 4 meters depth
of the CPT must be 70%

2. The minimum geometric mean relative
density measured over the entire depth must be
77%

3. The values of the peak resistance qc
measured must be evaluated in relation to the
conformity curves Fig: 10. No section must
decrease beyond these curves over more than
50 cm of continuous test depth

For this project the criteria mentioned above
are respected for the 7 control tests and
consequently the vibro-compaction has made it
possible to improve the relative density of the
soil and to reduce the risk of liquefaction.
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Figure 3. Relative density for CPTI as a
function of depth
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Figure 6. Relative density for CPT4 as a
function of depth
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6. CONCLUSION

in this work we studied the soils of the port of
Nador in Morocco, these soils are characterized
by the existence of loose sandy deposits to
moderately compact presenting a risk of
liquefaction between the depths 9 m and 16 m,
which was confirmed by the evaluation of the
liquefaction potential and the relative density by
the exploitation of the SPT tests carried out on
the materials on site. the CPT tests carried out
on the vibro-compacted materials have made it
possible to conclude that the relative density
reached after this treatment is satisfactory by
inducing an improvement in the geomechanical
characteristics of the treated soil and
consequently the elimination of the risk of
liquefaction during the earthquake
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Abstract: Andaman and Nicobar Islands is one of the most earthquake experienced areas around the world
subjected to frequent earthquakes which is being the area of study using rapid visual screening (RVS) method by
google maps and field visit as well. Although the google maps and internet sources can be used to cover up 80
percent data required for assessing and quantifying the RV'S score but a field visit was made for extracting more
relevant data for a detailed study. Port Blair municipal area was narrowed down for the screening since it had the
greatest number of buildings. It was found that the moment resisting frames have been used in most of the
buildings. RC moment resisting frames, load bearing structures, steel structures and wooden structures were
studied in the screening and score was awarded. Gleaned from the score it was derived that old buildings are
more susceptible for higher damage in near future then the recently constructed building.

Keywords: Damage assessment, Port Blair city, Rapid visual screening, Vulnerability assessment

OLIEHKA CEMCMHNYECKOMH YSI3BUMOCTH 3JAHUM
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AHHoTanusi: AHgamanckue U Hukobapckue ocTpoBa - OJWH W3 HauOoJiee CEHCMOOMACHBIX PalilOHOB MHpA,
MOJIBEP)KEHHBI YacThIM 3eMJICTPSCEHUSAM, M MMEHHO 3/1eCh MPOBOAMIOCH HCCIEIOBAHME C HCIIOJIB30BAaHHEM
MeToja OwicTporo BusyanpHoro ckpunuura (bBC) mo kapram Google u ¢ BbIe3oM Ha MeCTO. XOTsS KapThl
Google U MHTEPHET-UCTOYHUKH MOTYT OBITh MCIIOJIB30BaHbl /Ui moiydeHus 80% MaHHBIX, HEOOXOAMMBIX IS
oreHku ¥ npoeneHust bBC, s nonydeHus 6ojice peleBaHTHBIX JaHHBIX JUIS ACTATBHOTO UCCICIOBAHUS ObLI
MPOBEJICH BBIC3 Ha MecTo. MyHHIMNaneHbIi paiioH [TopT-bmap ObLT BEIOpaH I 00CIe0BaHHS, TIOCKOJIBKY B
HEM HaxOIWTCsA HaWOOJbIIee KOJIMYSCTBO 3HaHWH. bBbUIO OOHapyXeHO, 4TO B OOJNBIIMHCTBE 3IaHHN
HCIIOJh30BAJIMCh KapKackl PaMHOTO THIA. B Xome oOciemoBaHWs OBUIM W3yYCHBI Kele300C€TOHHBIC PaMBL,
HeCyIne KOHCTPYKIIMH, CTaJdbHbIE W JepeBSHHBIC KOHCTPYKIIMA ¥ BHINIONHEHAa OleHKa. Ha ocHoBaHWH

Volume 19, Issue 3,2023 141



Mr. Adharsh G., Dr. R. Sivakumar, Dr. K.S. Satyanarayanan

MOJYYCHHBIX OIICHOK OBUIO CJENaHO 3aKIIOYCHHE, YTO CTapble 3JaHus Ooyiee TOABEPIKEHBI OOJBIIAM
pa3pylIeHUsIM B OJiKaiieM OyayIeM, 4eM HeIaBHO TOCTPOCHHBIE.

Kiouessie ciioBa: Onenka ymep6a, ropos [Topt-biap, 6sicTpoe Bu3yansHoe o0cienoBanue,
OLICHKA YSI3BUMOCTH

1 INTRODUCTION

Andaman & Nicobar Islands lying in the Bay of
Bengal is significantly one of the most
vulnerable regions in terms of seismicity,[30]
around the globe and is placed in zone V of
Indian seismic zones. As per the national center
of seismology, In India frequent earthquake
occurs around the Islands in the Bay of Bengal
Sea with an average of 30 earthquakes [27] [13]
[28] every month Source After [25] [22] The
Islands have also reached a population of 4
lakhs and have a high flow of tourists all over
the world all these parameters show the
importance of seismic studies in the Andaman
& Nicobar Islands Source After Sarmah & Das,
(2018) Port Blair which is the capital of the
Andaman & Nicobar Islands is a fast-
developing city that mainly is the home of the
majority of reinforced concrete (RC) framed
structures[19] [31] [32-34] Although the
municipal regulatory board of the islands has set
limitations on the height and number of floors
for the RC structures as 15m or G+4

respectively, it was observed that the anchorage
reinforcement was not adopted in 90% of the
RC framed structures specified in IS13920:2016
ductile detailing for RC framed structures in
Zone V[22-23] [26] Yadollahi.et.al.2012).[7]
Though there are some studies for the
geotechnical  studies on  the  Islands
unfortunately no study is found on the damage
and risk assessment of the RC framed structures
which is of high importance.[14] Fig 1 shows
the epicenter distribution of the Andaman and
Nicobar Islands where it is clearly shown the
density of epicenters with a magnitude range of
6.5 — 8. A survey was conducted in the port
Blair region for the existing buildings using
rapid visual screening (RVS) developed by
FEMA [15] Source After Federal Emergency
Management Agency (2017) for the assessment
of various types of buildings which were then
used for classifying the buildings as per the
damage conditions and suggestions were made
or the building for further evaluation.[20]
[21][24][29]

=

MAP OF INDIA ']

Figure 1. Epicenter distribution of Andaman and Nicobar Islands
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2. LITERATURE REVIEW

Moustafa moufid Kasim and Salmia Beddu in
2021 approached the RVS method through a
web-based method, where they used Google
maps for data collection without physically
going to the site. Around 500 buildings were
selected and segregated as per plan irregularity
and vertical irregularity which was taken from
the street view function. A hazard map was
plotted and further, it was directed for a detailed
study Source After [18]

Additionally, Tanya Sharma and Sutapa Das in
2019 [1] conducted the rapid visual screening
for 100 buildings which were randomly selected
and categorized in 9 major vulnerability
parameters using US FEMA Source After
Federal FEmergency Management Agency
(2017) guideline

3. STUDY AREA

3.1 Geological & Soil profile

The Andaman & Nicobar Island group, situated
1200 km south east of the mainland in the Bay
of Bengal Source After [6] The main
agricultural soils are found in the valleys and
are of alluvial and colluvial origin and sandy
clay to sandy loam in texture Source After
Subramani & Gangaiah. The pH of soils is
normal for 55.3 and 72.4 % soils of Andaman
and Nicobar districts Source After Subramani &
Gangaiah.

3.2 Seismic History

The Islands have experienced numerous
earthquakes in its life span. Although the
numbers are not recorded precisely before
19th century. In this paper the seismic events
pre—and post-independence are discussed. On
26 June 1941 a huge magnitude earthquake
occurred with an epicentral distance of 60kM
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from South Andaman causing major and
damages to masonry structures including the
collapse of cellular jail’s central watch tower
source after [6]. Till the 2004 earthquake
there was not a substantial high magnitude
earthquake recorded which were almost less
than 6 (M<6), however a moderate earthquake
was recorded 20 January 1992 with a
magnitude of 6.9, and a similar earthquake
again hit the islands with a magnitude of 6.5
on 13 September 2002. On 2004 the islands
experienced its highest magnitude earthquake
ever recorded of 9.3. after the 2004
earthquake many seismic events were
recorded with mild magnitude till date.

4.SCREENING METHODOLOGY

The study aimed to create a hazard profile of
Port Blair city. As this was the city’s first study
of its kind, the building samples were chosen
randomly within a zone. The RC framed
buildings are generally susceptible to getting
damaged if it has irregularity of shape in plan
and elevation, hence two types of screening
methods were adopted

4.1 Google earth images (GEI)

Google Earth images (GEI) is a free source
through which the area and the dimensions of
the building can be calculated for preliminary
screening. Using GEI, it was found that most of
the RC buildings were symmetrical in shape.
Around 100 buildings were selected from higher
altitudes as samples by switching the satellite
view to terrain view in GEI from the study area
randomly and only 5 buildings had plan
irregularity. The preliminary survey using GEI
showed buildings are vulnerable due to plan
irregularity as 5%.
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Figure 2. Building sampling using Google earth images (GEI)

4.2 Rapid Visual Screening (RVS

RVS method is one of the most widely used
methods for initial screening of buildings that
are in seismic zones, since it is simple, anyone
with no technical knowledge can survey the
buildings and fill out the form source after [4].
The RVS form was generated by the federal
emergency management agency (FEMA) which
created it for low, moderate, and high seismic
zones and as far as the Indian version of RVS is
concerned it has been modified for masonry
buildings and RC structures for five different

seismic zones. The survey forms can be
customized as per the need which is the major
advantage of the tool Source after [11]

4.3 Building possession
All the buildings were roped into 10 categories

according to their building possession-
Residential, Commercial, Industrial,
Government,  Office, School,  Hospital,
Religious, Storage, Transportation, Unknown

and Mixed Use

Building Occupancy

25
20
15
10

o wu

Figure 3. Distribution contribution of building occupancy
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DISTRIBUTION
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Figure 4. Percentage Distribution of building occupancy

4.4 Building Type

On account to the survey conducted only 5 types
of building were found in the city which were
wood frame (WF), Steel frames (SF), Concrete
moment resisting frame (Cl), Concrete frame
with masonry infill (C2). Figure 5 shows the
distribution of the 100 building samples

100
) l
, - —J4 -
WF SF c1 c2

(@

4.5 Building sample

In Port Blair city, a total of 75 building was
surveyed using the RVS sheet. The sample
consisted of 60 RCC buildings with normal slabs
and steel roof trusses and 10 other types of
buildings which were non-engineered buildings
with low-risk profiles consisting of timber

Volume 19, Issue 3, 2023

distribution according to its building type. Most of
the buildings were newly constructed due to the
increase in tourism and steel structures were
limited and very few truss and bridge decks were
made of steel elements. Wooden structures were
very less in numbers with only single storey
buildings.

EWF WSF HC1 mC2

(b)
Figure 5. (a) Distribution contribution of building type (b) Percentage distribution of building type

structures. The RCC buildings sampled were a
mixture of old buildings to newly constructed
buildings. As the city is now a tourism hub, most
RC buildings were private hotels and residencies.
The buildings were observed for 3 to 5 minutes
and the survey form was filled source after [12]
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5. DETAILED VISUAL INVESTIGATION

The buildings were further investigated to find
if any deep damage traces are found in the
structure. As a result, it was observed that out of
75 sampled structure 3 buildings were damaged
severely in the beam column section and
required immediate repairing. The damaged
buildings were constructed well before 30 years

(@)
Figure 6. (a), (b) & (c) Damaged beam and column in three different schools of Port Blair

(b)
6. BUILDING CONSTRUCTION
REQUIRED

According to IS13920:2016 the required ductile

detailing in seismic zone V, in an external joint, all
the longitudinal bars shall be well provided with
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b)
Figure 5. (a) area covered in the city (b) & (c) Elevation and external condition of building samples
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as per the local sources. The major damage was
found in the buildings after the 2004 earthquake
as per local sources. A high magnitude
earthquake may cause severe damage and lead
the deterioration of the structures [16] As per
the local construction engineer no buildings
were constructed with refence to IS codes
source after [17], (Yang & Goettel,et.al.2007),
(Yadollahi, et al.2012).

(c)

anchorage length away from the inner face of the
column, equal to the development length in tension
plus 10 times the bar diameter minus the allowance
for 90-degree bend(‘s) and in internal joints both
face bars of the beam shall be taken continuously
through the column Source after BIA (1996)
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Figure 7. Beam-column joint required in a

highly seismic area building [3]

7. STATE OF DAMAGE AND RVS SCORE

As per the data analyzed in the sheets, RVS
scores were calculated. The score suggests the
damage level of the building in the near future
due to earthquake or other dynamic loads with
respect to all the parameters

Table 1. RVS score and potential damage of building with reference to European Macro-
seismic Scale (EMS-98) source after Graziani, et al., (2019)

RVS Score Potential Damage Damage Description
Most likely to get Class .
5 damage}:,' Vegry high Destruction
RS <0.3 ’ (In-depth structural system damage)
chance of Class 4 Ground floor collapse (e.g., building wings)
damage e
Very hefty damage
Most likely to get Class (Substantial structural system damage, massive non-
0.3<RS< 4 damage; Very high structural damage)
0.7 chance of Class 3 Heavy cracks in structural elements with concrete
damage compression failure and steel fractures; bond failure of
reinforcing bars; camber of columns.
Substantial to hefty damage
Most likely to get Class (Average structural damage, hefty non-structural
0.7<RS < 3 damage; Very high damage)
2.0 chance of Class 2 Column cracks and beam-column joints, at coupled wall
damage joints, concrete cover spalling and buckling of
reinforced bars.
Most likely to get Class Medium Damage
2.0<RS< 2 damage; Very high (Minor structural damage, medium non-structural
3.0 probability of Class 1 damage)
damage Cracks in structural members.
Negligible to minor damage
Most likely to get Class (Nil structqral damage, minor non-structural damage}
RS>3.0 | damage Hair cracks in the upper layer over frame members or in
walls at the base. Hair cracks in partition walls and
infills.
Table 2 RV'S score performance of buildings
RVS Score Damage Class Number of buildings
WF SF Cl C2
RS < 0.3 5 0 0 1 1
30.3 < RS < 0.7 4 0 0 16 2
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RVS Score Damage Class Number of buildings
WF SF Cl C2
0.7 <RS <20 3 0 0 15 6
2.0 <RS < 3.0 2 3 19 4
RS > 3.0 1 3 5 11 12
DAMAGE GRADE DISTRIBUTION FOR
BUILDING SAMPLES
D5 D1
3% 11%
D2
36%
27%
Figure 6. Damage grade distribution of all the building samples assessed
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Figure 7. RVS score of corresponding building types
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A total of 5 wooden frames were assessed
during RVS out of which two buildings showed
three buildings were used as ware houses which
substantially showed grade 2 damage and two
buildings that were not much used in the past
showed grade 1 damage. 8 steel frames were
observed in which were mostly used as
workshops and motor garages, 3 frames were
drafted under grade 2 damage where a slight
crack were observed near the steel column and
connected walls though the remaining 5 trusses
were classified under grade one damage due to
zone severity.

The majority of the building in the inspected
area were found to be moment resisting RC
frames(C1) in which 62 buildings were visited
for screening. 11 framed buildings were
grouped in grade 1 damage due to their plan and
elevation regularity. 19 buildings were grouped
under grade 2 damage due their plan and
vertical irregularity being the reason of grading
in the majority of building which were also
constructed in sloped areas. The CI type
building were less in numbers in which 1, 2, 6,
4, and 12 number of buildings were grouped
under grade 5, 4, 3, 2, and 1 respectively.[8] [9]
[10].

8. CONCLUSION

For the development and safety of the residents
of Port Blair city and due to the large inflow of
tourism every year in the Islands, it is very
important to study the remaining area of the city
for the damage assessment and present
conditions of the building. As the survey was
conducted within a small scale of 75 buildings
most of the buildings were residential and a
very small percentage of buildings were used
for commercial purposes. The following points
were concluded after the study using RVS as a
tool to measure the damage of buildings in the
future.
1. The Rapid visual screening tool could be
used for the initial screening of buildings
through google maps where the plan

Volume 19, Issue 3, 2023

irregularity in plan can be find out and
further study can be done if the full-scale
picture is available through internet sources
of all the buildings of the selected area.

2. All though the Port Blair city has shown a
steady growth in their infrastructure
development and doesn’t show much
negative values while screening but the
construction practice adopted in the Islands
doesn’t meet the  regulations  of
IS13920:2016 of ductile design.

3. The old buildings which were observed
were 50 years old in average which showed
significant damage in the crucial areas such
as beam column joint.

4. As the city is of national importance, more
detailed visual screening and deep
inspection is needed for the buildings which
showed the sign of vulnerability during the
present study
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LOCALIZATION OF SOLUTION OF THE PROBLEM
OF THREE-DIMENSIONAL THEORY OF ELASTICITY
WITH THE USE OF B-SPLINE DISCRETE-CONTINUAL

FINITE ELEMENT METHOD

Marina L. Mozgaleva, Pavel A. Akimov

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

Abstract: Localization of solution of the problem of three-dimensional theory of elasticity with the use of B-
spline discrete-continual finite element method (specific version of wavelet-based discrete-continual finite ele-
ment method) is under consideration in the distinctive paper. The original operational continual and discrete-
continual formulations of the problem are given, some actual aspects of construction of normalized basis func-
tions of a B-spline are considered, the corresponding local constructions for an arbitrary discrete-continual finite
element are described, some information about the numerical implementation and an example of analysis are
presented.

Keywords: localization, wavelet-based discrete-continual finite element method,
B-spline discrete-continual finite element method, discrete-continual finite element method,
finite element method, B-spline, numerical solution, three-dimensional theory of elasticity, structural analysis

JOKAJIM3ALIMSA PEHIEHUSI TPEXMEPHOM 3AJAYN
TEOPUM YIIPYTOCTU HA OCHOBE BEHUBJIET-PEAJIN3AIINN
JTUCKPETHO-KOHTUHYAJIBHOT O METO/IA
KOHEYHBIX SJIEMEHTOB
C UCITOJIb30OBAHUEM B-CILIAMHOB

M.JI. Mo3zaneea, II.A. Akumos

HauunonanbHelil uccaenoBaTenbckuii MOCKOBCKUN TOCYIapCTBEHHBINA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCH

AHHOTanusi: B HacTosMIIeH cTaThe paccMaTpUBACTCS JIOKAIU3AIMS PEIICHUS] TPEXMEPHON 331a4l TEOPUH yTIPY-
TOCTH Ha OCHOBE BEHBJIET-pEeAIN3alNN JUCKPETHO-KOHTHHYAJILHOTO METO/Ia KOHEYHBIX 3JIEMEHTOB C HCIIOJIb30-
BaHMeM B-crutaitHoB. IIpuBeneHbl NCXOIHBIE ONMEPATOPHbIE KOHTHHYAIbHAs M JAUCKPETHO-KOHTHHYAaJIbHas MO-
CTaHOBKHM 3aJja4yM, PACCMOTPEHBI HEKOTOPBIE aKTyallbHbIE BOMPOCH MOCTPOEHHS HOPMATM30BAHHBIX Oa3MCHBIX
¢ynkimii B-crimaiiHa, ommcaHbl COOTBETCTBYIOIIUE JIOKAIBHBIE TTOCTPOEHUS JUIsS MPOWU3BOJIBHOTO JHCKPETHO-
KOHTHHYaJIbHOTO KOHEUHOTO 3JIEMEHTA, MTPECTAaBICHbI HEKOTOPhIE CBEICHUS O YUCICHHON peaau3aluu U Mpu-
Mep pacyera.

KaroueBbie ciioBa: JIOKaJIn3anus, BeﬁBneT-peanmauI/m METOAa KOHCYHBIX 3JICMCHTOB,
,HI/ICerTHO-KOHTI/IHyaJ'ILHHﬁ METOA KOHCYHBIX 3JICMCHTOB, MCTO/JL KOHCYHBIX 3JICMCHTOB,
B—CHJ’IaﬁHH, YHCJIICHHOC PCUICHUEC, TPEXMEPHAad 3a/ilada TCOpHUU YPYyroCcTtu, pacucThbl KOHCprKHI/Iﬁ

INTRODUCTION B-spline version of so-called discrete-continual

finite element method (DCFEM) [1-4] has been
Numerical solution of the problem of three- already considered in [1]. Systematic literature
dimensional theory of elasticity with the use of review has been presented in [1] as well. In this
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regard, let us immediately move on to the main
material of the distinctive paper.

1. FORMULATIONS OF THE PROBLEM

Let the constancy of the parameters of the prob-
lem be in the direction corresponding to x,

(main direction). The operational formulation of
the problem with the use of so-called method of
extended domain [5], taking into account the
selection of the main direction, is determined by
the equation [6]:

LJ—F
0

I/\

<0,,0<x,<0,,0<x, <0, (1.1)

where we have

L=-L,0:+L,0,+L,,; (1.2)
2u+i 0 0 0 A 0
{ u08+8u0082+

0 0 0
0 u O Y7 0 0
8{/1 0 006,+05]0 2u+i 010,
0 0 0 0 0 u
(1.3)
Luv:

0 0 A 0 0 0
=0,/0 0 0|+0,]0 0 A|- (1.4)

u 0 0 0 u 0

0 0 u 0 0 0
-0 0 o}al—{o 0 u|d,;
A0 0 0 4 0
n 0 0
L,={0 p 0 | (1.5)
0 0 2u+n
F=0F+5,7; (1.6)
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L, (x,x,,x)eQ

0(x,,x,,x;) = (1
0, ('xl’xz’x})gQa

0, (x,,x,,x,)=00/0n; (1.8)

¢,,0,,0, are corresponding dimensions of ex-
tended domain (linear dimensions of consider-
ing structure); x=(x,, X,, X;); X, X,, X; are
Cartesian coordinates; ¢ and A are Lame pa-

rameters; Q is the domain, occupied by struc-
ture;

Q={(x,x): 0<x </l

; (1.9)

O<x,<l,; O<x;</t,};

O(x,, x,, x;) 1s characteristic function of domain
Q; 0, =0,(x,x,,x;) is the delta function of
boundary I'=0Q; n=[n, n, n, | is bounda-
ry normal vector; F is the load vector in do-
main Q; f is the corresponding boundary load

vector; u is the vector of displacements (un-
known vector function),

(1.10)

0,=0/ox,, s=1,2;0,=-0/0x,, s=1,2.

Let us introduce the following notations

vl
Vv=0,u=|v,|; (1.11)
V3
u'=0u; V=0, (1.12)
Thus we can rewrite (1.1):
L i+l v-Lov=F. (113

Finally we obtain system of differential equa-
tions with operational coefficients:

International Journal for Computational Civil and Structural Engineering
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=
{V’ = L)L, g+ L)L, 7~ LF 419
or
7 =1z+F, (1.15)
where

v uy

L{LIL L'L } F_{—L;iﬁ}’ (1.16)

(1.17)

The system of equations (1.15) is supplemented
by boundary conditions, which are set in sec-

tions with coordinates x; =0 and x; =/,.

2. SOME GENERAL ASPECTS OF FINITE
ELEMENT APPROXIMATION

The discrete component of the numerical solu-
tion is represented by directions along the axes
x, and x,. The fulfilment within the element

(rectangular element) is the same for all compo-
nents of the vector function U (see (1.4)) Let's
divide the interval (0, /,) into N, parts and
interval (0, ¢,) into N,, parts (sides of ele-
ments); h,, =/,/N,, is the length of the side of
the element in the direction x;; h,,=¢,/N,_, is

the length of the side of the element in the direc-
tion x,. Let us number the elements with a mul-

ti-index i, =(i,,, i,,), where i,, =1, ., N, is
the first

i,, =1, .., N, is the number in the second di-

the number in direction (X,);
rection ( x, ).

We will also divide each side of the element
i, =(ie,1, ie’z) into and parts Nh,e’l(ie’l) and

N,.,(i,), respectively. It should be noted that

Volume 19, Issue 3, 2023

th’l(ie,]) and Nh,e,z(ie,z) are of greater im-

portance on the localization (of solution) ele-
ments than on the other elements. Let us denote
the number of nodes on the element in the first
and the second directions as

Np,l (,))=N, .G )+1;
Np,z (ie,2) = Nh,e,z (ie,Z) +1.

Thus, the total number of nodes on the element
with this discretization is equal to

Np (le) = Np,] (ie,l )Np,2 (ie,Z) .

3. LOCAL CONSTRUCTIONS
FOR ARBITRARY FINITE ELEMENT

Let us represent fulfilment on the element
i,=(i,y, i,,) for the p-th component of the

vector function (p =1, 2, 3)

up(xl’ xz) = W(tl, tz) =
N[),Z (ic,z) Np,l (ie,l )

my (i, 5) my (i, ;) o2
— z Z ¢jzz 2 (t2)¢j11 1 (tl),al(]/z 11)’
Jr=1 A=l
.1)
where

x () <x <x(,,)+h,;
X, (1,5) <X, <x,(6,,) +h, 55
t=0x-x0,))/h,, 0<t <I;
t,=(x,—x,(i, )/ h,,, 0=t <I;

@7 (¢) is the j-th basis function of the B-spline

of degree m (see, for example, [7, 8]).
In this case, we have the following relations:

o 1 0

1 .
al = 6— = -
X he,l ox, he,Z ar,

dx, = h&1 -dt; dx, = he’2 -dt,;

2.,
o,
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Let us define the parameters ¢ in terms of oy =T"ur. (2.5)
the nodal wunknowns on the element
i,=(i,,,0,): Let us introduce the following notations:
u>V(x , x )=wt,, t.,)= i
) il> i2 il Yi2 ) .
Ml V) 3 . ut=|
_ m; (i my (I (Jasd1) . )
= z Z @ (G () e, T
J2=1
X =X (,,)+ ﬁ( =-1); are the nodal values of the vector function on
Ny the element i, ;
h 2
Xy =X, (i,,)+ ———(,—-1);
Np,2 (le,Z) - 1 ull
t=(x—x,(0,))/ h,, = u' = u;
. he 1 . . l/li
=% (Ze,l) + . G-D- xl(le,l) / he,l = 3
N, G, )1
i -1 is the value of the vector function at the i-th
= 1 node on the element i, ;
P, l(le 1)
i,—1
t,=—2——. »
Np,2 (19,2) - 1 _ .p
uy=|
We obtain a system of linear algebraic equations g e)
P
Ta, =u,, (2.4)

are the nodal values of the p-th component of

the vector function on the element i,
where we have

(p=1, 2, 3).
_ . Let P tati tri h that
T={t }i . s et P be a permutation matrix such tha
my (i) my iy 1) .
=0 )0l ) -
Pu' =|u" |. 2.6
does not depend on p; . u2 (2.6)
L_l;e
a,={a)y={a"}; w:={u)}={u"}; Since for a permutation matrix P~ =P", the
i—i (i )@, —1) inverse transformation has the form
1 1\%e,1 2 4
L=1.,N,,@G,), =1 .,N,G,); e
1
J =] +Np,1 (le,l)'(JZ _1) H gl}, — PT L—lzle ) (27)
S=l N, LG, =1 N, (). -
3

Then we have
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To construct local stiffness matrices correspond-
ing to the operators L , L , L , we consider

bilinear forms, taking into account representa-
tion (2.1) and relations (2.2)-(2.3) on the form

functions:

u(x, x,)=wt, t,)=
Nyolicn) Ny Gey)

=2 2

k=l k=l

y(x, x,)=q(, t,)=
Npalip ) Ny G )

=2 X

k=l k=1

my (i, ) m (i) —k,
@, (e () -a

my (i, 5) my (i, ;) nk.
(/)kz2 ’ (tz)(pkll Y@)-B

(2.8)
X (ie,l) Sx Sx (ie,l) +h,,;

el

X, (ie,2) <X, <X, (ie,Z) + he,2 5
0<t,t <1,

of B
a'=lay | B=|B
oy B

k=k+N,,G.,) (k,~1);
ky=1,..,N ,(,,); k=1..,N,(i,):;
va(ﬁay) = (wa_l’y) =

Xyl 2 )+he p Xy (g ) +he H 0 0
= j j (0 u 0 |i,y)dudx, =
X3 (i) x (i) 0 0 2#‘1’1
400
= he,2he,1J.J‘( 0 u 0 u,y)dtdt, =
010 0 2u+2

Npoliga) Nyl y) Npo(ig ) Ny (i y)

=D 2 X 2 VX

ih=1 i=l =l =l
u 0 0

(0 w0 &, p),
0 0 2u+4

where we have
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1

Vij= he’IJ-(Djr:n(ze,])(tl) X goi:nl(le'])(l‘l)dl‘l %
01 (2.9)

xh, [0 (1) " (2, dt,.

0

Let us denote

.....

Then, taking into account dependences (2.5) and
(2.6), the following chain of equalities is valid

B, (@,y)=< L,y >= u(Ca,B)+
+p(Cay, fy)+Qu+ AT ar, f) =
= u((T' TT ", 5) +
+u(TY TT Yk, zi )+
+Qu+ (T TT w2z ) =
uG 0 0 w | |z
=l 0 uG 0
0 0

i |,z | |=
Qu+A)G ||zt | |z
uG 0 0
=|PT| 0 uG 0

0 0 Qu+A)G
= (K, 2%).

Pt 7" | =

Thus, the local stiffness matrix K correspond-
ing to the operator L has the form

uG 0 0
K:=P"| 0 uG 0 |P. (211
0 0 Qu+i)G

Similarly, one can obtain local stiffness matrices
corresponding to the operators L, and L . We

present here the final formulas.
The operator L, corresponds to
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Kllm Kblml +K:m2 +K:ru3 +Kzlm4’ (212)
where we have
Qu+1)G, 0 0
K =P 0 uG, 0 |P;
0 0 UG,
Gl = (Til)TrlTil > F = {7/11';},']’—1 ,Np(l},);
m (ip1) my (i, 1)
I Al dq)l 1 Al
=—{ () ———(t,)dt,
e, 0 dt,
(2.13)
% he’zjq);:z(ie,z)(tz) . (Dirz”z(ie,z)(t2 )dtz,
0
0 AG, 0
K;Z,z =Pl uG, 0 0|P;
0 0 0
G, = (Til)TrzTil; I, = {7/2 i j}ij—l...,Np(z;,);
1 d¢ml(z 1)
Vary = |00 (1) (t,)dt, %
0 1
L mG) (2.14)
x| —2—(1,)- @™ (1,)dt,;
_([ dr, (1), (¢,)dt,
0 uG, 0
KW 3 =P’ AG, 0 0|P;
0 0 0
G=(TY T, Ty={rs, b o)
l ml(l 1) )
7/3,1‘,] = J' (tl) . ¢i:”l(le.l)(tl)dtl %
1° i (2.15)
x [ (1) = (t,)d;;
0 dt,
uG, 0 0
K:,=P'| 0 Qu+AG, 0 |P;
0 0 uG,

G,=T"'T,r'; r,= {7/4,1%1'}i,_i:L---»Np(ie);
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my (i, 1) my (i)
n”=—{¢ (6)- " (8t

hel 0 (2 16)
A j-d(pj’jz(’ 2) (t ) d(ﬂ:z(ie,z) (t )dt :
xn,, 2)° 2 )4ty
0 dt2 t2
The operator L, corresponds to
Kl Kzltvl+KLlw2_Kllw3_KLl¢v4’ (217)
where we have
0 0 4D,
Ke =Pl 0 0 0 |P;
uD, 0 0
Dlz(Til)TAlTil; {11]}111 ,,,,, N(z)’
1 my (i)
llj J.wzll(l ]) (tl)dtl X
" : (2.18)
> he,zj(D;Zz (e2) (tz) . (01’2”2 (e 2) (tz )dtz;
0
0 0 0
KlM:P 0 0 AD,|P;
0 wuD, O

Dz = (T_I)TAzT_l;

1
my (i, ;) my (i, 1)
52,[,_;‘ = he,lJ-¢jll : (tl)'goill ] (tl)dtl x

1 mz(l » (2.19)
X[ @20 (1) (1, )d1;
0 dt,
0 0 wuD
K;M Pl 0 0 0 |P;
AD, 0 0
D3=(T_1)TA3T_1' =1 311}',,1 ,,,,, N, (Q,)>
1 ml(l 1) A
M,j (6)- " (1, )dlt,
0 1 di (2.20)
% he,zj¢;:2 (i) (tz) . (0;”2 (ie.z)(tz )dtz,
0
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0 O 0
K:iev,4=PT 0 0 uD,|P;
0 AD, O

.....

1
54,1‘,/ = he,1'|‘(0zll(ie’1)(t1) ) (Pl‘l]nl(ig'])(tl)dtl X
fd s | 2.21)
Xhe,z'[:;—t(tz)'(0:2(1@‘2)02)‘”2;
0 2
W’xa
Xy X

3. EXAMPLE OF ANALYSIS

3.1. Formulation of the problem.

As a model example, let us consider the deter-
mination of the displacements of a three-
dimensional beam, fixed along the side faces in

v

D LTt STt e

/
’
’
4

Figure 3.1. Example of analysis.

three directions, under the influence of a load
concentrated in the center (Figure 3.1).

Let us consider the following geometric pa-
rameters:

L =L,=3.6m; L, =8m.

Let us consider the following design parameters
of material of the beam: coefficient of elasticity
E =26500-10" kKN/m?; Poisson's ratio v =0.15.
Let external load parameter be equal to
P =100 kN.

3.2. Structural analysis with allowance for
localization.
Let us determine the localization of the solution

in the zone of application of the load. Let us set

Ne,l :Ne,Z :4

Volume 19, Issue 3, 2023

is the number of elements in each discrete direc-
tion. The lengths of the element are equal to

h,=0,/N, =3.6/4=09; #h

e,

,=h

e,

=09,

Let us set the fulfilment by directions (Figure 3.2):

Np,l (1) = Np,1(4) =2

is the fulfilment in the first direction by a spline
of the first order: m (1) =m,(4) =1;

N, (2)=N,,3)=4

is the fulfilment in the first direction by a spline
of the third order: m (2) =m,(3)=3;
N,,(D=N,,(2)=4

lel
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is the fulfilment in the second direction by a The total number of unknown nodal displace-

spline of the third order: m,(1) =m,(2) =3; ments is equal to N, =3-81=243.
Total number of nodal unknowns is equal to
N,,3)=N,,(9=2 N, =2-243=486.

Figures 3.3 and 3.4 graphically represent select-
is the fulfilment in the second direction by a ed examples of the obtained solution results. Let

spline of the first order: m,(3)=m,(4)=1. us use the following notations:
Thus, the localization area includes elements

with numbers (2, 1), (3, 1), (2, 2), (3, 2). h,=h,,/3=09/3=0.3
The total number of nodes of the mesh is equal

to N,=9-9=81.

-

X

Figure 3.2. Mesh discretization with allowance for localization.

CONTOURF: function U2(:,:,x3=L3/2+h3)

U2=U2(x1,2h2,x3=L3/2+h3)

0.5 1 1.5 2 2.5 3 3.5 4

b)
Figure 3.3. Nodal displacements u, :

a) in section x, =0,/ 2+h,; b) in section and at the level x, =2h,
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is the step of discretization of the finite element in
the localization area in the second direction (x, );

hy=10,/20=8/20=0.4

— step of printing the result along the continual
direction ( x; ).

o 10" U2=U2(L1/2,2h2,x3) o 10° U2=U2(L1/2,2h2,x3)
0.5 0.5
1 1
1.5 1.5
2 2
2.5 2.5
3 \ o/ : \\ //
3.5 \ / 3.5
4 \ 4 \ ]
4.5 \ / 4.5 \ /
5 5
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
a) b)
Figure 3.4. Displacements along continual direction for x, =/ /2 and x, =2h,:
a) component u,, b) component u, .
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NUMERICAL SIMULATION OF THE STRESS-STRAIN STATE
OF A LARGE-SPAN STRUCTURE WITH JOINTS WITH GAP
UNDER THE SEISMIC LOADS IN A TRANSIENT DYNAMIC

Alexander M. Belostotsky, Andrei S. Pavlov, Alexandr I. Nagibovich

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

Abstract: The article presents the results of numerical simulation of a unique long-span structure subjected to
seismic loads. The roof and facade of structures were connected to reinforced concrete base with joints with
gaps. The simulation was realized for ideal model and model with gap imperfections. Various modeling ap-
proaches for the joints and the resulting dynamic response were examined.

Keywords: Long-span structures, seismic response, joints with gaps

YUCJEHHOE MOJEJIUPOBAHUE HATIPSI’)KEHHO-
NE®OPMUPOBAHHOI'O COCTOSIHUA
BOJIBINENPOJETHOTO COOPYKEHUS C JIO®TAMMU B
OIIOPAX C YYETOM CEMCMHUYECKHNX BO3JIEMCTBUH B
HEJUHEWMHOHN TMHAMUWYECKOHN NOCTAHOBKE

A.M. Benocmouxuii, A.C. Ilasnoes, A.U. Hazuboeuu

Hanmonanbnbiii nccnenoBaTeabckuii MOCKOBCKUI TOCYAapCTBEHHBIN CTPOUTENIbHBIA YHUBEPCUTET, T'. MOCKBa,
POCCUA

AHHOTaHl/Iﬁ: B aKTyaJ’ILHOfI CTaTbC MPEACTABJICHBI PE3YJIbTAThI YUCIICHHOI'O MOJACIUPOBAHNA YHUKAJIBHOI'O CO-
OpYKCHHS, TOABCPIraromIerocs CeﬁCMH‘IeCKOMy BO3ﬂ€I7[CTBPHO, BKIIFOYAKOLICTO 6OJ'II>HICHPOJ'I€THBI€ KOHCTPYKIUHN
TOKPBITUA U APYTUC OIpaKAar0ne KOHCTPYKINU, CBA3aHHBIC C JK€JIe300€TOHHBIM OCHOBAHUEM Ycpe3 OMOpHLBIC
YaCTUu C KOHCTPYKTHBHBIMU J'IIO(I)TEIMI/I/3a30paMI/I. HpOBeﬂCHa OLICHKa Z[PIHaMH‘IeCKOﬁ peakuru COOPYKCHUA B
I/I,HCaJIH3I/Ip0BaHHOI>'I MOCTAHOBKC W IPU HAJIMYMHU HCCOBCPUHICHCTB Y3JIOB. PaCCMOTpeHbI Ppa3JIMIHbIC BAPUAHTHI
MOACINPOBAHUA y3JI0B U peanmyeMof/'I ,I[PIHaMPI‘IeCKOfI peaknuu.

KuroueBbie ciioBa: bosbuienposieTHble KOHCTPYKLNHU, CEMCMUUYECKasl PEAKLUS COOPYKEHHU,
OTIOpHBIC YaCTH C TO(TaMI

1. INTRODUCTION

Current modern approaches to numerical model-
ing of unique buildings and structures are ori-
ented towards detailed and physically accurate
reproduction of the construction itself, taking
into account initial imperfections and the actual
operational scheme of the components.

The consideration of imperfections becomes
especially important for tasks involving the
direct modeling of the behavior of a structure
subjected to dynamic influences, such as
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seismic loads of the ultimate level or emer-
gency actions leading to progressive collapse.
These situations may force the structure to op-
erate in a critically unstable state, for which
standard methods of assessing load-bearing
capacity have limited applicability. It is nec-
essary in these cases to ensure the stability
and survivability of the structure and to elimi-
nate the possibility of its collapse.

Based on various domestic and international
normative documents and research, two main
types of imperfections can be identified:
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— Imperfections of the shape of structural
elements (various deviations from straightness
or theoretical shape);

— Imperfections of the joints (the actual
stiffness of joints, structural nonlinearity of joints
in the form of contact opening, or the possibility
of free movement due to clearances).
Accounting for shape imperfections in modern
normative documents, such as Russian Codes,
Eurocodes, ACI, and others, can be done
through coefficients determined based on ini-
tial eccentricities and element sizes or through
direct modeling of imperfections by adjusting
the shape of the analytical model.

Research related to the consideration of the
actual project scheme of joint operation has
been conducted by teams from the Melnikov
Central Research and Design Institute of Steel
Structures (CNIIIPSK), including the work of
N.N. Streletsky, VNIIPI Promstalkonstruktsi-
ya, and the work of V.V. Kalenov and A.B.
Pavlov [4]. G.G. Kashevarova's work [5] is
also relevant in this context. Expert assess-
ments of the actual joint operation schemes in
the collapse of large-span structures have been
the focus of research by A.M. Belostotsky [1-
3] and teams from the R&D Center StaDyO
and NOC KM MGSU, and among others.

In this current article, we will consider one of
the numerical modeling approaches for the be-
havior of joints, the structural design of which
allows for clearances or gaps, resulting in lim-
ited free movement of the structure.

2. PROBLEM’S FORMULATION

The large-span structure is located in a seismic
zone. The normative seismicity of the construc-
tion site is assessed at 9 points for soils of cate-
gory II in terms of seismic properties. Accord-
ing to the results of geophysical studies, the re-
vised seismicity of the construction site is nu-
merically rated at 8 points.

The object is a building with a complex geometric
shape, featuring an outstanding cantilevered open
terrace with a length of 35.2 meters. The build-
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ing's roof is designed as a spatial steel truss struc-
ture supported by steel columns, with overhanging
edges on all sides and a canopy over the main en-
trance and terrace. The approximate overall di-
mensions in plan are 124.8 by 207.0 meters.

The steel roof elements span the entire volume
of the building and consist of a spatial grid
structure comprising longitudinal and transverse
trusses. The support for the roofing is provided
by a reinforced concrete frame and steel col-
umns, which, in turn, rest on the reinforced con-
crete structure of the frame and the steel struc-
ture of the cantilever.

Figure 1. Structural views

The steel elements of the 35.2-meter cantilever
consist of longitudinal and transverse trusses
made of welded elements. Support for the fa-
cade is provided through steel inclined struts on
the reinforced concrete frame and the cantilever
structure, as well as through cantilever support
of the facade elements on the reinforced con-
crete frame. The steel elements of the structure
are made of welded I-beam sections and circular

pipes.
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Figure 2. Accelerograms for seismic loads for X, Y, Z directions
(acceleration, m/sec’ vs time, sec)

The joints that connect the steel roof and fa-
cades with the reinforced concrete structures
of the operational part of the structure are de-
signed as hinged movable and fixed joints
with clearances/gaps normal to the base of the
joint. Preliminary calculations using linear
spectral theory have shown that, in addition to
compressive reactions, tensile forces may oc-
cur at these joints, leading to cyclic open-
ing/closing of the gap and essentially bidirec-
tional impact loads. Assessing the contribu-
tion of the dynamic impact component to the
overall stress-strain state of the structure and
joints within the framework of linear spectral
theory is impossible.

Taking this into account, experimental numeri-
cal modeling of the structure was performed in a
transient dynamic using direct integration of
dynamic equations in time with an implicit
scheme, considering physical, geometric, and
structural nonlinearities.

The base excitation considered was seismic
loading based on a three-component ground mo-
tion record of the ultimate level (Level KZ) with
a structure responsibility factor (KO) of 1.3, in
accordance with current regulatory require-
ments.
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3. MODELS AND THEIR PROPERTIES

The analysis of the structure's behavior was per-
formed in a dynamic setup using the Newmark
method with standard integration parameters
[7], considering physical and geometric nonlin-
earities. Damping was implemented in the ana-
lytical model using Rayleigh damping. For steel
structures, the determination of the "alpha" and
"beta" parameters was performed with damping
set at 2% of critical damping, while for rein-
forced concrete; it was set at 5% of critical
damping.

Considering the complexity of the structural de-
sign and the independent vibrations of structural
segments, the Rayleigh damping range was con-
sidered in the range of f1 = 1.381 Hz, up to 33
Hz.

Number of natural mode Natural frequency, Hz

1.381
1.5744
1.6095
1.9641
2.0974
2.1176

NN B [W| N~
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Number of natural mode Natural frequency, Hz

2.183
2.2404
9 2.2691
10 2.2841

NODAL SOLUTION
STEP=1

MX =.215654
SMX =.215654

R
Dt

I
0 047923 095846 .143769
023962 .071885 .119808

.191692

.167731 .215654

Figure 3. First natural mode of structure

NODAL SOLUTION

I
0 016126 032251 048377 .064502
.008063 .024188 040314 .056439 .072565

Figure 4. Third natural mode of structure

The calculations were realized with ANSYS
Mechanical software package. In the analysis
the following elements were used:

— structural beam elements BEAM188 based on
Timoshenko's theory with corrections for shear
and seven degrees of freedom at each node
(three translations, three rotations, and one out-
of-plane degree of freedom)

— thin-walled shell elements SHELL181 in the
Mindlin-Reissner form with full integration (for
representing wall and slab reinforced concrete
structures).
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The modeling of joints was done using discrete
spring elements. Several options were consid-
ered beforehand:

* A variable stiffness spring elements (multi-
linear form) COMBIN39.

*  Two springs oriented in different directions
along local axes with clearances, using
COMBIN40 elements.

*  The combination of the COMBIN40 spring
element with a contact element node-to-node.

Table 1. Axial stiffness of springs for middle
range of triaxial displacement-force curve for

COMBIN39
Joint type Axial stiffness, Gap, mm
kN/m

A 744580 1.8
B 372080 2

G 764050 2.6
D1 1583440 2.6
D2 1187500 2.6
D3 791560 2.6
D4 372080 1.7
D5 372080 1.7
E 555670 24

Figure 5. Section beoint type A

The COMBIN40 options showed a good force-
displacement relation during verification model-
ing. However, during the actual dynamic analy-
sis, they encountered unconvergence issues.

The use of finite elements of the COMBIN39
type was chosen as optimal. The behavior of the
supporting joints with clearances was represent-
ed in the form of a three-linear displacement-
stiffness diagram. The stiffness of the extreme
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segments was equivalent to the longitudinal
stiffness of the connected structures, while the
middle segment was assumed to have the stiff-
ness of disc springs introduced into the structur-
al node to reduce the influence of clearances on
the stress-strain state of the structure.

Figure 5 displays a graph of force verification in
the element relative to the displacement of one
of the structure's nodes. In the 0-2 interval, a
compressive load is applied to the node, fol-
lowed by unloading. In the 2-3 interval, a dis-
placement equal to the clearance is applied, fol-
lowed by equivalent tensile loading in stage 1.
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Figure 6. Force-loading stage relationship for
COMBIN39 as joint with gaps

It's worth noting that the stiffness ratio between
the middle and extreme segments of the diagram
spans several orders of magnitude, which, in
turn, affects the convergence of the solution
when transitioning from the "stiff" portion of
the curve to the "soft" portion and vice versa.

4. RESULTS AND DISCUSSION

The conducted computational studies indicate
that small clearances/gaps in the joints, allowing
limited movement of the structure as a rigid
body, have a minimal impact on the resulting
stress-strain state of the entire system.

According to the performed computational stud-
ies, the joints with clearances have relations de-
scribing the stress-strain state over time that are
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similar to those of the model without them (top
diagrams in Figure 7 and 8).

Some joints only work in compression, while
others experience momentary detachments ac-
companied by dynamic impact. Such dynamic
loading of the system does not qualitatively af-
fect the overall deformation over time, but it
leads to local rapidly decaying high-frequency
oscillations (visible in the graphs as local densi-
fications of the deformation curves).

It's worth noting that the high-frequency noise gen-
erated by the "impacts" of the structure after intro-
ducing clearances is more pronounced for joints
with higher contact stiffness. Additionally, for these
temporary segments, convergence issues arise, ne-
cessitating a reduction in the integration step.

To improve convergence and maintain a stable
time integration step in this case, two approach-
es can be applied:

1. Adjust the reduced stiffness of the defor-
mation curve segments for COMBIN39 ele-
ments that represent the behavior of joints with
closed gaps.

2. Use non-standard integration parameters for
the Newmark method [7] to smooth the solution
for high-frequency oscillation regions:

vy — amplitude decay factor with recommended

value between 0.05 and 0.1 for high and moder-
ated speed dynamic processes [6].

For some joints, accounting for the behavior of
disc springs and gaps results in a reduction of
detachment forces if the displacement does not
reach the gap size. For certain elements, such as
joint B (element 510493), E (506798), and E
(506792), the detachment forces increase from
8.6% to 31.5%. For elements D2 (506805), D2
(506788), D4 (506787), D3 (506806), D2
(506803), and D4 (506804), the increase in
compressive forces ranges from 7.3% to 37.8%.
Large values correspond to joints with initially
small support reactions.
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Figure 7. Joint reaction and gap displacement versus time for element 506791 (top — axial
reaction vs time, bottom — axial displacement between joint plates vs time)
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Figure 8. Joint reaction and gap displacement versus time for element 506808
(top — axial reaction vs time, bottom — axial displacement between joint plates vs time)
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In most cases, the amplitude of compres-
sion/detachment forces is close to those ob-
tained from the model without accounting for
the behavior of joints with clearances.

The influence on shear reactions and the change
in their amplitude values is insignificant and
does not exceed an average of 2%.

CONCLUSION

A methodology for modeling buildings and
structures with joints that have clearances/gaps,
subjected to cyclic dynamic seismic loading, has
been proposed. Approaches for maintaining a
stable time step and reducing the computational
costs of the iterative solution process have also
been presented.

Based on the results of the performed calcula-
tions of large-span structure under seismic load-
ing using three-component ground motion rec-
ords with direct integration of dynamic equa-
tions over time, considering physical, geomet-
ric, and structural nonlinearities, it is currently
possible to use linear elastic models, calculated
using linear spectral theory, for modeling struc-
tures that include joints with small clearanc-
es/gaps.
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DEVELOPMENT OF COMPUTATIONAL SCHEMES
OF GENERALIZED KINEMATIC DEVICES THAT PRECISELY
REGULATE THE NATURAL FREQUENCY SPECTRUM
OF ELASTIC SYSTEMS WITH A FINITE NUMBER OF DEGREES
OF MASS FREEDOM, IN WHICH THE DIRECTIONS
OF MOTION ARE PARALLEL, BUT DO NOT LIE
IN THE SAME PLANE
PART 1: THEORETICAL FOUNDATIONS

Leonid S. Lyakhovich !, Pavel A. Akimov ?, Zaur R. Galyautdinov ', Andrey S. Plyaskin '
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Abstract: To date, for some elastic systems with a finite number of degrees of mass freedom, in which the direc-
tions of mass movement are parallel and lie in the same plane, methods have been developed for creating additional
generalized targeted constraints and generalized targeted kinematic devices. Each generalized targeted constraint
increases, and each generalized targeted kinematic device reduces the value of only one selected natural frequency
to a predetermined value, without changing the remaining natural frequencies and natural modes. Earlier, for elas-
tic systems with a finite number of degrees of mass freedom, in which the directions of mass motion are parallel,
but do not lie in the same plane (for example, plates), an approach for the computing of a matrix of additional
stiffness and a method for the development of computational schemes of additional generalized targeted constraints
were developed. Also earlier, for such systems, an approach was proposed for the computing of a special matrix
with allowance for additional inertial forces that determine a generalized targeted kinematic device. At the same
time, the method of development of computational schemes of kinematic devices was not proposed. The distinctive
paper is devoted to approach, that makes it possible to develop computational schemes of generalized targeted
kinematic devices for such systems as well. A variant of the computational scheme of constraint for the rod system
with one degree of activity, is considered. Some special properties of such targeted kinematic devices are revealed.

Keywords: localization, natural frequency, natural mode, additional generalized targeted constraint,
stiffness coefficients, inertial forces, generalized targeted kinematic device

®OPMUPOBAHUE PACUETHBIX CXEM
OBOBUIEHHBIX KHHEMATHYECKHUX YCTPOHCTB,
NPULEJBbHO PETYJIUPYIOIIUX COHEKTP YACTOT
COBCTBEHHbBIX KOJEBAHUH YIIPYTUX CUCTEM
C KOHEYHBIM YHUCJIOM CTENEHEW CBOBOJIbI MACC,
Y KOTOPBIX HAIIPABJEHUS JIBUKEHUS TAPAJIJIEJIbHBI,
HO HE JIE)KAT B OJHOHU JIOCKOCTHU

JI.C. JIaxoeuu ', Il A. Axumos ?, 3.P. Fanaymounoe ', A.C. Ilnackun’
' ToMCKHIi TOCY1apCTBEHHBIN apXUTEKTYPHO-CTPOUTENBHBIH yHUBEpcHTET, I. Tomck, POCCUS

2 HanmoHanbHbII UCCIen0BaTeNbcKiii MOCKOBCKHIA TOCY IaPCTBEHHBIN CTPOUTENBHBIA YHUBEPCHUTET,
r. Mocksa, POCCHUA

Annoranusi: K HacTosiieMy BpeMeHH JUIsi HEKOTOPBIX YIPYTHX CUCTEM C KOHEYHBIM YHCJIOM CTETIeHeil CBOOOIbI

Macce, Yy KOTOPBIX HAIIpaBJICHU ABUKCHUA MAaCC MapaJlJICJIbHbI U JICKAT B OJIHOI IIJIOCKOCTH, pa3pa60TaHbl MCTObI
CO3aaHUsA JOIIOJIHUTCIIBHBIX 0606IH€HHI)IX MPULICTIBHBIX CBsI3eH U O606IHCHHLIX MPULICIBbHBIX KUHEMATUYCCKUX
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ycrpoticTB. Kaxknast 0600mEHHasI TPHUIIETbHAS CBA3b YBEIMUUBACT, a KaKI0e 0000IIEHHOE MPHUIIEThHOE KITHEMA-
THYECKOE YCTPOMCTBO YMEHBIIIACT BEIUUUHY JIHIIb OJJHOM BRIOPAHHON COOCTBEHHOM YaCTOTHI IO HATICPE]T 3a/[aH-
HOTO 3HAYCHUSI, HE U3MEHsISl TIPH STOM OCTalIbHbIE COOCTBEHHBIE YaCTOThI U (POPMbI COOCTBEHHBIX KOJICOAHUIA.
Panee /uist ynipyrux CUCTEM C KOHEYHBIM YHCIIOM CTEIeHel cBOOO/IbI MacC, Y KOTOPBIX HAPABICHUS JIBIIKCHUS
Macc TMapauIebHbI, HO HE JIeKAT B OJTHOW IUTOCKOCTH (HAIpUMe), TIACTHHBI), pa3padoTaH MOAX0 ] 00pa30BaHUs
MaTpPHIIbI JJONOJHUTENbHBIX KECTKOCTEH U METO (POPMHUPOBAHMUS PACUSTHBIX CXEM JIOTIOJHUTEIBHBIX 0000IICH-
HBIX TPHUIICTBHBIX CBs3el. Tarke paHee JIs TAaKUX CHUCTEM IPEUIOKEH MOAXO0 00pa30BaHMs MATPHILI y4eTa
):leﬁCTBPISI JOIIOJTHUTCIIbHBIX I/IHepHI/IOHHbIX CHJI, onpeuenﬂ}omnx O606I.HeHHO€ HpI/ILleJ'[bHOC KHHEMAaTHYCCKOC
ycrpotictBo. [Ipu 3ToM crioco6 (HOpMHUPOBAHUS PACUCTHBIX CXEM KHMHEMATHYECKHUX YCTPOMCTB, MPEIJIOKCH HE
ObUL. B maHHOM cTaThe MpeIaracTces moIXo I, MO3BOJIIONINN (HOPMUPOBATH PACUCTHBIC CXEMbI 0000IIICHHBIX MTPH-
LIETBHBIX KHHEMATHYSCKUX YCTPOUCTB U TSI TAKUX CUCTeM. PacCMOTpeH BapHaHT pacueTHOM CXEMBI CBSI3H, TIPE/I-
CTaBJICHHBIH CTEPIKHEBOM CHCTEMOM C OJHON CTENEHbIO AKTMBHOCTH. BBISBIEHBI HEKOTOPBIE 0COOBIE CBOWCTBA

TAaKUX TPULICIIBHBIX KHUHEMATHYCCKUX YCTPOﬁCTB.

KiroueBble cjioBa: 9acToTa COOCTBEHHBIX KOJeOaHMA, (popMa COOCTBEHHBIX KOJIEOaHHH,
JIOTIONTHUTEIbHAST 0000IIEHHAS TPULICIBEHAS CBSI3b, KOO PHUIIMEHTHI )KECTKOCTH, HHEPITHOHHBIE CHITHI,
00001IeHHOE TIPUTIETFHOE KHHEMAaTHIEeCKOE YCTPOHCTBO

INTRODUCTION

As is known [1-9], one of the methods for releas-
ing a certain frequency interval from one or more
natural frequencies can be the introduction of
generalized targeted constraints and generalized
targeted kinematic devices. In the mentioned re-
search works, for elastic systems with a finite
number of degrees of freedom of masses, in
which the directions of mass motion are parallel
and lie in the same plane (for example, elastic
rods), methods and algorithms for development
of targeted constraints and generalized targeting
kinematic devices were proposed. In [3-9] for
systems with a finite number of degrees of free-
dom of masses, in which the directions of mass
motion are parallel, but do not lie in the same
plane, an approach is proposed to the computing
of a matrix of additional stiffness coefficients
with allowance for targeted constraints and an al-
gorithm for development of computational
scheme for this constraint. For generalized tar-
geted kinematic devices an approach to the com-
puting of a special matrix with allowance for ad-
ditional inertial forces was also considered.

([ 1]+ me® v, [1, j1+ (1, 2]v,[2, j]+...

2,1, [1, j1+ (12, 2]+ m[2]@” v, [2, j]+.

rln v, [L, j1+7r[n,2]v, (2, j1+...+ r[n,q]v,
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Besides, a method for development of computa-
tional schemes of kinematic devices for such sys-
tems has not been proposed.

The distinctive paper contains description of an
algorithm that makes it possible to develop com-
putational schemes of kinematic devices for such
systems as well. A variant of the computational
scheme, represented by a statically determinate
rod system with one degree of activity, is consid-
ered. Some special properties of such kinematic
devices have been revealed. The possibility of
taking into account the influence of the elastic
properties of the rods of a kinematic device on
the values of the natural frequencies and the co-
ordinates of natural modes is considered.

Let us present, in accordance with [4, 5], the al-
gorithm of computing of corresponding matrix
with allowance for additional inertial forces. For
the considering systems (for instance, Figure 1a),
the main system of the displacement method is
selected (Figure 1b). The equations of the dis-
placement method are written in the conventional
form for systems with a finite number of degrees
of freedom

+r(Lqlv,[q,jl+...+r[lnlv [n,j]=0

42,9, [q, jl1+...+7r[2,n]v, [n, j]=0 0

g, j1+...+ (r[n,n]+ m[n]a)z)vw[n,j] =0
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Figure 1. Considering system: a) initial problem; b) the main system of the displacement method.

In (1) the quantities r[i, k] form a matrix of stiff-
rli, k]

m[i] form a diagonal matrix M =||m[i]

ness coefficients A:| ; the mass values

;@ 18
the natural frequency of the system; v [k, j] are
displacements in the direction of movement of
the masses in the jth (j=1,2,..,q,,..,n) form of
natural oscillations.
Roots of the equation

|A — a)2M| =0 2)

determine the natural frequency spectrum of the
system

oll], o[2],...,0[q —1],@[q], w[q +1],...0[n] . (3)

In [4], [5] it is shown that a kinematic device with
one degree of activity transmits a generalized im-
pact inertial force to the considering type of
structure, which reduces the value of only one
natural frequency to a given value g, leaving
the remaining frequencies of the spectrum un-
changed.

The device is formed on the basis of a special ma-
trix with allowance for additional inertial forces

MO:MmO*Mm’ (4)
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where we have
M, = ||m0[i,k

oy 5)

The matrix M, has special properties [4], [5]. If

the introduced kinematic device is “targeted” at
the ¢ th natural frequency, then the coefficients

of the matrix M, (||m0 [i,k]”;k:l) are orthogonal

to the coordinates of the natural modes corre-
sponding to the remaining frequencies of the
spectrum. That is

gmo[i, K1*v, [k, j1=0, "

(i=.2,.,n,j=12,..,g—1,qg+1,..,n).

In relation to the ¢ th natural frequency, at which
the kinematic device is “targeted” we have

imo[i,k]*vw[k,q] 0, (i=12,..,n). (7)

k=1

In [4], [5] it is shown that conditions (5) and (6)
will be satisfied by the coefficients

moli, k1= m{i]m{k]v,[i.q]v,[k.q].  (8)

175



Leonid S. Lyakhovich, Pavel A. Akimov, Zaur R. Galyautdinov, Andrey S. Plyaskin

The value of the multiplier M, is found as the

root of the equation

(A= * M) =M, * (@} *M,)|=0.  (9)

The value M, is determined by the dependency

S (ali, k] - @2mli, kD, 7. ()], [k (4)]
M — i=1 k=l

S o ik, [ ()1, s (@)

i=1 k=1

(10)

Result of solving the equation

|4- 0" (M + M, ,M,)|=0 (11)
must confirm that the natural modes have not
changed, and the “target” frequency has de-
creased to the value w; .

Kinematic device, which will correspond to a

special matrix of coefficients with allowance for
additional inertial forces

My=M,M,, M, =|mlik

i (12)

ik=12

should ensure the relationship between nodal dis-
placements is the same as between the coordi-
nates of the ¢ th natural mode of the original sys-

tem. In [2, 4, 5] it is also shown that such a rela-
tionship will be realized if the kinematic device

transmits inertial forces R[i](i=1,..,n) to the

nodes, the ratios between which are proportional
to the ratios between the forces

R[i]=mlilv,[i,q]. (13)

The magnitude of the forces R[i](i=1,..,n) [2]
is determined from the relation

176

Rli1=Y M, 02m[i. kv, [k ()] . (14)

Computational schemes of generalized targeted
kinematic devices are multivariate and depend on
the geometry of the base system, the location of
the masses and other features of the object.

One of the options for the computational scheme
of a generalized targeted kinematic device can be
a statically determined hinge-rod system, to
which additional mass M _,, is applied.

The geometry of the computational scheme is de-
termined by the lengths of the main racks in-
stalled in the nodes where the masses are located,
in the direction of movement of the masses
[ [i] (i=1,2,..,n), the coordinates of the node
X,,Y,,Z, for applying the additional mass, as
well as the coordinates X[i], Y[i], Z[i] of the ar-
ticulated fixed supports located outside the orig-
inal system and determining the directions of the
additional rods connecting the tops of some of
the main racks with these supports.

After forming a matrix M, of coefficients of ad-
ditional inertial forces (4), (5), (8), (10) and a set-
ting of values R [i] (12), it is required, by vary-
ing the lengths of the racks / [i] (i=1,2,..,n) and
coordinates X,Y,Z,, X[i],Y[i],Z[i] to find
their values at which the inertial forces
N_[i](i=1,..,n) in racks, will be equal to the
forces R,[i](i =1,..,n) with the accepted level of

approach.

Thus, it is proposed to solve the problem of form-
ing a computational scheme of a kinematic de-
vice based on minimizing the sum of the squares
of the differences between the inertial forces aris-
ing in the main racks in the process of forming
the kinematic device, and the quantities
R[i](i =1,..,n), the relationships between which
will be proportional to the relationships between
the forces R [i](i=1,..,n). To do this, in the

space of varied parameters [ [i] (i=1,2,..,n),
X,,Y,,Z,, X[i],Y[i],Z[i] the target function is
selected
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fo= Y (Nsil-RED* . (19)

To assess the proximity of the target function
(14) to the minimum, a small value QOO s as-
signed.

In accordance with the above, a version of the
computational scheme of the kinematic device is
formed in the form as a statically determinable
hinged-rod system. In this case, the computa-
tional scheme should provide the additional mass
with only one degree of freedom, namely the
ability to move in parallel with the movements of
the remaining masses in the process of natural os-
cillations.

According to the design conditions, the length of
one of the main racks (for example, the g thrack)

is specified. Let's call this rack the base one,
[ [g]=1,[g]. The initial values of the remain-

ing variable parameters are selected, that is, the
lengths of the racks

LI =1,2,.,(g=1),(g+1),..,n)

and coordinates X,Y,,Z,, X[i],Y[i],Z[{].

These steps determine the initial geometry of the
computational model of the kinematic device.
To further solve the problem, it is necessary to
choose a method for finding the minimum of the
target function (15) (steepest descent [10-15],
random search [16-18], or others).

The algorithm for implementing further steps to
develop the computational model of the kine-
matic device is similar to the algorithm of devel-
opment of the computational model of the tar-
geted constraints [6-9].

The first step. Increments are set to variable
lengths of racks

LI =L[i1+Al(i=1,2,...(g =1),(g +1),..,n)
and coordinates

X, =X, +AX,, Y, =Y +AY,,
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Z,=7,+AZ,;
XT[il= X[i]+AX[i], Y[i]=Y[i]+AYTi],
Z[i]= Z[i1+ AZ[i], i =1,2,..n,) ;

Thus, the geometry of the computational scheme
of the kinematic device is updated.

The second step. A system of equilibrium equa-
tions is compiled to determine the forces in the
elements of the updated computational scheme of
a statically determinate kinematic device.

The third step. From the equilibrium equations,
the forces in the elements of the computational
scheme of the kinematic device are found.

The fourth step. The value of the target function
(15) is computed.

The fifth step. If we have f, > 00O, then in ac-

cordance with the chosen method of searching
for the minimum of the target function (15), the
varied parameters and thereby the computational
scheme of the kinematic device and the system
of equilibrium equations are adjusted. Then we
go to the third step and the process continues.

The sixth step. If the value f; is less than a pre-

selected small value OOO, then the process
ends, and the computational scheme of the tar-
geted kinematic device is developed with a given
error (O0QO).

Within development a computational scheme or
creation of targeted constraints situations are
known in which the values of the lengths of the
main racks turn out to be of different signs. Struc-
turally, such a computational scheme is almost
impossible to implement. In these cases, within
creation of targeted constraints, the constraint
shifted in the direction of mass movement in a
positive or negative direction by an amount at
which the lengths of all main racks became of the
same sign [7, 9]. Within development of compu-
tational scheme of kinematic devices, a similar
the solution is not always applicable in such sit-
uations.

Allowance for the features of kinematic devices,
when the above situation occurs, represents a
separate problem and will be considered sepa-
rately in subsequent paper.
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Let us consider an approach to determining the
value of additional mass (M, ) from the condi-

tion that the kinetic energy of additional inertial
forces is equal to the work of the inertial force
created by the additional mass during natural vi-
brations.

It is obvious that the kinetic energy of additional
inertial forces ( £, ) is determined by the depend-

€nce

=

4

wsmy[i, kv, [i, (), [k, ((])]} :

(16)

Ek :Mm0|:

i=1 k=1

Inertial force created by additional mass is equal
to

8°v(t)

Nin(t) = _Madd W

(17)

Movement of additional mass in (17) is equal to

v(t)=v, sin(at) . (18)
In (18) the amplitude value of the movement of
additional mass during vibrations.

From (17) and (18) it follows that the amplitude
value of the inertial force created by the addi-
tional mass

_ 2
N, =M,V ;.

mn a

(19)

Equating the kinetic energy of additional inertial
forces (16) to the work of the inertial force N,

on displacement v

m?°

we obtain E, =N, v, or

E, =v.@;. Thus, we get

ogmy[i, kv, [i,(q)Iv, [k ,(q)]}

add 2 2
M ,,.v;,05

a

(20)
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In order to use dependence (20) it is necessary to
determine firstly the displacement value v, .

Let us consider the option of determining the
value v, under the condition that the kinematic

device moves as an absolutely rigid body only
due to the displacement of the nodes in which the
masses of the original system are located. To do
this, in the generated scheme of the kinematic de-
vice, a unit force is introduced in the node for ap-
plying additional mass, directed parallel to the
movement of the masses. The action of this force
determines the forces in the main racks

N, il (i=1,2,.,n).

The movements of the nodes, where the main
racks are installed, are determined by the coordi-
nates of the shape of the natural mode corre-
sponding to the frequency at which the kinematic
device is ‘targeted”

Vm[i’ (q)] (i = 192,"’ ll) .

Thus, we have

V=L@, @)

M, is determined by (20). The determination

did not take into account the compliance of the
kinematic device rods. Therefore, the result of
changes in the spectrum of natural frequencies
will depend on the rigidity parameters of its ele-
ments.

Let us consider the possibility of taking into ac-
count the influence of the compliance of the rods
of the kinematic device on the amount of move-
ment of additional mass. Let us denote the ampli-
tude of movement of additional mass during os-
cillations by v, ,. The value v, , consists of two

components

v .0 = Vm +vm,d H (22)

m
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where v is the component corresponding to the

movement of the kinematic device as an abso-
lutely rigid body (21); v, , is the component of

the movement of additional mass corresponding
to the deformation of the rods of the kinematic
device.

In order to determine v, , the forces in all the

rods of the developed diagram of the kinematic
device from the action of a unit force introduced
at the node of application of additional mass and
directed parallel to the movement of the masses

N LN, ) Ny k]

are found.

Here N, [i], N, [j],N,,[k] are the correspond-

ing forces are in the racks, belt rods and addi-
tional rods. The amplitude values of the forces

Nst[i]’Np[j]’Nd[k]a

that arise during natural vibrations in the rods of
the kinematic device are determined at the end of
the process of its creation. It should be noted that
N [i],N,[j1, N,[k] are respectively the forces in

the racks, belt rods and additional rods. Since the
linear theory of small vibrations is used, the
forces in the rods of the kinematic device are de-
termined according to the undeformed scheme.

Thus, the displacement v, , is determined by the

constraint
= NN )
vmd—{; BRI
S NN
= EF[J]
k]Nd L7101k
P T }

where E, F [i], F,[ ], F,[k] are respectively the

elastic modulus of the material of the kinematic
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device and the cross-sectional area of the racks,
belt and additional rods.

The total displacement is presented in (22).

The expression for determining the amplitude
value of the inertial force created by the addi-
tional mass can be written in the following form

Nm,o =M ddvm,Oa).Sz“ (24)

a

The energy balance is now based on the equality
of the sum of the kinetic energy of additional in-
ertial forces ( £, ) and the potential energy of de-
formation of the rods of the kinematic device
( E,) to the work of the inertial force N,, , on dis-

placement v, ;. This condition takes the form

E,+E, =N, ,,= Maddvfn,owf‘; (25)
n 2rs . 1, N2 . l .
- {Z NZE“]ZE{?] N j%[;][p.[]ﬂ N
i= st l j= J
1 2 j=1 » 26)
23 [k]ld[k]}.
‘= EF,[k]
Finally, we have
E +E
M, = % (27)
Vin0Ws

Before the formation of the kinematic device, a
system with n degrees of freedom was consid-
ered. Let us call the natural frequencies of this
system (3) “basic”. If the kinematic device is cre-
ated in such a way that the additional mass is able
to move only in parallel with the movements of
the remaining masses, then only one more degree
of freedom is added to the considering system.
Thus, the considering system has (rn+1) degrees
of freedom. This circumstance causes the appear-
ance of another “additional” natural frequency.

The targeting of the kinematic device is realized
only in relation to the “basic” natural frequen-
cies. The value of the “additional” natural fre-
quency depends on the compliance parameters of
the rods of the kinematic device and can be either
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greater than the values of all “basic” frequencies
or less than any of them.
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