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AIMS AND SCOPE

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

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

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

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

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

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

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

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

(TeXHUUYECKHUE HAYKH),

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

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

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

* 05.23.07 — TuapoTeXHUYECKOE CTPOUTENBCTBO (TEXHUUECKHE HAYKH),

* 2.1.9 — CTpoutenbHas MeXaHUKa (TEXHUUYECKUE HAYKH)

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

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

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

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

3agaum KypHaa:

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

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

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

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

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

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

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

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

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

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

Vu Ngoc Tuyen’, Fedorova Nataliya Vitalyevna', Duong Thanh Qui

! Moscow State University of Civil Engineering National Research University, Moscow, RUSSIA
2 Vietnam Institute for building materials, Ha Noi, VIETNAM

Abstract: The article considers issues related to the assessment of survivability of structural reinforced concrete
systems in special limit states under the scenario of removal of one of the load-bearing columns within the
framework of the probabilistic approach. Probabilistic models of basic (stochastic) variables included in the load
and resistance functions are presented. Statistical parameters of the uncertainty of the resistance model and the
model of the effect of external actions are obtained and integrated as a basic variable in probabilistic modeling.
The functions of the limit state of the structural system in a special calculated situation with a sudden removal of
the central column of the first floor are determined. Probabilistic modeling is performed using the first-order re-
liability method (FORM) for structural reinforced concrete systems designed according to the current standards
of the Russian Federation. As a result, the values of the failure probabilities and the corresponding reliability in-
dices are obtained for the considered structural systems.

Keywords: Progressive collapse, probability, structural reliability, first order reliability method, robustness,
column removal scenarios, reinforced concrete structures

OLIEHKA BEPOSAATHOCTHU OTKA3A KEJE3OBETOHHOHN
PAMBI ITPU CHEHAPUN YJAJEHUA KOJTOHHBI METOJOM
HAAEXHOCTH IHEPBOI'O ITOPAIKA

By Hzok Tyen', H.B. @eooposa’, 3vionz Txanv Kyi ?

! HanuoHanbHbIH UCCIenoBaTeabekuii MOCKOBCKUIL roCyAapCTBEHHBIN CTPOUTENbHBIN YHUBEPCUTET, I'. MOCKBa,
POCCHUA
> BbeTHAMCKHI UHCTUTYT CTPOUTENBHBIX MATEPUAJIOB, I'. Xanoil, BLETHAM

AHHoTanus: B paMkax BEpOSTHOCTHOTO IOJXOJIa PACCMOTPEHBI BOIPOCHI CBSI3aHHBIC C OLEHKOW >KHBYYECTH
KOHCTPYKTHBHBIX JK€JI€300€TOHHBIX CUCTEM B OCOOBIX IMPEACIIbHBIX COCTOSIHUSAX IPH CLICHAPHUH YIaJIeHUN OJHOU
13 HeCylMX KOJIOHH. [IpencraBiieHbl BEpOSITHOCTHBIE MOJIEIN 0a3UCHBIX (CTOXaCTHYECKUX) MEPEeMEHHBIX, BXO-
ISKMX B (DYHKIMHM Harpy3o0K M CONpOTHUBJICHHH. IToirydeHbl 1 MHTErpUpOBaHbl B BUJE Oa3MCHOM NEpeMEHHOM
IIPH BEPOSITHOCTHOM MOJEIIMPOBAHUM CTATUCTUYECKHE MapaMeTpbl HEONPEACIIEHHOCTH MOJIENIA COIPOTUBIICHUS
u Mozenu 3¢ ¢dexTa oT BHEIIHUX Bo3aehcTBuil. OnpeneneHbl GyHKIMHM HPEEIbHOIO COCTOSIHUS KOHCTPYKTHB-
HOH cHCTEeMBI B 0COO0H pacyeTHOI CUTyalluy IPY BHE3AITHOM YaJICHUHU LEHTPAIbHONW KOJIOHHBI IIEPBOrO 3TaXKa.
BrinosHeHO BEpOSITHOCTHOE MOIEIMPOBAaHNE IO METOy pacdeTa HaJleKHOCTH nepBoro nopsaka (FORM) kon-
CTPYKTHBHBIX JKEJIC300€TOHHBIX CHCTEM JKeJIe300€TOHA, 3allPOSKTUPOBAHHBIX I10 JIeHCTBYIOMMM HOpMaM Pd. B
pe3yJibrare JUisi pacCMaTPUBAEMbIX KOHCTPYKTHBHBIX CHUCTEM IOJIyYeHBI 3HAUCHUs BEPOSTHOCTEH OTKas3a U Co-
OTBETCTBYIOIINX MUH/IEKCOB Ha/ICKHOCTH.

KunoueBblie cioBa: [Iporpeccupyromee oOpyiieHne, BEpOSITHOCTh, HAE)KHOCTh KOHCTPYKIIHH,
METOJI HaJe)KHOCTH IIEPBOTO MOPSIIKA, IPOYHOCTH, CIICHAPUH YAAJICHUS KOJIOHH, JKEIe300€TOHHbIE KOHCTPYKIINH
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Assessment the Probability of Failure of a Reinforced Concrete Frame Under a Column Removal Scenario Using

the First-Order Reliability Method

1. INTRODUCTION

Progressive collapse is a catastrophic partial or
complete failure of a structure caused by local
structural damage [1]. Local failure initiates a
chain reaction of failures that propagates verti-
cally or horizontally through the structural sys-
tem, resulting in widespread partial or complete
collapse. The key feature of progressive col-
lapse is that the resulting ultimate damage is
disproportionate to the local damage caused by
the initiating event. Such collapses may be initi-
ated by specific beyond design basis events (e.g.
gas explosions, vehicle collisions, and sabotage,
fires, extreme environmental impacts, and hu-
man errors in design and construction) [2].
Progressive collapse and stability of structures
under such special beyond design loads became
an important factor in research and design after
the collapse of the Ronan Point apartment tower
in 1968. Interest in this topic has recently in-
creased as a result of the terrorist attack on the
Murrah Federal Building in Oklahoma City in
1995 and the attack on the World Trade Center
in New York in 2001 [3].

At present, although the stability of structures
against progressive collapse under special be-
yond design basis events has become a world-
wide research topic, there is no unified theory
for assessing structural stability, nor a general
methodology for quantitatively assessing the
progressive collapse resistance of real complex
structures. Below are presented some notable
research directions proposed for assessing the
stability of reinforced concrete structures
against progressive collapse.

One of the main areas of research in assessing
the response of structures to beyond design ac-
tions is the conduct of experiments on structural
models. A number of quasi-static tests have
been conducted on various structural models,
such as a beam-column and beam-slab substruc-
ture, flat frame structures and large-scale build-
ings, ... [4]. Thanks to these experiments, the
load-bearing capacity, as well as the defor-
mation and failure characteristics of the struc-
ture, have been studied quite thoroughly. During
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the deformation of the substructure, various
mechanisms of resistance to progressive col-
lapse were discovered with an increase in the
quasi-static concentrated load above the re-
moved column.

At early stages, when the applied force is still
small, the bending moment in dangerous sec-
tions is less than the bearing capacity M., the
structure operates according to the bending
mechanism. The internal forces in the beam are
only the transverse force and the bending mo-
ment. The longitudinal force is practically equal
to zero [5].

When the quasi-static external force applied
above the removed column continues to in-
crease, the bending moment reaches the limiting
value M. in the sections near the side columns.
At the same time, as the external load increases,
the value of the bending moment in these sec-
tions no longer increases. The stresses in the
reinforcement in the tension zone of the danger-
ous sections reach the yield point, and the plas-
tic deformation in them increases significantly.
The compression zone height of concrete gradu-
ally decreases, and numerous cracks appear in
the tension zone of concrete. At this stage, it can
be observed that the compressed concrete strip
forms an arc (arch). The horizontal displace-
ment at the base of the formed arch is limited by
the adjacent structures. Due to the work of the
compressive concrete arch, the bearing capacity
of the system increases significantly. The struc-
ture enters the stage according to the arch
mechanism [6]. It should be noted that when
calculating reinforced concrete structures under
the scenario of removing a load-bearing column,
the arch mechanism cannot be modeled using
bar and plate elements in traditional finite ele-
ment analysis.

As the quasi-static external force applied above
the removed column increases, the displacement
of the structure also increases. The height of the
compressive concrete arch gradually decreases
to zero. At this stage, the arch mechanism com-
pletely disappears and is replaced by a catenary
mechanism [7]. All reinforcement in dangerous
sections is subjected to tension. This also means
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that the longitudinal force in the structure begins
to manifest itself and increases to a limiting val-
ue when the stresses in the reinforcement reach
the tensile strength. The structure completely
collapses when the longitudinal reinforcement
ruptures.

It should be emphasized that the above-
mentioned deformation and failure characteris-
tics were discovered as a result of quasi-static
experiments. Therefore, it does not fully reflect
the dynamic nature of the process of progressive
collapse and does not explain the change in the
dynamic strength of the material under high-
strain-rate conditions. Several dynamic experi-
ments have been conducted so far to overcome
the shortcomings of quasi-static experiments
[8,9]. However, these experiments are very
complex and require expensive equipment.

In parallel with the experiments, many scien-
tists choose the method of predicting the bear-
ing capacity, as well as the deformability and
failure characteristics of structures using nu-
merical methods, such as the finite element
method [10]. However, the output results of the
numerical analysis largely depend on the cor-
rectness of the input data, the suitability of the
material model, the types of finite elements, as
well as the perfection of the calculation algo-
rithm and the skills in using specialized soft-
ware. It should be noted that the numerical
analysis here can be either nonlinear dynamic
or nonlinear static. In the case of nonlinear
static analysis, a dynamic amplification factor
is applied so that the structural system provides
equivalent dynamic behavior in the scenario of
sudden column failure [11].

Another approach proposed for assessing the
dynamic response of structures is the energy
approach. Based on the nonlinear relationship
between load and displacement in a quasi-static
test and assuming that the work of the external
force is balanced by the energy stored inside the
structure when the column fails, we can find the
greatest displacement that the system can
achieve [12]. The energy approach is relatively
simple, but it does not allow us to assess the ef-

fect of strain rate on the dynamic strength of
materials in reinforced concrete structures.
Some researchers use the tools of structural dy-
namics to solve the problem of dynamic behav-
ior of structures under beyond-design actions in
the form of sudden failure of load-bearing col-
umns. Jian Weng and his colleagues proposed a
linear model with single-degree-of-freedom,
which takes into account a fixed damping coef-
ficient and failure time of the column [13]. Jun
Yu and his colleagues proposed a nonlinear
model with single-degree-of-freedom, in which
the system stiffness is described by a trilinear
function, which is able to describe various
mechanisms of resistance to progressive col-
lapse of the structure [14,15].

Another approach to studying the resistance of
building structures to progressive collapse is to
use reliability/risk indices [16,17]. The ability
of a structure to withstand damage can be de-
termined based on the reliability analysis of the
structure and probability assessment. Probabil-
istic analysis will allow design engineers to
decide whether further protective measures are
required to prevent the risk of collapse. Iz-
zuddin A. et al. [18] proposed a probabilistic
risk assessment system for multi-story steel
buildings under beyond design actions. In their
work, a simple probabilistic scheme was used,
including the basic requirements for describing
the uncertainty of hazards, the local damage
associated with them, and the consequences of
global failure. Xu and Ellingwood assessed the
resistance of steel frames to progressive col-
lapse by developing a probabilistic model of
failure of beam-column connections [19]. In
the proposed model, the load values as well as
the load-bearing capacity of the structure are
uncertain quantities. Brunesi and Parisi used
Monte Carlo simulation to create two-
dimensional (2D) and three-dimensional (3D)
stochastic realizations of structural models
from which an analytically model of progres-
sive failure of reinforced concrete frame struc-
tures could be derived [20].

The main objective of this study is to develop an
assessment method for predicting the resistance
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to progressive collapse of a reinforced concrete
frame structure based on the probability princi-
ple. In the reliability analysis, a global limit
state equation for the bearing capacity of the
structural system is first formulated, in which
the safety factor is the difference between the
ultimate bearing capacity of the structural sys-
tem and the effects of external loads. An analyt-
ical approach (the first-order reliability method
(FORM)) is applied to analyze the reliability of
multi-story reinforced concrete frame structures
subject to column failure based on the structural
reliability index.

collapse resistance

2. METHODS

Fundamentals of a progressive collapse risk
management strategy

In general, the strategy for managing the risks of
progressive collapse focuses on calculation
methods that assess the ability of a damaged
structural system to maintain survivability after
a special event associated with the occurrence of
a special action.

If each of the threats discussed earlier is repre-
sented as a random event, then the total proba-
bility of collapse of the structural system can be
written as follows:

robustness

element behaviour ayent control

}maximise

P(F)=P(F

DH)P(DH

H) P(H)

(1)

vulnerability

where F is an event defined as a disproportion-
ate or progressive collapse of a structural sys-
tem;

P(H ) is the probability of occurrence of a spe-

cial event associated with the threat H ;
P(DH|H) is the conditional probability of local

failure of an individual structural element D as a
result of the realization of the threat H ;

P(F|DH) is the conditional probability of the

occurrence of progressive collapse of a structur-
al system F under the condition that local failure
of an individual element D occurs upon the real-
ization of a special event H .

In the case of a progressive collapse, the main
consequence of which is loss of life, acceptable
reliability P(F) will be achieved if the follow-

ing condition is met:

P(F)< Py v)
The basic question in the approaches adopted by
almost all regulatory documents containing re-
quirements for calculations for special actions is
the following: what level of probability of col-
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hazard }minimise,

lapse of a structural system should be consid-
ered acceptable?

Within the framework of the generally accepted
concept, it is considered that the central criteri-
on value of the probability of collapse of a
structural system is P, =107 /200 for a refer-

ence period of 1 year.

It is easy to see that the probability of occur-
rence of disproportionate progressive collapse
of the structural system can be reduced by re-
ducing either each individual or all three proba-
bilities included in (1). In this case, the proba-
bility of occurrence of a special event P(H )

associated with a threat A is independent dur-
ing design. It can be controlled by the space-
planning solution or placement of the building,
reduction of possible risks inside the structure
with organized security measures, personnel
training, etc. When implementing such
measures, many risks can be effectively pre-
vented (e.g., terrorist attacks, improper opera-
tion of the building and structure, ...). In addi-
tion, these measures include quality control dur-
ing design to prevent human errors and recom-
mendations for technical maintenance.
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The design strategy of key elements aimed at
ensuring resistance to local failure is reduced to

minimizing the probability P(DH|H ). Within

the framework of this strategy, a key element is
understood to be the load-bearing elements and
connections that are necessary to ensure the re-
sistance of the original structural system as a
whole. This strategy may be difficult to imple-
ment (due to the uncertainty of the magnitude of
special actions), contain significant risks, or ini-
tially give uneconomical results.

In the case where the alternate load path method
is used in assessing survivability, the condition-
al probability of a local failure of a key element
when a special event H occurs is conservatively

taken as P(DH |H ) = 1 (the failure of a key el-

ement occurs when a special event occurs, alt-
hough in the general case a structural element
designed in a design traditional calculated situa-
tion will have some reliability under the action
of special loads). Then expression (1) can be
written in the following form:
P(F)=P(F|DH)P(H). 3)
Thus, the design task in a special calculated sit-
uation is reduced mainly to minimizing the
probability P(F|DH ). This strategy should be

implemented in a wide range: from design
measures aimed at creating the continuity and
structural integrity of the system to a complete
calculation of damage to the structural system
taking into account various mechanisms of re-
sistance to progressive collapse, which are not
taken into account in traditional design (for ex-
ample, compressive arch and catenary mecha-
nisms, the effect of high-speed deformation of
materials, large deformations and displace-
ments, physical and geometric nonlinearity,
etc.).

Taking into account that the occurrence of a
special event H can be modeled by a Poisson
process with an annual average occurrence fre-
quency A, , the probability of occurrence of this

event during some estimated period 7' (service

life) for small A, is approximately

P(H)=2,T . From which it follows that:

P(F)=P(F|DH)A,T. (4)

Thus, the permissible probability of progressive
collapse of the structural system is determined
by the formula

ptag
A, T

P(F|DH) < (5)

The value of A, is determined by statistical as-

sessment of threats and can be taken in the
range of 10%/year...107/year depending on the
type of threat. Thus, the target average annual
conditional probability of progressive collapse
of a damaged structural system can be taken
equal to

107

-2 -1
P(F|DH)< 200 0 0
107 jyear year year

10°°
year  year

(6)

Limit state function
In order to determine the probability P(F|DH ),

one must first postulate a mathematical model
(limit state function) G(X) in accordance with the
principles established in reliability theory [21].
From the point of view of reliability theory, the
behavior of a structural system or its element at
an arbitrary moment in time can be described
using a set of inherent limit states that designate
the boundary between safe and unsafe states, the
transition through which is considered a failure.
The model describing the limit state is repre-
sented by the so-called state function G( ),
which includes all the basic variables X neces-
sary for design, describing the effects of exter-
nal loads E(X) and the resistance of the system
itself R(X):

G(X)=R(X)-E(X)= R(X1, X2, ...

Xn) - (7)
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EX1, Xo, ..., Xu),

where E(X) is a function representing the model
of the effect of external loads; R(X) is a func-
tion representing the model of the element’s re-
sistance; X is a vector of basic (stochastic) vari-
ables, which are the parameters of the calcula-
tion model E(*) and R(*).

For specific basic variables X, the function G(X)
shows the state of the structural element: safe
(operational) when G(X) > 0, or in a state of
failure when G(X)<0. Progressive collapse of a
structural system is a probabilistic event, and

the probability of its occurrence P(F |DH ) is

determined as follows:

P(F|DH) = Prob{G(X)<0}. (8)
Reliability index [

The basic stochastic variable has two character-
istic numerical values: the mathematical expec-
tation (mean value) and the standard deviation.
Let u. be the mean value of the limit state
function G('). o is the standard deviation, then
o is the variance of the function G( ). The re-
liability index £ is defined as the ratio

B=uslog )

If R(X) and E(X) are normally distributed, inde-
pendent and uncorrelated, we have

Hr — Hg

B= .
o +o.

Let us consider the case when R(X) and E(X) are
linear functions of the basic stochastic variables
Xi:

(10)

R= Za,.X,. +ayE = Zkak +b,, (11)
k=1

i=1

where a; and bk are constants. Then G(X)=R(X)-
E(X) is also a linear function of these variables Xi:
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G(X)=_Zn:aiXi—Z":kak+(ao—bo). (12)

Thus, the mean value x,; of the limit state func-
tion has the form

M :Zatﬂx, _Zbkﬂxk +(ay=by),  (13)
i=l1 k=1

and the variance o of the function has the
form

n n
2 2 2
og = a0y — Y boy . (14)
i=1 k=1

Then, determining the reliability index £ in this
case is quite simple, based on formula (9).

If R(X) and E(X) are nonlinear functions of the
basic stochastic variables JXi, approximate meth-
ods such as linearization methods (e.g., FORM,
SORM, FOSM) or the iterative method can be
used to find the reliability index .

Theoretical and experimental studies [22] have
shown that the values of the physical and me-
chanical properties of materials, the geometric
dimensions of the structure, and external loads
have the properties of random variables and
have a normal distribution law. In addition,
when calculating the structures of buildings and
structures for non-bearing capacity, the limit
state function is established using analytical
formulas. These are favorable conditions for
applying the first-order reliability method
(FORM) to determine the probability of pro-
gressive collapse of a building or structure un-
der special beyond-design actions.

First-order reliability method (FORM)
To determine the reliability index /3, it is nec-

essary to know the analytical expression G( ) for
the basic stochastic variables Xi and determine

the mean value y,, the standard deviation o

of the limit state function G( ) for these varia-
bles. The mean value y; is determined by re-
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placing the values of these variables Xi with
their average values x4, in the expression G(X).
Determining the standard deviation o, requires

more complex calculations.
If G(X) is a linear function of the basic stochas-
tic variables Xi, then o, is calculated using

formula (14).

where ﬁ

i

is the partial derivative of G(X)

H

with respect to X, at u, . If only first-order

terms are retained, G(X) is approximated as a
linear function of the basis stochastic variables.

GNG(ILI?)-FXE

= 6Xl. (Xi_:uX,)'

H

(16)

By replacing (16) the mean value of the varia-
bles X,, we obtain the average value of the limit

state function G(X).

and variance:
(oG Y
ol Z,Zﬂ:(@_X,j var(X,) (18)

Knowing the mean value p, and the variance

o, we can determine the reliability index £ us-

ing formula (9). Using the table of normalized
distribution functions @, we find P(F |DH )

P(FIDH)=@(-f)=1-@(B)  (19)

1
(Xi _ﬂxi)_'_gzz X,0X | A

If G(X) 1s a nonlinear function of the basic sto-
chastic variables Xi, then we perform a Taylor
expansion of the function G(X) around the mean
value of the variables. Ignoring the higher-order
components in this expansion, we can determine
the approximate value of G(X) as a linear func-
tion of the basic stochastic variables Xi.

For example, the Taylor expansion of the func-
tion G(X) around the mean value has the form

ng

(Xl. — Uy )(Xj — My, )+...,

-
x

(15)

In the case of using a normal (or lognormal) dis-
tribution, the probability of progressive collapse
of a damaged structural system is related to the
reliability index B by means of the Laplace
function:

p=-a"| P(F|DH)] (20)
where @/( ) is the inverse function of the stand-
ard normal distribution function.
The limiting value of P(F|DH) is in the range

of 10%/year ... 10"!/year, which means that the
limiting value of the reliability index will be in
the range:

1,28 2,33
year year
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3. RESULTS AND DISCUSSION

To illustrate the proposed calculation method, a
multi-story building frame made of monolithic
reinforced concrete is used as a visual example
(Fig. 1a). A scenario of a special action in the
form of a sudden removal of the load-bearing
middle column of the first floor is considered.
As a result of recent studies by many scientists,
it has been shown that the area where
progressive collapse can occur is the part of the
structure above the damaged column (the local
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failure zone). That is, the failure of the
structural elements can spread vertically, while
adjacent horizontal structures are usually not
strongly exposed to the special actions
mentioned above. Therefore, the calculation of

a)
Local failure zone
qg N
FEERERIREEEERRRRRRRRRERRRNRNNEY!
) \\ // 1
q ! ~ 1l - |
FEERERIEREERERY IRRRRRRNIRRRRREN!
RERTEY) XERRRRR IXRRRRRRIIRRRRRLR!
q i \\\/// |
TRRRERERRRRRNRR IXRRRRARIIRRRRRLN!
1T
X
7 77 y /4 V/ /4 y/ /4
/I/ Z /Il Z /I/ [,, /I/ [,1 /I/

the stability of the entire building against
progressive collapse can be simplified by
studying the stress-strain states in time of the
local failure zone.

b,
Mle
& 1
N B / Umax
PO 1
| 2/ ]

Figure 1. Monolithic reinforced concrete frame of the building in the scenario of sudden removal of
the middle column (a) and the calculated scheme of a typical floor (b)

If we assume that the floors above removed
supporting column are typical, their design
characteristics are the same and under the same
operational load, then we can see that their
deformations, displacements, vibrations and
failure are practically synchronous with each
other.

This is the basis for further simplification of the
calculated scheme. The study of the stress-strain
state in time of the local failure zone is replaced
by consideration of only the stress-strain state of
one floor in the form of a fixed-ended beam of
length 2/. Fig. 1b shows the calculated scheme
of the specified beam.

Figure 2 shows the diagram of bending mo-

ments M 521 in the case of slow column failure
(without taking into account the inertia force),
and the diagram of bending moments M }il in

the case of rapid column removal in a short time
tr. In section 1-1, at both ends of the beam, the
bending moment has the greatest value. There-
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fore, it can be concluded that progressive col-
lapse occurs when the moment at the end of the
beam exceeds its ultimate value. Reliability cal-
culations in these sections will give us the prob-
ability of occurrence or absence of progressive
collapse.

Figure 2. Bending moment diagrams in a beam
with slow (M" ) and fast (M j_] ) removal of

the middle column
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As proven in [23], the maximum value of the
bending moment in section 1-1 is achieved at
time fo=t,/2+7/2. Where T is the period of free
oscillations of the fixed-ended beam, represent-
ing the work of a typical floor. This value can
be determined based on the maximum dis-
placement of the beam point above the removed
column as follows.

gl 24EJ
M =———-

43 2 U, (22)
where ¢ is the calculated operational load in the
form of a distributed force, EJ is the flexural
rigidity of the beam, / is the distance between
the supporting columns, #max is the maximum
displacement that the beam system can achieve
at a point above the removed column during the
oscillation process.

If the energy absorption capacity of the sys-
tem is neglected, the maximum displacement
umax can be determined by the following for-
mula:

b

aM max

oM™ \2Pq
al 641,
oM™ f I'q

o / . 8x/_ 21,
or 256t° A

oM™ 21
OEJ
a max

2l

q f m oy 8\/§tr
512t EJ \ EJ I’

e [m . 8\/§tr
om  512tm £ &

4

where (u,,), = is the static displacement

q
384EJ
at the midpoint of the beam during slow failure

of the column (f, > ), T»=2n/w» and
o, =li2 S12E] is the period and natural fre-

quency of oscillations of the damaged structural

system, J =bk’ /12 is the moment of inertia of
the rectangular cross-section of the beam.
Substituting the formulas of the given parame-
ters into (23) and substituting (23) into (22),
we obtain the final analytical expression for
the maximum bending moment in section 1-1
of the structural system depending on the
basic variables q, /, tr, EJ, m.

1, [512E7

A __Q_lz qlz 1+Sm212 m ‘
i, [512EJ
28N m

48 16
Determination of the total variance of the
maximum displacement of a structural
system
To determine the influence of the basic variables
on the maximum value of the bending moment

M™", we determine the partial derivative of the

(24)

function M"7* with respect to each variable.

w2t [ i 821, [EJ s
oq 256t \ EJ 7 \m | 2a
/m.S\/_t/ lqg Iq 8\/_t/
sin +—-——co ,
EJ I? m 12 8 m
[EJ L la 8\/_t [EJ
m | 32T P m |
N 12q 8\/_t
\lm 32Es TP \/m ’
/EJJ q [S\Er, /EJJ
— | = COS 2 — .
m 32m / m

(25)
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The standard deviation of the maximum bend-
ing moment depending on each variable sepa-
rately is determined by the formula:

o = oM™ . _|OM o
“log | | e | "

o = oM™ o o oM™ - 26
[ ot 6> E] T OEJ EJ> ( )
. |oMY

o, = o,.

om
where o, o0,, 0, , 0., 0,is the standard de-

viation of the variables, determined from the
statistical data of actual measurements or exper-
imental results.

Using the property of independence of varia-
bles, we determine the total variance of the
maximum bending moment:

0he =(07) +(01) +(0] ) + (0%, ) +(0)".

27

Similar to the calculation process described
above, we can determine the total variance of
the ultimate bending moment of reinforced con-
crete elements during bending. Depending on
the location of the longitudinal reinforcement,
two cases are distinguished: bending reinforced
concrete elements with single and double rein-
forcement.

Determination of the total variance of the
ultimate bending moment of reinforced
concrete elements with single reinforcement
The stress diagram of a rectangular reinforced
concrete section with single reinforcement is
shown in Figure 3.

T

Figure 3. Internal force diagram and stress diagram of a rectangular section with
single reinforcement

The calculation of bending concrete elements
should be made based on the strength condition:

M<M,—>M< Rbbx(ho —gj L 29)

From the condition of equilibrium of the projec-
tions of internal forces in the section on the
beam axis, it is possible to determine the com-
pression zone height of concrete:
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R A
Rbx=RA = x=—"-+.
o R,b

b

(29)

From (28) and (29) we can rewrite the expres-
sion for the ultimate bending moment:

2 42
M, =Rb R4 [ho _RA } =R Ah, - R4,
R,b 2R,b 2Rb
(30)
Let us determine the partial variance of the
ultimate bending moment for each basic
variable:
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, oM R*A?
Op = ult oy = s zs O
T er, | % [2R%| ®
2
o, = oM, o, =|A4h, _RA Ok
Ter |7 Rb| "
oM, R A’
o, =y |0, =R ——=-0,5  (31)
R | * Rb| *
6' _ aMult
| o,
- |om,, |RfAS2
0, = = 219
| ob 2R, |

where o, , 0, , 0,, 0,, 0, is the standard

deviation of the variables, determined from the
statistical data of actual measurements or
experimental results.

The total variance is equal to the following sum

) L2 C N2 L N\2 ' \2 \2
oy, =(on ) +(on) +(co,) +(o,) +(o)) -

(32)

Determination of the total variance of the
ultimate bending moment of reinforced
concrete elements with double reinforcement
The stress diagram of a reinforced concrete rec-
tangular section with double reinforcement is
shown in Figure 4.

A%

7

As

Figure 4. Internal force diagram and stress diagram of a rectangular cross-section with double re-
inforcement

The calculation of bending concrete elements
should be made based on the strength condition:

ult

M<M —>M<be(h ——j+RA(h )
2

(33)

From the condition of equilibrium of the projec-
tions of internal forces in the section on the
beam axis, it is possible to determine the com-
pression zone height of concrete:

RA_RA (3
Rb  Rb

R,bx+R, A =RA =>x=—"+

Substituting the value of x into (33) and per-
forming the transformation, we obtain:

24

M, = Ryb &4 hy = R4 =
R)b 2Rb
R4} RA’ RARA 43
Rquho s sc s s s T hse s RVCA;G'-
“W0U2RbLO2RbL R 5

To determine the influence of individual varia-

bles on the overall standard deviation of M, ,,

we determine the partial derivative of M , with

respect to each basis variable. From (35) we
have

aMuh‘ RS'AS‘Z AS‘RS‘C‘AY .
R, """ Rb  Rpb
: (36)
oM, RA> RR_A
ult Rsh() s 4 s ety :
04, Rb  Rb
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ult sAs;
oh,
2
a1\41111 — RSCAS + RSA.S As _A;a';
oR.  Rp Rb
aL = _RscAs b4
oa
aZ\4ult _ RVZAVZ RYZCA:VZ RS'AYRYCAY .
OR, 2R’b 2R’D Rb
aMz/lt _ RszAsz RchVZ RvAsRscAv .
ob  2Rb 2RD Rb
2
a1\4ult — R_SCAS + R_SASA_S _A;a';
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a]\41411‘ _ RALA.S Rs A_SR.SL _ R .
oA, Rb  Rpb o

Based on the measurement data and experi-
mental studies, the standard deviation of the pa-

rameters R, A, R., A, R,, b, hy, a’ canbe
! !’ !
determined as URS, Ol Ops Oys Ops O
! !
O O
oM oM
0-1'3 — ult O.R ,0.:4 _ ult O.A :
’ aRv ' an '
oM oM
O-;g — ult O.R 30-1’3 — ult GR ;
' aRb ' aRsc '
(37)
r_ aMu]t o .Gl _ aMull‘ o
A = ' 4509 b>
04y ob
| M| oo | M
h hoQa = - E
"ok | " | da |”

The total variance of the ultimate bending mo-
ment of a reinforced concrete section is deter-
mined by the formula:

2 _ ’ 2 ’ 2 ' 2
GMLI[I - GR\ + GA\ + GR.\‘( +

2 2 2 2 2 (38)
#(o) +(on) +(en) +(o1) +(e0)"
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After determining the total variance of M , and

ult
M™*, we can determine the reliability index
using the following formula:

/lMult

5= ~ Hage

39
T )

1-1

By comparing the value of the calculated relia-
bility index with its limit value according to
formula (21), we can draw conclusions about
the reliability of monolithic reinforced concrete
structures in the scenario of sudden removal of
load-bearing structural elements.

S. CONCLUSIONS

In this article, a quantitative assessment of the
stability of monolithic reinforced concrete frame
structures against progressive collapse is pre-
sented using a probabilistic approach. The dis-
tinctive feature of the proposed approach is that
the probabilistic models take into account the
basic variable loads and resistances of factors
caused by the phenomenon of progressive col-
lapse. Using the first-order reliability method
(FORM), the conditional probabilities of pro-
gressive collapse and reliability index of the
monolithic structural system are obtained under
the scenario of removing one of the load-
bearing structural elements.
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Abstract: A nonlinear dynamic analysis of large-panel reinforced concrete building (LPB) using LIRA-SAPR
software is presented. LPBs, which became prevalent in the mid-20th century, have generally demonstrated good
seismic performance during past earthquakes. However, the connection regions and specific structural
characteristics still present challenges in accurately modeling and predicting their behavior under seismic
loading. Conventional linear models often inadequately represent the complex nonlinear behavior such as
strength and stiffness degradation and connection failures inherent in LPBs, highlighting the need for more
sophisticated analytical approaches. A detailed nonlinear analysis methodology was applied to a full-scale
reinforced concrete precast LPB, investigating various parameters including material properties, damping
variation, and their effects on interstory drift ratios and displacement patterns. The analysis revealed significant
differences in seismic response, particularly for lower concrete grades, emphasizing the critical role of accurate
material characterization. Displacement and acceleration distributions exhibited directional dependencies,
aligning with results from existing literature and full-scale testing. Despite the strengths of the LIRA-SAPR
software, certain limitations were identified, such as the inability to modify the standard hysteresis model, which
lowers the accuracy of the simulation of strength and stiffness degradation. The findings suggest the necessity of
modifying existing building codes to include specific acceptance criteria and updated analysis procedures
tailored to the unique behaviors of LPBs. Such modifications are essential for developing effective tools for
seismic performance evaluation and enhancing the resilience of these structures.

Keywords: Large-Panel Buildings, Nonlinear Dynamic Analysis, Seismic Performance Evaluation

HEJUHEWHBIA JTUHAMUYECKH AHAJIU3
KPYIIHOINAHEJIbHOI'O )KEJE30BETOHHOI'O 3IAHUSA

3.K. Abaes ', A.)]. Banues ?

! BriagnkaBKa3cKuii HayuHbli nenTp Poccuiickoii akanemuu Hayk, r. Bnagukaskas, POCCUS
2 CeBepo-KaBkasckuii ropHO-MeTAILTyprudecKuil MHCTUTYT (TOCYIapCTBEHHbBIN TEXHOJIOTHYECKUH YHUBEPCHUTET),
r. Bnagukaekasz, POCCHSI

AnHoTtauus: [IpencrapieH HEMMHEWHBIA TUHAMUYECKUN aHAIN3 KPYITHOTIAHEIBHOTO JKEJIe300€TOHHOTO 3JaHHS
(KII3) ¢ ucnonp3oBanmeM nporpamMuoro komriekca JIMPA-CAIIP. KpynHonaHensHbIE 34aHUS, TOTYYUBIINE
IIIPOKOE PACHpPOCTPAaHEHHE B CEpeAMHE MPOIUIOro BeKa, B IEJIOM MPOJEMOHCTPUPOBAIN XOPOIIYIO
CEHCMOCTOMKOCTh BO BpEMs MPOIICAIIAX 3eMieTpsceHuit. OQHAKO COCTUHEHHUs MaHeledl U cnenuduyeckue
KOHCTPYKTHUBHBIC 0COOCHHOCTH MO-TMIPE)KHEMY  CO3OAr0T np06neM51 A TOYHOro MOJCIUMPOBAHUA U
NPOTHO3UPOBAHMS HMX TOBEICHHs IPHU celicMUYecKHX Bo3leHcTBHAX. OOBIYHBIC JHMHEHHBIE MOJIEIH YacTo
HEaJIeKBaTHO OTPaXaloT CJIOKHOE HEJIMHEeWHOe MOBEJCHME, TaKOe KaK Jerpajalus CBOWCTB M pa3pylIeHHe
coeauHenuit, npucymee KI13, yTo nmopuepkuBaeT HEOOXOAUMOCTD IPUMEHEHHsSI O0JIee CIIOKHBIX aHATUTHYECKUX
noaxo/0B. JletanpHasi METOJOJIOTHSI HEJIMHEHHOTO aHajiM3a Oblla nmpuMeHeHa K jkesezo0eronHomy KII3 ¢
YYeTOM Pa3InYHBEIX ()aKTOPOB, BKIFOYAs CBOMCTBA MAaTECPHAJIOB, BApUAIMIO IEMII(UPOBAHUSI U WX BIHSIHUC HA
3HAYEHHS MEXTySTaKHBIX IEPEKOCOB M XapakTep AedopMmaniy. AHaAIN3 BBISIBHI 3HAUYMTEIBHBIC PA3INuus B
ceficMUYecKoil peakunu, ocoOeHHO T Oojiee HM3KHMX MapoK OeTOHa, 9TO MOAYEPKHBACT KPUTHUYECKYIO POIh
TOYHOT'O  OMpElIEIeHMs] XapaKTepUCTHK Marepuana. PacnpeneneHuss NepeMElIeHMH U YCKOpEeHUMH
JEeMOHCTPHPYIOT 3aBHCHMOCTh OT HANpaBICHUS BO3MEHCTBHSA, 4UYTO COIJIACYEeTCS C Pe3yIbTaTaMH,
MPECTAaBICHHBIMU B JTUTEPAType M HaTYPHBIMHU HCIBITAaHISIMUA. HecMOTps Ha CUIIBHBIE CTOPOHBI MPOTPAMMHOTO
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obecrieuennst JIMPA-CAIIP, Oblid  BBISBICHBI

HEKOTOPBLIC OTI'paHUYCHUA,

TaKUM€ KaK HCBO3MOXHOCTb

MOJM(UKAIIMKA MOJETM THUCTEPE3Uca, YTO OrPaHUYMBAET TOYHOE MOJECIMPOBAHUE JETPAfalliH IPOYHOCTH H
JKECTKOCTH, XapaKTepHOW JUIsl JAaHHOTO TUMa coopyxkeHWi. IlodydeHHBIe pe3yiabTaThl CBUJETEILCTBYIOT O
HEOOXOANMOCTH MOAM(UKAINU CYIIECTBYIOIINX CTPOWUTEIBHBIX HOPM M MPABWI IS BKIIOUCHHS B HHUX
CHEUHUATBHBIX KPUTEPHEB OLIEHKH CEHCMOCTONKOCTH M YIYUIICHHBIX aHATMTHYECKUX MPOLENYp, YIUTHIBAIOIINX
yHHKanbHble ocoOeHHOocTH moBepeHus KII3. Takwe wW3MEHEHMS BaXHBI IS Pa3pabOTKH 3(PQPEKTUBHBIX
MHCTPYMEHTOB [TPOrHO3UPOBAHUS CEHCMUYECKON MTOBPEKAAEMOCTH JaHHBIX COOPYKEHUH.

KuiroueBblie cj10Ba: KpyHOIIAHENbHbIE 3aHNS, HEMMHEUHBIM TUHAMUYECKUN aHAJIN3, OLICHKA CEHCMOCTOMKOCTH

INTRODUCTION

Large Panel Buildings (LPBs) have been a
significant advancement in  construction
technology since their inception in the mid-20th
century [1,2]. Originally developed to meet the
urgent post-war housing demands, LPBs
revolutionized the construction industry with
their modular approach, enabling rapid
assembly and cost-effective production [3,4].
The precast concrete panels used in LPBs
offered numerous advantages, including
enhanced  durability, improved thermal
performance, and consistent quality control.
Over the decades, LPBs have evolved to
incorporate advancements in materials science
and construction techniques, solidifying their
place in both residential and commercial
architecture.

Despite their widespread use, LPBs have faced
scrutiny regarding their seismic performance,
particularly in regions prone to earthquakes. The
connection regions and large precast panels
characteristic of LPBs pose unique challenges
under earthquake loading [5,6]. Historical
seismic events have demonstrated varying
degrees of structural vulnerability, highlighting
the need for a deeper understanding and
enhancement of LPB seismic resilience [7,8].
Studies have shown that the performance of
LPBs during earthquakes is influenced by
factors such as panel connections, overall
structural configuration, and the quality of
construction materials [9,10].

The analytic study of LPB seismic performance
has become a crucial area of research, aiming to

predict and mitigate potential failures.
Advanced analytical methods, including
nonlinear dynamic analysis, have been

Volume 21, Issue 2, 2025

employed to simulate the behavior of LPBs
under seismic loads [11,12]. These studies
provide insights into the stress distribution,
deformation patterns, and potential failure
modes of LPB structures.

To accurately assess and improve the seismic
performance of LPBs, the development of
relevant and reliable analytical models is
essential. These models must account for the
complex  interactions  between  panels,
connections, and the overall structural system.
They should incorporate nonlinear material
properties, dynamic loading conditions, and
potential degradation. The use of sophisticated
software tools, such as LIRA-SAPR [13],
enables the creation of detailed and robust
models that can simulate real-world seismic
scenarios. These models serve as a foundation
for developing effective retrofitting strategies
and informing building codes and standards.
This study aims to conduct a comprehensive
nonlinear dynamic analysis of a reinforced
concrete precast large-panel building using the
LIRA-SAPR software. By simulating the
seismic response of the LPB structure, this
research seeks to identify critical stress points,
deformation behaviors, and potential failure
mechanisms. The findings will contribute to the
ongoing efforts to develop robust tools for
seismic performance evaluation, such as
fragility curves, and calls for modifications to
existing building codes [14].

METHODS

The object of the study is a typical residential
apartment building of large-panel type series 1-
092, located in Vladikavkaz city (Figure 1): 9-
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story 1-section building. The story height is 3 N
meters. External nonbearing walls are 300 mm 24,100
thick panels, internal bearing walls are 160 mm O OO o oo m %
thick single-layer panels, partitions are 80 mm M({M|O| m|Mo|m| oo
thick. Floor panels 160 mm thick. Concrete Lo
grade — BI5 (Pe=8.5 MPa, Ec=24000 MPa), Omm m oo ~fn
reinforcement — A-I (Rs = 240 MPa, MMM m|m|{mm|] L.
Es =200000 MPa) ;Emoo
A visual inspection of the building revealed several mmmmooo %
characteristic defects, including partial absence of M|M|m| M| m|m|m Lo
joint filling, corrosion of joint metal, and poor or Mmool mimiolm @
complete lack of joint filling (as shown in Figure o
3). To account for these defects within the 0|0 o Mmoo m| .
limitations of the software, a concrete grade of M ml m Mol m %
B7.5 (fc = 4.5 MPa, Ec=16000 MPa) was also [ N
employed in the analyses for the joint regions. 24600
The horizontal and vertical panel joints are @ @
shown in Figure 2. Figure 1. Object of study
Type 2
Insulation
Wall panel Wall panel
Type 1 = el Vertical joint
. Insulation -
Wall panel H #12 Al 1560 / Wall panel
Floor slab P10 Al

Floor slab oncrete M150

P10 Al P10 Al

Wall panel

Wall panel

Floor slab
% ?10 Al

oncrete M150

L e PN

Figure 2. Details of the building

¥ e

efeéts othe buildiné ‘

Figure 3.
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Modeling assumptions

In the modeling of large-panel precast
structures, it is conventional to assume that
the solid panels exhibit linear elastic
behavior. This assumption is justified by the
anticipated function of these elements within
the structure's overall seismic response.
Typically, wall panels are considered to
behave in an elastic-brittle manner with
respect to in-plane normal forces. Any
potential nonlinear or inelastic behavior is
often deemed negligible in the panels
themselves and is concentrated in the
connection regions, where it can be more
effectively modeled and analyzed [11].

The following assumptions are made for the
joint element [15]:

2-node link element (FE 255)

Force Force

—> b

}

kx=1/\

kz =EAs/h

— all points of the horizontal section remain in
one plane after the force is applied (plane
sections remain plane);

— for the tensile zone of the section the tensile
strength of concrete is not taken into account;

—normal compressive stresses distribution
along the section is linear or bilinear.
LIRA-SAPR implementation

The finite  element method  software

LIRA-SAPR is used for numerical analysis.
Nonlinear behavior of the connection region is
modeled by a combination of two finite
elements (FE) (Figure 4) [16]:

— Shell Element (FE 259) representing stress
distribution in the connection region,

— 2-mode link element (FE 255) for modeling
shear keys.

Shell element (FE 259)

o A
compression

Y

Disp

Tmax

1
[
1
1
T
1
T A !
1
1
1
1
1
1

I |
AN 1 s 1 /
M R e gt

Figure 4. Finite element implementation of the connection region

The precast walls and floor panels are modeled
with elastic shell element FE 44.

2-mode link element (FE 255) parameters
According to  section B4 of SP
335.1325800.2017 [17,18], the design shear
strength Vi» of one shear key of the is taken
equal to the smallest of the force values Vins,
Ve, Veres, corresponding to the destruction of

Volume 21, Issue 2, 2025

the shear key, respectively, from shear, crushing
and shear cracks opening:

Vsh,h =1.5R, 4, (1
I/vc = Rb,locAc (2)
Vcrc,b = 0'7RbtAj (3)
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where Ry is design tensile strength of grouting
concrete; Rp ioc 18 crushing strength, taken equal
1.5R» — for single keys, 0.8R» — for multikey
connections; As» is shear area; Ac is crushing
area; A; — cross-sectional area of the connection
tributary to each shear key:

A' = Sbtbmon (4)

J

where sp 1s distance between shear keys; bmon 1s
wall thickness of the grouting area.

Stiffness along Z-axis is represented by bilinear
elastoplastic force-displacement relationship,
elastic stiffness is determined by:

k.=EA |h (5)

where E is elastic modulus of the rebar; As is
rebar cross-sectional area; 4 is rebar length
(equal to the joint height).

Stiffness along X-axis is represented by bilinear
elastoplastic force-displacement relationship,
elastic pliability is determined by:

(0] b,mon
=—to__% 7
: y ™

loc

where A is loaded area; lioc is shear key height
(recommended /o = 250 mm); E» is elastic
modulus of concrete precast element; Ep,mon 1S
elastic modulus of grouting concrete.

The pliability after shear cracks occurring
(exceeding the shear force Vere,s):

6 1 1
(E,,,(,,+E ) (8)

b,mon

2 =
' d\' nS

where ds is connection rebars diameter; ns is
number of the connection rebars.

Shell Element (FE 259) parameters [19,20]
During short-term compression for a mortar
with a compressive strength of 1 MPa or more,

Zaurbek K. Abaev, Azamat D. Valiev

with a joint thickness of 1020 mm, pliability
coefficient of the mortar bed joint Am, mm?/N:

foro, <1.15R® A =15-10°R*°t  (9)

for2R2° >1.15R2® A, =5-10"R*"t ~ (10)
Pliability coefficient of the joint:
, B
e = Oy 40, + 2y
v Eh Bpl _hv

where A» and A are upper and lower mortar
bed joint pliability coefficients; Ay is floor panel
height; Bp is contact areas width; /v is joint
width between floor panels.

Strain:
£= —7”];6" (12)
Stresses:
ol =1.15R>" (13)
o, =2R" (14)
o’ =1.0lc, (15)

To reduce the computational time the optimal
finite element mesh size was determined by
considering three mesh configurations: 0.1 m,
0.2 m, and 0.4 m. In the case of panels with
openings, which complicate the computation by
inducing stress concentrations — these panels
were replaced with solid panels of reduced
stiffness. The reduction factor was calculated as
the ratio of the wall area with openings to the
wall area without the openings. As a result, the
finite element mesh of the wall panels was set to
0.4 x 0.4 m, and the finite element mesh of the
connections was set to 0.4 x 0.1 m.

The resulting finite element model in
LIRA-SAPR is presented in the Figure 5.
Self-weight and live load according to Russian
codes were applied.
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Figure 5. Finite element model of the building

The analysis was performed using an explicit
integration of the equation of motion [21]:
M+ Cx + Kx = p(t) 21)
where x = u 1s the unknown vector of nodal dis-
placements; x = v is the nodal velocity vector;
X = a is the nodal acceleration vector; M is the
mass matrix; C is the damping matrix; K is the
stiffness matrix; p(7) is the vector of applied loads.
Analysis parameters:
— Newmark-beta method (average constant
acceleration with y = 0.5 and = 0,25) is used
for direct integration of the equations of motion.
— Modified Newton-Raphson method is used for
solving nonlinear equations at each time step.
— The results from the natural dynamic testing of
the full-scale LPB reveal considerable temporal
variations in  the  structure's  damping
characteristics [15]. To examine the sensitivity of
the structural response, damping ratios & of 2%,
3%, 4%, and 5% were employed in the analyses.
— LIRA-SAPR’s standard peak-oriented hysteretic
model (Figure 6) is applied. The detail description
of the employed model is presented in [22].

200

Acceleration (gal)
=}

-200

o ¥

4

Figure 6. Basic rules for peak-oriented
hysteretic model

It is important to note that in the LIRA-SAPR
software, the parameters of the standard
hysteresis models cannot be modified or
changed. While this limitation may be adequate
for typical structures, it represents a significant
shortcoming when analyzing precast panel
structures, which exhibit specific strength and
stiffness degradation behaviors. The inability to
customize hysteresis rules restricts the accuracy
of the simulation, particularly for structures with
unique dynamic characteristics. Future releases
of the software should address this issue by
incorporating  flexible hysteresis  options,
enabling more precise modeling of the complex
behaviors inherent in precast panel systems.

— Total integration time is 20 sec.

— Integration step is 0.01 sec.

The model is subjected to two component of
ground motion of the 1988 Spitak, Armenia
earthquake (Figure 7-8). An earthquake
registering a surface wave magnitude of 6.8 and
a maximum MSK-64 intensity of X
(Devastating) hit the northern part of the
Armenian Republic of the Soviet Union on 7
December 1988, resulting in thousands of
deaths and injuries [23].

90 (peak: 170.8 cm/s?)

Time (sec)

Figure 7. Ground acceleration record (Spitak, Armenia, 1988, Gukasian, component 000)
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00 (peak: 196.4 cm/s?)

Time (sec)

Figure 8. Ground acceleration record (Spitak, Armenia, 1988, Gukasian, component 090)

RESULTS AND DISCUSSION

The natural period of the structure is 0.37 s in
Y-direction.

The maximum displacements, shown in Figure
9, occur in the Y-direction for both materials:
24 mm for B7.5 and 20 mm for B15, compared
to 7.31 and 4.59 mm in the X direction,
respectively. Figure 10 shows the distribution of
the maximum acceleration, with peaks of 3.1
m/s? in the X direction and 2.44 m/s? in the Y
direction at the top story.

&
S5
@ ——X-dirBI5
4 —X-dirB7.5
3 Y-dirBI15
) Y-dir B7.5
1
0 5 10 15 20 25

Displacement, mm

Figure 9. Maximum displacements (¢ = 5%)

/

Acceleration X B7.5
——— Acceleration X B15
—— Acceleration Y B15
Acceleration Y B7.5

0 500 1000 1500 2000 2500 3000 3500
Acceleration, mm/s?

Figure 10. Maximum accelerations (£ = 5%)

36

These results are consistent with findings
reported in the literature and with the outcomes
of natural testing conducted on full-scale
buildings [15,24].
The corresponding graph of the interstory drift
ratio (Figure 11) exhibits a similar pattern
across different damping values, with the
maximum drift occurring at the first story.
However, the differences in these values are
significant, with variations up to 25%. This
notable discrepancy underscores the importance
of accurately determining the appropriate
damping ratio, which necessitates thorough
investigation in future research.

9

o \ —5%
—%
—3%
6 2%

1
0.0500 0.0600 0.0700 0.0800 0.0900 0.1000 0.1100 0.1200
IDR, %

Figure 11. IDR for different damping ratios

The interstory drift ratio (IDR), which measures
the relative horizontal displacement between
adjacent floors of a building, is a critical
indicator of structural damage [25]. The IDR for
different concrete grades is illustrated in Figure
12. The analysis reveals that the seismic
response for the lower concrete grade is
significantly higher, with an IDR of 0.132 %
compared to 0.085 % for the higher grade. This
notable difference underscores the critical
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importance of meticulously investigating the
material parameters of buildings in future
research. Despite the disparity in IDR values,
the overall response in both cases remains
relatively low when compared to the commonly
accepted ranges for performance-based design
as specified by building codes [26]. However, it
is important to note that there are currently no
established acceptance criteria specifically
tailored for LPBs, highlighting the urgent need
for the development of such criteria. These
should account for the unique behavior and
fragility characteristics of this structural type.
The findings presented in Figure 12 are
consistent with post-earthquake investigations
of LPBs following the Spitak earthquake, where
none of these buildings were destroyed or
suffered significant damage [27]. This
correlation further emphasizes the necessity for
a comprehensive framework to evaluate and
enhance the seismic resilience of LPBs

——BI5

o0

——B7.5

Story
wh

B~

3
2

1

0.0500 0.0700 0.0900 0.1100

DR, %
Figure 12. IDR for B7.5 and B15 concrete
grades

0.1300 0.1500

One effective approach for such an evaluation is
the development of fragility curves, which
depict the probability of reaching various
performance levels at different ground motion
intensity levels [28]. These curves are crucial in
quantifying the seismic vulnerability of
structures, as they provide a statistical
relationship between seismic demand and
structural performance. Fragility curves are

Volume 21, Issue 2, 2025

typically developed through a statistical analysis
of the results obtained from Incremental
Dynamic Analysis (IDA) [29].

In IDA, the structure is subjected to a suite of
ground motions that are incrementally scaled in
intensity, allowing for a detailed assessment of
its nonlinear response and failure modes. An
example of IDA for a selected ground motion
scaled for 6 levels of intensity (from 0.1 g to
0.6 g) is presented in Figure 13. This figure
illustrates how the structural response evolves

with increasing ground motion intensity,
highlighting critical ~ thresholds  where
performance levels transition from minor

damage to potential collapse.

It is important to note that as the intensity level
increases, the dispersion in the response also
becomes more pronounced. These factors
contribute to longer computational time and
may introduce inaccuracies if not carefully
managed. Therefore, it is imperative that the
analysis parameters of the IDA, including mesh
size, time step, and convergence criteria, are
meticulously calibrated beforehand to ensure
reliable results.

9

1

0.0000 0.1000 0.2000

0.3000
IDR, %
Figure 13. Incremental dynamic analysis for

selected ground motion (B15, & = 5%)

0.4000 0.5000

To successfully implement these findings and
develop robust tools for seismic performance
evaluation, targeted modifications to existing
building codes are necessary [14,30]. These
modifications should include the establishment
of specific acceptance criteria for large-panel
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buildings (LPBs) that account for their unique
structural behavior and fragility under seismic
loading.

CONCLUSION

This study has undertaken a detailed nonlinear
dynamic analysis of large-panel buildings
(LPBs) wusing the LIRA-SAPR software,
focusing on accurately modeling the seismic
response of precast concrete structures. The
methodology developed in this research allowed
for the simulation of complex behavior inherent
in LPBs, particularly under seismic loading. The
analysis revealed key insights into the seismic
performance of these structures, with significant
differences observed in the interstory drift ratios
and displacement patterns depending on the
material properties.

One of the critical findings was the considerable
variation in seismic response based on different
concrete grades of the connections, with lower-
grade concrete exhibiting significantly higher
interstory drift ratios. In addition, the notable
discrepancy in response for different damping
ratios (up to 25%) was observed for the model.
These variations highlight the importance of
precise material characterization in predicting
structural behavior of LPBs. The results align
well with previous studies and the outcomes of
natural testing on full-scale buildings, providing
a strong validation of the analysis conducted.
However, the study also identified limitations
within the LIRA-SAPR software that could
impact the accuracy of such analyses. Notably,
the inability to modify or change standard
hysteresis models posed challenges in
accurately representing the strength and
stiffness degradation specific to precast panel
structures. Despite these constraints, the overall
findings of the study offer valuable insights into
the seismic behavior of LPBs, emphasizing the
importance of detailed nonlinear analysis in
understanding and predicting their performance.
In summary, the research successfully applied a
nonlinear analysis methodology to LPBs using

Zaurbek K. Abaev, Azamat D. Valiev

LIRA-SAPR, yielding critical findings on the
seismic response of these structures. While some
software limitations were identified, the results
contribute to the understanding of LPB behavior
under seismic loads and underscore the necessity
of code modifications to support the development
of effective seismic performance evaluation tools.
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ACCOUNTING FOR THE ADDED MASS OF WATER OF RESER-
VOIR IN CALCULATION OF SEISMIC ACCELERATIONS FOR
PRESSURE HYDRAULIC STRUCTURES

Alexandra S. Bestuzheva, Georgy P. Gotsiridze
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The analysis of domestic and foreign studies on the issue of hydrodynamic pressure of water on the
pressure face of hydraulic structures under dynamic influences is carried out. The authors have developed an al-
ternative method for numerically analytical solution of the problem of seismic water pressure on the inclined
pressure face of the dam. Based on the grapho-analytical solution of the Laplace equation under specified
boundary conditions, hydrodynamic grids and diagrams of the distribution of the coefficient of the attached mass
of water for pressure faces with a vertical angle of 0...75 degrees are constructed, the obtained solution is com-
pared with the reference solution of Westergaard, Zangar, as well as recommendations of relevant regulatory
documentation. Based on the conducted research, a nomogram was constructed to determine the coefficient of
the attached mass of water. The obtained results are approximated by a quadratic function, which allows us to
obtain the values of the coefficients of the combined mass of water depending on the vertical angle of inclination
of the pressure face and the relative depth of the element location on the pressure face, which is used in the algo-
rithm of the calculation program for computers. A graph of the change in the hydrodynamic force acting on the
structure, depending on the vertical angle of inclination of the pressure face, is given, the accuracy of plotting is
investigated depending on the number of elements on the pressure face. On the basis of the linear spectral meth-
od, accelerations in the elements of the pressure face of dams of various designs are calculated, both taking into
account the attached mass of water and without. The results obtained indicate a significant effect of the attached
mass of water on seismic accelerations not only on the crest of a concrete gravity dam, but also in the zone of the
upper slope of groundwater dams. The increase in accelerations in these zones is up to 30% for concrete dams
and about 10% for ground dams.

Keywords: hydrodynamic pressure, Laplace equation, attached water mass, pressure structure,
seismic acceleration, linear spectral method

YYUYET HPHCOEHHHEHHOﬁUMACCBI BO/IbI
BOJOXPAHUJIUIIA B PACYETE CEUCMUYECKHUX CUJI JJI51
HAHIOPHBIX TNAPOTEXHUYECKUX COOPYKEHUU

A.C. Becmyacesa, I'.Il. I'oyupuosze

HanmonanbsHslii uccnenoBarenscknii MOCKOBCKHUI TOCYAapCTBEHHBIN CTPOUTENbHBIN yHUBEpcHUTeT, I. Mocksa, POCCHUA

AnHoTanusi: [Ipon3BesieH aHann3 0TEYECTBEHHBIX U 3apyOeKHBIX NCCIEOBAaHUN MO BONIPOCY TMAPOAMHAMHUIC-
CKOTO JIaBJICHHS BOJIbI Ha HAIIOPHYIO TPAHb THIPOTEXHUUECKIX COOPYKEHUI NMPH IMHAMUYECKUX BO3ICHCTBHAX.
ABTOpamu pa3padoTaH aTbTEPHATHUBHBIN METO]] YHCICHHO-aHATUTUYECKOTO PEIICHHS 3a/1a4l O CeHCMHUYECKOM
JIABJICHUM BOJbl Ha HAKJIOHHYIO HAMOPHYIO T'paHb IUIOTHHBL. Ha ocHOBe Trpad)oaHalMTHYecCKOro perieHHs
ypaBHeHHs Jlamyaca B 3aJaHHBIX TPAHUYHBIX YCJIOBHSAX IMOCTPOCHBI TMAPOIMHAMHUYECKHE CETKH M SIIOPHI
pacripezneneHust Ko3(hGHUIneHTa MPUCOeTMHEHHON MacChl BOBI /ISl HATIOPHBIX TPAaHEH C BEPTHKAJIbHBIM YIIIOM
0...75 rpagycoB, IPOBEIEHO COMOCTaBJIECHUE IOJIyYEHHOIO pEIIeHUs C JTaJOHHBIM pemieHueM Becteprapna,
3aHrapa, a TaKKe PEKOMEHAALUSAMHU aKTyaJbHOW HOPMAaTHBHOH aokymeHTanuu. Ha ocHOBe mpoBeneHHBIX
HCCIIE/IOBAaHUK IIOCTPOEHa HOMOTpaMMa Ul OmpenesieHnss Kod((UIMeHTa MPUCOSTUHEHHON MacChl BOJIBI.
[Tonmy4eHHbIe pe3ynbTaThl anMmpOKCHMHPOBAHBI KBAaAPAaTUYHON (DYHKIMEH, MO3BOJSIONICH MOIYyYUTh 3HAYCHHS
K03()(DUIMEHTOB MTPHUCOEANHEHHON Macchl BOJBI B 3aBUCHMOCTH OT BEPTHKAIBHOTO yIJIa HAKJIOHA HArOpPHOH
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TPaHM W OTHOCHUTEIbHOW TIyOMHBI DAacCIOJIOKEHUSI OJJIEMEHTa Ha HAllOPHOM TIpaHH, YTO HCIOJIB30BAHO
B aIropuT™Me pacueTHol nporpammsl uist OBM. [IpuBogurcs rpaduk U3MEHEHHs] TMAPOJMHAMUYECKON CHIIBI,
JEHUCTBYIOILEH Ha COOPYKEHHUE, B 3aBUCUMOCTHU OT BEPTUKAJILHOT'O yIJla HAKJIOHA HAIIOPHOM IpaHM, UCCIIEI0BaHa
TOYHOCTh IIOCTPOEHHSI SMIOPHI B 3aBUCHUMOCTH OT YHUCIIA DJJIEMEHTOB Ha HamopHoW rpanu. Ha ocHose
JUHENHO-CIEKTPAJIBHOTO METOJa BBIYMCICHBI YCKOPEHHUS B JJIEMEHTAX HAIOPHOW IpaHW IUIOTUH DPA3IU4YHON
KOHCTPYKIIMM KaK C y4eTOM IPHCOSAWHEHHOH Macchl BOABI, Tak M 0e3. [loiydeHHbIE pe3ynbTaThl TOBOPSIT
0 CYIIECTBEHHOM BIHMSHHUM MPUCOCTUHEHHON Macchl BOJBI HA CEHCMHYECKNE YCKOPEHUs HE TOJIBKO Ha rpeOHe
OCTOHHOHM TPAaBUTALMOHHOW IUIOTHHBI, HO W B 30HE BEPXOBOTO OTKOCA TPYHTOBBIX IUIOTHH. YBEIWYECHHUE
YCKOPEHHH B 3THX 30HaX cocTasisieT 10 30% st GETOHHBIX TUIOTHH U 0K0JI0 10% /715t TpYHTOBBIX TUIOTHH.

KuiroueBble ciioBa: ruipoilMHaMUYECKOE JaBlleHNe, ypaBHeHUe Jlamulaca, nprucoeinHEeHHas Macca BOJBI,
HaIopHOE COOPYKEHUE, CECMUUECKOE YCKOPEHHE, TMHEHHO-CIIEKTPaIbHbIM METO

INTRODUCTION

One of the most difficult and unresolved issues
of designing ground dams in the high seismicity
zone is the interaction of the structure with the
reservoir's water environment during an
earthquake. In the modern regulatory literature
(SP 358.1325800.2017 " Hydraulic structures.
Rules of design and construction in seismic are-
as", SP 14.13330.2018 "Construction in seismic
areas", hereinafter-SP) regulates the
determination of hydrodynamic loads at the
contact of a structure with water as additional
seismic loads during earthquakes. Despite
a large amount of scientific research on the
hydrodynamic pressure of water on the pressure
face of structures under dynamic impacts, in the
current standards for plotting the seismic water
pressure, there are only provisions on the
"attached mass of water" with the determination
of the coefficients of the attached mass
according to the solution of Westergaard [1],
obtained for the vertical pressure face. The
Westergaard solution obtained analytically is a
reference one (hereinafter referred to as the
Westergaard problem) and underlies the applied
methods for calculating hydraulic structures.
It is based on the following assumptions about: -
an ideal, incompressible fluid; - a rigid,
non-deformable, interacting with water body;
- non-eddy motion of the liquid; - absence of the
phenomenon of wave formation on the water
surface; - horizontal translational vibrations
with a small amplitude, which are performed by
the "dam (with base)" system- reservoir"; - a flat

problem in the assumption of an infinite length
of the reservoir with a horizontal bottom line.

In further works of Russian [2-7] and foreign
scientists [8-12], the problems of hydroelasticity
were solved taking into account the viscous
properties of a compressible liquid and the
elastic properties of a solid, taking into account
wave formation on the water surface, the special
geometry of the reservoir bed, and other factors
that specify the solutions.

Of particular importance in the practice of
hydraulic  engineering  construction  are
structures with a slope profile, often with
a broken pressure face, for which the definition
of seismic pressure in the current regulatory
documentation during an earthquake is limited
to taking into account the angle of the upper
slope (vertical angle) of 15°.

However, for the vast majority of structures
of ground dams, many structures of concrete
buttresses, dams made of rolled concrete,
berthing and enclosing structures, the upper
pressure faces have an angle significantly great-
er than 15 degrees, which must be taken into
account when designing structures in the zone
of high seismicity.

The problem of the distribution of the seismic
water pressure on the inclined pressure face
of the dam was solved in the 50s of the XX
century in the works of Sh. G. Napetvaridze on
the basis of the conformal mapping method
[13], where he gave an approximate formula for
determining the seismic water pressure on the
inclined face in the form:
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p.(2)=p,(y)cos’(a) )
where « is the vertical angle of inclination of
the pressure face.

p,.(»)- seismic water pressure on the vertical

pressure face at a depth y from the water level
(Westergaard's solution), p,(z)- seismic water

pressure on the inclined pressure face at the
length z from the water edge along the face.

In the Reference manual of I. S. Sheinin [3],
based on the solution of hydroelasticity
problems, a similar formula is given for the
coefficient of the attached mass of water u,

taking into account the angle of inclination of
the pressure face (vertical) in the form:

#, = uC(a)cos’(a) (2)
where is the coefficient of attached mass for the
vertical pressure face;

C(a) - coefficient depending on the angle of

inclination of the pressure face (Figure 1)

1.1
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Figure 1. Coefficient of attached water mass

In [14], an experimental solution was obtained
for determining the seismic pressure of water on
the inclined face of a dam based on the
electrodynamic analogy method (EGDA), given
in the form of plots of coefficients of the
attached mass of water. Comparison of the
obtained values of the attached mass
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coefficients with the values obtained by the
authors of the work is given below.

The authors have developed an alternative
grapho-analytical method for solving the prob-
lem of seismic water pressure on the inclined
pressure face of an underground dam in the
formulation of the "Westergaard problem"
(hereinafter referred to as the GAM) [15,16],
compared with known  solutions, and
compiled calculation programs for determining
seismic forces in the body of a ground dam,
taking into account the forms of natural
vibrations, the seismic pressure of the reservoir,
and the direction of approach of the seismic
waves to the dam alignment [17].

METHODS

During an earthquake, the dam oscillates and
shifts  towards the  upstream,  while
hydrodynamic pressure will act on it from the
water side, depending on the speed of
movement, the elastic properties of interacting
bodies, and the geometry of the calculated area.
The solution of the contact problem of
hydroelasticity for a hydraulic structure is based
on the provisions of continuum mechanics and
the theory of small deformations, and the
prerequisites are used to simplify the problem
without losing the accuracy of the solution for a
particular structure. For the massive body of a
ground dam, small values of the amplitudes
of seismic vibrations can be noted, which are
measured in centimeters in the most severe
earthquakes. Taking into account the fact that
the dam dimensions are much larger than the
amplitudes of its displacements during seismic
vibrations, we can neglect the shape of the
deformed axis of the pressure face of the dam
during vibrations and take it as a displacement
plot uniform in height, which corresponds to the
model of "translational movement of a rigid
wall". Due to the insignificant speed of water
movement in the reservoir during an earthquake,
the viscous properties of water can be ignored.
Due to the minimal oxygen content in the deep
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layers of the reservoir, the water medium can be
considered as a  homogeneous  and
incompressible liquid with a constant density
p =const .

The solution of the problem of pressure distribu-
tion in a liquid under given boundary conditions
and a known displacement on the contour (the
pressure face of the dam) is based on dynamic
equilibrium equations in the Euler form, one of
which can be written as:

dv op
A i 3
P PX = (3)

where v(x,z,¢) is a function of the velocity of
the water medium particle, m/s

p(x,z,t) —pressure function, kPa

X — projection
on the x-axis, kN

p - density of liquid (water), t/m3?

of volumetric forces

The Euler equation in the form (3) is written for
volume forces assigned to a unit of volume.
Assuming that there is no rotation in the motion
of particles, we can write down the following
relative to the velocity components:

ov. Ov

x__z:() 4
0z Ox “)

what happens if v_both v, are coordinate deriv-
atives of the same function, i.e. we can write:

; _ﬁux_a_go
o ox
V_Ouz_a_go )
ot oz

The function is usually called the velocity po-
tential, and the irrotational motion is called the
potential.

The Euler equation in the absence of external
forces, when the fluid motion is related to the
pressure difference at points in a continuous
medium caused only by seismic action, taking
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into account (5), in projections on the axes x
and z is written as:

OF, ov,

- =P

Oox ot (©6)
on__ o

Oz p ot

where P, is the excess hydrodynamic pressure
caused by dam vibrations, kPa.

v., v.- horizontal and vertical velocity
components.
The solution of problem (6) involves

determining the vector velocity field of fluid
particles and the scalar pressure field at each
moment of time ¢ according to the law of base
motion during an earthquake.

The solution of the dynamic problem is
constructed based on a series of quasi-stationary
states, for which the velocity and pressure
functions are determined. The harmonic
function can be taken as a regularity of the
change in acceleration over time in the given
problem:

ii(t) =U, cos ot (7)
where is the maximum acceleration of the base
corresponding to the earthquake score and local
ground conditions, m/*?, according to the SP is
set as a coefficient;

@ - the frequency of forced vibrations during
an earthquake, in harmonic vibrations, 7 - the
period closest to the frequency of natural
vibrations of the dam, for local earthquakes the
period does not exceed 7' <1...1,2s.
Substituting expressions (5) into (6) and
integrating the full differentials of the functions:
dPF (x,z) and de(x,z)[15], we obtain that the

hydrodynamic pressure function is related to the
velocity potential by the relation:

Po=—pa—¢+C

Y (8)
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The resulting expression indicates that the
pressure function is also a potential function,
therefore, its distribution in space obeys the
Laplace equation and can be written:

2 2
%§+%:0 or AR, =0 9)
The solution of the Laplace equation under
given boundary called the
Dirichlet problem and is completely determined
by the boundary conditions, i.e. it is a boundary
value problem. The desired function in equation
(9) is the overpressure function, the distribution
of which in space can be represented as a family
of equipotentials, lines of equal pressure
Often, when solving hydraulic (filtration)
problems, the solution of the Laplace equation
is presented as a family of two potential
functions — the velocity (pressure) potential
function and the current line function. Potential

conditions is

functions of current and pressure (velocity
potential) they are complex conjugate harmonic
functions connected by the Cauchy-Riemann
relations:

Op _oy

ox Oz

a0 __ov o
0z ox

In this case, the system of equipotentials
@ =const and current lines ¥ = const form an

orthogonal hydrodynamic grid, in which the
position of one of the functions uniquely
determines the position of the other. Thus, the
solution of the Laplace equation for the current
function, represented as a family of streamlines,
allows  graphoanalytically constructing a
hydrodynamic grid with determining the
position of equipotentials for the velocity

Volume 21, Issue 2, 2025

potential function (hydrodynamic pressure).
This property of orthogonality of two functions
allows us to use the boundary conditions of one

of  the functions when integrating
the other (9).
Based on physical representations of the

pressure distribution in a liquid during
translational (horizontal) motion of a solid wall
located at an angle «ato the vertical, the
following boundary conditions can be
determined for the design scheme shown in
Figure 2:

1) the boundary of the bed
is non-deformable, impenetrable and stationary,
which means that there is no gradient of the
velocity potential function along the normal to

reservoir

the boundary (2—(0:0) and the boundary
n

position for the current line function (y =1);

2) the vertical boundary of the design area at a
great distance from the moving wall is stationary,
watertight and does not experience hydrodynamic
pressure from wall vibrations, along it it can be
assumed ¢ =0, however, in the case of consider-

ing the problem with a limited reservoir length, or
if the slope of the reservoir bottom line is taken
into account, the boundary conditions should be

set differently: w =1 and % =0;

on
3) there are no wave formation phenomena on
the reservoir surface, the pressure is constant:
@ =const therefore, the current lines are

orthogonal to the water surface;

4) on the mobile impenetrable pressure face of
the dam, the points of which move at the same
horizontal speed, the boundary values of the
hydrodynamic pressure function are not
determined and are the desired ones. At the
same time, for the function of streamlines, the
boundary conditions can be defined as follows.
At the lower point of the pressure face (A), the
intersection with the boundary current line is
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set, where w =1. At the upper point of the

pressure face (D), at the upstream water cut, the
value for the current line function is: w =0.
The assumption of a uniform "penetrating-
reflecting" capacity of the movable pressure
face of the structure determines a uniform
distribution of flow rates of "current tubes" over
the height of the dam. Based on the latter
assumption, you can specify a linear distribution
of current lines along the length of the pressure
face with a step Ay that corresponds to the
accuracy of the problem solution. The constant
gradient for the current functions over the height
of the pressure face Ay was assumed to be
equal 5...10% h to, where & is the height of the
pressure face of the dam.

Determining the boundary conditions for the
potential current function allows us to solve the
problem of its distribution in the domain
(Figure 2) by integrating the Laplace equation
for this function:

o’y
ox’

2
81//0

—+ =
0z*

(In

Determination of the hydrodynamic pressure
function from the obtained solution for the
function with the condition of orthogonality of
these functions can be obtained
graphoanalytically based on the construction of
hydrodynamic grids.

D Free surface of the reservoir c
¢ Q=COnst, %‘g =0
a
ow _
¥=0. on g
A
w=l, g—g =0
A ¢ Reservoir bottom B x 0
Figure 2. Design scheme with boundary condi-
tions
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Based on the principle of quasi-stationary states,
it is possible to determine the maximum value
of the hydrodynamic pressure function that will
occur at the points of the pressure face of the
dam, provided that the external impact is given

by the maximum acceleration amplitude
according to  the  earthquake  score.
For coswt =1, according to (7),

ii(f)=U, = A,g The distribution of the maxi-

mum pressure along the pressure face will be
determined by the nature of the change in the
function, which, according to the accepted
boundary conditions, varies from 0 to 1 and
determines the normalized
hydrodynamic pressure.

When determining hydrodynamic loads on a
structure due to the influence of reservoir water,

values  of

the concept of "attached mass" of water is used
as a body that performs joint vibrations with the
structure, changing the inertial properties of the
structure.

The force of hydrodynamic water pressure on
the pressure face of the dam ( P,) can be repre-
sented on the basis of Newton's Second law as
the maximum acceleration caused by wall
vibrations (UO ), multiplied by the mass of

water" attached" to the pressure face in the
form:

P, =mU, (12)

where m is the "attached mass" involved in the

joint vibrations of the dam, which can be used
to describe the hydrodynamic pressure on the
structure during an earthquake as inertial.

The volume of the attached mass of water per
1 sq. m. of the width of the dam can be
described by the area of the plot of the attached
mass of water:

V,=H-[u2)dz (13)
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where H is the height of the pressure face, m.
u(Z) - function of the coefficient of the

attached mass of water;

Z - the height of the element on the pressure
face from the bottom of the reservoir, m

Thus, the attached mass of water for the entire
structure can be defined by the expression:

m, = pH - [ u(Z)dz (14)

In the solution of Westergaard for the vertical
pressure face, it was assumed that the area of
the plot of the attached mass of water in the
conditions of the problem is determined by the
expression:

[ u2)az = p 11 (15)

where x4, =0,544 is the value of the

coefficient of the attached mass of water
obtained by the total area of the plot of the
attached mass of water according to the
accepted calculation scheme of Westergaard.

If in expression (15) we assume that z =% is

the relative coordinate of the node on the
pressure face (0<z<h), and replace the
integration variable, then the integral for the
function of the coefficient of the attached mass
(15) can be rewritten as:

[u(2)dz = H [ u(z)dz =p,, H (16)

To determine the coefficient of the attached
mass of water g, in the works of I. S. Sheinin

[3], graphs and tables are given depending on
the problem statement, their calculation
schemes, and the conditions of movement of the
structure. For the calculation schemes
considered in this paper with different angles of
inclination of the pressure face, the coefficient

Volume 21, Issue 2, 2025

4,, can be determined from the plot in the

form:

1, = | u(z)dz 17)

Using the concept of the coefficient of attached
mass, the value of the attached mass of water
for the entire structure can be determined,
considering it as an average mass of water
evenly distributed over the pressure face of the
structure, attributed to the unit area of the
pressure face. Based on (14) and (15), for the
attached mass of water, we can write:

_ ,o,ueqH2 1r.m.

m, 18
“ H - 1r.m. (18)

2

k
=pu,H L2

Accordingly, the hydrodynamic force of water
pressure, which falls on the entire area of the
pressure face of the dam (horizontal
component), can be defined as:

H
P, = pHU, [ 1(2)dZ =pH*Uypt,,, — (19)
0

Since the distribution of the attached mass of
water over the height of the pressure face is
uneven, the hydrodynamic pressure acting in the
k-element of the pressure face of the dam can be
written as:

P = pHUO 14 (2)

(20)
P =vH -, (2)- 4,

where is the ordinate on the plot of coefficients
of the attached mass of water in the k-element
of the pressure face of the dam, located at a

relative height z:% from the bottom of the

reservoir.
In the modern regulatory literature, the
definition of hydrodynamic pressure is

differentiated for different elements by the
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height of the pressure face using the table for
the coefficient of attached mass wu=f (%),

where it determines the depth of the calculated
element under the water level.
However, there are no such reference data for
structures of hydraulic structures with an
inclined pressure face, which led to the need for
research in this area.

To determine the coefficient of attached mass
4, , 1t 1s necessary to solve the problem of the

distribution of hydrodynamic pressure over the
height of the pressure face of the dam. Taking
the seismic acceleration of the base, the water
density, and the reduced reservoir depth as unit
values, we can conclude that the plot of the
distribution of the coefficient of the attached
water mass over the height of the pressure face
will be identical to the plot of the hydrodynamic
water pressure, which is determined by the
expression:

r(2)

ﬂk(Z):m

2n

Where 4," is the unit seismic acceleration of
the base in fractions of g, " is the unit volume

weight of water, 4~ is the relative depth of the
reservoir, reduced to unity in the calculation
scheme (2 =1).

The character of the distribution of the
hydrodynamic  pressure function in the
calculated area with an inclined pressure face
of the dam is determined by integrating the
Laplace equation (9).

RESULTS AND DISCUSSING

For the numerical solution of (11), we used the
apparatus of numerical methods in the
MATLAB software package [18,19]. Design
schemes for dams with different angles of
inclination of the pressure face are constructed

in relative coordinates XOZ , in which the

Alexandra S. Bestuzheva, Georgy P. Gotsiridze

height of the pressure face of the dam is taken
as h=1 . In relative coordinates, the ordinate of

an element on the pressure face z, is defined as

Z, =—

H

The boundary conditions for solving the
problem of the distribution of the potential
function in the computational domain
"dam-reservoir" are set by the interface of the
MATLAB software package on each of the
sections of the figure ABCD, for the segments
AB, BC, CD, DA (Figure 2). According
to [MATLAB], types of boundary
conditions are given at the boundaries of the
domain: Dirichlet conditions and Neumann
conditions:
- the Dirichlet condition (or a condition
of the 1st kind) is a method for setting a
boundary condition when the value of the
desired function is set explicitly, for example;
- the Neumann condition (or condition
of the 2nd kind) is a method for setting a
boundary condition when the desired function is
oV (x) _o

n
which indicates that the equipotentials of the
desired function are orthogonal to the selected
boundary.
In the MATLAB PC interface, when solving
elliptic equations, the boundary conditions for a
potential function are set using the equation:

two

given by its derivative, for example,

r(x)=V(x)-a (22)
where a is a variable that can take any valid
values, including a null value.

r(x)- a function defined analytically by an
equation.

At the same time, the potential function can take
any values.

Within the scope of this task, the following
conditions will be met at the boundaries of the
calculation scheme (Figure 2):

1. AB —reservoir bed, set for all of them
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a=1r(x)=1

what creates the conditions for a potential
function:

Vi(x,z)

._o=1 (Dirichlet condition)

2. BC — conditional watertight boundary of
the reservoir, which is a current line where the
condition can be set:

a =0 (Neumann condition)
on
3. CD is the free surface of the reservoir,

which is a line of equal pressure, which deter-
mines the orthogonality of the function of
streamlines at this boundary:

8_V =0 (Neumann condition)

on

4. DA is the pressure face of the dam. The
pressure at each point of the boundary is defined
as a function of the height and angle a between
the pressure face and the vertical.

1

—X
h-tg(a)
what defines a potential function:

a=1r(x)=

V(x) = r(x) (Dirichlet condition)

5. To exclude the influence of the length of
the reservoir on the solution of the Laplace
equation, the following condition was fulfilled
in the calculations:

(23)

Numerical solutions of the Laplace equation for
the potential function y(x,z) in design schemes

with different angles of inclination of the pres-
sure face, in the range of vertical angles from 0°
to 75° degrees, are presented in the form of a
family of equipotentials for some design
schemes in Figure 3, where the blue
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equipotentials are a function of current lines ,
the red equipotentials are a function of the hy-
drodynamic pressure level.

The family of equipotentials representing a
solution for the current line distribution function
allows, in compliance with the orthogonality
principle, to construct a hydrodynamic grid with
equipotentials corresponding to the distribution
law of the hydrodynamic pressure function in
the calculated domain (Figure 4). The plots of
the hydrodynamic pressure distribution along
the inclined pressure face of the dam are given
in the form of function values P, =¢(x,z),
which allows them to be considered as plots of

the coefficients of the attached water mass ac-
cording to (17).

u=0"\l\

L —
8 063

+0.74

o)

Figure 3. Hydrodynamic grid and plot for the
coefficient of the attached mass of water at
the angle of inclination of the pressure face:
a) a=0°b) a=10°¢c) a =60°

Comparison of the obtained results for the
coefficients of the added mass of water was
carried out in 3 directions:
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l. Comparison of the obtained functions
u(a,z) with the Westergaard solution for the

vertical pressure face (Figure 4a).

2. Comparison of the obtained functions
U(a, z) with the recommendations of the SP for
taking into account the angle of
inclination of the pressure face (15° do) in the
form:

1= p,cos’ () (24)

where « 1is the angle of inclination of the pres-
sure face relative to the vertical, deg.
u, - coefficient of the attached mass of water

for the vertical face according to the solution of
Westergaard.

3. Comparison of the obtained functions
U(a,z) with the results of the Zangar experi-

ment (Figure 4¢)

a=0°

—e— GAM
~—+— Westergaard's decision st

ettt
S =toiu i ing 00—
TTTTTTTTTTT

1 1 1 1 1 1 1 1 1 1 1 1 | | 1 1
0 005 0.1 015 02 025 03 035 04 045 0.5 055 06 065 07 0.75
Hy

a)

a=5°

—e— GAM
— pcos’(a)

——=— Waestergaard's decision p,

Sooomooos
S—ielbikinmio—

1 1 1 1 1 I 1 1 1 1 1 | — I 1
0 0.05 0.1 015 02 025 03 035 0.4 045 05 055 0.6 0.65 0.7 0.75 0.8

Hy
b)

—— GAM

h
: =

i
TTTTTTTTTTT

SE o cos@)
8;‘; ~—=— Westergaard's decision p_
021 g=/5°
0 1 1 1 1 1 | 1 1 1 I 1 1 1 1
0 005 0.1 015 02 025 03 035 04 045 0.5 055 0.6 065 0.7 075
Hy
©)
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a=20°

—— GAM
—— p_cos’(w)
—+— Westergaard's decision p |
a=20°

1 1 1 1 I b | 1 I b ' |
0 005 0.1 015 02 025 03 0.35 04 045 05 055 06 065 0.7 075

h
22288
TTTTTTTTTTT

0.8 =
06— GAM

205 [ p_cos*(a)
04 |-

=
LI

0 005 0.1 015 02 025 0.3 035 04 045 0.5 0.55 0.6 065 0.7 0.75 08
i
e)
Figure 4. Comparison of results:
a) with the decision of Westergaard,
b) - e) with the recommendations of the SP for
the corresponding angles

As can be seen from the comparison, for the
angle, there is a high accuracy of matching the
analytical solution of Westergaard. At the same
time, the difference between the received
decision and the JV recommendation reaches
10%, and for, obviously, the recommendations
are no longer applicable.

The results of computational studies on the
values of the coefficient of attached water mass
obtained on the basis of constructed
hydrodynamic grids for different angles of
inclination of the pressure face of the dam,
in the range, are summarized in a nomogram
(Figure 5).
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Figure 5. Nomogram

However, for convenient use in calculations,
these curves are best represented as
mathematical functions that depend on the
corresponding arguments. Using the
approximation method, we represent each
experimental dependence u = f(a) as a linear

function of the form:

/l(Z, a) = azia—‘rbzi (25)

The approximation functions are found by the
least squares method using the Levenberg-
Marquardt algorithm [20-22].

Further, representing families of angular
coefficients a_(z) and free terms b_(z) as

square parabolas:

a,=f,(2)=mz"+nz+k
1 . 1 1 (26)
b,=f,(z2)=mz" +nyz+k,

you can express expression (25) in the following
form:

u(z,00) = (0.00732> —0.01322—0.0015)cr

27)
—0.84482" +1.4894z +0.0747

The value of the coefficient of the attached mass
of water in the k-element of the pressure face of

Volume 21, Issue 2, 2025

the dam can be calculated using expression (26)
when z=z,:

(28)

where Z, is the absolute height mark of the

k-element, H is the absolute depth of the
reservoir.

In accordance with the obtained approximation
solution, expression (27) gives the values of the
coefficients of the attached mass of water u

only over the interval z, =0,1...1. The function
u(z,a) on the interval z, =0..0,1 can be

approximated in a similar way:

(0,)=0
; (29)
1O0.La)=aa+b
In general, the function for finding the

coefficient of the attached mass of water as a
function of the relative depth of the element and
the vertical angle of the pressure face is the
following piecewise linear function with varia-
ble coefficients:

0, ze {0}
-0.0026¢ +0.2103, z € (0,0.1)

p(z,a)=1(0.0073z> =0.0132z-0.0015) —  (30)
—0.8448z2° +1.48942+0.0747,
ze[0.1,1]
The equation of the wvalues of the

coefficients of the attached mass of water
obtained using the approximation function (30)
with the author's nomogram data and the results
of experiments [14] for some angles « is
shown in Figure 6.
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Figure 6. Comparison of results

The hydrodynamic pressure force according to
(19) can be calculated by the formula:

By =y, H* 4, [ u(z, @)dz 31)

where-the maximum relative acceleration of the
base, - the volume weight of water, /- the
relative depth of the reservoir, u(z,a)— the

function of the coefficient of the attached mass
of water, constructed for the relative height of
the pressure face z, varying from 0 to /

Calculation of hydrodynamic forces based on
the obtained solutions for functions u(z,«) at
different angles of inclination of the pressure
face of the dam made it possible to plot changes
in the hydrodynamic force B, = f(«) . For this

h
purpose, the integrals I U(z,«) of the obtained
0

plots u(z,«) were calculated. By analogy with

(17), the obtained integrals determine the value
of the coefficient of the equivalent attached
mass of water for a dam with an inclined
pressure face, and all other things being equal,
the solutions of the problem depend only on the
angle of inclination of the face.
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For the resulting function, we introduce the
following notation:

M(a) = [ u(z,0)dz (32)

The function graph M(«) is constructed based

on the results of graphoanalytical plotting of the
attached mass coefficients (Figure 7) and the
approximating function constructed on their
basis u(z,x).

The integral of the approximating function (30)
can be obtained analytically in the form:

h 0.1
M(a) = [ u(z, @)z = [ (~0.00260+0.2103)dkz +
0 0

j ((0.00732> = 0.01322—0.0015)cx —
J-0.84482% +1.48942 +0.0747)dz

Performing direct integration, we get:

M(a)=(0.021-0.00026cr) +(0.523-0.00545¢)
M(a)=0.544-0.00571cr

Traditionally, it is interesting to represent the
hydrodynamic pressure force as a fraction of the
hydrostatic pressure force W (per 1 nm):

7o
2

W =

Taking into account (30) and (31), we can write:

P.(a) =2M(a)W4, (33)

The obtained expression shows that for a strong
earthquake ( 4, =0.4g for a 9-point earthquake)

and a vertical pressure face (M (0°)=0.544 -

Westergaard's solution), the seismic pressure of
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water on the pressure face of the dam will
be B.(0°)=0.435W . When the pressure face is

laid 1:1 (a=45°), which can occur for dams
with reinforced concrete screens, the seismic
water pressure will be R.(45°)=0.23/ almost

a quarter of the hydrostatic pressure. The results
obtained indicate a significant seismic pressure
of water on the pressure face of the dam,
including the slope profile.

M
CefP s afaSst
IRERARARE AR R BRI

Figure 7. Graph of changes in hydrodynamic
pressure from the slope of the pressure face

The obtained quadratic polynomials for the
cefficients of the function depend on the height
position of the element on the pressure face
(23). Therefore, the number of elements
forming the hydrodynamic pressure plot will
affect the accuracy of plotting the coefficients of
the attached water mass and the magnitude of
seismic loads.

To assess the effect of the density of the FEM
design grid on the hydrodynamic pressure force,
calculations were performed with different
numbers of elements on the pressure face.
A model of a 100-meter dam with a 1:2 upper
slope (vertical angle @ = 63.43°) was considered
in 8 variants of breakdown: with 5, 10...70
elements on the pressure face.

As a result of analytical integration of the
function of the coefficient of the added mass of
water (32), an expression was obtained that can
be taken as an exact solution:

Volume 21, Issue 2, 2025

M (63.43°)=0.544-0.00571-63.43=0.182

In each of the 8 calculation variants, for the
center of gravity of the element located on the
pressure face, the values of the coefficients of
the attached mass of water were determined,
according to the approximating function
U(z,a), and a plot was constructed from them.

Determining the area of the plot (using Autocad
tools) allowed us to compare the obtained val-
ues for the o =63.43° following parameters.
The results of the comparison are shown at
Figure 8.

The obtained results allow us to conclude that
when forming the FEM grid, it is necessary to
provide for at least 20 elements in height on the
pressure face of the dam. When dividing the
pressure face into 20-30 elements, the error will
be less than 5% of the value obtained by direct
integration, which is a satisfactory result for
engineering calculations.

0.019

Dircet integration M(e) =0.182

0.018 F
I 99,1%

978y, 98.5% 98.8% 99,0%

0.017 |- 95,6%

0.016 -

M)

0.015 -
0.014 |-
0.013 |-

0.012 |- 65.9%

0.011 1 | 1 | L | 1 1 1 1 L | ' 1 L
0 10 20 30 40 50 60 70 80

Number of pressure face elements

Figure 8. Comparison of numerical and
direct integration results

In this problem, a method is developed for de-
termining the hydrodynamic water pressure for
a dam with an inclined pressure face, as a reac-
tion to the horizontal component of dam vibra-
tions during an earthquake. Taking into account
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the horizontal hydrodynamic pressure of water
in the attached mass of water involved in the
horizontal vibrations of the dam, it is important
to assess this effect in the magnitude of seismic
forces that occur in dams during an earthquake,
at different angles of inclination of the pressure
face of the dam.

The linear-spectral method (hereinafter referred
to as LSM), regulated by SP for determining
seismic loads in hydraulic structures, involves
solving the problem of natural dam vibrations
and using calculation forms in determining
seismic forces. When solving the problem of
plane deformation for a momentless system,
there are two components in the components of
displacements according to the forms of natural
vibrations-horizontal and vertical
displacements, which will participate in the
formation of both components of seismic forces
— both horizontal S, . and vertical S _, while

the attached mass of water affects only the
inertial properties of the dam in the horizontal
direction.

The study determined the seismic forces that
occur in the dam elements in the horizontal
direction, taking into account the horizontal
hydrodynamic water pressure from the upstream
side and the horizontal direction of propagation
of the seismic wave. The considered problem
statement determines the greatest seismic loads
in the dam along the horizontal component.
Studies were carried out for different dam
structures: concrete, ground, combined, having
different outlines of the pressure face.

The author's program "Seismic_Force 2D" was
used to calculate and visualize the distribution
of seismic forces in the dam [17].
As part of the calculation, the FEM grid is set,
the properties of materials in the calculated area
are calculated, the forms of natural vibrations
are calculated, and seismic forces and
accelerations are determined within the LSM
with the calculated earthquake score.

Seismic forces in the dam elements were deter-
mined according to the linear-spectral method,
taking into account the forms of natural dam
vibrations by the formula:

56

Alexandra S. Bestuzheva, Georgy P. Gotsiridze

4 [z ,
Sp. = kszQkﬂ EO\/Z((ky/ﬂ)lnlkx)) (34)

- coefficients are determined

in accordance with SP,
n,.- coefficient of the oscillation form in the

where k, k. k

o
k-element of the dam, according to the i-form of
natural vibrations, in the horizontal direction:

Nige = Fiﬁxik,x

3 (0, %, cos B+ 0,y sin §)

(35)

r,

K (36)
Z (Qkuxi + kajc)

where I, is the coefficient of participation of

the i-form of vibrations in the oscillatory
process (free vibrations) in the direction of
propagation of the seismic wave, £ is the angle

of approach of the seismic wave with respect to
the x-axis.
The change in the participation coefficient I,

when taking into account the attached mass of
water for the model of the dam considered
earlier is shown in Figure 9. As can be seen
from the figure, for waveforms other than
horizontal, in the horizontal direction, the
coefficient I, value is close to 0. Thus, there

are not so many forms contributing to the
seismic vibrations of the dam along the
direction of wave propagation, they include
1,3,5 FGC, and the coefficient value of 5,6.9
FGC is not more than 10% 17, of 1 form, at

high frequencies (more than 3.5 Hz) significant
fluctuations of the dam in the direction of the
seismic wave it is not observed, there are no
significant fluctuations of the dam in the
direction of the seismic wave, and the effect of
the attached mass of water on the coefficient
I',; for higher forms is minimal.

The weight of elements on the pressure face of
the dam taking into account the attached weight
of water, is determined by: O, =0, +0,,

International Journal for Computational Civil and Structural Engineering



Accounting for the Added Mass of Water of Reservoir in Calcula-tion of Seismic Accelerations

for Pressure Hydraulic Structures

where Q, - the weight of the element without
taking into account the attached mass of water;

—_———
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o ©
tooito

= TIT T T VT VT v [T|?
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1 23 4 5 6 7 8 9 1011 12
Number of vibration modes
Figure 9. Effect of accounting for the added
mass of water on the coefficient I,

x, and z, -normalized values of displacements
of the k-nodes of the calculation scheme accord-
ing to the i-form of natural vibrations
(hereinafter referred to as FGC) in the
horizontal and vertical directions, respectively.
The weight of the attached mass of water on the
section of the pressure face of the dam height is
determined as follows:

0, =z, o)y, HyAh, 37)

where y, 1is the specific gravity of water, H is
the depth of the reservoir, i and is a coefficient

that takes into account the influence of the
reservoir length.

The coefficient of the attached mass of water
i, (z,,a,) is determined by the formula (29),

taking into account the change in angle «, for

each element separately.

The study examined three 100-meter-high dams
located on the same base, experiencing seismic
effects of the same intensity with an estimated
base acceleration of 0.4g. The following dams
are considered: a gravity concrete dam with a
vertical pressure face, a ground dam with a 1:2
pressure face and an  asphalt-concrete
diaphragm, a combined dam with a concrete
pedestal in the lower part of the pressure face
and a reinforced concrete screen on the slope
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with a 1:1.5 foundation (Figure 10). For the
correctness of the study, the number of elements
on the pressure face in all calculated variants
was assumed to be the same (n=30).

For each of the dam variants, according to the
obtained function g, (z,,a,), plots of the

distribution of the coefficients of the attached
mass along the pressure face were constructed
(Figure 11).

For the design structures of dams, seismic
accelerations were calculated using the
linear-spectral method [23], taking into account
the attached mass of water and without it. For a
clear comparison of the effect of the added mass
of water on acceleration, the set of coefficients
is assumed to be the same.

Figure 10. Structures of the considered
dams (FEM grids).
a) concrete gravity dam
b) combined dam
¢) ground dam

—®— Ground dam
—e— Qravity concrete dam
—*— Combined dam
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Figure 11. Plots of the distribution of the
coefficient of attached water mass
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As can be seen in Figure 12, the seismic
accelerations of the ground and combined dams
are comparable and do not exceed 0.3g in a
9-point earthquake. Accelerations on the crest of
a concrete gravity dam are almost 0.7g.

Taking into account the added mass of water
increases the acceleration of the elements of the
pressure face of the dam over the entire height
of the dam, reaching a difference of up to 10 %
on the ridge. For a vertical pressure face, taking
into account the added mass of water leads to an
increase in acceleration on the ridge by almost
30%.
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—e— Combined dam

—o— Combined dam (u)
Ground dam
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—e— Concrete gravity dam (1)
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Figure 12. Seismic accelerations on the dam
crest
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CONCLUSIONS

1. A graph-analytical method for plotting plots
of the attached mass of water for water
structures with an inclined pressure face are
developed for all possible angles of inclination
in the range «a =0°...75°, including when the
slope is variable in height and when there are
berms at ground dams.

2. The results of calculations are compared with
the results of experimental studies, as well as
with the well-known results of domestic and
Western  scientists, which showed good
accuracy of the results.

3. For practical use, a nomogram is constructed
with calculated values of the coefficients of the
attached water mass, which allows determining

Alexandra S. Bestuzheva, Georgy P. Gotsiridze

the additional seismic pressure of the reservoir
water on the structure during an earthquake.

4. An analysis of the accuracy of plotting
epigrams of the attached water mass for
different density of FEM grids is performed,
based on which it is recommended that the
maximum size of the element on the pressure
face (in height) should not exceed 5% of the
height of the dam.

5. The effect of the attached water mass on
seismic accelerations for various dam designs is
analyzed. The effect of the added mass of water
increases the seismic acceleration at the crest of
dams from 10% for ground dams to 30% for
concrete dams with a vertical pressure face,
which must be taken into account when
designing hydraulic structures in seismically
active areas.

ACKNOWLEDGEMENTS

The research was founded by the National
Research Moscow State University of Civil
Engineering (grant for fundamental and applied
scientific research, project No. 34-392/130)

REFERENCES

1. Westergaard H.M. (1931) Water
Pressures on Dams during Earthquakes,
Proc. Am. Soc. Civ. Engs., vol. 57, 9.

2. Napetvaridze Sh. G. Seismic resistance of
hydraulic structures. - M.: Gosstroyizdat,
1959, - 215p

3. Sheinin LS. Oscillations of hydraulic struc-
tures in liquid. - M.: Energia, 1967, - 215 p.

4. Kulmach P.P. Seismic resistance of port
hydraulic structures. - M.: Transport, 1970,
-312 p.

5. Shulman S.G. Calculations of seismic re-
sistance of hydraulic structures taking into
account the influence of the aquatic envi-
ronment. - M.: Energy, 1976, - 190 p.

6. Kaufman B. D. Taking into account the
influence of wuncertain factors when

58 International Journal for Computational Civil and Structural Engineering



Accounting for the Added Mass of Water of Reservoir in Calcula-tion of Seismic Accelerations
for Pressure Hydraulic Structures

10.

11.

12.

13.

14.

determining the hydrodynamic pressure on
a dam // Magazine of Civil Engineering.
2012. No. 9

Abdikarimov R.A., Eshmatov H., Bo-
banazarov Sh.P., Khodjaev D.A., Eshma-
tov B.Kh. Mathematical modeling and cal-
culation of hydraulic structures of the dam-
plate type taking into account seismic loads
and hydrodynamic water pressure // Maga-
zine of Civil Engeneering, 2011, No. 3.
Zhang C., Feng J., Pan J., Long Y. Seis-
mic safety evaluation of high concrete
dams. Part 2. Earthquake behavior of arch
dams // Proceedings 14th World Confer-
ence on Earthquake Engineering. Paper
NeS13-81, Beiging, China, 2008. Pp. 1-15.
Zhang W., Ren X., Geng X., Zhang Y.,
Yang W. Study on influence coefficients of
hydrodynamic force on dynamic
response of deep-water pier under earth-
quake // Ocean Engineering. - Elsevier,
2024, V. 299

Qiu Y., Wang J., Zhang C. An internal
input framework of earthquake motions for
dam-water-foundation rock systems // Soil
Dynamics and Earthquake Engineering. -
Elsevier, 2022, V. 156

Ye. J., Zhou H., Zhou X. Hydrodynamic
pressure on lateral side of dam excited by

harmonic seismic vibration: A novel
formulation // Soil Dynamics and Earth-
quake Engineering. - Elsevier, 2023,
V. 164

Moghaddam A., Mozaheri H., Bidgoli M.
Mathematical modelling, numerical analy-
sis and damage of dams subjected to hydro-
dynamic pressure / Ocean Engineering. -
Elsevier, 2022, V. 253

Napetvaridze Sh.G. Hydrodynamic pres-
sure under seismic impact / Works of the
Institute of Construction of the Academy of
Sciences of the Georgian SSR, 1955, v.5.
Publishing house of the Academy of Sci-
ences of the Georgian SSR

Zangar C.N. Hydrodynamic Pressures on
Dams due to Horizontal Earthquake

Volume 21, Issue 2, 2025

15.

16.

17.

18.

19.

20.

21.

22.

23.

Effects, 1952, Denver: U.S. Bureau of Rec-
lamation

Bestuzheva A.S., Gotsiridze G.P.
Coefficient of added water mass for dams
with a slope profile taking into account the
direction of approach of a seismic wave //
Hydrotechnical construction, 2024. No. 2.
Bestuzheva A.S., Gotsiridze G.P.
Hydrodynamic pressure of water on the
head face of an earth dam during an
earthquake //E3S Web of Conferences
- EDP Scienses, 2023. — V. 456

Certificate of state registration of the com-
puter program RU 2024666923. Seis-
mic Force 2D/ A. S. Bestuzheva, G. P.
Gotsiridze (RU); copyright holder FGBOU
VO "National Research Moscow State Uni-
versity of Civil Engineering".; declared
10.07.2024; published 17.07.2024
Chernyavskaya S.A., Matuzaeva O.V.,
Tsarev V.G. Differential equations for
solving applied problems in the MATLAB

environment. // Power plants and
technologies, 2022. Vol .8
Bakhshalyeva M.N., Khalilov E.G.

Justification of the collocation method for
the integral equation of the external Di-
richlet boundary value problem for the La-
place equation // Journal of Computational
Mathematics and Mathematical Physics,
2021. Vol. 61

Levenberg K. A Method for the Solution
of Certain Non-Linear Problems in Least
Squares // The Quarterly of Applied Math-
ematics, 1944, V.2

Marquardt D.W. An algorithm for least-
squares estimation pf nonlinear parameters
// Journal of the Society for Industrial and
Applied Mathematics, 1963, V.11(2)
Butyrsky E.Yu., Kuvaldin LA.,
Chalkin V.P. Approximation of
multidimensional functions // Scientific in-
strument-making, 2010, Vol. 20, No. 2
Bestuzheva A.S., Gotsiridze G.P.
Spectral methods for calculating earth dams
for seismic loads // Izvestiya VNIIG im.
B.E. Vedenev, 2022. V. 305

59



CIIMCOK JIMTEPATYPbI

1.

10.

60

Westergaard H.M. (1931) Water
Pressures on Dams during Earthquakes,
Proc. Am. Soc. Civ. Engs., vol. 57, 9.
HanerBapuaze II.I'. CeiicMmocTOWKOCTD
THIPOTEXHUYECKUX COOpYXeHuil. - M.:
lNocerpoitmznar, 1959, - 215¢

Ieiitnnn U.C. KonebGaHus KOHCTPYKIHMA
TUAPOCOOPYKEHUM B JKUIKOCTH. - M.:
Oueprus, 1967, - 215¢

Kynabmau ILII. CelicMOCTOHKOCTh HOPTO-
BBIX TUJAPOTEXHUYECKUX COOPYKEHUU. - M.:
Tpancnopr, 1970, - 312¢

Hlyabman C.I'. PacueTbl celcMOCTONKO-
CTH THUAPOCOOPYKEHUN C YUETOM BIIHSTHHS
BOJIHOM cpenibl. -M.: Dueprus, 1976,- 190¢
Kaydpman b. JI. Yuer BiausiHus Heolpene-
JIEHHBIX (AKTOPOB MPHU OMpPENeICHUH THJ-
POIMHAMUYECKOTO JaBJICHUS Ha
motury // Magazine of Civil Engineering.
2012. Ne9

AogukapumoB P.A., DmmaroB X,
bob6anazapos II.II., Xomxaer JI.A.,
JmmartoB b.X. Maremarnueckoe Moaenu-
pOBaHHME W paCyeT THIPOTEXHUUYECKUX CO-
OpY’KEHUH TUMA IUIOTUHBI-IUIACTUHBI C yye-
TOM CEHCMHMYECKOW HArpy3oK U THIPOIU-
HaMHYECKOTro JaBjieHUsl Bojbl // NHxkeHep-
HO-CTpOUTENbHbIN KypHai, 2011, Ne 3.
Zhang C., Feng J., Pan J., Long Y.
Seismic safety evaluation of high concrete
dams. Part 2. Earthquake behavior of arch
dams // Proceedings 14th World Confer-
ence on Earthquake Engineering. Paper
NoS13-81, Beiging, China, 2008. Pp. 1-15.
Zhang W., Ren X., Geng X., Zhang Y.,
Yang W. Study on influence coefficients of
hydrodynamic force on dynamic
response of deep-water pier under earth-
quake // Ocean Engineering. - Elsevier,
2024, V. 299

Qiu Y., Wang J., Zhang C. An internal
input framework of earthquake motions for
dam-water-foundation rock systems // Soil
Dynamics and Earthquake Engineering. -
Elsevier, 2022, V. 156

11.

12.

13.

14.

15.

16.

17.

18.

19.

Alexandra S. Bestuzheva, Georgy P. Gotsiridze

Ye. J., Zhou H., Zhou X. Hydrodynamic
pressure on lateral side of dam excited by
harmonic seismic vibration: A novel
formulation // Soil Dynamics and Earth-
quake Engineering. - Elsevier, 2023, V. 164
Moghaddam A., Mozaheri H., Bidgoli M.
Mathematical modelling, numerical analy-
sis and damage of dams subjected to hydro-
dynamic pressure // Ocean Engineering.-
Elsevier, 2022, V. 253

HanerBapuaze HI.I'. ['uapogunamudeckoe
JaBJIcHUE Ipu CECMHUYECKOM
BosneictBun, //  Tpyaer  WucTuTyTa
ctpoutenbHoro nena AH I'pysunckoit CCP,
1955, 1.5. U3n-8o AH I'CCP.

Zangar C.N. Hydrodynamic Pressures on
Dams due to Horizontal Earthquake
Effects, 1952, Denver: U.S. Bureau of Rec-
lamation

Becty:xkeBa A.C., I'omupunze I'.I1. Koad-
bunueHt MPUCOEAMHEHHON Macchbl
BOJIBI Uil TUIOTUH OTKOCHOTO TNpoduis ¢
y4€TOM HaIlpaBJIeHUs TOJXOJa ceicMuye-
CKOM BOJHBI // ['MapoTexHHUYECKOe CTPOU-
TeabCcTBO, 2024. No 2.

Bestuzheva A.S., Gotsiridze G.P.
Hydrodynamic pressure of water on the
head face of an earth dam during an earth-
quake //E3S Web of Conferences
- EDP Scienses, 2023. - V. 457
CBUIIETENBCTBO O TOCYJAPCTBEHHOM peru-
cTpauuu nporpammbl g OBM  RU
2024666923. Seismic_Force 2D/ A. C. be-
cryxesa, I'. I1. l'onupunze (RU); npaBoo6-
namarenr DPI'BOY BO «HammoHaabHBIN
UCCIeA0BaTeNIbCKU MOCKOBCKUH rocy nap-
CTBEHHBI CTPOUTENIbHBIN YHHUBEPCUTETY.;
3asBit. 10.07.2024; omy61. 17.07.2024
Yepusasckasa C.A., Mary3aesa O.B., Lla-
peB B.I'. ludpdepenunanbupie ypaBHEHHS
K pPELICHUIO MPUKIAJAHBIX 3aJady B Cpele
MATLAB. // DuepreTuuyeckue yCTaHOBKH
u TexHoJyioruu, 2022. T.8

baxmaasieBa M.H., XammaoB DI.I.
O06ocHOBaHME METOJ1a KOJUTOKAIIUH ISl WH-
TErpaabHOrO ypaBHEHUS BHEILIHEH

KpaeBo# 3amauu Jlupuxiie s ypaBHEHUS

International Journal for Computational Civil and Structural Engineering



Accounting for the Added Mass of Water of Reservoir in Calcula-tion of Seismic Accelerations

for Pressure Hydraulic Structures

Jlanmmaca // JKypHan BBIYHMCIUTEIBHOU
MaTeMaTUKd M MaTeMaTU4YeCKON (PH3HKH,
2021.T.61

20. Levenberg K. A Method for the Solution
of Certain Non-Linear Problems in Least
Squares // The Quarterly of Applied Math-
ematics, 1944, V.2

21. Marquardt D.W. An algorithm for least-
squares estimation pf nonlinear
parameters // Journal of the Society for In-

dustrial and Applied Mathematics, 1963,
V.11(2)

22. Bbyrbipckuii E.JO. KyBanaun HU.A., Yan-
kuH B.II. Annpokcumanus MHONOMEpPHBIX
dbynkuii / Haydnoe mnpubopocTpoeHue,
2010, T. 20, Ne 2

23. BbecryxeBa A.C., I'oumpuaze I'.Il. Cnek-
TpaJlbHbl€ METOJbl PAaCYETOB TI'PYHTOBBIX
IJIOTUH Ha celicMudeckue Harpysku // Us-
Bectuss BHUUI um. B.E. Beneneena, 2022.
T. 305

Bestuzheva Alexandra Stanislavovna, Associate Profes-
sor, Candidate of Technical Sciences, Associate Professor
of the Institute of Hydrotechnical and Power Engineering
(IGES) of the National Research Moscow State Universi-
ty of Civil Engineering (NRU MGSU) 129337, Moscow,
Yaroslavskoye sh., 26, phone +7 (495) 287-49-14, email:
alex_bestu@mail.ru

Gotsiridze Georgy Paatovich, postgraduate student of the
Institute of Hydrotechnical and Power Engineering
(IGES) of the National Research Moscow State Universi-
ty of Civil Engineering (NRU MGSU) 129337, Moscow,
Yaroslavskoye sh., 26, phone +7 (495) 287-49-14, email:
gial9952@gmail.com

Volume 21, Issue 2, 2025

Toyupuose I'eopeuii Ilaamosuu, actmpanT Kadeapbl
«TunpaBnmukn 1 ['MAPOTEXHUYECKOTO CTPOUTEIHCTBA
(UI'SC) HanmoHanbHOTO HCCIIENOBATENBLCKOTO MOCKOB-
CKOT'O TOCYJapCTBEHHOTO CTPOHMTEIILHOTO YHHUBEPCHTETA
(HIY MI'CVY) 129337, r. Mocksa, fpocnaBckoe ., A.
26, TeJl. +7 (495) 287-49-14, email:
gial9952@gmail.com

becmyoicesa Anexcanopa Cmanuciagosna, IOUEHT, KaH-
JIJIAT TeXHUYECKUX HaykK, MOUeHT kadenapsl «I napasiu-
k1 1 I'maporexnudeckoro ctpoutenscrsa (MI'3C) Haru-
OHAJILHOTO HCCIIEIOBATEIbCKOr0 MOCKOBCKOIO rocyaap-
CTBEHHOTO cTpouTenbHoro ynusepcuteta (HUY MI'CY)
129337, r. Mockga, fpocnasckoe 1r., 1. 26, Ten. +7 (495)
287-49-14, email: alex bestu@mail.ru

61



International Journal for Computational Civil and Structural Engineering, 21(2) 62—74 (2025)
DOI:10.22337/2587-9618-2025-21-2-62-74

INVESTIGATION OF FAILURE OF RIVERBANK PROTECTION
STRUCTURE: A CASE STUDY IN LONG AN PROVINCE,
VIETNAM
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Abstract: The riverbank protection structure is an essential structure constructed to protect the riverbank from

the natural and human impact. Therefore, ensuring safety for this project is very important. However, this

structure can still have technical failures during construction or working stages. The failure of riverbank
protection structures poses significant challenges to infrastructure stability and environmental sustainability,

particularly in regions with complex geotechnical conditions. Thus, this study aims to investigate the causes of
the failure with the case study is the Long Hau riverbank protection project in Long An Province, Vietnam. In
doing so, a combination of on-site observations and numerical simulations using PLAXIS 2D was employed to
analyze the stability of the structure and identify potential failure mechanisms. The results revealed a

displacement of 8.7 c¢cm in the bearing pile and a total structural displacement of 19.2 ¢cm obtained from the

numerical analysis, which agree well with those from field observations. Key factor contributing to the failure is

the selection of the structure position, consequently leading to insufficient soil compaction, uneven settlement,

and underestimated lateral forces during design. The study highlights the critical need for comprehensive site

assessments, detailed numerical modeling, and regular maintenance to ensure long-term stability. In addition, the

findings provide valuable insights into riverbank protection practices and provide a basis for proposing

appropriate solutions for future work.

Keywords: Riverbank erosion; Riverbank protection structure; Structural failure analysis;
PLAXIS 2D simulation; Long Hau embankment; Structural displacement; Bearing pile; Lateral earth pressure

AHAJIN3 PA3PYIIEHUA BEPETO3AIIIUTHOM
KOHCTPYKIMHWH B ITPOBUHLNU JIOHI' AH, BBETHAM

@Dam Heox Txuns, /lanz Ban @y
Yuusepcurer Tyiinoit, 175 Taii Con, onr Ha, r. Xanoii, BBETHAM

Annoranusi:  CoopyXeHUsT ISl 3alluThl  OEperoB  peK  SBISIOTCS  BaKHBIMH ~ KOHCTPYKIHSIMH,
MpeHa3HAYCHHBIMU JUISl 3alUThl OEpPEeroBOl JIMHWM OT ECTECTBEHHOI'O M aHTPOIOTEHHOTO BO3JCHCTBHI.
[TosTomy obecrieueHre 6€30MaCHOCTH VISl JTAHHOTO NPOEKTa MMEeT IepPBOCTENIEHHOE 3HaueHne. TeM He MeHee,
9TH COOPY>KEHHUSI MOTYT UMETh TEXHHUECKHE OTKa3bl BO BPEMs CTPOMTEIBCTBA WM KCIuTyaTanuu. Paspymenue
OeperoyKpenuTeNbHbIX COOPYKEHHH CO3MaeT Cepbe3HbIe MPOOJIEMBl s CTAOMIBHOCTH HH(PACTPYKTYpPHI U
9KOJIOTHYECKOHN yCTOIYMBOCTH, OCOOCHHO B PErHOHAX CO CIIOKHBIMH T€OTEXHUYECKUMU YCIIOBHAMH.

B cBs3M ¢ 9THM JaHHOE WCCIIeOBAaHUE HAIPABICHO Ha M3y4YEeHHE NMPUYMH Pa3pyLIeHHs Ha MpUMepe MpPOeKTa
3anuThl 6epera peku Jlonr Xay B nposuHImH JIonr AH, BretHam. [{ist 3T0oro ObUIa HCIIOMB30BaHa KOMOWHAITHS
HATYPHBIX HAONIONEHWHA W YHCICHHOTO MOJAENIHpoBaHMsA ¢ wucnonb3oBaHueM PLAXIS 2D mna anammsa
YCTOIYMBOCTH COOPYXKEHHS M BBISBICHHS MOTCHIMAIBHBIX MEXaHH3MOB paspylIeHHs. Pe3ynbraThl mokasain
CMeIIleHNEe OTIOPHOM cBa Ha 8,7 ¢M M oOIIee CMeIIeHne KOHCTPYKINH Ha 19,2 cM, momy4YeHHbIe B pe3yibTaTe
YUCJICHHOTO aHajin3a, KOTOPhIE XOPOIIO COTJACYIOTCSl C JaHHBIMH HaTypHBIX HabOmojeHwil. KiodeBbiM
(hakTOpOM, CHOCOOCTBYIONIMM Pa3pyIICHUIO, SIBJISICTCS BHIOOP MOJOXKECHUS KOHCTPYKIMH, YTO IPHUBOAUT K
HEJI0OCTATOYHOMY YIUIOTHEHHIO TpYHTa, HEPaBHOMEPHOH oOcagke W HEJOOLEHKE IIONEePEUYHbIX CHJI IpH
NPOCKTUPOBAHHH.

B wuccrieioBanuy 1mouepKUBaeTCs KpUTHYECKast HEOOXOMMOCTh KOMIUIEKCHOM OIEHKH TUIOIIAJKH, JI€TalbHOTO
YHCJIEHHOTO MOJEIMPOBAHMS M PETyJSIPHOTO TEXHHYECKOTO OOCITY>KHMBAaHUS Uil 0OECIeUeHHs I0JITOCPOYHOM
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cTabuiapHOCTH. Kpome TOro, moiydeHHbIE pe3yibTaThl JAIOT IEHHYI0 HH()OPMALUIO O TMPAKTHUKE 3aIIUTHI
OeperoB peK | CITy>KaT OCHOBOHW JUTS IPEITIOKEHHSI COOTBETCTBYIOIINX PEIICHUH u1st Oy IymunX padoT.

Kuarouesbie cioBa: Pazpymenue Geperos pek; beperoykpenurensaoe coopyxeHue;
Amnanms paspymenns KoHcTpykunu; Monemuposanue B PLAXIS 2D; Ctena 6eperoykpemienus Jloar Xay;
Cmemienue koHCTpyKmu; OnopHas cBast; bokoBoe naBieHne rpyHra

1 INTRODUCTION

Riverbank protection structures are the
essential structures that use technical solutions
to stabilize and protect riverbanks from the
impact of currents, waves, and other impacts.
This structure system is especially important
in areas prone to erosion. In areas with rapid
urbanization and industrialization, such as in
many  developing  countries, riverbank
protection becomes extremely urgent because
if erosion or bank subsidence is not well
controlled, it can lead to serious consequences
both  economically and  ecologically.
Therefore, the design of protection structures
must take into account the topographic,
geological, and hydrological characteristics of
the site. Specifically, morphology, soil
composition, sediment loading, and flow
velocity are factors that significantly influence
the stresses and forces acting on the structure.
Typical structural components of riverbank
protection structures include reinforced
concrete, retaining walls, anchor piles, and
stone armor layers. These elements work
together to resist natural erosional forces
while ensuring minimal impact on the
surrounding ecosystem. However, engineering
challenges can  arise = when  design
specifications are flawed or environmental
assessments are inadequate, which can
compromise the effectiveness of the structure
and lead to serious failures.

The failure of riverbank protection structures
i1s a pressing issue that has garnered
significant attention within the disciplines of
geotechnical  engineering,  environmental
science, and hydrology. Riverbank failures
arise from a multifaceted interplay of natural
and  anthropogenic  factors, including
hydrodynamic forces, soil properties, and

Volume 21, Issue 2, 2025

human interventions. Leng [1] highlights the
critical role of geomorphological factors in the
failure of riverbank protection structures,
emphasizing the necessity for detailed site-
specific assessments. Similarly, Akter et al.
[2]  underscore  the  importance  of
understanding hydrodynamic forces acting on
geo-bag revetments, noting that these forces
significantly influence failure mechanisms.
Anthropogenic activities, such as sediment
dredging and vegetation removal, exacerbate
riverbank instability, as evidenced by Arora
[3]. The geotechnical properties of soil play a
pivotal role in riverbank stability. Chen and
Wen [4] identify soil saturation caused by
extreme rainfall and flooding as a primary
factor increasing susceptibility to erosion and
structural failure. Furthermore, Duong et al.
[5] employed numerical modeling to
demonstrate how hydraulic conductivity and
rainfall intensity interact to destabilize
riverbanks. Specific failure mechanisms, such
as cantilever collapses resulting from
undercutting, are particularly prevalent in
cohesive soils [6], [7]. Patsinghasanee et al.
[8] reveal through experimental investigations
the significance of tension cracks and beam
failures in cohesive riverbanks, highlighting
the need for tailored engineering interventions
to mitigate these risks. Vegetation is a critical
factor in enhancing riverbank stability.
Research by Abernethy and Rutherfurd [9]
shows that even low root densities can
substantially improve soil shear strength,
thereby reducing failure risks. Conversely, the
removal of vegetation contributes to increased
erosion and instability, as demonstrated by
Docker and Hubble [10], who found a strong
correlation between devegetation and mass
failure events. The broader implications of
riverbank failures extend beyond immediate
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structural concerns, as they pose significant
environmental and economic challenges.
Patsinghasanee et al. [11] investigated the
fluvial erosion and overhanging failure of
cohesive riverbank and reported that this is
one of the significant problem of river
engineering. Mamun et al. [12] highlights the
adverse impact of erosion on agricultural
productivity and food security in vulnerable
regions.  Economic  consequences  are
particularly pronounced in urban settings,
where infrastructure and cultural heritage are
at risk. Weissgerber et al. [13] note that
modifications to riverbanks often disrupt
riparian ecosystems Morelli et al. [14]
documented riverbank failures affecting
historical sites in Florence, Italy, emphasizing
the need for integrated management strategies
that balance infrastructure protection with
environmental sustainability.

In this study, the damage incident of the Long
Hau riverbank protection structure in Long An
Province is analyzed and evaluated. From there,
the cause of the damage will be discussed
through the results from observation and
numerical simulation. The results of this paper
can be a basis for proposing solutions to
reinforce this riverbank protection structure in
the future.

2 DAMAGE SITUATION OF THE
INVESTIGATED RIVERBANK
PROTECTION STRUCTURE

Fig. 1 shows the location of the project studied
in this paper. The project is located in Long An
Province, Vietnam. It aims to prevent riverbank
erosion and maintain the stability of nearby
infrastructure, which is vulnerable to seasonal
fluctuations of the river flow and sedimentation.
The project was scheduled to be completed in
December 2023.
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Figure 1. Location of Long Hau embankment

As shown in Fig. 2, this riverbank protection
structure consists of a reinforced concrete
retaining wall approximately 1.1 meters high
and an average thickness of 20 cm. The
retaining wall 1s designed to withstand
significant lateral forces exerted by the river,
especially during rainy seasons. Behind the
wall, a compacted sand layer with a
compactness K of 90% provides a support layer
to minimize movement and displacement by
evenly distributing the pressure load on the
retaining wall. The retaining wall is connected
to a series of 400 mm diameter and 28 m long
prestressed concrete piles, which form the
foundation of the structure, ensuring both
vertical and horizontal stability. The piles are
arranged in a grid pattern, with 3.0 m spacing
both vertically and horizontally, each sector
consisting of two vertical piles and one inclined
pile. This configuration is intended to maximize
load distribution and to counteract forces caused
by land subsidence, flow, and sediment
movement.

The foundation of the structure is reinforced
with a layer of geotextile fabric under the sand
layer to increase stability and prevent erosion
phenomena, along with a series of tightly
packed PVC-coated gabions at a depth of -6
meters along the riverbed. These gabions,
dimensions of 200 cm x 100 cm x 50 cm, act as
a protective barrier against erosion, creating a
buffer zone that protects the foundations from
direct hydrodynamic impact.
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Figure 2. Long Hau embankment cross-section

As shown in Figs. 3 and 4, the Long Hau
embankment began to show signs of failure
soon after completion. Major issues included a
displacement of approximately 20cm toward the
river, visible cracks in the concrete piles, and
settlement of the compacted sand layer behind
the wall. These issues raised concerns about the
long-term stability and resilience of the
structure and posed potential risks to adjacent
infrastructure and the ecosystem if not
addressed promptly.

Figure 4. Cracks on piles

These failures may be due to design or
construction method deficiencies. The presence
of cracks may indicate that the piles are not
sufficiently resistant to surcharge load and
lateral force. Similarly, lateral displacement
towards the river may indicate a deviation in the
safety system or a lack of force components in
the calculation. The settlement of the sand layer
behind the wall is due to uneven compaction.

ts Solving  these  problems  requires a
Figure 3. Settlement of the compacted sand comprehensive  analysis of design and
layer after construction completion construction  factors, focusing on soil
interactions and material selection. Therefore, a
safety assessment analysis for this structure is

Volume 21, Issue 2, 2025 65



required to find the main causes that may lead to
displacement and subsequent pile cracking.

3 ASSESSMENT OF THE CURRENT
STATUS OF THE PROJECT

3.1 Project Position

Fig. 5 shows the clear transformation of the
regional riverbank from 2014 to 2024. The
colored contours represent the positions of the
riverbank in a specific timeline, such as 2014
(blue line), 2020 (red line), and 2024 (yellow
line). These lines represent the progress of the
riverbank movement through each stage. The
2014 riverbank 1is located close to the
riverbed, representing the initial state of the
riverbank before being greatly impacted by
natural or human factors. The blue line shows
that the extent of the riverbank remains
relatively stable, without significant changes,
indicating that the level of erosion or artificial
intervention is still very limited. By 2020, the
riverbank changes became more evident as the
red line moved toward the landside compared
to that observed in 2014. This can be
explained by natural erosion or interference
from construction and land exploitation
activities near the riverbank area. This shift
suggests a possible reduction in natural land

area and also shows the impact of
hydrological or human factors on the
topographic structure of the area. The

shoreline in 2024 (represented by the yellow
line) is currently the newly designed
embankment line. Noticeably, the position of
the project is about 23.68 m from the
shoreline. Choosing the centerline position far
from the existing shoreline with this distance
can create certain deviations in the calculation
of loads and pressures on the embankment,
especially the soil pressure from the
backfilling foundation (highlighted in red
color) after the completion of the project. The
observation also shows that the incident

Pham Ngoc Thinh, Dang Van Phu

occurred mostly in this area. It might be due
to the fact that, during the design process, the
impact of the backfilling foundation may not
have been considered carefully, leading to the
omission or underestimation of important
impact forces. Specifically, the earth pressure
and displacement of the foundation after
backfilling are likely to put great pressure on
the  embankment, requiring additional
reinforcement measures or  appropriate

structural solutions to maintain the stability of
the structure. Therefore, it is necessary to
carefully analyze the cause of this incident,
from which appropriate solutions can be
proposed to reinforce the structure at this
location.

it

Figure 5. Location of shoreline in 2014 and
2020 and embankment in 2024

3.2 On-Site Observation

The field observation, which took place from
August to September 2023, included 29
specific locations illustrated by the red area in
Figure 5 and the red spot illustrated explicitly
in Figure 6. The main objective of the
observation was to systematically collect and
observe at each location after the backfilling
work, thereby assessing the actual condition
of the project during construction. From there,
it is possible to assess the safety level or
detect the damage of the Long Hau
embankment project.
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The results collected from the field observation
have been summarized and presented in Fig.7. It
can be seen that, after the backfilling on August
16, 2023, the project experienced displacement at
29 measurement points for the first observation.
Especially at positions 10-16, the displacement
value is quite large, about 11-16cm. After that,
there were 10 more observations and the
displacement value continued to increase to about
20cm for measurement positions 12 and 13. In
addition, cracks have gradually appeared on the
concrete piles and can cause unsafety for the
project. From this, it can be seen that the design
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and construction work were not proper when not
fully assessing the impact of backfilling on the
project. This displacement may be due to
horizontal soil pressure as well as the increased
load of machinery and equipment during the
backfilling process. In addition, the displacement
is great at positions 10-16 due to the considerable
area of backfilling compared to the other
positions. Thus, the impact of the lateral active
earth pressure at these positions is more
significant. To verify the cause of this problem,
numerical simulation analysis needs to be
performed, as shown in the following section.

N T = Il

1 23 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29

Observation Locations

—— Before backfilling work (04-07-2023)
2nd Observation (21-8-2023)
4th Observation (29-8-2023)
- 6th Observation (05-09-2023)
- 8th Observation (12-09-2023)
10th Observation (22-9-2023)

e After backfilling - 1st Observation (16-8-2023)
*--3rd Observation (25-8-2023)
e 5th Observation (01-9-2023)
e Tth Observation (08-09-2023)
9th Observation (15-09-2023)
-1 1th Observation (25-09-2023)

Figure 7. Relative displacement of the riverbank protection structure from the observation
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3.3 Numerical analysis

Numerical analysis is widely employed to solve
the engineering problem by various researchers
[15, 16]. In this study, PLAXIS 2D software — a
tool widely used by engineers and researchers to
solve geotechnical problems [17, 18, 19] — was
applied as a design tool to analyze the stability
and determine the cause of geotechnical
failures. The mechanical properties of the
embankment together with the geotechnical
properties of the embankment and foundation,
were collected for analysis using the finite
element method. To ensure the accuracy of the
simulation, the boundary conditions were
specifically set as follows: the bottom of the
model was assumed to be completely fixed
(fixed boundary), while the longitudinal
boundaries only allowed vertical displacement
to reflect the actual conditions at the site, as
shown in Fig. 8.

The soil parts are modeled using six-node
triangular isoperimetric elements with three
Gaussian points per element as presented in Fig.
8. The Mohr-Coulomb (MC) model, an elastic-
plastic model commonly used to simulate the
general behavior of soils, requires five
parameters: Young's modulus (E’), friction
angle (¢'), Poisson's ratio (v'), cohesion (c'),

e
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and dilatation angle (y'). For the case ¢'>30°,

dilatation angle (y') is approximately ¢'—30°

[20]. The material parameters are based on field
data collected from geotechnical surveys and
previous studies at the study site. The typical
geological layers at the site include filling sand,
silty clay, and soft clay. Field tests such as SPT
(Standard Penetration Test) and laboratory tests,
including triaxial compression and direct shear,
are performed to determine important
geotechnical parameters.

The Mohr-Coulomb model was chosen because
of the relatively homogeneous geological
characteristics in the study area. This model is
simple but still meets the analysis requirements.
However, to increase accuracy, the parameters
were calibrated through comparison with field
observations, ensuring that the model fully
reflects actual conditions.

The connection between the embankment and
the filling soil was also taken into account in
the analysis by the rectangular interface
elements, which consist of six nodes used
between the soils and the structural elements
[21]. The material properties used in the finite
element simulation are detailed in Tables 1
and 2.

/

AL, PREPSS

b +H
R s T e e

Figure 8. Numerical analysis in Plaxis 2D
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Table 1. Parameters of the soil used in PLAXIS 2D

No. Parameters Units Value
1 Name Fill sand | Rockfill Laly o Lagl o Laifer Lagler Lager Concrete
. Claye | Silty
2 | Describe y silt clay Sandy | Clay | Sandy
3 Material model MC MC MC MC MC MC MC LE
4 Type Qf material Drained Non D D D D D Non
behaviour (D) porous porous
5 | Unsaturated weight | kN/m? 17.0 22.0 15.3 20.3 20.8 19.2 20.4 25.0
6 Saturated weight kN/m? 18.0 15.5 20.8 21.1 19.6 20.8
Horizontal
7 | permenbilities m/day 1.0 1.0 1.0 1.0 | 1.0 | 10
Vertical
8 Permeabilitics m/day 1.0 1.0 1.0 1.0 1.0 1.0
9 SPT (N) - 03 5+10 1122 | 13+25 | 1926
10 | Stiffness kN/m?
EY 7500.0 | 7500.0 2.15E+07
ESPT 678.9 | 3237.1 |9723.8 [3112.0 |9293.3
11 | Poisson's ratio 0.3 0.3 0.4 0.4 0.4 0.4 0.3 0.2
12 | Cohesion kN/m? 1.0 5.6 14.6 6.2 34.1 5.7 0.2
Friction angle Deg. 30.0 45.0 34 10.1 24.0 14.2 24.2
13 | Angle of dilatancy Deg. 0.0 0.0 0.0 0.0 0.0
14 | R, 1.0 0.7 0.7 08 | 07 | 08 1.0
Table 2. Parameters of plate elements
Ord. Parameters Symbol Units D400-B
1 Material grade M800
2 Young's Modulus Erer kN/m? 4.00E+07
3 Dimension h m 0.40
4 Section area A m? 0.1257
5 Moment of inertial I m* 1.26E-03
6 Spacing ] m 3
7 Axial stiffness EA kN/m 1.68E+06
8 Flexural rigidity EI kNm?/m 1.68E+04
9 Equivalent plate thickness d m 0.346
10 Weight W kN/m/m 1.19
11 Poisson's ratio v (nu) 0.2
12 Length L m 13.00
13 Allowable displacement [d] cm -
14 Crack bending moment [M]kn KN.m 75.00
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The results of the pile displacement and the
overall displacement are shown in Figure 9. It
can be seen that the simulation results are quite
close to the results from the field observations.
The overall displacement value from the
numerical analysis, which is 19.2 cm, agrees
well with that from the field observation, which
is 20.1 cm. The relative difference is only about
4.5%. This proves that the PLAXIS 2D model,
with the calibrated material parameters and

Pham Ngoc Thinh, Dang Van Phu

boundary conditions, is capable of reflecting the
actual conditions in the study area quite
accurately. However, a larger error was
recorded in the pile displacement, which is 8.7
cm from the numerical analysis compared to 7.5
cm from the field observation. This may be due
to the inaccuracy in simulating the connection
between the pile and the ground or other
nonlinear factors that have not been included in
the model.

Horizontal displacements (Ux)
Extreme Ux -86.87%10 = m

! S
D W W 3 1 | 681 { |
= ~ 1 o
i H ++ ++ ++ H—F
Deformed mesh

Extreme total displacement 192. 18*10 “m
(displacements scaled up 20.00 times)

Figure 8. Pile displacement and total displacement.

The findings from this study provide
important information to guide future design
and maintenance practices for riverbank
protection structures in Long An province,
Vietnam. The detection of excessive
displacement at critical locations, such as the
center arca of the embankment, indicates that
additional reinforcement measures, such as
increasing the cushion sand or using piles with
higher resistance to lateral loads, are needed.

At the same time, field observations
demonstrate the importance of periodic
inspections to detect early signs of

deterioration and take corrective action before
serious problems occur.

4 CONCLUSIONS

This study aims to assess the damage status of
the embankment protection structure through
observation and numerical analysis. In addition,
this study also aims to detect the causes of the
observed damage. From the analysis results,
some conclusions can be drawn as follows:

The integrated approach of field observations
and numerical simulations, as in this study, can
become powerful methods to evaluate design
performance and detect potential problems early
in riverbank protection works.

The selection of the structure system position
far away from the existing shoreline is one of
the significant causes of failure. Because the
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great lateral force from the backfill soil might
not be carefully considered in the design stage
or due to a not proper construction process.
Thus, the structure is displaced by around 20 cm
toward the riverside and the cracks patterns
occur on the bearing piles as shown by the
observed results. This result was confirmed by
the numerical analysis using PLAXIS 2D.

In the context of globalization and climate
change, increasingly affecting riverside areas,
expanding similar studies internationally will
provide more diverse data, helping to develop
new design standards that are more suitable for
different natural and economic conditions. This
is a potential research direction and should be
further developed in the future.

Future research should focus on integrating
advanced simulation techniques and eco-
engineering solutions to enhance the resilience
of riverbank protection systems.
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MATHEMATICAL MODELING OF SWIRLING
FLOW IN A VORTEX DUST SEPARATOR

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

Abstract. The problem of swirling flow motion in an axisymmetric channel is numerically investigated. The
results of flow field calculation are obtained by solving the Navier-Stokes equations. Various flow regimes with
formation of axial recirculation zones are presented. A convective diffusion model is used to determine the
concentration of flow particles and the formation of characteristic sedimentation zones. The obtained numerical
solutions are compared with the results of available experimental data.

Keywords: swirling flows, two-phase flow, finite-difference method, convection-diffusion model,
particle sedimentation

MATEMATHUYECKOE MOJAEJIUPOBAHHUE 3AKPYYUEHHOI'O
TEYEHHWSA B BUXPEBOM IIBIVIEOTIAEJUTEJIE

B.K. Axmemoe

HanuonaneHslit uccnenoBaTesibckuit MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENbHBIN YyHUBepcuTeT, Mocksa, POCCUA

AnHoTanusi. YuCIECHHO HMCClIeoBaHa 3a1a4a O JIBIKCHUH 3aKPYYEHHOTO TIOTOKA B OCECHMMETPHYHOM KaHaJe.
PesynbTaThl pacyera 1mojisi TEUCHHS TOJIyYECHBI pelIeHHeM cucteMbl ypaBHeHuit Hasbe-Ctokca. IIpencraBieHst
pa3IUyYHbIE PEKUMbI TEUEHHs ¢ 00pa30BaHMEM OCEBBIX 30H PELMPKYISAIMHU. [ omnpeneneHusl KOHIEHTpauuu
YacTHIl TOTOKa W (OPMUPOBAHUS XapaKTEPHBIX 30H OCAXKICHUS MHCIOJIB30BaHA MOJIENIb KOHBEKTHBHOMN
muddysun. IlpoBeneHo cpaBHEHHME MONYYCHHBIX UHCICHHBIX PEIICHUH C pe3yiabTaTaMH HMEIOIIUXCS

OKCIICPUMEHTAJIbHBIX JaHHBIX.

KiroueBbie cJioBa: 3aKpy4CHHbBIC TCUCHUS, BYX(a3HBINA TTOTOK, METOI KOHCUHBIX Pa3HOCTECH,
KOHBEKTHBHO-IU((y3HMOHHASI MOJICITb, OCAKICHUEC YACTHII

1. INTRODUCTION

Swirling flows have a wide usage in various
technical applications. They can be observed in
natural phenomena and are the object of
theoretical and experimental study. The most
important properties of swirling flows are
described in [1, 2]. The structure of swirling
flows in channels limited by solid walls was
investigated numerically in [3-5]. Free flows in
an unlimited medium were studied numerically
in [6, 7]. Experimental data on the flow
structure were presented in [8-10]. The stability
of swirling flows was studied in [11-14].

Many engineering applications utilize swirling
flows that contain particulate admixtures. The

Volume 21, Issue 2, 2025

properties of swirling flow are used in cyclone-
type devices for gas cleaning against dust,
separation of particles, separation of liquid
mixtures, in particular for purification of
produced oil, in swirl nozzles for atomization of
liquids, in drying chambers for removal of
moisture from polydisperse products, in
chemical, food, construction industries and in
agricultural production.

This study considers swirling two-phase flow in
a straight-flow cyclone dust separator. Devices
of this type are used in air cleaning plants. The
principle of operation of the dust separator is as
follows. Dusty gas through the tangential
swirler 1 enters the pre-separation chamber 2
(figure 1). Here coarse dust is separated. It is
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then ejected through tangentially located outlets
3. Fine dust together with the gas moves further
in radial direction to the axis of the vortex
chamber 5. Due to the action of centrifugal
forces, the dust is separated and removed
through a number of annular slits 6 in the side
surface of the channel.

Figure 1. Flow diagram

Experimental studies of the considered device
were carried out in [15]. The objective of this
study is to develop a mathematical model and
investigate the process of particle deposition
under the action of swirling flow.

2. PROBLEM STATEMENT AND
RESEARCH METHOD

A model problem of two-phase swirling flow in
a cylindrical channel of radius R is examened.
Finely dispersed particles are considered as a
discrete system, which is carried by the flow
without affecting it inversely. In cylindrical
coordinate system r,p,z, the Navier-Stokes
equations can be represented with respect to the
flow function y, vorticity Q and azimuthal

velocity V, as follows:

2
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The system of equations (1)-(4) is written in the
conservative dimensionless form. Axial V, and
radial ¥V, velocities are related with the
characteristic value U , azimuthal velocity ¥, is

related with the value W,, coordinates are
related with radius R, time is related with the
ratio R/U. The equation system (1)-(4)
contains two dimensionless parameters:
Reynolds number Re=UR/v, where v is the
kinematic

G=Wy/U .
The solution of the problem under consideration
was defined in the domain D(0<z<z,

0 <r<1). The velocity distribution in the initial

viscosity, and swirl parameter

cross section was assumed to be as follows:

VzO:L VV():Oa

Vo0 =ﬁ(1—exp(—b2r2)), 0<r<l, z=0,
r

where b =0.554, by =8.

At the lateral surface r=1, the adhesion
conditions were specified. At the axis » =0, the
symmetry conditions were specified. At the exit
from the channel for z=z;, soft boundary
conditions were assigned. The set of boundary
conditions in the variables flow function y and
vorticity € is represented in dimensionless
form as follows:
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2
WZ—,V@ZV@O(V), a_\lj:0,0SVSI,Z:O,
2 0z
1
v=t V=0, M0 05z, r=1, (5)
2 or
y=0, Vo=0, Q=0, 0<z<z, r=0,
oV,
v _0_ Vo g<p<l, z=z .
0z 0z Oz

To solve the boundary value problem (1)-(4) at
boundary conditions (5), the block iteration
method was employed, which was successfully
used, for example, in [16, 17] to analyze
swirling flows of various types. A uniform
81x256 grid was utilized. The time step was
chosen in the range from 0.05 to 0.2.

3. CONVECTION-DIFFUSION MODEL

Among all the forces acting on a particle in a
vortex dust separator, the most significant is the
Stokes viscous resistance force. In cylindrical
coordinates, the equations of particle motion

under the action of this force have a
dimensionless form:
dV 1
= Vz - Vz 5 6
& 2 St( s) (6)
d Vrs 2 Vq%s |
——=G"—+—W, V), 7
dt r 2St( r=Ve) @
dVps VisVs 1
=— +—Vo —Vos) - 8
dt roo2St 7 w) )

Where St=(ps2U)/(9vpR) is the Stokes
number, and the index s is associated with
particles. According the equations (6), (8) axial
V. and azimuthal Vg particle velocities
coincide with the corresponding velocities of
the main flow for St<<1. Paguanenas
CKOPOCTb YaCTHIL Vis OTIpeaeIsIeTCS
ypaBHeHUEeM (7), U3 KOTOPOro MpHU YCIOBUAX

St<<1, G*St= O(1) monmyuaem
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If the conditions St <<1, G?St= O(1) are met,

the radial velocity of particles V,s can be
determined using equation (7) as follows:

p2
Vi =V, =2StG* -2 )

r
Since the considered flow includes a
recirculation zone and significantly
inhomogeneous velocity and concentration

fields, two approaches were also investigated
using averaging procedures with respect to r for
the calculation of the V,;. In the first one, the
deposition velocity was determined as a
function by averaging (9) with respect to » as
follows:

V,o(2) = 2StG2<V(§S /r> + (V). (10)

In the second approach, the effective deposition

velocity V;Y was introduced by the following
relation:

r r
lerscmrr:V:; [edr. (11)
r 0

0

where the left part is the averaged flow V,scr at
the range [0, 7], and the right part is the

effective  flow calculated for velocity

V;; = V:; (z,t) and total partial concentration at
the range [0, r].

Consider the process of particle transportation
for the calculated flows. Following the method
based on the convection-diffusion model for
mixtures of gas with small low-inertia particles,
we can neglect the inverse effect of particles on
the fluid flow (passive admixture
approximation). The velocity field is found
using equations (6)-(8). The equation of
conservation of mass of particles is transformed
to the diffusion equation for a passive scalar
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oc O 10
—+—V0)+——(V, =
o1 aZ( 2 C) }"al"(r 75 C)

12

1 [%c 10( ac)] » 12
= +__ y—
ReSc|oz2 rorl or

where ¢ is the particle concentration, Sc = v/D
is the Schmidt number, D is the diffusion
factor. The convection-diffusion equation (12)
has been used to simulate flows of mixtures
with particle mass loss by deposition on walls,
e.g.,in[18, 19].

To determine V,,, we shall consider three
models in which the deposition velocity is
defined by (12) similarly to V,s(z) by (10), or

similarly to Vi (z,t) by (11), or by solving
equation (7) with the condition V}(z,0,2)=0.

The boundary conditions for equation (12) can
be written as follows:

z=0:c=1, n<r<m; c=0, r<ry,r>r,(13)

soz 9920, 0<r<l, (14)
oz
oc
r=0, r=1: —=0, 0<z<z. (15
or

In the calculations, n =0.1, »n =0.9, z; =10
were assumed according to [15].
By integrating equation (12) over the initial

volume, taking into account boundary
conditions (13)-(15), we obtain
0 1 zx 1
2758— I Ircdrdz+2nj(rVZ c)|Z:Z,c dr+
t
00 0 (16)

Zk
0

In accordance with (16), the following integral
characteristics have been introduced: the
particle flow rates Qr and (Q, through the
outlet section of the tube at z = z; and the side
surface at r=1, respectively, as well as the

Vadim K. Akhmetov

particle mass my located in the volume under
consideration:

1
Ok (1) =27 [ (V20)| o=z dr,
0
Zk
Op(1)=2m [ r(Vrs0)| 1z,
0
zi 1
my(t)=2mn jjcra’rdz.
00

According to these notations, equation (16) will
take the form:

g(mfg)wgk(mgb(o:o. (17)

By integrating equation (17) over time, we can
determine the mass of particles iy, which came
out through the exit section, and the mass of
particles m, , which remained on the side surface:

T T
mic =[Okt , my = [Qp(D)dt .
0 0

The effects of particle reflection during
deposition on the lateral surface »=1 are not
considered. It is assumed that the particle flow
j=Doc/or+V,sc is determined only by the

convective component, and the influence of
diffusion is not taken into account, i.e.,
(Oc/or=0).

The boundary value problem (12)-(15) was
solved using the difference scheme applied to
the transportation equations (2), (3). The main
calculations were carried out using the relation

(10).
4. RESULTS

In [15], a straight-flow vortex dust separator
with the following parameters was investigated.
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The length of the channel working part L was 1
m, the Reynolds number calculated from the
average flow velocity and channel radius of
0.05 m was Re ~ 10°, and the swirl parameter G
was varied from 0 to 4.

In the present study, the flow fields
corresponding to the boundary value problem
(1)-(5) were calculated for values of Reynolds
numbers Re = 1000, 2000, 2500 and swirl
parameter G = 3.6. In this case, a region of
return flow was formed in the channel, which
started in the vicinity of the inlet section and
extended to the channel exit. The axial velocity
profiles along the cross-sections practically did
not change and weakly depended on the
Reynolds number.

The typical profile Vz(r) obtained by solving the
boundary value problem (1)-(5) at Re = 1000 in
section z = 2.5 is shown in figure 2 (curve 4).
Symbols 5-7 in this figure correspond to the
measurement data [15] for flow rates O = 0.3,
0.25, 0.2 kg/s and show the auto modeling of
the profiles by flow rate.

1

o 3 s T \6

V,, m/my | 3} g /g A X(A)
e g / A L \A

/ |

4/ \

/ © \

0.7 LA i
/ % . ‘l

3 / |
y A 2 \\\l

/| A

. \'

—

> g

0.5 rnL 1
Figure 2. Comparison of computational models
with experiments. Mass mb /m0 at r = I (models
1-3 for Vrs), data [15] (8), axial velocity V:(r)
(4), flow rate [15] Q = 0.3; 0.25; 0.2 kg/s (5-7)

Generally, the obtained numerical results
qualitatively correctly describe the structure of
the investigated flow, including the diameter of
the near-axis recirculation zone.

Volume 21, Issue 2, 2025

To investigate the dust separation process we
will use the found velocity field at Re = 1000, G
=3.6.

In experiments [15], quartz dust with a particle
diameter of dg=5.5 pum and density of
ps =2000 kg/m3
ps =ps/p=1550) were
dimensionless  particle  radius  for the
calculations is determined as follows. If
Reg <1, where Reg =V,5r; /v is the Reynolds
number for the particles, the resistance
coefficient is expressed by Stokes' law
cqg =12/Reg. Hence, the calculated particle
radius is related to the particle radius in the
experiment by the expression

r, =1 VRe'/Re,

where the values with asterisks refer to the
experiment. In [15], the value Rey; was in the
transition from laminar to turbulent regime
I<Rey; <500. In this case, the resistance

coefficient is ¢y =12/Re%®, and the relation
(18) for 7; takes the form:

(respectively

used. The

(18)

1 =re (Re*/Re)*'8. (19)

Substituting the above parameter values into
(19), we obtain 7, = (0.2-0.3)-10~".

Figure 2 (curves 1-3) presents results for mass
my/mo, where mo = my(0), of particles deposited
on the lateral surface as a function of length
distribution z/L which have been obtained by
solving the boundary value problem (12)-(15) at
Re =1000, G = 3.6, ps = 1550, rs = 0.2 104 for
all three approaches of finding Vis. Maximum
particle deposition is observed at z/L = 0.22-
0.35 (z/L = 0.3 in the experiment). At z/L > 0.3,
relations 1-3 practically coincide. Comparison
of the obtained data with the experiment [15]
(symbols 8) confirms the suitability of the
proposed approach using the convective
diffusion equation (12) for modeling the
transport and deposition of particles in swirlers.
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The total mass of particles mi/mo, passed
through the exit section z = zx, as well as in [15],
is about 0.04.

5. CONCLUSIONS

These calculations give a sufficiently detailed
view of the dust separation process using the
properties of swirled flow. The used
mathematical model allows to describe
accurately enough the main properties of the
flow, such as: the formation of recirculation
zones, the emergence of rarefaction in the
vicinity of the flow axis under the action of the
swirler, the drift of fine dispersed particles by
the flow through the side surface of the straight-
flow dust separator. There 1is a general
agreement of the calculations with the
experimental data.
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BUTT JOINT WITH MEANDER OUTLINE FOR BOX-SECTION
COLUMN IN FRAME MOMENT CONNECTION FOR SEISMIC
APPLICATIONS

Yurii S. Kost ', Tatiana L. Dmitrieva ?

'North-Eastern State University, Magadan, RUSSIA
2 Irkutsk National Research Technical University, Irkutsk, RUSSIA

Abstract: A steel moment frame is a design solution that effectively withstands seismic impact. In National
Standards of various countries, box-section columns are recommended for use in moment frame, while this re-
quirement is mandatory in the Russian Federation. Therefore, it is necessary to have a frame moment connection
between an [-beam and such column. Most existing solutions involve many welds which reduce reliability under
dynamic loads or low temperature conditions. Solutions with fewer welds require special cast components. This
article proposes a solution to this problem by introducing a butt joint for box-section columns that creates a
frame moment connection with minimal welds, without using any special cast components, and complies with
the requirements of National Standards on earthquake-resistant construction in Russia.

Based on calculations performed in ANSY'S for extracted frame moment connection in static formulation as well
as pseudo-plane single-story moment frame and multi-story moment frame in dynamic formulations using accel-
erograms from earthquakes, a comparative analysis was conducted regarding stress-strain state of the frame mo-
ment connection without butt joints and with different types the outline of butt joints.

It has been found that a butt joint with the outline like a meander is equivalent to a solid column without cutout,
allowing calculations of entire design model without detailed modeling of the frame moment connection, simply
by applying fixed joint of column and beam. Additionally, one advantage of this type of butt joint is its ability to
solve the issue of installing diaphragm plates in the box-section column body.

Keywords: butt joint, steel frame moment connection, box-section column, seismic, low temperature, weld,
ANSYS

CTbIK C OYEPTAHUEM MEAHJIPA KOPOBYATOM
KOJIOHHbBI JJII CEUCMOCTOHUKOI'O PAMHOI'O Y3JIA

10.C. Kocmw ', T.JI. Imumpueca *

! CeBepo-BocTounblil rocy1apcTBeHHbIN yHUBEpCUTeT, I. Maragan, POCCHU S
2 Upkytckuit Hanponansusiii Miccnenosarensckuii Texuuueckuil Yausepcurer, . Upkytck, POCCUSI

Annotanusi: CTaabHONW paMHBIA MMOJHBIH KapKac MpeACTaBIsieT co00i KOHCTPYKTHBHOE PElIeHHe, KOTopoe d¢-
(heKTHBHO BOCHPHMHHMMAET CEHCMHUYECKOE BO3JCHCTBHE. B HanMOHAIBHBIX CTAHIApTax PasMYHBIX CTPaH IS
TIOJTHBIX PAMHBIX KapKacoOB PEKOMEHIYETCS MPUMEHATh KOJOHHBI KopoOuaroro mpodwrsi, a B Poccuiickont de-
Jiepanny 3To TpeOoBaHME ABISIETCS 0053aTENbHBIM. B CBSA3M ¢ 3THM HEOOXOANM KECTKUI y3€l KPEIUIeHNs pure-
751 U3 IByTaBpa K TaKOW KOJOHHE. B OONBIIMHCTBE CYNIECTBYIOMIMX PEIICHUH MPHCYTCTBYET MHOTO CBAPHBIX
COCIMHEHUH, KOTOPbIE CHIDKAIOT HAJSKHOCTh KOHCTPYKIIMI TPU TWHAMHYECKOM BO3JICHCTBUM MM JKCIUTyaTa-
LMY B YCIOBUSIX HU3KHX TEMIEpaTyp, a B TeX, IIe CBAPHBIX COCAMHEHUI Majo, HE0OXOAUMO HCIIOJIb30BAHHUE
CHELUANIbHBIX JUTHIX AeTaneil. [IpeayoxkeHo peleHue NJaHHON MPOOJIEMbl B BUAE CTHIKOBOTO COEIAMHEHHs KO-
JIOHH KOpOOYaTOro Ce4eHusl, MO3BOJIAIOIIEE B MECTE CThIKA CO3JaTh KECTKUI PaMHBIN y3el ¢ MUHUMAaJIbHBIM KO-
JMYECTBOM Y3JIOB, O€3 CIeIMANIbHBIX JIMTHIX JeTajell ¥ COOTBETCTBYIOUIMH TPEOOBAaHUSM HOPMATHUBHBIX JIOKY-
MCHTOB B 00JIACTH CEHCMOCTOMKOTO cTpouTeNbeTBa Poccuiickoit deneparum.

ITo pesynbratam pacuéra B ANSYS BEIpe3aHHBIX Y3JI0B B CTATUYECKOM MOCTAHOBKE, a TaKXKe IICEBJIO-IUIOCKON
OJTHOITa’KHOW paMbl 1 MHOTOITA’KHOTO MOJHOIO PAMHOrO Kapkaca B IMHAMHYECKON IOCTaHOBKE IO aKCENepo-
rpamMMaMm 3eMJIETPSICeHHH, OBl TPOBEIEH CPAaBHUTEIBHBIN aHAIN3 HAPSIKEHHO-1e()OPMHUPOBAHHOTO COCTOSHHS
paMHOTrO0 y371a 06€3 CThIKa U CO CTHIKAMH Pa3HOTO OYEPTAHMSL.
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Yurii S. Kost, Tatiana L. Dmitrieva

Bb110 BEISICHEHO, UTO CTHIK C OYEPTAHWEM MEaH/pa SKBUBAJICHTEH IETIbHOW KOJIOHHE 0e3 pa3pesa, uTo AaéT BO3-
MOJKHOCTB TIPOBOJUTE PACUEThI BCEH CXeMBI KapKaca 0e3 JeTalbHOr0 MOJICITMPOBAHUS y3J1a, UCTIONb3Y S )KECTKOE
KperuIeHne KOJOHHbBI U pureisi. [IoMuMO 3TOro, K 1I0CTOMHCTBAM TaKOTO CThIKA MOYKHO OTHECTH BO3MOXKHOCTh
peteHust Mpo0IeMbl YCTAHOBKH MONIEPEUHBIX PEOEp KECTKOCTU B TEJIE KOJIOHHBI KOPOOUATOrO CEUECHUSI.

KiroueBble ¢JI0Ba: CTBIKOBOE COCTUHEHNE, CTATFHON paMHBIH y3eIl, KopoOdaToe CeUeHHe, CEHCMHUKa,
HU3KHE TeMIlepaTypsl, cBapHoi 1moB, ANSY'S

INTRODUCTION

Taking into account the fact that certain terri-
tories of Russia are seismically active, the de-
sign engineer is required to analyze the behav-
ior of the structure from seismic impact. To
prevent the collapse of the building frame dur-
ing a seismic impact, it is necessary to dissi-
pate the energy of the seismic impact, for
which you can use both the plastic properties
of the material of the load-bearing structures
and the use of special seismic base isolation
and energy dissipation devices. (1, 2). This
may also involve addressing the effects of a
“soft story”, which could allow improvement
of the frame’s dynamic parameters or its utili-
zation as an energy dissipation device. (3, 4).
However, this approach requires the use of a
moment frame in both planes of the column.
For these purposes, a steel frame is best suit-
ed, which has sufficient strength and the pos-
sibility of prolonged residual plastic defor-
mation. In National Standards of various
countries, box-section columns are recom-
mended for use in moment frame, while this
requirement is mandatory in the Russian Fed-
eration. In Russian State Standard SP
14.13330.2018 (including supplement 2-4) the
following requirements for the moment
frames:

1) The cross section of the columns should be
box-section or circular section;

2) diaphragm plates should be installed in the
columns at the level of the beam.

Since the column has a closed cross-section,
the main design problem is the installation of
diaphragm plates in the body of the column.

The existing concepts of design solutions for
the frame moment connection of an I-beam
and a box-section column used in Russia and
abroad can be roughly divided into:

1) Using a welded column (1, 5-11);

2) Using elements as diaphragm plates outside
the column cavity (5, 13-15, 18);

3) Using an insert that breaks the column or a
butt joint at the level of the upper belt of the
beam (5, 12, 16-17);

4) The use of special cast components (6, 18-
21)

Most existing solutions involve many welds
which reduce reliability under dynamic loads
(22-27) or low temperature conditions (28).
Solutions with fewer welds require special
cast components. Since the Russian State
Standard does not prohibit the butt joint of
columns at the place where the beam is at-
tached, a butt joint of box-section column is
considered in this work (with different cut
shapes), which makes it possible to create a
frame moment connection beam attachment
unit at the butt joint that meets the require-
ments of Russian State Standard of earth-
quake-resistant construction of the Russian
Federation. The essence of the butt joint is to
reduce the welds in the moment frame of the
I-beam and box-section column. It is assumed
that such a column will be made of hot rolled
square pipe and, due to this, it will be possible
to do only factory full penetration weld joints
of diaphragm plates, which will increase the
reliability of the structure. (fig. 1).
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a

14!

Figure 1. The concept of the butt joint and the frame moment connection whole: a — a jointed
square pipe with a meander-shaped trim and a place where the diaphragm plates, b — combining
two square pipe, ¢ — the final assembly of the butt joint and the frame moment connection as a
whole using metal plates and (or) beam flanges, tightened with pretensioned studs or bolts passing
through the profile

METHODS

To obtain reliable data on the behavior of the
frame moment connection an earthquake, it is
necessary to calculate the entire structure using
solid finite elements (hereinafter FE) using an
accelerogram, with physical and geometric non-
linearity in time. Such a task is quite resource-
intensive. In addition, increased control is need-
ed at the level of the source data assignment. To
avoid possible errors, the calculation should
begin with a simple analysis of the frame in a
linear formulation using the Response Spectrum
Analysis (hereinafter RSM) without modeling
frame moment connection, and then gradually
complicate it.

RESULTS AND DISCUSSION

The first example — a pseudo-flat single-story
pivotally supported 5x5 m frame, fixed from the
bottom of the plane in the column heads (fig.2).
The columns are made from 250x8 rolled square
pipe according to Russian State Standard GOST
32931-2015, and the beam is made from a

Volume 21, Issue 2, 2025

20112 I/H-beam according to Russian State
Standard GOST R 57837-2017.

Figure 2. Scheme of pseudo-flat single-story
frame and shell moment connection sections

At a distance of 0.5 m from the column, a mon-
olithic reinforced concrete floor slab is fixed
attached to the beam, which will not allow the
beam to buckling failure. A plastic hinge is ex-
pected in the beam. In addition to its own
weight of the structure, a uniformly distributed
mass of 28.5 tons is applied to the beam. The
scheme consists of beam elements, with the ex-
ception of the shell support parts of the 0.5 m
long beam with additional shelf widening.
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Step 1 consists in determining the maximum bend-
ing moment in the columns, total deformation and
base shear without modeling the frame moment
connection, representing it as a fixed joint, from a
given artificial single-component accelerogram
with a damping coefficient of 0.027. The material
of steel structures is S345 steel, set by multilinear
kinematic hardening model (fig.3). The calculation
is carried out by direct integration of equation of
motion in time into ANSYS Transient with geome-
try and physical linear and nonlinear, and also
RSM in ANSYS Response Spectrum from re-
sponse spectrum plot based on accelerogram. The
results are shown in the figures 4-6.
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Figure 3. Chart of properties row S345 at multi-
linear kinematic hardening
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Based on the calculation results, the following
conclusions can be drawn:

1) Linear calculation in time and RSM have al-
most identical results with an inaccuracy of
about 1-2%. This indicates that the integration
step and the Relay damping coefficients are set
correctly;

2) In the nonlinear calculation, the base shear
decreased by 0.65 times, the maximum bending
moment in the columns by 0.85 times, and the
total deformation increased by 1.46 times. A
decrease in bending moment and base shear in-
dicates that a plastic hinge appeared in the
frame, which dissipated seismic energy, and an
increase in deformation means that strong resid-
ual deformations occurred in the frame and the

deformed frame further perceived the seismic
impact;

3) In the nonlinear calculation, the maximum
stress in the columns is 328 MPa, therefore, the
plastic hinge occurs only in the beam.

Step 2. Before modeling solid-state frame mo-
ment connection for dynamic calculation, it is
worth checking the suitability of their different
variants by static calculation.

Common to all considered joints is the connec-
tion of the beam to the column via a 25-mm-
thick flange using M16 studs with a pretension
force of 90 kN. Diaphragm plates are installed
internally at the level of the beam's flanges. The
results are shown in the table 1.

Figure 7. 1 variant. Column with the meander outline: a — assembled butt joint, b-c — jointed parts,
d — outline of the cut

Figure 8. 2 variant. Column with a through-cut along the path: a — assembled butt joint, b-c —
Jjointed parts, d — outline of the cut
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Figure 9. 3-7 variants: a — 3 variant with a cut in the center, b — 4 the uncut variant, ¢ — 5-7 vari-
ants (accordingly, 1-3 variants with the addition of side plates, flange thickness)

Table 1. The results of the static calculation of the variants of the head frame moment connection

with a load on the beam 135 kN-m.

Total Max equivalent plastic Max equivalent
N Butt joint Description deformatio . stress in studs,
strain, mm/mm
n, mm MPa
1 Meander outline 27,25 0,198 2412,6
2 | Through-cut along the path 35,17* 0,434* 3061,2%*
3 Cut in the center 56,78 0,312 4530,3
4 Uncut 8,07 0,018 941,5
Meander outline with the
> addition of side plates 8,36 0,020 1182,5
Through-cut along the path
6 with the addition of side 8,58 0,027 1359,8
plates
Cut in the center with the
/ addition of side plates 9,59 0,053 1043,0

The * sign means that there is no convergence on 135 kN-m, the values are shown on 121,5 kN-m

py 0,19844 Max

a b
Figure 10. Equivalent plastic strain variant 1: a
— front, b —rear

Variants 2-4 clearly demonstrate how different
types of cutouts affect the work of joints
without side plates. Variant 1 turned out to be
the best, since in any direction of the bending
moment there will be resistance to bending by
one wall of the column.However, even with it,
the maximum equivalent plastic strain go
beyond the temporary resistance of steel.
Variants 5-7, due to the additional plates, are
already showing satisfactory performance. In
terms of stiffness and strength parameters, vari-
ant 5 is closest to variant 4.
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Figure 13. Equivalent plastic strain variant 5:
a— front, b — rear

(94
(e

(O8]
o

1
(e

BASE SHEAR, KN
>
L
—
=
=
= S EEEN
e
——
be

o)
)

O
S

0 10 20 30 40 50
TIME, S

= 0,027251 Max

Figure 14. Equivalent plastic strain variant 6:
a — front, b —rear

a b

= 0,053543 Max

Figure 15. Equivalent plastic strain variant 7: a
— front, b —rear

Step 3. In order to make sure whether the dif-
ference between options 1 and 5 is significant, it
is necessary to perform a dynamic calculation.
Let's look at 4 cases of frame moment connec-
tion modeling:

1) shell FE uncut;

2) solid FE uncut;

3) solid FE with cut meander outline;

4) solid FE with cut meander outline and non-
pretensioned studs.

The results are shown in the figures 16-17.

—— Shell FE
uncut

Solid FE

uncut

Solid FE with

cut

Solid FE with
cut, non-pre-

60 70 80 90 100 tension

Figure 16. Base shear single-story frame with modeling the frame moment connection
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—— Shell FE
uncut

Solid FE
uncut

—— Shell FE with
cut

VALV

Shell FE with
cut, non-pre-
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Figure 17. Total deformations single-story frame with modeling the frame moment connection

The graphs show how strongly the pre—tension
of the studs affects the stiffness of the
connection. The difference in total maximum
deformations of 13.07 between solid uncut and
with cut is only 1.5%, and, as a result, plastic
strain after the earthquake increased by 12%.
And with the variant non-pretensioning studs by
13.23 s, the difference is 25.2%, and because of
this, the difference in rplastic strain after an
earthquake is 793%.

The first example demonstrated that the butt
joint with meander outline of hot rolled square
pipe with 4 plates, compressed with studs a pre-
tention force of 90 kN, allows us to create an
equally strong joint of a solid pipe and provides
the necessary strength and stiffness for a frame
moment connection.

Second example — A 3-story hinged frame with
a column pitch of 6m and a floor height of 6.6m.
The columns are made from 350x13 rolled
square pipe according to Russian State Standard
GOST 32931-2015, beams of the 1st floor made
of I-beam 30B1 according to Russian State
Standard GOST R 57837-2017, 2nd floor made
of I-beam 2551, 3rd floor made of I-beam 20b51.
At a distance of 0.5 m from the column, a mono-
lithic reinforced concrete floor slab is fixed at-
tached to the beam. A plastic hinge is expected in

the beam. In addition to its own weight of the
structure, a uniformly distributed mass of 350
kg/m? is applied to the slab (fig. 18).

t =200 mm

mass per unit area
‘ 350 kg/m?

— 2061

66m

66m

66m
350x13

&6\&\%&&
ol Do

Figure 18. — Scheme of multi-story frame

Step 1. Calculations are performed similarly to
the first example, but using a three-component
accelerogram of a real earthquake. The results
are shown in the figures 19-23.
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Figure 19. Base shear multi-story frame in longitudinal direction without modeling the frame mo-
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800
& 600
> 400 — RSM
2 200 AR A , AR | 0
= Ay, N / AREVIA RSN \
= -208 i \ Y V \/ / |\ Vil WAL J/ } \ ‘ Linear
(u/.]) -400
< 000 —— NonLinear
M -800
0 10 20 30 40 50 60
TIME, S
Figure 20. Base shear multi-story frame in transverse direction without modeling the frame moment
connection
300
S 240 _ RSM
”
180
25
5 E 120 Linear
oK
=2 60 |
Q ALY, —— NonLinear
o Vo \
[8a) 0 \
2 o 10 20 30 40 50 60
TIME, S

Figure 21. Total deformations multi-story frame in longitudinal direction without modeling the
frame moment connection
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Based on the calculation results, we obtain a
situation comparable to the previous example,
with the exception of:

1) A plastic hinge did not appear in the beam
3rd floor;

2) In the nonlinear solution, base shear de-
creased by 0.44 times in the longitudinal and
0.36 times in the transverse directions, the max-
imum bending moment in the columns by 0.51
times, and total deformation of the scheme de-
creased by 0.53 times.

Step 2. Next, we form solid frame moment con-
nections models and perform their comparison
by static calculation in ANSYS Static Structur-
al. Common to all considered joints is the con-
nection of the beam 30b1to the column via a 30-
mm-thick flange using M20 studs with a preten-
sion force of 90 kN. Diaphragm plates are in-

stalled internally at the level of the beam's
flanges. Two variants are being considered: with
one beam and with 4 (fig. 24). The results are
shown in the table 2.

Figure 24. 2 variants solid model frame moment
connection

Table 2. The results of the static calculation of the variants of the floor-to -floor frame moment

connection with a load on the beam 220 kH -m

Total Max equivalent plastic Max equivalent
N Butt joint Description deformation, q P stress in studs,
strain, mm/mm
mm MPa
1 Uncut, 1 beam 99,86 0,002 704.,9
2 Uncut, 4 beams 101,45 0,016 928.6
3 Meander outline, 1 beam 99,25 0,002 718,9
4 | Meander outline, 4 beams 102,68 0,033 1533,7
5 Through-cut along the 99.22 0,004 924.8
path, 1 beam
6 Through-cut along the 103.06 0,048 16103
path, 4 beams
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Table 2. Continued
7 | Cutin the center, 1 beam 99,76 0,003 970,2
8 | Cut in the center, 4 beams 103,08 0,044 1650,5

The results show that in the floor-to-floor butt Step 3. Calculate the entire frame using a solid
joint, the results are generally comparable with model with a meander outline.

each other, but variant with a Meander outline is

closer to the not cut variant.
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Figure 25. Base shear multi-story frame in longitudinal direction with modeling the frame moment
connection
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Figure 28. Total deformations multi-story frame in transverse direction with modeling the frame
moment connection

The results show that the variants cut and uncut are
identical, but without pretension, the frame works
differently and its total deformations are higher.

CONCLUSION

It has been found that a butt joint with the out-
line like a meander is equivalent to a solid col-
umn without cutout with 4 plates, compressed
with studs a pretention force of 90 kN (fig.1),
allowing calculations of entire design model
without detailed modeling of the frame moment
connection, simply by applying fixed joint of
column and beam. Additionally, one advantage
of this type of butt joint is its ability to solve the
issue of installing diaphragm plates in the box-
section column body.

It should be noted that the next stage of the
study involves direct testing of the entire frame
moment connection on the stand and further
consideration of its individual factors and ele-
ments to determine their qualitative impact on
its bearing capacity, namely the influence of:

1) friction coefficient between steel plates;

2) bolt or studs pretension values;

3) the size of the amplitude and the rounding of
the meander;

4) the size of the gaps (tolerances) between the
columns to be joined;

5) the vertical distance between the intersecting
bolts or studs
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STRUCTURAL BEHAVIOR OF GFRP-CONCRETE
COMPOSITE COLUMNS UNDER AXIAL LOAD
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Abstract: Glass Fiber Reinforced Polymer (GFRP) is emerging as an effective alternative to traditional steel in
construction due to its superior ability to withstand high loads, light weight, corrosion resistance and low
maintenance costs. Optimizing the design of GFRP I-section can lead to significant savings construction costs.
The main objective of this study is to understand the effect of introducing GFRP I-section internally on the load
bearing capacity of Reinforced Concrete (RC) columns with and without fire. Four RC-column specimens were
tested with a square cross-section of 160 mm side dimension and 1540 mm height. I-shaped GFRP section with
5.5 mm thickness for web and flanges, 80 mm flange width, and 100 mm total height is fixed in the center of
section of column specimens .The specimens are divided into two groups. The first group has two conventional
RC tested column specimens which one exposed to the fire 500°C for 90 minutes and the other without fire. The
second group has two RC columns specimens reinforced with GFRP I-section which one exposed to the fire
500°C for 90 minutes and the other without fire. This study has shown that GFRP I-section composite columns
exhibit excellent strength and high resistance to axial load than the conventional reinforced concrete columns.
The maximum bearing capacity for the composite columns with (GFRP) I-section increased 17% more than the
conventional RC columns. The maximum bearing capacity for the composite columns with (GFRP) I-section
under the fire decreased 39% more than the composite (GFRP) columns without the fire, and decreased 14%
more than the conventional RC columns. By different codes the theoretical axial load is calculated for tested
specimens. The Finite element analysis was used to verify experimental results for studying additional
parameters are the effect of concrete compressive strength, the steel yield strength, the reinforcement ratio, and
the GFRP plate and I-section ratio of RC composite columns.

Keywords: GFRP I-Section, Composite columns, Reinforced concrete columns, Fire, Analysis,
Experimental results, theoretical study, Finite element modelling

HECYIIASI CHOCOBHOCTD KEJE30BETOHHbBIX
KOJOHH, APMUPOBAHHBIX GFRP-ITIPO®UJIEM, [TPU
JEVUCTBUHU TPOJOJIBHOM CUJIbI U OTHEBOM
BO3JIEVICTBUHN

Moxammeo A.-M. Xanun, Moxammeo M. Canem, Ama Ino-Kapum oiiuo,
Anaa I'amane Ilepugh

Kadgenpa rpaxanckoro CTpouTeNnsCTBa, MHKEHEPHBIN (akynbTet, Matapusi, Yausepcuret Xenyan, ETUTIET

Annoranus: [Tomumep, apmupoBanHbIii crekimoBosiokHOM (GFRP), sBmsercs sddexktuBHON ambTepHATHBOMI
TPaAWUIIOHHON CTaJM B CTPOUTEIHCTBE Onarojgapsi CBOCH CIIOCOOHOCTH BBIACPKHBATH BBICOKHE HArpPy3KH HPH
HEOOJIBIIOM COOCTBEHHOM Bece,  KOPPO3MOHHOM CTOMKOCTM M HHU3KHX pacxojax Ha  9KCIUTyaTalHio.
OnTumuzanus KOHCTPYKIMK AByTaBpoBoro cedenus w3 GFRP MoxkeT mpuBecTH K 3HAYUTEIHHOW SKOHOMHH
3aTpaT Ha CTPOUTENbCTBO. OCHOBHOI LI€NbI0O JAHHOTO HCCIENOBAHUS SBISUIOCH M3YyUEHHE BIMSHUSA >KECTKOM
apMaTypbl B BUJE JBYTaBoa, BbimosHeHHOTO u3 GFRP, Ha Hecymiyro CIOCOOHOCTB )KEJIC300CTOHHBIX KOJOHH
IIPU  BBICOKOTEMIICpPAaTypHOM BO3ZCHCTBUM OT NoOXapa M 0e3 Hero. bpumm wucnbiTansl — yeTbpe oOpasna
JKeJIe300€TOHHBIX KOJIOHH KBaJpaTHOrO cedyeHust co cropoHod 160 MM um BbicoToi 1540 mm. B cepenune
ceueHMsT 00pa3IoB KOJIOHH ObUTM TOMeIIeHBI JBYyTaBpel M3 GFRP ¢ TommuHOW TONKM W CTEHKHA 5,5 MM,
mpuHOH Toaku 80 MM u 06mieit BeicoTor 100 Mm. O6pasnbl ObLUTH pa3aeneHsl Ha ABe rpymmbl. [lepsas rpymnma
COCTOsUIAa M3 JIByX OOBIYHBIX OOPa3lOB )KEIe300€TOHHBIX KOJIOHH, OJMH M3 KOTOPBIX IOABEPrajicsi OTHEBOMY
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Bo3zeiicTBuio mpu Temneparype S00°C B reuenne 90 MUHYT, a APYTOH HE MOIBEPTaJICs BBICOKOTEMIIEPATYPHOMY
BO3ZCHCTBUIO. BTOpas rpymma cocTosia u3 ABYX OOpasloB KOJOHH, apMHPOBAaHHBIX nByTaBpamu u3 GFRP,
OJIMH W3 KOTOPBIX MOJBEprajcs Bo3aehcTBHIO orHs npu temmneparype 500°C B Teuenue 90 MUHYT, a APYTroif HE
MOJIBEprajicsl BBICOKOTEMIIEpaTypHOMY Bo3leiicTBuio.  JlaHHOE HCClefoBaHME IOKa3ajlo, YTO KOJIOHHBI,
apmupoBaHHble JByTaBpamu U3 GFRP kommosura, oOmamaror Oosiee BBICOKOW IPOYHOCTBIO U BBICOKOIA
YCTOWYHMBOCTBIO TPH CXKATHU IO CPaBHEHHIO C OOBIYHBIMHU JKEJIe300€TOHHBIMM KOJIOHHaMHU. MakcumasbHas
HecymIasi ClIocCOOHOCTh KOJIOHH, apMHUPOBaHHBIX AByTaBpamu u3 GFRP, yBennuninacs Ha 17% 1o cpaBHEHHIO C
OOBIYHBIMH JKEJIC300€TOHHBIMHM KOJIOHHAMH. MakcHMaibHas HeCyIlasi CIloCOOHOCTH KOJIOHH, apMHPOBaHHBIX
KoMno3uTHeIMU AByTaBpamu u3 GFRP, mpu Bo3nmelictBum moxkapa cHu3mwiaach Ha 39% 1o CpaBHEHHIO C
AHAJOTUYHBIMHE 00pa3laMH, HE MOJBEP>KEHHBIMU OTHEBBIM BO3ACHCTBUAM, M OKazayiach Ha 14% MeHbIe, yeMm
JUTsl OOBIYHBIX KEIe300€TOHHBIX KOJIOHH. B COOTBETCTBHH ¢ Pa3NMYHBIMA HOPMaMy MPOEKTHPOBAHHMS BBITIOJTHEH
pacder Hecymliel CIOCOOHOCTH MCHBITAaHHBIX 00pasloB. I MccienoBaHMs BIUSHUS IPOYHOCTH OETOHA Ha
ckaTthe, TMpejaeiia TEKydeCTH CTayiM, MpoleHTa apMmupoBaHus ctanbHOi m GFRP apmarypoill Ha Hecymryro
CIOCOOHOCTH KOJIOHH OBUIO JOTIOJIHUTENIBHO BBIIIOJIHEHO MOJIEIMPOBAHUE METOZOM KOHEUHBIX JJIEMEHTOB.

Keywords: /IsyraBp u3 GFRP, xoMo3uTHbBIC KOJOHHEI, %KeJIe300€TOHHBIC KOJIOHHBI, ITOKap, aHAJIH3,
SKCIIEPUMEHTAIIbHBIE PE3YJIbTAThI, TEOPETUUECKOE HCCIEI0BaHNE, METO] KOHEUHBIX DJIEMEHTOB

Notation:

Ay Total cross-sectional area of GFRP I-section

Ag Gross area of the concrete column

Ay Total cross-sectional area of longitudinal reinforcement

E; Modulus of elasticity of steel

f Stress at any strain ¢

/¢ Ultimate cylinder compressive strength for concrete

few Compressive strength of concrete

/s Stress in steel bars when the concrete reaches the maximum strength

JfrUltimate compressive strength of GFRP I-section

/. Ultimate tensile strength of steel

/f» Yield strength of steel

P, Axial load at the maximum

o, Ratio of average stress in rectangular compression block to the specified concrete strength
&. Strain in the concrete at reaching the maximum strength

n Reduction factor for the high strength concrete for the rectangular stress distribution
¢. Resistance factor for concrete and equal to 1.0 for laboratory conditions

¢s Resistance factor for steel and equal to 1.0 for laboratory conditions

&, Strain at the ultimate cylinder compressive strength £’

1. INTRODUCTION

The Study of structural behavior of GFRP
composite columns under axial load is important
in civil engineering due to the recent increase in
the use of composite materials in construction.
Glass Fiber Reinforced Polymer (GFRP)
columns offer advantages such as high strength-
to-weight ratio, corrosion resistance, and
durability. When combined with concrete, these
columns can provide increased load- bearing
capacity and ductility compared to traditional RC
columns. Research has presented that the
behavior of GFRP-concrete composite columns
is influenced by factors such as the type and ratio

100

of GFRP, the bond between GFRP and concrete
and the GFRP confinement provided in the
structure  members. Understanding  the
performance of these composite columns is
essential for designing safe and efficient
structures that meet modern engineering
standards. Further research is needed to optimize
design guidelines and improve our understanding
of how these innovative materials behave under
different  loading  conditions.  Therefore,
optimization of the design of composite sections
incorporating GFRP can lead to substantial
saving in the construction cost. There are many
previous studies that have been conducted on the
behavior of composite columns reinforced with
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GFRP I-profile and steel bars under axial load.
Muhammad et al. [1], studied the performance of
the behavior of the composite columns reinforced
with the GFRP I-section and C-section under
axial land eccentric load. The experiments were
conducted using an axial compression test and an
eccentric  compression test with  varying
eccentricities. The experimental results show that
the specimens reinforced with GFRP I-profiles
achieved a higher ultimate load but lower
ductility in comparison with the reference
columns reinforced with steel bars as well as the
composite columns reinforced with C-sections.
Jing C [2] conducted an experimental and
numerical study of reinforced concrete-filled
square GFRP tubular columns under axial
compression. Muhammad et al. [3], conducted an
experimental study on the axial compressive
behavior of GFRP tube reinforced concrete
columns. The results of the experiments show
that the use of GFRP tubes increases the ductility
and strength of concrete columns. Tomblin and
Barbero [4] investigated the local buckling
behavior of on short columns made of GFRP I-
sections and reported that they were dominated
by local buckling, while Zureick and Scott [5]
concluded that global buckling is the failure
mechanism for long columns. Zouheir A.
Hashem [6] conducted an analytical and
experimental studied the behavior of short and
long GFRP composite columns. Lei X [7]
conducted a  representative  experimental
investigation on the performance of slender
(GFRP) square hollow columns subjected to both
axial and eccentric loading. Srinath T [§]
conducted an experimental and numerical
investigation on the bonding and buckling
behavior of GFRP circular column under axial
compression. Yujun Qi [9] studied the behavior
of pultruded glass fiber reinforced polymer
GFRP-wood composite columns under axial
compression. Aydin [10] conducted an
experimental study to evaluate the tensile and
compressive strength of the GFRP profiles at 13
different temperatures. The tensile and
compressive strengths decreased by 28% and
75%, respectively at 100°C, compared to 25°C.

Volume 21, Issue 2, 2025

When the temperature reached 200°C, the GFRP
profiles had lost about 50% of their tensile
strength and all of their compressive strength.
This is mainly due to the degradation and
softening of the polymer matrix within the GFRP
components at high temperatures, resulting in
reduced load carrying capacity. In addition,
exposure to fire causes thermal expansion
mismatches between the GFRP and concrete
layers, inducing cracking and delamination
effects that further weaken the overall
performance of these composite columns. In
general, GFRP profiles are very sensitive to high
temperatures and relatively stable at low
temperatures. Therefore, more attention should
be paid to fire performance when GRP profiles
are used in a high-temperature environment. In
this study, the behavior of composite columns
reinforced with GFRP I-section and exposed to
fire at a temperature of 500 degrees for 90
minutes 1is investigated. The results of
experimental, theoretical, and numerical models
by using finite element analysis study concerning
the axial load behavior of GFRP-concrete
composite columns are presented. In addition, a
practical guideline of composite columns
reinforced with GFRP I-section leading to the
most economical design is established and
presented. All column specimens were tested
under axial loading. Based on the experimental
and numerical results, the load-strain curves and
the failure modes are analyzed.

2. EXPERIMENTAL PROGRAM

The experimental study of this research is based
on testing the behavior of GFRP-concrete
composite columns under axial load. The
column samples are shown schematically in Fig.
1, and they consist of the following:

2.1 Test parameters and specimen details

Two main parameters are considered, namely
the effect of GFRP I-section on the behavior of
RC composite columns and the effect of fire.
The concrete dimensions and reinforcement
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details of the tested columns are given in Table
1 and Fig. 1. A total of four specimens were
fabricated and tested in this experimental study.

All tested columns had an overall height of
1540 mm and a cross section of 160 mm x160
mm. All tested columns were reinforced with
longitudinal four steel bars of 10 mm diameter

and the steel transverse stirrups of 8§ mm
diameter at 100 mm spacing. The GFRP I-
section is 100 mm total height, 80 mm flange
width and 5.5mm thickness of web and flanges
for the central placement within the RC
composite columns. All of the specimens had
the same concrete cover of 15 mm.

Table 1. Designations of tested columns

RCC: The tested conventional reinforced concrete column,

Specimens Dim. (mm) Stecl Fire GFRP Notes
h b | Longitudinal | Stirrups I-sec
RCC 1540 | 160 4R10 R8@100 | ---- Reference for (RCCGI-C & RCC-F)
As comparison for (RCC
RCCGI-C | 1540 | 160 4R10 R8@100| ---- | In center The Re fereﬁce for (RC(C GI- é-F)
RCC-F 1540 | 160 4R10 R8@100 | Fire -—-- As comparison for (RCC)
RCCGI-C-F | 1540 | 160 4R10 R8@100 | Fire | In center As comparison for (RCCGI-C)
INote that:

GI : The GRPR I-section
C : Center position
F :Fire
S 0
—_—— | N |
* 3 R8@100
R8@1
g 2 g = ! lgere 1100
-, e «l4RIO el e 4R10
15 130 15 15 130 15
160 160
(a) RCC and RCC-F  (b) RCCGI-C and RCCGI-C-F
Figure 1. Specimens details of tested

column

2.2 Material properties

The concrete used was made of Cement (Sina
Cement Company), natural siliceous sand,
crushed dolomite coarse aggregate with a
maximum  size of 125 mm and
superplasticizer (2% of the cement weight).
The characteristic compressive strength of the
standard concrete cubes after 28 days was 46
MPa. The yield strength and ultimate strength
of 8 mm steel bars were 316 MPa and 431
MPa respectively. The yield strength and
ultimate strength of 10 mm steel bars were
482 MPa and 652 MPa respectively.
According to manufacturing, the tensile
strength of GFRP I-section was 336 MPa, and
the tensile modulus was 35.3 GPa [11].

102

2.3 Test Setup and Instrumentation

The test frame shown in Fig. 2 was fixed to the
strong solid floor of the RC laboratory at the
Faculty of Engineering of Helwan University.
The supporting setup consisted of a horizontal
frame made of four steel I-beams. It was
supported by four vertical steel I-beam legs
installed on the strong solid floor and the tested
columns were rested on the frame. Loading was
achieved by using a 1250 kN capacity cell that
transferred the axial load to a steel plate with
high rigidity/stiffness at the top of the columns,
set up as shown in the side part of Fig. 2.

The load was measured by a load cell with 1250
kN capacity which was connected to a digital
display unit. The horizontal sway and vertical
displacement at the points shown in Fig. 3a were
measured using two linear variable differential
transducers (LVDTs) and two dial gauges (DGs)
with accuracy of 0.0lmm. The (LVDTs) and
(DGs) were placed on the side and top surface of
the columns as shown in Fig. 3b. Four electrical
strain gauges were used to measure the strain in
the steel bars and GFRP I-section at the
maximum tensile point of the steel bars and
GFRP I-section as shown in Fig. 4. This location
was maintained for all tested columns.
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Figure 2. Axial load that transfer from
load cell to columns

TN

Colwmn specimen

Support

(a) Posz?)n
Figure 3. Dial gauges and LVDTs

(b) Arrangement

4 B
8 & 2.3
&
160 160
bt et

(a) Conventional column (b) Composite columns

Figure 4. Test setup LVDT, DG and strain
gauges of columns
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2.4 Procedure for Firing

The RC column specimens were placed in a
circular steel frame with side holes through
which the fire was ignited and the specimens
were exposed to a fire of 500°C for 90-minutes
as shown in Fig. 5. Then the RC columns were
left at room temperature for more than 4 hours
before loading to failure.

=
g
]

b) After the fire

(a) During the fire
Figure 5. Fire of column specimens

3. RESULTS AND DISCUSSION

3.1 Failure modes of columns

The failure modes of the columns of all tested
specimens are clearly shown in Fig. 6. All the
tested specimens failed happened of the
concrete in compression failure under axial
load and splitting in the reinforcing steel bars,
which occurred after the concrete reached its
ultimate stress value. In addition, collapse
occurred in GFRP I-section flanges for tested
RC composite column as shown in Fig. 6b.
The failure happened of the concrete at the
mid height of the column as there was
deterioration in the polymers when exposed to
fire because the organic resin matrix used in
GFRP I-section compounds is flammable for
tested RC composite column with firing as
shown in Fig. 6d.

Cracking of the columns started at loads reached
more than 83%, and 94% of the maximum load
for the reinforced concrete columns without
firing and with firing respectively.
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(d) RCCGI-C-F
Figure 6. Failure modes of tested columns

3.2 Cracking and maximum load

The cracking and maximum loads are
summarized in Table 2. The results show that
the composite RC columns achieved 117% of
the axial load bearing capacity of the
conventional RC columns. The conventional RC
columns exposed to firing achieved 86% of the
capacity compared to the RC columns without
firing. While, the RC composite columns
exposed to firing achieved 61% of the capacity
comparing RC composite columns without
firing due to the organic resin matrix used in
GFRP compounds is flammable. The results
shown in Fig. 7 indicate that the maximum
bearing capacity was achieved in RC composite
column. The maximum reduction in column
bearing capacity was due to firing at the
composite GFRP I-profile column.

Table 2. The experimental results

Cra. Max. P/
Specimens | Load | Load |P./P, P N Notes
(kN) (kN) uCtrl

Reference for
RCC 996.24 11052.90{94.62|1.00| (RCCGI-C &
RCC-F)

As comparison
for (RCC)
Reference for
(RCCGI-C-F)
As comparison
for (RCC)
As comparison
for (RCCGI-C)

RCCGI-C | 1165.46 {1234.30/194.42|1.17

RCC-F | 766.30 | 900.71 | 85.08 |0.86

RCCGI-C-F| 621.73 | 746.99 | 83.23 (0.6

[y
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1400

1235 1235

1200

105 1053
1000 01

800 47

Effect Fire
GFRP (61%)

Effect GFRP  Effect Fire
(117%) RC (86%)

Figure 7. The maximum load and comparison
between of tested columns

Comparing the maximum loads of the tested
columns, it can be noted that the maximum load
of the RC composite columns without firing was
higher than that of the conventional RC
columns. In RC composite columns, the
maximum load increased to 117% compared to
conventional RC columns.

3.3 Load-displacement curves

The load—vertical displacement relationships for
the tested conventional and RC composite
columns are shown in Fig. 8. The displacement
values are those measured at the top height
point of the RC columns.

The axial stiffness of the tested columns is the
resistance of the columns to deflection or
deformation under axial load. Stiffness is
defined as the ratio of ultimate load to
ultimate deflection [12]. The axial stiffness of
conventional RC columns without firing was
higher than that of RC composite columns and
equal to 131.61 kN/mm and 85.94 kN/mm
respectively. The axial stiffness of the tested
columns without firing was higher than RC
columns with firing, the axial stiffness equal
to 131.61 kN/mm and 80.27 kN/mm of
conventional RC columns without and with
firing respectively, while the axial stiffness
equal to 85.94 kN/mm and 59.52 kN/mm of

Volume 21, Issue 2, 2025

RC composite columns without and with

firing respectively because of the large
deformation.
1400
1200 /,
1000 A// / i
2600
_ //
400 - //,
l//’ ——RCC
e RCC-F
0 e RCCGI-C-F
5 10 15 20
Deflection (mm)

Figure 8. Load vertical displacement curves of
tested columns

The comparison between the conventional RC
columns and the RC composite columns
without firing shows that the RC composite
columns are more ductile than the
conventional RC columns.

3.4 Stress strain curves

The measured stress-strain curves of the tested
RC composite column without firing are
shown in Fig. 9. The axial strain in steel bars
and GFRP I-section has similar behavior at
the same load level and recorded low strains
of the tested column without firing, while the
transverse strain in GFRP I-section is a small
value compared to the axial strain. In general,
the maximum strain in the steel bars and
GFRP I-section not reached half the yielding
strain of steel bars. Fig. 9 of RC composite
column shows that the strain compatibility in
deflection both internal steel and GFRP
materials within the columns experience
similar strains and deformations when
subjected to axial load.
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1200

1000 J

800 /
600 (/
400 /
200 /
0 2(i)0 4(I)0 6(I)O 800
Strain x 10°-6(mm)

Load (kN)

e A xial Steel Strain

(a) Conventional column

1400
1200 —
1000 !
800 -
600

400 } ///—Axial Steel Strain

e Axial GFRP Strain in FInge

200 e Tra. GFRP Strain in Flnge
e A xial GFRP Strain in Web

Load (kN)

0 500 1000
Strain x 10"-6(mm)

1500

(b) Composite column

Figure 9. The stress-strain curves of conventional

and composite columns without firing

4. THEORETICAL ANALYSIS

The ability of common structural analysis tools
to predict the performance of the tested RC
composite columns was investigated in order to
provide practicing engineers with information
on their respective reliability according to the
different codes was considered.

The ultimate strength of the conventional RC
columns is calculated at point failure, the
theoretical ultimate strength or nominal strength
of a short axially loaded column is determined
quite accurately by the Egyptian Code of
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Practice (ECP-203) [13] and British Standard
BS 8110-97 [14], the theoretical maximum load
can be calculated by both the concrete and
reinforcement contribute in bearing the axial
load as the following;

By =067 fey(Ag — Ag) + [ Agy (1)
According to ACI 318-11 [15], the theoretical
maximum load can be calculated as the
contribution of both the concrete and the
reinforcement in carrying the axial load;

By =085f'c (Ag — Ay )+ fydy  (2)

The maximum nominal axial load on a column
is calculated from the following equation
according to Eurocode [16];

Py =nf'c(Ag — Ay ) + [ Agy (3)

Where; 77 =1.0 for /- < 50 MPa 4)
n=10-(f'¢-50)/200 for50<f.< 90MPa  (5)
fs = ‘9CES (6)

gc =2% for . <50 MPa  (7)

£0(%) = 2+ 0.085(f",-50)"->°  for/.=50MPa  (8)

The maximum nominal axial load on the
column is calculated by the following equation
according CSA A23.3-04 [17];

By =a1fcf'c (Ag — Agt) + 9 [y gy ©)

a; =0.85-0.0015/".  butnot less than 0.67  (10)

By comparing between the experimental results
and values calculated by the theoretical equation
of the different codes, find that, the
experimental and theoretical results calculated
by Egyptian Code of Practice (ECP-203) [13],
British Standard BS 8110-97 [14], and ACI
318-11 [15] is scientific research converge very
closely for the axial load , indicating the
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strength and reliability of the findings obtained
and showed similar results as observed by the
experiment and no significant differences in
axial loads were found as shown in Table 3.
Therefore, the proposed equation to calculate
the axial load of RC composite columns based
on the Egyptian Code of Practice, and different
Standard codes as following;

ECP-203
& BS

ACI

(1)
(12)

By = 087y (dg = Agg) + fydy + 065 A,

By = 085/'c (g — dgg) + f Ay +065f 14,

CSA Pn :a1¢cf'c (Ag _Ast)+¢sfyAst +065ffAf (14)

The reinforced concrete columns exposed to fire
at 500 degrees, according to Eurocode 1991-1-
2, section 3 [16], for the conventional reinforced
concrete columns the reduction factor kc,6, and
ky,0, to be applied to the compressive strength
of concrete and the yield strength of steel and
equal to 0.74 and 0.78 respectively. And it can
be applied to composite columns, in addition to
neglecting the resistance of GFRP due to the
organic resin matrix used in GFRP compounds

E ' . .
Ogéoc By =nl"c (Ag —Ag) + [yAg +0.65fp 4, (13) is melts at high temperature.
Table 3. Comparison between experimental and theoretical results of composite columns
Specimen Maximum load (kN) Pexp. / Prheo.
Code Pexp~ PECP& BS PACL PEUR~ pCSA~ ECP& BS ACI EUR CSA
RCC 1052.90 | 1043.04 | 1055.55 | 1129.69 | 1,005.50 1.01 1.00 0.93 1.05
RCCGI-C | 123430 | 1232.74 | 1243.74 | 1299.72 | 1199.75 1.00 0.99 0.95 1.03
RCC-F 900.71 | —m=mmm | mmeee- 841.12 | —-mmemm | mmmmem | mmmeees 1.07 | --=--
RCCGI-C-F| 746.99 751.54 099 | v

The theoretical calculations and the accuracy of
the proposed equation according to different
codes were able to accurately predict the load
capacity of composite columns under vertical
load.

5. NUMERICAL ANALYSIS.

The non-linear finite element analysis method,
as well as, the finite element analysis by using
ANSYS (R19) program considered. The
columns behaved nonlinearly mainly as its
component materials have nonlinearity due to
elastic plastic steel reinforcement bars and the
linear pseudo plastic and brittle behavior of the
concrete. This analysis method is currently
considered as the state of the art for analysing
reinforced concrete structures. However, the use
of this sophisticated tool is complicated by the
need to select several control parameters, which
are usually chosen based on previous experience

Volume 21, Issue 2, 2025

in correlating the results of the finite element
analysis to real experimental results similar to
the ones to be analyzed.

In addition to reproducing the behavior of the
tested columns without firing, the nonlinear
analyses were performed in order to study, the
effect of the concrete compressive strength, the
effect of the steel compressive strength of steel,
the effect of reinforcement ratio, and the effect
of percentage of GFRP ratio of the composite
columns. The analysis was performed using the
finite element package ANSYS [18].

5.1 Modeling

The solid element, SOLID65, was used to
model the concrete, the 3D spar Link180
element was used to model the steel bars and the
solid element, Solid185, was used to model the
GFRP I-section and steel plates at the supports
for the columns. The model of the verification
column is shown in Fig. 10.
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(b) Solid elements for
concrete & steel plates

(a) Link elements for steel
bars and GFRP I-section
Figure 10. The model of the column used in the
nonlinear analysis

5.2 Material properties

Equation (1), proposed by MacGregor [19], is
used to represent the uniaxial compressive
stress-strain relationship for concrete.

Ecg
f —

(52 (15)
go

This equation has been used to plot the multi-
linear isotropic stress-strain curve for concrete
from 0.3fc' to the ultimate compressive strength,
0.3fc'.the Elastic modulus is defined as 0.3fc',
and calculated in the linear region. While
elastic plastic uniaxial stress- strain model is
used to model reinforcing steel. In addition, the
modulus of elasticity and the tensile strength of
concrete are calculated using the same
specifications. The stress-strain curves of steel
bars were presented according to ECP 203 Code
of Practice [13]. GFRP was assumed to be
linear, elastic and orthotropic material, and the
material properties based on provided by the
manufacturer were input to the model. The
elastic plastic uniaxial stress -strain model given
in ECP 203 Code of Practice [13] was used to
model steel.
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5.3 Validation of the numerical nonlinear
model

For the validation of the ANSYS model for the
RC composite columns, the determination of the
parameters controlling the details of the
concrete material model of SOLID65, such as
the tensile stiffening and the shear retention
across cracks of the reinforced concrete, were
determined empirically by finding the values
achieving the best fit of the calculated stress -
strain curve of the RC composite column with
the experimental one. The best numerical curve
and the experimental curve are given in Fig. 11.
It can be seen that, in general, the numerical
curve is matching with the experimental one.
However, it is relatively less stiff than the
experimental curve.

1400

1200 p —
1000 /
gsoo // /

S LA/
3 /

//

400
200 - EXP Axial Steel Strain H
0 = FEA Axial Steel Strain
0 400 800 1200 1600 2000
Strain x (-10”-6)(mm)
(a) Axial strain of steel bars
1400
1200 =
1000 / (/
£ 800
B
S 600
—
400 /
200 EXP Axial Strain in Flnge
0 ==FEA Axial Strain in Fln&
0 400 800 1200 1600 2000

Strain x (-107-6)(mm)
(b) Axial strain of GFRP I-section
Figure 11. The experimental and numerical
stress-strain curves of verification column
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5.4 Parametric study
After verification of the finite element model,
four parameters were further investigated for the
conventional RC columns and the RC
composite columns: -
(1) Effect of the compressive strength of
concrete,
(i) Effect of the yield strength of steel,
(111) Effect of reinforcement ratio, and
(iv) Effect of percentage of GFRP I-section
ratio of the RC composite columns.
Through it, the proposed equation for
calculating the axial load of RC composite
columns can be verified.

5.4.1 Effect of concrete compressive strength

To investigate the influence of the normal and
high compressive strength of concrete on the
bearing capacity of columns, nine analyses were

performed for concrete strengths ranging from
20 MPa to 100 MPa to account for this
parameter in this study for conventional RC
columns and RC composite columns.

The theoretical calculated maximum axial loads
by the Egyptian Code of Practice (ECP-203)
[13] and British Standard BS 8110-97 [14] and
the numerical calculated maximum axial loads
by finite element analysis are given in Table 4
and Fig. 12. It is noted that the calculated
maximum axial loads closely agree with the
numerical values and doesn't exceed 2% and 4%
for conventional RC columns and RC composite
columns respectively, except when the
compressive strength of concrete is equal to 20
MPa, the maximum axial loads calculated by
finite element analysis is 8% increase about the
calculated maximum axial loads by the
proposed equation for RC composite columns.

Table 4. Effect of concrete compressive strength on theoretical and numerical maximum axial loads

No Concrete compressive Conventional columns Composite columns
" | strength (Feu) (MPa) | Prneo. (KN) | Prem (KN) | Peem/Prneo. | Prequ. (KN) Prem (kN) Prem /Prequ.
CSCl1 20 543.52 542.00 1.00 816.25 881.00 1.08
Csc2 30 712.88 701.00 0.98 976.44 1020.00 1.04
CSC3 40 882.24 880.00 1.00 1136.63 1160.00 1.02
CSc4 50 1051.61 1050.00 1.00 1296.81 1340.00 1.03
CSC5 60 1220.97 1212.00 0.99 1457.00 1470.00 1.01
CSC6 70 1390.33 1382.00 0.99 1617.19 1580.00 0.98
Csc7 80 1559.69 1530.00 0.98 1777.38 1760.00 0.99
CSCs8 90 1729.06 1721.00 1.00 1937.56 1970.00 1.02
CSC9 100 1898.42 1921.00 1.01 2097.75 2180.00 1.04
2400 2400
1898 2000

1800

1600
§1400
%1200

a.

1006

20

30 40 50 60 70
(a) Conventional columns

80 90 100

A, TIoY

800 -
600 -
400 -
200 -

0 -

20
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(b) Composite columns

80 90 100

Figure 12. Effect of concrete compressive strength on theoretical and numerical maximum axial
loads
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Fig. 13 shows that the relationship between
compressive strength of concrete and axial load
of the conventional RC columns and RC
composite columns. It can be seen that, the axial
load increases linearly proportionally with the
increase of compressive strength of concrete.

compressive strength of concrete at 100 MPa
respectively. Therefore, the Eurocode [16] takes
the stress value in the longitudinal steel is equal
to the young's modulus of steel multiplied by
the strain of concrete when reaching the
maximum strength.

Table 5. Effect of stress in steel bars at the

2500
P=1 5_9|1 AFeu +|51 5.9 P different compressive strength of concrete
2000 L~ Compressive Conventional columns
~ R2=0.998 " / N h (F ; I
Z 1500 . 0. strength (Fey Prent (KN) Stress in stee
=1 7 P 16975Fcu+ 199.72 (MPa) (MPa)
S 1000 = 7 CSS1 20 542.00 194.67
s00 T R2=0999 CSS2 30 701.00 22691
—gomposi_te Clogf?ns CSS3 40 880.00 263.17
0 —Conventional Columns | CSS4 50 1050.00 288.16
0 2 40 0 0100 120 Csss 60 1212.00 333.95
. o CSS6 70 1382.00 392.95
Figure 13. Relationship between concrete CSS7 80 1530.00 428.55
compressive strength and axial load CSS8 90 1721.00 473.61
CSS9 100 1921.00 525.33

5.4.2 Effect of yield strength of steel

The yield strength of steel does not significantly
affect the axial load capacity of conventional
RC columns as shown in Table 5 and doesn't
apply to RC composite columns; all stresses in
the longitudinal reinforcement have been
monitored to theoretical specimens by finite
element analysis of the previous parameters. It
is noted that the maximum stress in steel bars
are less than 300 MPa for compressive strength
of concrete up to 50 MPa and the stress in steel

bars equal to 52533 MPa of for high

1400 H Ptheo

1200 LBFEA

986

1000
2 61
Zsoo 7

o]

£600 -

a9

400 -

200 A

0 -

0.79% 1.23%

(a) Conventional columns
Figure 14. Effect of the reinforcement ratio on theoretical and numerical maximum axial loads

1.77%

3.14%

The theoretical calculated maximum axial loads
and the numerical maximum axial loads are
shown Fig. 14 and given Table 6. It is noted that
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5.4.3 Effect of reinforcement ratio

To study the influence of the longitudinal
reinforcement ratio (p) on the behavior of
conventional RC columns and RC composite
columns, the analyses were performed for four
different values 0.79%, 1.23%, 1.77%, and
3.14% by using diameters of 8§ mm, 10 mm, 12
mm, and 16 mm respectively, with concrete
compressive strength equal to 40 MPa and steel
compressive strength equal to 400 MPa.

1400

= Ppoqu 1241 0
m FEA 1109

101

1200

1000 -

Z800 -

>
£600 -
(=¥

400 -

200 -

0 -

0.79% 1.23%

(b) Composite columns

1.77% 3.14%

the calculated maximum axial loads are close
the numerical values and don't exceed 4.48% for
RC composite columns. While, the theoretical
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calculated maximum axial loads increase when
the reinforcement ratio is less than 1.25% and
decrease when the reinforcement ratio is greater
than 2.00%. Therefore, it is possible to

reconsider the calculation of the value of axial
load resulting from the compressive stress in the
reinforcing steel.

Table 6. Effect of reinforcement ratio on theoretical and numerical maximum axial loads

No. RFT. Ratio Conventional columns Composite columns

C0 | Prieo (N) | ProweN) | Presi/Prics | Proqu (N) | Prewi(N) | Prew /Preq
RS1 0.79 761.15 821.00 1.08 1015.53 1061.00 1.04
RS2 1.23 803.37 842.00 1.05 1057.76 1100.00 1.04
RS3 1.77 854.98 860.00 1.01 1109.36 1121.00 1.01
RS4 3.14 986.35 891.00 0.90 1240.73 1220.00 0.98

Fig. 15 shows that the relationship between
reinforcement ratio and axial load of the
conventional RC columns and RC composite
columns. It can be secen that, the numerical
maximum axial load increases linearly
proportionally ~ with  the  increase  of
reinforcement ratio up to approximately 3% and
then decreases for conventional RC columns,
while the rate of increase is linear for RC
composite columns.

1400  p = 66.099p + 1011
1200 4= R2=0.991 —
—’—’
1000
Z 800
S P =28.635p + 803.89
€600 +—
H R2=0.971
400 L
e Composite Columns
200
e Conventional Columns
0 ! !
0 1 2 3 4

p (%)
Figure 15. Relationship between reinforcement
ratio and axial load

Volume 21, Issue 2, 2025

5.4.4 Effect of GFRP ratio

In order to investigate the influence of the
GFRP ratio on the behavior of RC composite
columns, the analyses were performed for
twelve different values ranging from 2.03% to
17.18% by using two different shapes of
GFRP sections, GFRP sections were shaped as
flat plates, and I-shape respectively, concrete
compressive strength was equal to 40 MPa
and steel compressive strength was equal to
400 MPa. The theoretical calculated
maximum axial loads and the numerical
maximum axial loads are given in Table 7 and
Fig. 16. It can be seen that the calculated
maximum axial loads are close to the
numerical values for RC composite columns
with GFRP ratio up to 4% and 8% for flat
plates and I-shape respectively. While, the
numerical maximum axial loads are almost
constant at GFRP ratio more than 4% and 8%
for flat plates and I-shape respectively.
Therefore, the proposed equation for
calculating of the axial load of RC composite
columns is satisfactory at GFRP ratios less
than 4% and 8% for flat plates and I-shape
respectively.
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Table 7. Effect of GFRP ratio on theoretical and numerical maximum axial loads

GFRP _GEFRP GFRP - Stress in Stress in
No. section dimensions | section ratio | Pequ (KN) | Prem (KN) |Prem / Prequ stecl (Mpa) GFRP
(mm) (%0) (MPa)
RGFRP-P1 89x5.5 2.03 899.91 935.00 1.04 349.05 181.41
RGFRP-P2 84x8 2.88 940.08 998.75 1.06 400.00 212.00
RGFRP-P3 Flat Plate 80x10 3.52 970.55 | 1040.00 1.07 400.00 213.09
RGFRP-P4 76x12 4.13 999.52 995.00 1.00 362.04 166.67
RGFRP-P5 70x15 4.98 1040.20 | 980.00 0.94 359.82 140.53
RGFRP-P6 60x20 6.25 1058.35 | 980.00 0.93 301.61 116.70
RGFRP-I1 100x80x5.5 5.35 1057.76 | 1100.00 1.04 400.00 292.43
RGFRP-12 100x80x8 7.63 1165.96 | 1107.50 0.95 400.00 199.97
RGFRP-13 Lsection 100x80x10 9.38 1249.17 | 1178.75 0.94 400.00 321.55
RGFRP-14 100x80x12 11.06 1329.42 | 1195.00 0.90 400.00 205.90
RGFRP-I5 100x80x15 13.48 1444.21 | 1197.50 0.83 400.00 257.64
RGFRP-16 100x80x20 17.18 1578.45 1210 0.77 338.93 147.14
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Figure 16. Effect of the GFRP ratio on the theoretical and numerical maximum axial loads

The resistance of the RC composite columns is
increases as the surface area of the GFRP
increases and the homogeneity inside the
concrete section.

6. CONCLUSIONS

From the experimental, theoretical and
numerical results on the axial load behavior of
the proposed composite columns reinforced
with Glass Fibre Reinforced Polymer (GFRP)
profiles and longitudinal steel bars, the
following conclusions can be drawn:
1. Glass Fiber Reinforced Polymer (GFRP) I-
profile concrete composite columns have
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proven to be structurally efficient elements
with high axial load capacity.

2. Compared to the conventional RC columns,
the RC composite columns with internal
(GFRP) [I-profile showed 17% higher
ultimate capacity, and less displacement at
the same loading levels.

3. The axial load is reduced by about 14% and

39% for conventional RC column and RC

composite column respectively exposed to

fire at a temperature of 500 C° to one and
half hour.

The proposed theoretical equation accurately

predicts the axial load calculation of RC

composite columns and should take the
reduction factor of the compressive strength

of GFRP I-section equal to 0.65.
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. The numerical model predictions were close

to the experimental results. In a wide range
of load -bearing capacity values investigated,
less than 1.5% error was observed between
the compressive strength predicted by the
finite element analysis and the experimental
results.

The Results indicated that the finite element
model used in this study was able to predict
the axial load of RC composite columns with
reasonable accuracy.

. The numerical results indicated that the axial

load capacity of the RC composite columns
increased with increasing GFRP ratio up to 4
% and 8% for flat plate and I-shape
respectively.

. The axial load increases with an increase of

the compressive strength of concrete,
longitudinal ~ reinforcement  ratio  for
conventional RC columns and RC composite
columns.

. The axial load doesn't increase proportionally

with the increasing stress of the rebar, where
the effective stress of the rebar doesn't
exceed 300 MPa, and 525 MPa for
compressive strength of concrete up to 50
MPa and high compressive strength of
concrete up to 100 MPa respectively for
conventional RC columns.
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NUMERICAL ASSESSMENT OF PERMAFROST DEGRADATION
AND RECOVERY AND ITS IMPACT ON SOIL MASS STABILITY

Nikolay A. Aniskin, Stanislav A. Sergeev, Andrey V. Stupivtsev, Ilia A. Bokov

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

Abstract. The paper presents solutions of the unsteady temperature problem and the problem of determining the
stress-strain state of the soil massif, which is a bulk construction of stacks used for gold extraction from ore by
heap cyanide leaching. In the process of irrigation of the stacks with heated cyanide solution occurs, heating of
the soil mass and base, which leads to the formation of a zone of thawed permafrost or the so-called talik. As a
result of numerical solution of the non-stationary temperature problem taking into account the step-by-step
erection of the soil massif, the impact of air temperature and irrigation solution, the temperature distribution in
the massif and the base for the period from the beginning of the massif erection to the 50-year period after the
end of construction was obtained. For the most dangerous moment of the end of construction, when the zone of
ground thawing is maximum, the stability of the slope together with the base is evaluated using their stress-strain
state. The problems were solved by numerical finite element method using PLAXIS software package.

Keywords: soil massif, temperature problem, frozen ground, thawed ground, ground thawing,
numerical solution, finite element method, slope stability

YUCJIEHHASA OUEHKA JEI'PAJALIMA U
BOCCTAHOBJIEHUSI BEUHOM MEP3JIOThI U EE BJIUSIHUE
HA YCTOHYUBOCTHh T'PYHTOBOI'O MACCUBA

H.A. Anuckun, C.A. Cepzees, A.B. Cmynueues, H.A. boxog

HarmonanbsHblil uccnenoBareabckuii MOCKOBCKHUI ToCyTapCTBEHHBIN CTPOUTENBHBIN yHUBepcuTeT, T. Mocksa, POCCHU A

AHHOTauMsi. B crarbe mpencTaBieHbl pENICHMs] HECTAlMOHAPHOM TeMIEepaTypHOW 3ajJaud M 3aJadyd o
OTIPENICIICHUI0 HAIPsKEHHO-/1e(DOPMIPOBAHHOTO COCTOSHUS TPYHTOBOIO MACCHBA, MPEICTABILIIONICTO COOOU
HACBIITHOE COOpYXKCHHE W3 ImTalesiell, WCIONB3YIOIUXCS I JOOBIYM 30]I0Ta W3 PYIbl IyTeM KYyYHOTO
[IUAHWUTHOTO BBIIEIaYHBaHus. B mporecce oporreHus mTaderneii moqorpeTbiM pacTBOPOM IIHAHUIA TIPOUCXOTHT,
pa3orpeB MaccWBa TPYHTa M OCHOBAHMWSA, YTO MPHUBOTUT K 0OpPa30BAHUIO 30HBI OTTASBIICH MEP3TOTHI WIH TaK
Ha3bIBAEMOTIO TaJMKa. B pesynbrare 4MCIeHHOrO PEleHUs] HECTAMOHAPHOW TEMIIEpaTypHOU 3a1auu ¢ y4ETOM
MO3TAIHOTO BO3BEJACHUSI TPYHTOBOI'O MAacCHBA, BO3ACHCTBHS TEMIIEpaTypbl BO3AyXa M OPOLIAIOIIETO PacTBOpa
II0JIy4E€HO paclpeesieHue TeMIIEpaTypbl B MacCUBE M OCHOBAaHMM Ha IEpPUOJ] C Hayajla BO3BEICHUS MAacCHBa J0
50-meTHET0 TepHoAa TOCIe OKOHYAHHS CTpPOMTEeNnbCTBAa. [l Hambojee OMacHOTO MOMEHTa OKOHYAHHSA
BO3BE/ICHMSI, KOTJIa 30HAa OTTaMBaHUs IPyHTAa MAKCUMajbHA, JIaHa OLEHKAa YCTOMYMBOCTH OTKOCA COBMECTHO C
OCHOBAHHMEM C HCIIOJIb30BAaHUEM HX HAIMPSHKCHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS. 3a/1aud PEIICHBI YACICHHBIM
METOJIOM KOHEUHBIX JIEMEHTOB C MCIIOJIb30BaHKE MporpammHoro komriekca PLAXIS.

KiroueBble cjioBa: rpyHTOBBIN MAacCUB, TEMIIEpaTypHas 3a1ada, Mep3Jblil TPYHT, TaJlblil TPYHT,
MIPOTauBAHUE TPYHTA, YACIEHHOE PELICHNE, METO/] KOHEUHBIX 3JIEMEHTOB, YyCTOMYHUBOCTb OTKOCA

INTRODUCTION most widespread in Eastern Siberia. These

regions play a crucial role in the development of
Most of the territory of the Russian Federation, the country's economy. This territory is home to
approximately (65-70) % according to different a large number of mining enterprises that use
estimates, is located in permafrost areas. It is various technologies to enrich ore and obtain
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metals, including precious metals. One of such
methods is heap leaching, a technology that is
quite simple and effective [1-7]. It includes
several stages (Fig.1):

1. Ore preparation, including its crushing and
grinding.

2. Preparation of the base for stacking stacks of
crushed ore. Formation of a watertight screen on
the sloping surface of the base for the stacks of
crushed ore. As a rule, clay soils and
polyethylene film are used for the screen device
[8]. A drainage layer and reservoir beds for
collecting enriched solutions are laid on the
screen.

3. Stacking of enriched ore in the stack on the
prepared impermeable base.

4. Trrigation of the stacked ore stack with a
reagent (cyanide solution) [9-12]. When the
solution penetrates through the thickness of
crushed ore, gold is leached and carried by the
filtering solution, which flows down the
inclined reservoir beds and through the prepared
chute into the settling pond.

5. Metal precipitation in the settling pond and its
extraction [13].

The processed ore array is erected in stages in
time with stack dumping. Ore stacks are

irrigated, as a rule, year-round. In cold periods
of the year the mortar is heated to positive
temperatures. The movement of the heated
solution down the dumped massif causes its
heating, as a result of which a complex
temperature regime of both the dumped ore
massif and the adjacent base is formed in time.
In the process of array construction and its
irrigation there is a gradual penetration of heat
flow into the base, causing an increase in the
temperature of the base soil. In the case where
frozen rocks are embedded in the subgrade,
thawing occurs. This process gradually
penetrates deep into the subgrade. This process
causes phase transitions in the soils of the ore
massif and the base: transition of water from the
solid state - ice to liquid and from liquid to
gaseous. These changes cause changes in the
properties of soils: thermophysical, filtration,
strength, which affects the ongoing processes.
Thawing of ice contained in the pores of frozen
ground increases its permeability, decreases its
thermal conductivity and strength properties.
Thus, in time there is a complex change of
mutually influencing processes: filtration and
temperature processes, formation of stress-strain
state.
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Figure 1. Schematic diagram of gold ore beneﬁciation process by heap leaching method

In order to assess the behavior of the system
“enriched ore massif - base” it is necessary to
forecast its formed temperature regime and

Volume 21, Issue 2, 2025

stress-strain state. The solution of such a
problem, taking into account the changes
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occurring in the system “ore dressing massif -
base” is a rather difficult task.

The solution of non-stationary temperature
problems is widespread in the field of hydraulic
engineering, since the temperature regime of
structures of this type has a significant impact
on their operational characteristics. A
considerable amount of research in the field of
hydraulic engineering is devoted to studies of

temperature  field distribution, including
filtration [14-18].
However, there are no studies of the

temperature effects of the heap leach stack
massif using the finite element method.

This paper presents some results on solving
such a problem numerically using the finite
element method. The solution is obtained using
PLAXIS 2D software package. The solution
allowed obtaining a detailed picture of the
change in the temperature regime of the soil
massif with an assessment of the degree of
degradation of the permafrost base and the time
of its recovery. The stability of the slope of the
ore massif and the base for the most unfavorable
case at the time of maximum thawing of the
base was also assessed.

METHODS

The process of heat transfer in the soil massif of
stacks of ore to be processed and base is
considered. The soil, as it is known, is a porous
medium, which consists of solid particles and
pores, which can contain water in one of the
possible forms: in solid, liquid or gaseous state.
The process of heat transfer in a soil mass implies
the accumulation of energy in all soil constituents.
Quantitative assessment of the behavior of the
soil mass in terms of temperature distribution

d
a_:(nspwew + n(l - S)pvpv + (1 - n)pses) = _VUAW +]c) + QT

where e, e, e; are the internal energy in the
water, vapor, and solid phases, respectively, Qr
is the heat source (i.e., the rate of heat
generation per unit volume).
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can be carried out by distinguishing a number of
simple processes such as: heat conduction,
convection, radiation.

The main mode of heat transfer in the soil mass
is heat conduction. The thermal conductivity of
a soil mass is the rate at which heat energy
passes a unit area of soil due to a unit
temperature gradient.

The specific heat flux due to heat conduction is
expressed by Fourier's law [19,20]:

., dT
S dz

H= (1)

where A is the thermal conductivity of a solid
. . dT. .
material; 3, 8 the temperature gradient.

The solution of the temperature problem is
reduced to the solution of the known equation of
heat flow continuity in the design domain
[19,20]:

aT 0G

Ce— = ——
pssat 9z

)
where ps is the density of the solid material, c;
is the specific heat capacity of the solid
material, G is the heat flux density in the soil.
The left side of equation (2) represents the rate
of heat accumulation in the soil layer, and the
right side represents the heat flux flow rate, or
the rate of change in heat flux density with
depth.

Taking into account equations (1,2), we obtain:

aT a dT
PsCs 57 = _a(/ls E) 3)
The energy balance equation for a porous
medium in a general form can be written as
follows:

4

In the program complex PLAXIS 2D, the
input parameters are parameters for the solid
part of the soil mass - for soil particles. And
since the parameters determined by
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geotechnical engineers are determined for the
soil as a whole [21] - it is important to move
from general values to private parameters for
soil particles [22].

The following dependences are used for the
thermal conductivity of soil in different states:
Non-porous material:

Asoir = As &)
Dry material:
Asonn = (L —n)Ag (6)

Phase transition case:

Asoil = (1 - n)/ls + nS[(l - Wu)/li + Wu/lw] + n(l - S)AV (7)

In other cases:
Asoit = (1 —n)Ag + nSA, +n(1 =S4, (8)

Where n is the porosity coefficient, S is the
degree of water saturation, w,, is the unfrozen
water content. Values with index i1 - ice
properties, w - water properties, V - vapor
properties.

(P soir = (1 =1)(pc)s + nS[(L = wy,) (pe); + wy(pc)w] + n(1 = S)(pc)y

Asou = (1 =n)(pc)s + nS(pc)y +n(l = S)(pc)

In addition to heat conduction inside the area
under consideration, it is necessary to take into
account temperature  conditions at its
boundaries. At the boundary of the design area
with the atmosphere, surface heat transfer
occurs, and the ground is heated to some
temperature value not exceeding the air
temperature. The heat transfer between the air
and the ground is determined by the heat
transfer coefficient, which is determined in
accordance with paragraph D.3 of SP
121.13330.2019 [23] depending on the wind
speed:

0q=2,4va1+2,3 when va<4,6Mm/c;
0q=3,4(va-1) when va>4,6Mm/c,

where va - 1s the monthly average wind speed,
m/s.

Volume 21, Issue 2, 2025

The heat stored in the ground can be expressed
as follows:
Non-porous material:

(P sou = (PC)s )
Dry material:

(PO)soir = (1 =m)(pc)s (10)

Phase transition case:
(11)

In other cases:

(12)
IIpu cpenueir ckopoctm Betpa 1,5 w/c

KodQuuueHT TeruooOMeHa cocTaBiser 5,9
Bt/(M2-°C).

Using the results of the temperature problem
solution, the slope stability coefficient of the
design area was calculated using the method of
lowering the strength characteristics (angle of
internal friction, cohesion and shear strength)
until failure was reached [24]. The position of
the possible shear surface and the value of the
stability coefficient were obtained.

RESEARCH OBJECT

The object of research in this article is the
temperature regime and stress-strain state of the
ground massif formed during the process of
erection and operation, which consists of heap
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zone. Climatic characteristics of the erection
area are  presented in  Table 1.

leach stacks of the gold extraction plant and the
base. The facility is located in the permafrost

Table 1. Mean monthly and mean annual air and cyanide solution temperatures

Month of 1 2 3 4 5 6 7 8 9 10 11 12 | Avg.
the year, year
Average - - - | -44120 | 77 | 125]13,5] 86 | -1,7| - - 1-39
monthly 20,8 | 18,7 | 12,6 13,7 19,3
temperature,
°C
Temperature | 19,0 | 18,9 | 19,1 | 18,9 | 16,5 | 14,1 | 14,8 | 14,6 | 14,7 | 15,4 | 15,4 | 18,0 | 16,3
solution °C

Ore irrigation is performed in the process of ore
dumping into the stack, after formation of
conventional sections. In cold periods of the year,
the solutions are heated to positive temperatures
before being fed for processing. Irrigation of the

stack is assumed to be year-round. The temperature
of the irrigation solution depends on the time of
year and is presented in Table 1. The profile of the
investigated structure with the stages of stack
backfilling and base soils is presented in Figure 2.
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Figure 2. Profile of the investigated structure. Figures show the stage of stack placement

As part of the calculation it is accepted: the
erection of the stage lasts from March to

Construction lasts for 7 years. The schedule of
the heap leach stack construction phasing is

October, stacks are erected every year. shown in Figure 3.
Stage
7/__\ E,@:F" Imgation
& - ) Irngation
e O 5\@55 Irrigation
Iri
e 8 5@@* igation
Irmgation
i " s
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1L rgetion
o | " f i " " " " " y i " ; i SN
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03 2025 10.2025 022026 10.2026 022027 102027 022028 102028 02 2029 10 2029 02 2030 102030 022031 102031 02 2032 10.2032
Date
Figure 3. Heap leach stack erection schedule
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Since the structures influencing the temperature
regime of the ground massif in the permafrost
zone require controlling the VAT taking into
account the thawing zones, the results of the
temperature pattern calculation are used to
estimate the thawing zone in order to assess the
VAT and slope stability of the heap leach stack.
The forecast was performed for the period of
massif erection and a period of 50 years from
the end of the last stage of erection.

RESULTS

Some of the results of the studies are presented
in Figs. 4-6. Fig. 4-5 show isopole patterns of
the temperature of the soil massif of heap leach
stacks and the base at the time corresponding to
the end of backfilling and irrigation of the
stacks in the middle of October (Fig. 4) and at
the time corresponding to 50 years after the end
of backfilling in the middle of December.

16

Temperature (scaled up 0,500 times) (Time 3134 day)

Maximum value = 15,33 *C (Element 9886 at Node 4682)
Minimum value = -3,789 °C (Element 8876 at Node 123919)

Figure 4. Isopoles of temperature distribution in the soil mass at the time of construction
completion - year 7 (October)

Fig. 6 are plots of the temperature change of the
considered massif along the vertical section A-
A (the position of the section is shown in Fig. 2)
at the moments of time 5, 10, 15, 20, 30, 40 and
50 years after the end of construction in the
middle of December

The moment of the end of erection is
characterized as follows (Fig. 4). Due to the
irrigation of the stack array with heated mortar
(in October, the mortar temperature is 15.4°C,
Table 1), the surface layer of the stacks is
warmed, the maximum temperature is the value
of 15.3°C. At depth, the entire stack massif is
heated, the temperature varies from 15°C in the
upper layers to 4.0°C at the base. The base is
warmed up to positive temperatures to a depth

Volume 21, Issue 2, 2025

of 15.2 m. Below this depth, a frozen zone with
a minimum temperature of -3.8 °C is preserved.
After the end of the irrigation process in
October of the 7th year after the start of the
array construction, the base and the stack array
gradually cool down (Fig.6). In the stack massif,
positive temperatures in its depth are maintained
for 40 years after the end of the heap leaching
process. By this time, a 34.0 m deep talik with a
maximum temperature of 0.8 °C is preserved in
the basement.

In 50 years after the end of the facility operation
the zone of melted ground in the whole massif
completely disappears (Fig. 5, 6). The
maximum temperature of the base soil at a
depth of 24.0 m is -0.4 °C.
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Temperature (scaled up 0,500 times) (Time 21,81*103 day) e
Masirruen value = -0,08243 °C (Element 15008 at Node 68405) o
Minimum value = -19,13 °C (Element 299 at Node 120927) e
18,0

1900

Figure 5. Isopoles of temperature distribution in the soil mass 50 years after construction
(December)

According to the results of the temperature
regime calculation, the most dangerous
moment from the VAT point of view is the
moment when the largest part of the soil
massif is in the melted state - the moment of

—s—Stack elevation mark -s-Base elevation mark 8343 m -=A =B

stack  erection and irrigation  works
completion. The VAT calculation was
performed for the case of the end of
construction - the greatest depth of thawing of
the stack base at this moment is 15.2 m.

C oD -e-f =o=F —=-Q

880,0

870,0

860,0

850,0

840,0

Elevation mark, m

-20,0 -5,0

830,0

820,0

810,0

800,0

790,0

780,0

770,0

760,0

0,0 5,0 10,0

Temperature °C

Figure 6. Temperature distribution in the soil massif of stacks along cross-section A-A: after A) 5
vears, B) 10 years, C) 15 years, D) 20 years, E) 30 years, F) 40, G) 50 years after the end of
construction
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To assess the stability of the designed structures
in the PLAXIS 2D PC, the Safety calculation
[24] was wused, in which the strength
characteristics of the soils (angle of internal
friction, cohesion and shear strength) are
successively reduced until failure occurs. The
results of the stability calculation are the
determination of the potential shear surface, i.e.
the most weakened surface along which failure
may occur, and the calculated stability
coefficient. The tangential shear stresses acting
on this surface are maximum. The design
stability factor is defined as the ratio of the
actual strength to the fracture strength.

The normative criterion of slope stability is
compliance with the condition of clause 5.2.2 of
SP 116.13330.2012 [25]:

YF < YdR

" (13)
where F - design value of the generalized force
impact on the structure or its structural elements
(force, moment, stress), deformations
(displacements) or other parameters for which
the limit state is assessed; V¥ - load combination

~ R
T RR—

coefficient, yn - reliability coefficient for the
responsibility of the structure, taken in
calculations for the first group of limit states:
for structures of responsibility level KS-2 - 1.20.
The value of the normative stability coefficient
kst of slopes is calculated as the ratio of forces F
and R:

n _—_
st —

T

Yn¥
> — (14)
To ensure stability, the calculated stability
factor should exceed the normative one,
determined in accordance with clause 5.2.3 of
SP 116.13330.2012 [25].

For structures of responsibility level KS-2 we
have:

n

1,20 - 1,00
se="79 T

= 1,20

The result of stability assessment is presented in
Fig. 7. The obtained value of the stability
coefficient k«=1.589 indicates a large stability
reserve of the slope of the soil massif.

_AVAVEVATY™
AVAVAVAVAY
TAVAW

Figure 7. Sliding surface of the stack slope at the moment of erection completion with ks=1.589

CONCLUSIONS

Within the framework of this work the problem
of non-stationary temperature flow distribution
for the heap cyanide leaching stack structure
was set and solved. The solution of this problem
allowed to establish thawing zones in order to
correctly determine the VAT of the structure
and to make a forecast for the service life of the
structure.

Volume 21, Issue 2, 2025

When solving the problem, such factors as:
external  air  temperature, temperature
characteristics of the ground mass, heat transfer
from cyanide solution to the stacks, heat transfer
coefficient at the air-soil interface are taken into
account.

Heap leach stacks are irrigated with cyanide
solutions with a temperature of more than 14
°C. This factor forms a thick layer of melted soil
in the body of the structure, which in the
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process of operation transfers heat to the
underlying layers of the soil massif, thus
creating a talik.

The thickness of the talik in the soil massif of
the stacks and base at the time of completion of
backfilling of the structure and irrigation is 50.8
meters. During the operation of the structure,
the talik degrades and decreases in size. The
time of full dispersion of the melted soil zone is
50 years from the end of construction.

The most dangerous situation in terms of the
stability of the slopes of the structure occurs at
the moment when the largest part of the soil
massif is in the melted state. This situation
occurs at the moment when the construction of
the structure is completed. According to the
results of stability calculations in the PC Plxais
2d the value of the calculated stability
coefficient was obtained, which amounted to
1.589, thus the value of the stability coefficient
of the stack massif does not contradict the
requirements of the normative documentation.
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INTRODUCTION

EXPERIMENTAL DETERMINATION OF THE TOTAL
SHRINKAGE STRAIN OF REINFORCED CONCRETE

Valeryia A. Rzhevutskaya, Yuliya G. Maskalkova
Belarusian-Russian University, Mogilev, BELARUS

Abstract: The article proposes a method for measuring the total shrinkage strain of a reinforced concrete prism
in such a way that it is possible to measure the total shrinkage strain on an open surface of the prism no later than
three hours after concreting. Furthermore, a monitoring of the strain increase on remaining surfaces of the prism
after removing a formwork for concreting is followed. The object of this study is the shrinkage strain of
expanded clay concrete and the strain of longitudinal reinforcement. Based on results of the conducted research,
a new method for experimentally determining the total shrinkage strain of reinforced concrete was proposed. The
suggested method makes it possible to ensure that the shrinkage strain of concrete begin to be recorded from the
first day of concreting and the possibility of implementing the proposed method was experimentally confirmed.
Prospects for further research are presented in the article.

Keywords: shrinkage, shrinkage strain, reinforced concrete, lightweight concrete, expanded clay concrete,
expanded clay steel-reinforced concrete
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NPU3MBbI TAKMM 00pa3oM, 4TOObI ObLJIO 00ECHeueHo M3MEpEeHHE MOJHBIX JehOopMalMil ycalkd Ha OTKPBITOH
rpaHd He TO3]Hee, YeM uepe3 TPU dYaca Mocie OCTOHHUPOBAHUS, C MOCIEAYIONMM KOHTPOJEM HpUpOCTa
nedopManuii Mo OCTaIBbHBIM TPaHSAM IMPH3MBI Iocie ee pacnanryOoku. OOBEKTOM HACTOSIIETO HCCIEIOBaHMUS
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unreinforced  concrete  with  the

same

The complex hardening process of cement
stone, the structure of concrete, capillary
phenomena, and many other related factors
causes the development of concrete shrinkage
[1-4].

The shrinkage strain of concrete reinforced with
bar reinforcement are lower than the strain of
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components of concrete mixture, as noted in the
studies [5, 6]. This is due to the fact that the
reinforcement acts as an internal connection in
the composite and ‘restrains’ the development
of unrestrained shrinkage strain of the concrete
since the elastic modulus of the reinforcement is
significantly higher than the elastic modulus of
concrete. As a result of a long shrinkage
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process, tensile forces arise in the cement stone,
and compressive forces arise in the reinforcing
bars. Consequently, the reinforcing bars become

a source of additional stresses 1in the
concrete [1].
According to GOST 24544-81, the

measurements of concrete shrinkage strain are
carried out the next day after concreting, then on
the 39, 7 14" day, and then once every
2 weeks until the end of the investigation.
However, it is well known that shrinkage strain
develops most intensively in the first day of
concrete hardening [7-10]; therefore, using the
method based on GOST 24544, a significant
part of concrete shrinkage strain will not be
recorded. A review of many works, published
by researchers from different countries, revealed
a lack of proposals for the experimental strain
determination in reinforcement bars caused by
shrinkage.

Thus, it seems promising to develop such a
method for experimentally determining the total
shrinkage strain of reinforced concrete, which
will make it possible to begin recording
concrete shrinkage strain and reinforcement
strain (caused by concrete shrinkage) from the
first day of concrete hardening.

In the future, the presence of such a method will
allow, on the one hand, to verify design models
applicable for concrete with cement CEM Class
N and, on the other hand, to use the proposed
method for an empirically based assessment of
the influence of other types of reinforcement
(for instance, dispersed) on shrinkage strain
development.

Based on the above, the object of the study is
the shrinkage strain of expanded clay concrete
and the strain of longitudinal reinforcement. The
subject of the study is an expanded clay-
reinforced concrete sample in the form of a
prism with dimensions of 150 x 150 x 600 mm.

The purpose of this study is to implement such a
method for measuring the total shrinkage strain
of a reinforced concrete prism, which will make
it possible to measure the total shrinkage strain
on an open surface no later than three hours
after concreting. In addition, a subsequent
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monitoring of the increase in strain along
remaining surfaces of the prism after it’s
removing out of a formwork for concreting
should be proposed.

METHODS

The following composition of the expanded clay
concrete mixture was chosen for the
manufacture of specimens according to [11, 12]:
C:5:G=1:1,84:0,79 and W/C = 0.52. Thus,
C is Portland cement with activity of 42.5 MPa
produced by Belarusian Cement Plant OJSC. §
is river sand with a bulk density of 1670 kg/m?
and fineness modulus of 2.13. G is expanded
clay gravel with particle size of 4-10 mm and
compressive cylinder strength of 1.03 MPa
produced by Plant of expanded clay gravel in
Novolukoml OJSC. W/C is water-cement ratio.
The shrinkage strain of the expanded clay steel-
reinforced concrete was  recorded on
experimental samples (prisms) with dimensions
of 150 x 150 x 600 mm. The duration of testing
of each specimen was 120 days. During this
time, normal temperature and humidity
conditions had been maintained in the
laboratory in accordance with GOST 24544-81:
an average relative air humidity was 55 % and
an average temperature was 22 °C.

The measurement of the total shrinkage strain of
the expanded clay steel-reinforced concrete (the
samples in shape of prisms) was carried out in
the following sequence.

1. Spatial reinforcement cages consisting of
longitudinal and transverse reinforcement were
manufactured [13].

Reinforcing bars with a diameter of 16 mm with
the yield strength of 500 MPa (the longitudinal
reinforcement; the  percentage of the
longitudinal bar reinforcement was ps = 3.57 %)
and with a diameter of 6 mm with the yield
strength of 240 MPa (the transverse
reinforcement) were used for manufacture of the
reinforcement cages (Figure 1).
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Figure 1. Spatial reinforcement cage for
manufacture of specimens

2. Perforating holes were made at the ends on
both sides in each longitudinal reinforcement
bar, and through the holes steel adapter fittings
were installed (Figure 2).

Figure 2. Steel adapter fitting in the
longitudinal reinforcement bar

3. The reinforcement cage with the installed
steel adapter fittings in it was inserted into a
concreting formwork in such a way that the
steel adapter fittings were flush with the
concreting formwork along the entire surface
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area of the base of the steel adapter fittings
(Figure 3).

]
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Figure 3. Reinforcement cage inserted in
concreting formwork

4. The specimens were concreted in such a way
that on the open surface of the horizontally
oriented prism the base of the steel adapter
fitting was flush with the surface of the laid
concrete.

5. The bases of the steel adapter fittings on the
open surface of the prism were cleared of
concrete sagging and cement laitance after
concreting.

6. Steel adapter points were attached to the
bases of the steel adapter fittings on the open
surface of the prism forty-five minutes after
concreting. The steel adapter points were also
immersed into the concrete mixture between the
steel adapter fittings to a depth not less than the
maximum aggregate size.
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7. Two hours after installing the steel adapter
points, they were connected in pairs to each
other by steel rods, which were the base for
measuring.

8. Dial-type indicators were installed into the
steel adapter points. Thus, the strain in the
longitudinal reinforcement bars and in the
concrete between the longitudinal reinforcement
bars were recorded.

9. The steel rods and the dial-type indicators
were installed in a designed position with
SCTews.

10. After removing the experimental prisms out
of the formwork, steel adapter points were
attached to the bases of the steel adapter fittings
on an opposite surface of the prism to record
strains in the reinforcement bars. The steel
adapter points were also attached to the concrete
surface on three surfaces of the prism except for
the open surface during the concreting process.
The steel adapter points were connected in pairs
with steel rods, and then indicators were
installed. The steel rods and the dial-type
indicators were installed in a designed position
with screws (Figure 4).

Valeryia A. Rzhevutskaya, Yuliya G. Maskalkova

Figure 4. Dial-type indicators installed into
steel adapter points to record shrinkage strain
of expanded clay concrete and stain of
longitudinal reinforcement

RESULTS AND DISCUSSION

During the investigation, three Series of twin
specimens were sequentially tested (three twin
samples in each Series). As a result of the
research, experimental data had been obtained
on the development of the total shrinkage strain
of the expanded clay steel-reinforced concrete
during 120 days. The experimental data are
presented in Table 1 and Figure 5.

Table 1. Mean values of relative strain of the total shrinkage of experimental expanded clay steel-

reinforced concrete specimens in form of prisms

Measured parameter Series Mean values of relative strain of the total shrinkage
in experimental No
specimens e day | 7" day | 10" day | 28" day | 62" day | 91 day | 120" day
Strain of expanded 2 -0.61 | 0.38 0.95 9.27 10.08 | 12.85 13.85
clay concrete 3 -0.40 | 0.36 0.93 9.28 10.51 13.11 14.33
5

less % 10 4 -0.41 | 0.38 0.94 9.14 11.19 | 13.41 14.61
Strain of 2 002|048 | 229 | 569 | 1278 | 15.03 | 15.93
longitudinal 3 1003|046 | 205 | 573 | 1273 | 1533 | 1598
reinforcement

g X 10° 4 0.03 | 0.48 2.27 6.39 12.52 | 15.01 15.90
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Figure 5. Development of relative strain of the total shrinkage of expanded clay steel-reinforced

concrete (a — Series No. 2, b —

The results of the empirical study, as shown in
Figure 5 and Table 1, confirm that the proposed
implementation of the method provides
measurements of the concrete shrinkage strain
between longitudinal reinforcement bars and the
strain of longitudinal reinforcement bars,
starting from the first day of concreting.

In addition, some researchers [14-20] note a
decrease in shrinkage deformation as a result of
the addition of fibers to the expanded clay
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Series No. 3, ¢ — Series No. 4)

mixture. Nevertheless, the authors do not focus
on a factor that affects an absolute value of the
total shrinkage strain of fiber-reinforced
concrete.

The application of the proposed method made it
possible to prove experimentally that low-
modulus polypropylene fibers act as an internal
bond at an early hardening stage. As a result,
there is a stress redistribution in the ‘hydrated
cement — polypropylene fiber’ system, thereby it
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makes a significant effect on reducing the
shrinkage stresses inside the composite [21].

CONCLUSIONS

Based on the results of the study, the new
method has been proposed for experimentally
measuring the total shrinkage strain of
reinforced concrete. The method makes possible
to ensure that shrinkage strain begin to be
observed starting from the first day of
concreting.

This implementation of the method for
shrinkage strain measuring of expanded clay
steel-reinforced concrete allows recording the
total shrinkage strain of an experimental prism
on an open surface no later than three hours
after concreting, followed by monitoring an
increase in strain along remaining surfaces of
the prism (after it’s removing out of a formwork
for concreting).
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Abstract: Negative environmental impact (NEI) is the result of human economic activity, including construc-
tion. At first sight, reducing the negative environmental impact and creating a comfortable living environment
(LE) seem to be mutually exclusive concepts. Within the framework of research in this area, it is advisable to us e
a complex concept of biopositivity of construction objects. This concept will help to determine the balance be-
tween reducing NEI and ensuring the comfort, health and well-being of consumers. The literature review did not
indicate any researches in which fuzzy logic methods, including fuzzy logic inference models, were utilized to
assess the biopositivity of the living environment of residential buildings. Moreover, the existing methods of
“post occupancy evaluation” (POE) do not assume the integration of quantitative and qualitative user assess-
ments to manage the quality of the building environment. The paper presents a methodology for assessing the in-
tegral index of biopositivity of civil buildings and iterative determination of the values of the LE parameters, at
which the comfort of the individual consumer will be ensured. The simulation procedure of adaptive neuro-fuzzy
inference system was implemented in MATLAB software using Neuro-Fuzzy Designer. The model was trained
on a data set of 843 strings. Instrumentally measured values of LE parameters were used as predictors, and the
response was a qualitative user assessment of the LE. The proposed model of the process of forming a comfort-
able and biopositive LE provides an opportunity to take into account a set of main factors that form the LE, to fix
an integral indicator of the biopositivity of a building facility and make a decision on its advanced improvement.

Keywords: sustainable development, environmental safety, living environment, biopositivity, design criteria,
comfort, health saving

OLIEHKA BUOIIO3UTUBHOCTHU CPEJIbI
"KU3HEJESTEJIBHOCTHU 'PAKIAHCKHUX 3TAHUI HA
OCHOBE AJIAITUBHON HEMPO-HEYETKON CUCTEMBI
BBIBOJIA

B.U. Teauuenxo', H.C. Pyov’

! HaumoHansHeIi necienoBaTenbekuii MOCKOBCKHIM TOCYIapCTBEHHBIN CTPOUTENbHBINA YHUBEPCHTET, I. Mocksa, POCCU ST
2 000 «Hslo uMMO cepBucH3», I. Mocksa, POCCUSI

Annotanusi: HeratusHoe BiausiHEe Ha okpyskatorryio cpexy (HBOC) o0yciioBiieHO X039HCTBEHHOI 1esITeNbHO-
CTBIO YeJIOBEKa, B TOM uHcie crpoutenbHoi. Ha mepsbiii B3 cHmwkenne HBOC u co3nanune komdopTHOM
cpenbl xu3HeAesTenbHocTH (CXK) BUAsTCS B3aMMOMCKITIOYAIOMIMME KOHIEIIMSMH. B pamkax vccienoBaHuii 1Mo
JTAHHOMY HaIpaBJICHUIO 11e7IecO00Pa3HO MCIOIB30BAHNE KOMITJIEKCHOTO HOHSTHSI OMOTIO3UTUBHOCTH CTPOUTEIb-
HBIX OOBEKTOB, KOTOPOE TIPH MX OLICHKE IO3BOJIUT OIPEAEInTh Oananc Mexay cHikenneM HBOC n obecrieue-
HHEM KOM(OPTHOCTH, 3/10pOBbSI M OJaronorydust noss3zosareneil. [IpoBeeHHbIN aHaIN3 IUTEpaTypHBIX NCTOU-
HHUKOB HE BBISIBHI palbOT, B KOTOPBIX JUIS OLEHKH OMOMO3UTHBHOCTH CPEAbl KU3HEACATEIbHOCTH TPAKIAHCKUX
3/IaHMH MCIOJIB30BATINCh METO/IbI HEUETKOMN JIOTHKH, B TO YHCIJIE MOJIEIN HEYETKOI0 JIOTHUECKOT0 BbIBoAia. boiee
TOTO CYIIECTBYIOLIME METOJUKU «OLEHKH 3AaHMi mocie 3aceneHus» (post occupancy evaluation umu POE) e
MPE/IoNaraloT HHTErpalii KOMUYECTBEHHBIX M KaUeCTBEHHBIX MOJIb30BATEIbCKUX OIICHOK JUIA YIPABICHUS Ka-
yectBoM C)K. B crathe mpencTaBieHa METOMKA OIIEHKH WHTErPaJbHOrO MOKa3aTelss OMOMO3UTHBHOCTH I'PaX-
JAHCKUX 37[aHUH M MTEpaIllMOHHOTO OmpeeneHus 3HaueHnit mapamerpoB CXK, mpu xoTopbix Oyner obecrieueH
KoM]OpT KOHEYHOTo nosb3oBarels. [Iporenypa MoemMpoBaHys aaanTHBHONW HEHPO-HEYETKON CHCTEMBI BBIBO-
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na peanuzoBana B cpene MATLAB c¢ ucnonbs3zoBanuem Neuro-Fuzzy Designer. Mogenb 00ydanack Ha BeIOOpe
u3 843 crtpok. B kauecTBe NMpenMKTOPOB UCMOIB30BAaHBl MHCTPYMEHTAIBHO U3MEPEHHbIE 3HAUEHHUS MapaMeTpoB
CIXK, a oTkIMK — KaueCTBeHHAs! MoJIb3oBaTenbekas orienka CK 3manus. [lpennoxenHas Mojelb mporecca Ghop-
MupoBaHus KompoptHOH 1 Ouono3utuBHOW CXK mpeaocTaBIseT BO3SMOKHOCTD YYUTHIBATH COBOKYITHOCTb TJIaB-
HBIX (akTopoB, popmupyronmx CXK, pukcupoBaTh HHTETPATIBHBIN TOKA3aTEIh OMOMO3UTHBHOCTH CTPOHUTEIBHO-
ro 00bEKTa U MPUHUMATH PCIICHHUE O €TI0 ONCPEKAIONICM MTOBBIIIICHUH.

Ki1roueBble c10Ba: yCTOHYMBOE Pa3BUTHE, IKOJIOTHYECKasi 0€30MacHOCTb, CpeJia KU3HEACATEIHOCTH,
OMOTIO3UTUBHOCTb, KPUTEPUH MTPOCKTUPOBAHUS, KOM(POPT, 310pOBbECOCPEIKECHIE

INTRODUCTION

Within the context of the modern pace of life,
the development of communications and infor-
mation technologies, growing urbanization lead-
ing to overpopulation of megalopolises, the
achievements of post-industrial society, together
with the increased mobility of the population of
large cities, the change of ideas about the quali-
ty of living environment (LE) is inevitable.

In Russia, the creation of a comfortable living
environment is one of the priority tasks of the
national projects “Housing” and “Ensuring Sus-
tainable Reduction of Uninhabitable Housing
Stock”. However, the lack of a clear definition of
the concept of “comfort” and methods of its ob-
jective assessment significantly complicates the
development of effective design solutions [1].
Methods of evaluation of completed construc-
tion projects traditionally rely on expert assess-
ments based on technical criteria. However,
they often do not take into account an end-user's
satisfaction. As response to this challenge, the
Post Occupancy Evaluation (POE) methodolo-
gy, aimed at analyzing user evaluations of
buildings after occupancy, began to develop in
the 1960s in Western countries [2-5]. Currently,
one of the most common POE methodologies is
the system developed by the Center for Built
Environment (CBE) at the University of Cali-
fornia, Berkeley. This methodology suggests the
use of Likert scales to assess user satisfaction
with various aspects of SL and allows bench-
marking buildings to identify problem areas and
suggestions for improvement [7].

However, within the framework of the above-
mentioned methods, quantitative assessment of
the LE parameters and qualitative user assess-
ment of L factors are considered separately. In-
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tegration of qualitative and quantitative assess-
ments supported by modern mathematical and
system-technical methods will allow us to create
a refined model of forming a comfortable envi-
ronment for successful management of its char-
acteristics.

One of the most complex concepts in the field
of ecological safety of construction is bioposi-
tivity. According to A.N. Tetior's definition, the
biopositivity of buildings and structures implies
their ability to integrate organically into eco-
systems, minimize negative environmental im-
pact (NEI), contribute to the restoration of na-
ture and provide a high quality of life for users
[7, 8]. However, the concepts of reducing the
negative environmental impact and creating a
comfortable environment are often viewed as
mutually exclusive.

The introduction of biopositivity as an integral
indicator of LE allows us to consider the prob-
lem in a comprehensive way, seeking to deter-
mine the balance between environmental safety
and user comfort.

The objective of this study is to integrate the
qualitative user assessment of the biopositivity
of LE with instrumentally measured values of
LE parameters through the development of an
adaptive  neuro-fuzzy  inference  system
(ANFIS). This approach will allow to fix the
integral index of biopositivity of a construction
object and plan its advanced improvement.

MATERIALS AND METHODS
The authors have formed a system of 36 factors

of biopositivity of LE of residual buildings. The
factors are subdivided into 10 groups:
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1. Factors determining the parameters of cli-
matic conditions of the territories adjacent to
the building;
2. Factors determining the spatial comfort of
the internal environment of the building;
3. Factors determining the ergonomics of
space;
4. Factors determining satisfaction with the
quality of finishing materials;
5. Factors determining visual comfort;
6. Factors determining acoustic comfort;
7. Factors determining thermal comfort;
8. Factors determining air quality;
9. Factors determining water quality;
10. Factors determining the operation of the
building as a whole.
Based on the formed system of factors [9] of
biopositivity LE for administrative buildings, a
survey has been developed to collect initial data
for the subsequent mathematical modeling.
To obtain a sample, 843 respondents - users of
11 administrative buildings in Moscow were
interviewed. The respondents were practicing
specialists in the field of design and construc-
tion of buildings and structures. Within the
framework of the survey the respondents were
offered 36 questions. Each of them corresponds
to the factors of biopositivity of LE [10], as well
as 1 generalizing question, within the frame-
work of which it was necessary to assess the
overall comfort of the building in which they
are located.
Each of the 37 questions required selecting 1 of
7 verbal judgments that characterize the degree
of comfort of the environment for each factor.
The following verbal judgments were used:
e Absolutely discomforting;
Discomfortable;
Relatively uncomfortable;
Neutral;
Relatively comfortable;
e Comfortable;
e Absolutely comfortable.
In general, these judgments correspond to a 7-
point Likert rating scale. The results of user rat-
ings were coded on a scale of -3 to 3, where 0 is
neutral, for further statistical analysis.
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Next, a regression model was developed where
the qualitative biopositivity scores of each envi-
ronmental factor are the predictors and the
building biopositivity score is the response. The
purpose of this step is to identify the most sig-
nificant environmental factors for modeling
fuzzy inference systems. The slide shows the
results of the analysis of variance. The model
explains about 88% of the variability in the re-
sponse. Significant factors were determined on
the basis of P-value, those predictors with P-
value less than 95% and multicollinear predic-
tors were eliminated [11].

As aresult, 25 significant factors remained. This
is a lot for modeling fuzzy inference, for which
it 1s recommended to use 5 input parameters
[12]. To determine 5 significant factors for
modeling adaptive neuro-fuzzy inference sys-
tem, the predictors were sorted by the modulus
of regression coefficient. Thus, it was deter-
mined that the significant factors for modeling
ANFIS are: the quality of finishing materials
(VOC emission), the level of natural lighting,
the level of artificial lighting, the level of pene-
trating airborne noise, and air temperature.
Simultaneously with the survey, instrumental
measurements [13] of the following parameters
were carried out in each room or zone (in case
of open office layout) for further modeling of
the adaptive neuro-fuzzy inference system:
VOC concentration; CO2 concentration; con-
centration of fine particles PM 2.5; CEO meas-
ured in a separate zone or office of the object
under study; illumination of the working sur-
face; light pulsation; penetrating noise level; air
temperature; air humidity.

Measurements of air temperature and humidity,
VOC concentration, CO2 concentration, con-
centration of fine particles, light pulsation,
working surface illumination were carried out
by the Climate Guard mobile indoor climate
measuring station. ClimateGuard is a hardware-
software complex that allows collecting, analyz-
ing and transmitting information on indoor cli-
mate parameters to external information sys-
tems. The Climate Guard station registers the
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values of indoor climate parameters using the
following sensors:

e Concentration CO2 - mh-z19b;

*  Temperature, humidity — bme280;

e VOC - bme680;

*  Light pulsation - as7262;

* [llumination of the working surface -
bh1750;

*  Concentration
pms7003;
Air flow velocity was measured with a Testo
425 thermoanemometer. To measure the level of
penetrating airborne noise, a noise meter
ECOFIZIKA 110A and a microphone VMK-
205 were usedConcentration of fine particles.

of fine particles -

RESULTS AND DISCUSSION

Neuro-fuzzy network construction will be per-
formed in MATLAB program software, using
Neuro-fuzzy designer extension package, the
interface “rule viewer” of which allows to itera-
tively select the values of environmental param-
eters and immediately see their influence on the
overall level of biopositivity of the object.

As part of the objective of developing a meth-
odology for selecting or iteratively selecting a
combination of values of environmental pa-
rameters, which will ensure the comfort of the
end user of LE, it seems necessary to reduce the
number of terms of five input linguistic varia-
bles. When using 5 input variables with 7 lin-
guistic terms in each, the model will be consid-
ered numerically and linguistically complete,
but the number of rules will be 16807. The use
of such a large rule base is impractical due to
limited computing power. When reducing the
number of terms of input variables to 5, it is
proposed to combine the terms ‘“Absolutely
Discomfortable” and “Discomfortable” into a
group under the term “Discomfortable”, and the
terms “Absolutely Comfortable” and ‘Comfort-
able’ into a group under the term “Comforta-
ble”. When using 5 input parameters with 5
terms in each, the number of product rules will
be 3125.
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If the number of terms of input linguistic varia-
bles is reduced to 3, it is also proposed to com-
bine the terms “Relatively discomforting”,
‘Neutral’ and “Relatively comfortable” into a
group under the term “Neutral”. If 5 input pa-
rameters with 3 terms each are used, the number
of production rules will be 243.

Note that if 7 and 5 linguistic terms are used in
each input parameter, the response surfaces of
the output functions are more detailed relative to
the system in which 3 linguistic terms are used
in the input parameters. Also, in the case of
more detailed response surfaces it is possible to
note the presence of clearly limited areas of the
surface, reflecting one or another linguistic term
of the output variables. However, within the
framework of solving the problem of develop-
ing a methodology for assessing the biopositivi-
ty of construction solutions, taking into account
the limited computing power, it will be reasona-
ble to adopt in the development of an adaptive
neuro-fuzzy output system 5 input variables
with 3 linguistic terms in each.

Moreover, this decision can be justified by the
methodology adopted in [14], where the user's
assessments of the comfort of SL on a 7-point
scale (from -3 to 3) were combined into 3
groups according to the principle similar to that
adopted in this paper:

* The group “Discomfortable” combines the
therms “Absolutely Discomfortable”, “Discom-
fortably Discomfortable”;

* The group “Neutral” combines the terms “Rel-
atively Discomfortable”, ‘Neutral’ and “Rela-
tively Comfortable”;

* The group “Comfortable” combines the therms
“Absolutely Comfortable”, “Comfortable”.

Thus the following input variables are defined:

- Quality of finishing materials: VOC emission.
Therms: discomforting, comfortable, neutral.

- Level of natural light. Therms: discomforting,
neutral, comfortable.

- Level of artificial light. Therms: discomfort-
ing, neutral, comfortable.

- Level of penetrating airborne noise. Therms:
discomforting, neutral, comfortable.
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- Air temperature. Therms: discomfort, neutral,
comfortable.
As ANFIS implements Sugeno's fuzzy inference
system as a dataframe [15, 16], a data set should
be adopted to train the neural network, in which
user ratings of the overall biopositivity of the
building's SL coded based on a 7-point rating
scale will be the response, and instrumentally
measured values will be used as predictors:

— VOC concentration (ppm);

— ALF (%);

— Illumination of the working surface (1x);

— Penetrating airborne noise level (dBA);

— Air temperature (°C).
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The 843 rows raw data array was divided into
train and test samples in the ratio of 360 to 483
rows. The model was trained at 150 epochs
[17]. Based on the training results, the model
error was 0.0714.

According to the modeling results, the model of
user's perception of the values of LE factors. In
the Neuro-fuzzy designer extension package,
the “rule viewer” interface allows to iteratively
select such a combination of values of environ-
mental factors that will allow to achieve a high
index of biopositivity of LE and user comfort

(Fig. 1).

Sound pressure = 37.4 Temperature=21.1  Biopositivity = 1.44

i
[T
il

T

Biopositivity =247

Sound pressure=35.5 Temperature=21.7

i

i

Figure 1. The Rule viewer interface of Matlab software, which allows iterative selection of co-
combinations of the values of the biopositivity factors of the LE

As part of the analysis of modeling results it is
necessary to investigate the function of integral
index of biopositivity of LE (Biopositivity) at
different combinations of input parameters.

The function of the integral biopositivity index
at input parameters VOC concentration and
sound pressure level has the following form
(Figure 2).

The diagram shows that the greatest value of the
Integral Index of Biopositivity comes at sound
pressure values of less than 45 dBA and VOC
concentration levels of less than 1 ppm, which
are optimal for the human body. If the recom-
mended MPC of VOCs is exceeded and the rec-
ommended sound pressure level is exceeded, the
Biopositivity value is the lowest.

142

The function of the Integral index of biopositivi-
ty at input variables Temperature of air and II-
lumination of working surface has the form
(Figure 3).

The graph shows that the greatest value of the
Integral index of biopositivity is achieved at
levels of natural and artificial lighting levels op-
timum for the human body, which is described
in Section 1.2 of the article. At the value of il-
lumination of the working surface in the range
of 400-700 lux and the value of air temperature
in the range of 21-23 °C the value of the Integral
index of biopositivity is the greatest.

The function of the Integral Biopositivity Index
with the input variables Quality of finishing ma-
terials: VOC emission and [llumination of the
working surface has the form (Figure 4).
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B1ONO3UTHEHOCTL

3BykoBOE_f1aBneHue noc

Figure 2. Function Integral biopositivity indica-
tor with input variables VOC concentration and
sound pressure level

Bu1onosnuTuBHoOCTL

Temnepatypa OcBeleHHoCTs

Figure 3. Function Integral indicator of bio-
positivity with input variables Temperature and
llluminance

B1onosuTUBHOCTE

noc QOCBeLLeHHOCTE

Figure 4. Function Integral biopositivity index
with the input variables VOC concentration and
Sound pressure level
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The diagram demonstrates that the greatest val-
ue of the Integral index of biopositivity is
achieved at values of VOC concentration up to
1 ppm and values of illumination of the working
surface up to 400 lux. The lowest value of the
Integral index of biopositivity is achieved at
maximum VOC concentration and minimum
illumination of the working surface.

Based on the study of adaptive neuro-fuzzy in-
ference system it can be drawn a conclusion that
the model to a large extent logically describes
the subjective human perception of biopositivity
factors of the environment [18]. Thus, the de-
veloped model should be used to solve the prob-
lem of iterative selection of combinations of en-
vironmental parameters that ensure the comfort
of the end user of an administrative building.
The assessment of the biopositivity of building
objects must account for a significant number of
both internal and external environmental factors
that are related to both design decisions and op-
erational modes, along with the subjective per-
ception of the biopositivity of environmental
factors by building users.

From the point of view of quality management
and life cycle management of a building project,
especially the longest stage of the life cycle
such as operation, assessment as benchmarking
is not a sufficient tool to improve the quality of
the object. In order to realize the advanced
planning of increasing the integral indicator of
biopositivity of the object, it is necessary to use
the methodology of assessment of biopositivity
of the construction object and the subsequent
iterative determination of the values of the pa-
rameters of LE (diagrammatic interpretation is
presented in Figure 5), at which the comfort of
the user of the construction object will be en-
sured, which consists in performing a number of
interrelated steps:

1. Analysis of project documentation and
management company documentation to exam-
ine which of the biopositivity factors are present
at the facility.

2. Conduct a user survey. Using the survey
form presented in Annex 1 of this study to con-
duct a survey of regular users of the facility. In
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order to achieve a representative sample, it is
necessary to survey at least 30% with the num-
ber of regular users up to 1000 people, at least
25% with the number of regular users from
1001 to 2000 people, at least 20% with the
number of regular users from 2001 to 3500 peo-
ple, at least 15% with the number of regular us-
ers from 3501 to 5000 people, at least 10% with
the number of regular users from 5001 to 10000
people [19, 20].

3. Conducting instrumental measurements
of environmental parameters: VOC concentra-
tion; CO2 concentration; concentration of CEQ,
concentration of fine particles PM 2.5; CEO
measured in a separate zone or office of the ob-
ject under study; illumination of the working
surface; light pulsation; penetrating noise level,
air temperature; air humidity.

4. Coding the respondent's answers on a
numerical scale from -3 to 3 in increments of 1
to allow for regression analysis of the results.

5. Conducting regression analysis of the
coded responses of respondents. Determination

- Collection of initial data: | .
- Design project, detailed design project;
- documentation of the managing company

¥

I Conducting a user survey I

Conductjng instrumental measurements of the
Life Environment factors during the user survey

Regression analysis to determine the magnitude
of the influence of the Life Environment Tactors
on biopositivity with further determination
of significant factors for fuzzy inference modeling

r Adaptive neuro-fuzzy inference system "l
(AFIS) modeling

Determinatjon of the integral indicator
of biopositivity

Valeriy I. Telichenko, Nikita S. Rud

of significant factors of biopositivity of LE on
the basis of P-values of each environmental fac-
tor, which are predictors within the regression
model. Determination of significant factors for
neuro-fuzzy network modeling by ranking the
moduli of the regression coefficients of the pre-
dictors. For further modeling of the neuro-fuzzy
network, 5 predictors with the highest values of
regression coefficient modules are taken as sig-
nificant modeling factors.

6. Building a refined regression model to
assess the significance of the model and verify
the absence of multicollinearity.

7. Modeling of adaptive neuro-fuzzy infer-
ence system in MATLAB software program.

8. Fixing the integral indicator of bioposi-
tivity of the construction facility.

9. Iterative determination of the combina-
tion of the values of the parameters of LE, at
which the comfort of the user of the construc-
tion facility will be ensured in the interface
“rule viewer” of the extension package Neuro-
fuzzy designer of the Matlab software program.

Whether the
correction is necessar;
or not?

Fixing the
potential of the
construction
object

Living

Environment

Biopositive p>1 P

End <

Iterative determination
of combinations of values
of the Living Environment
parameters until P > 1

Preparation of
Terms of Reference
for design adjustments

Figure 5. Flow chart of the methodology of biopositivity assessment and subsequent iterative de-
termination of combinations of values of environmental parameters, which ensure the comfort of

the user of a facility
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CONCLUSIONS

As part of this study, an adaptive neuro-fuzzy
model has been developed for iterative determi-
nation of combinations of the values of the pa-
rameters of the LE, at which the comfort of the
users of the administrative building will be en-
sured. The response function of the output vari-
able Biopositivity at different combinations of
input variables has been analyzed. The adaptive
neuro-fuzzy network to a large extent correctly
describes the subjective human perception of
the biopositivity of the factors of LE.

The methodology for assessing the biopositivity
of a construction facility (on the example of an
administrative building), which allows to fix the
integral indicator of Dbiopositivity of a
construction facility and plan its advanced
increase. The methodology can be widely
applied in the management of construction
facilities and used in the formation of technical
specifications for the reconstruction and design
of various types of residential buildings.

As the sampling of user assessments of the
biopositivity factors of LE and instrumentally
measured values of environmental factors of
different types of civil buildings increases, the
retrained adaptive neuro-fuzzy inference
systems will be useful in determining the
normative values of LE parameters.
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EARTH CORE ROCKFILL DAM: INTERACTION OF WATER
AND SOIL

Mikhail P. Sainov, Aleksandr A. Boldin
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: Accuracy of results of numerical modeling of the structure stress-strain state (SSS) depends on ade-
quacy of design scheme. At elaboration of design scheme of an embankment dam the important aspect is selec-
tion of force loads from water. Water medium may create several types of force loads on the dam: hydrostatic
pressure, buoyancy and seepage volumetrically distributed forces, as well as arise internal pore pressure in soil.
Selection of design scheme of the earth core rockfill dam depends on permeability of the clayey soil of the seep-
age-control core and the speed of the seepage regime formation. Analysis of the field observations over the state
of constructed dams showed that this process may occur in different ways. In some dams after the reservoir im-
poundment the seepage regime is installed relatively quickly, in other dams there takes place a durable process
of pore pressure dissipation and soil consolidation.

For estimation of the effect of the form and method of loads application, the analysis of the stress-strain state of
high earth core rockfill dam for three design schemes was carried out. These are cases with conditionally imper-
meable, well permeable and scarcely permeable core soil. In the first case the core is subject to hydrostatic pres-
sure, in the second to the force from the steady regime of the seepage flow, in the third, inequality of pore pres-
sure and seepage forces takes place.

For analysis there was used the software package MIDAS, which permits conducting combined analysis of SSS and
seepage regime, solving tasks related to consolidation of soils. Coulomb-Mohr model was used for modeling of soil.
Analysis showed that the dam SSS in three design schemes varies greatly. The dam is subject to the highest pres-
sures and deformations in the case of the impermeable core at the action of hydrostatic pressure. The dam SSS at
well permeable core, where seepage flow quickly becomes steady, is more favorable. The case of scarcely per-
meable soil is unfavorable from the point of view of core crack resistance. Due to core pressure, buoyant and
seepage forces the stresses in soil skeleton are small. At that, horizontal displacements of the dam by value are
closer to displacements in case of water impervious soil. This frequent case may be the most dangerous for the
dam safety.

Keywords: earth core rockfill dam, stress-strain state, seepage, pore water pressure, loads, numerical analysis,
finite element method

KAMEHHO-3EMJISTHASA IIJIOTUHA: B3BAUMOJENUCTBUE
BOJIAbI UT'PYHTA

M.II. Caunos, A.A. boroun

HanmonaneHsIii ecnenoBatenbekiuil MOCKOBCKHIM roCYAapCTBEHHBIN CTPOUTENBHBIN yHUBEpCHUTET, I'. MockBa, POCCHS

AnHotammsi: TOYHOCTh Pe3yJIbTATOB YHCICHHOTO MOJICIIMPOBAHMS HAIPSHKEHHO-1eOPMHUPOBAHHOTO COCTOSTHHUS
(HAC) coopy»xeHust 3aBUCUT OT a/ICKBATHOCTH €ro pacu&THON cxeMbl. [Ipn coctaBieHNN pacuéTHOM CXEMbI TPYyH-
TOBO IJIOTUHBI Ba)XHEHIIMM acIeKTOM SIBIISICTCS BBIOOP CHIIOBBIX HAarpy30K OT BOJbL. BomHas cpema MOXeT co-
371aBaTh Ha IUIOTHHY HECKOJIBKO BHUIOB CUIIOBBIX HAIPY30K: IHAPOCTATHYECKOE JaBIICHHE, B3BEIIMBAIOLINC U (HHIIb-
TpanoOHHbIe 00BEMHO paclpe/IeNEHHbIE CHJIbL, 8 TAKXKE BBI3BIBATH B TPYHTE BHYTPEHHEE MOPOBOE JaBIICHHE.
Br16op pacuéTHOlN cXeMbl KaMEHHO-3¢MJISIHON IUIOTHHBI 3aBUCHT OT IPOHMIAEMOCTH TJIMHHCTOTO TPyHTa Hpo-
TUBO(QHIBTPAIIIOHHOTO AApa W CKOPOCTH (OPMHUPOBAHUS €ro (pUIBTPAIMOHHOTO PEXHMa. AHANIN3 HATYPHBIX
HaOMIOJICHUI 332 COCTOSIHUEM MOCTPOSHHBIX IUIOTHUH I0Ka3aj, 4TO ATOT IPOLECC MOXKET IMPOMCXOIUTH MO-
pasHoMy. B ofHMX IUIOTHHAX IMOCIE HAMOJHEHHs BOJOXPaHHJIMINA (DMIIbTPALMOHHBIN PEKUM yCTAaHABIMBAJICS
OTHOCHUTCJIBHO 6])ICTpO, a B IPYTUX IMTPOUCXOONT Z[HHTCHLHblﬁ mpouecc pacCE€UBaHUs MMOPOBOT0 JaBJICHUA U KOH-
COJIMIALINK TPYHTA.

Just oneHkn BimsiHMA (OPMBI M CHOCO0a TPHIIOKEHHsST HArpy30K OBUI BBINOJHEH pacyéT HanpspKEHHO-
Jie(OpMHUPOBAHHOTO COCTOSTHHSI BHICOKOH KaMEHHO-3EMJIISTHOH IIOTHHBI ISl TPEX PACUETHBIX CXeM. DTO Cydau
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C YCJIOBHO BOJOHETIPOHHUIIAEMBIM, XOPOIIIO MPOHUIAEMbIM M MaJIOBOAOIPOHUIIAEMBIM TPYHTOM sifpa. B mepBom
cilydae Ha SIpO JIEHCTBYET THAPOCTATHUECKOE ABJICHHUE, BO BTOPOM — CHJIBI OT YCTaHOBHUBILIETOCS (DHIIBTpany-
OHHOTO ITOTOKA, B TPETHEM MPOMCXOANT ITOCTOSTHHOE U3MEHEHNE TTOPOBOTO JABICHHS U (DMIIBTPAIIMOHHBIX CHIL.
Jlis pacd€ToB MCIONB30BaICA MporpaMMHBIA KoMiuiekc MIDAS, KoTopsIii TO3BOJISIET BECTH COBMECTHBIN pac-
yét H/IC 1 punpTpannoHHOro pexxuma, pemarsb 3a7aqy 0 KOHCOJIUIANU IPyHTOB. [ MogenpoBaHus TpyHTa
ncnosb3oBanack moaenb Kynona-Mopa.

Amnanuz nokasan, yto HJIC minoTusel B TpEX pacu€THBIX CXeMax CHIbHO paszinuyaercs. Haubomnbine Hampsxe-
HUA U )ZlC(bOpMaIII/II/I IUIOTHHA UCTIBITBIBACT B ClIy4a€ BOJOHCTIPOHHUIACMOTO sAJpa, IpUu ﬂeﬁCTBHH ruapocraTuiec-
ckoro nasieHuss. HJC miuoTuHsl B ciy4yae XOpOIIO MPOHHUIIAEMOTro S1pa, B KOTOPOM OBICTPO yCTaHABIUBAETCS
(UIBTPALMOHHBIN TTOTOK, sIBIIsieTcst Oosee OGmaronpusTHeIM. Citydail MaJIoBOIOIPOHUIIAEMOTO TPYHTA SIBIISIETCS
HeOJIaronpusITHBIM C TOYKH 3PEHUS] TPEIIMHOCTOWKOCTH sifpa. V3-3a MOpOBOro AaBieHUs, B3BEIIMBAIOUINX U
(bUITPTPAIMOHHBIX CHJI HANpPSDKEHUS B CKEJIeTe TpyHTa Maibl. [Ipi 3TOM ropn3oHTaIbHBIE CMEIICHHS TUIOTHHEI
10 BEJIMYMHE OJIM)KE K CMELICHUSIM B CIIydae BOJOHENPOHHUIIAEMOI0 TPYyHTA. JTOT YaCTO BCTPEYAIOIIUICS CITy-
Yail MOXKET SBJIATHCSI HAanOOJIee OIMacHbBIM ISl 0€30I1aCHOCTH TIOTHHBI.

Ki1roueBble ¢j10Ba: KaMEHHO-3eMJISTHAsI TUIOTHHA C SIAPOM, HANPSKEHHO-1e()OPMUPOBAHHOE COCTOSIHNE,
¢buIbTpanys, HOPOBOE JaBICHUE, HATPY3KH, YUCICHHOE MOJICTIPOBAHNE, METO KOHEYHBIX JJIEMEHTOB

INTRODUCTION

Analysis of stress-strain state (SSS) is an obliga-
tory element of design validation of embank-
ment dams, which refer to the first and the sec-
ond category hydraulic structures, such re-
quirement is stated in the code of practice
SP 39.13330.2012 «Embankment Damsy. These
calculations are required for assessment of the
dam safety.

Due to complexity, SSS analyses may be carried
out only by numerical modeling; it permits solv-
ing the most complicated tasks. However, accu-
racy of numerical modeling depends on adequa-
cy of the structure design scheme: on boundary
conditions, construction sequence scheme, etc.
One of the important components of the design
scheme are combination and character of acting
loads; for the dam first of all these are loads
from water. Water medium may create several
types of loads: hydrostatic pressure, buoyant
force (Archimedes force), as well as seepage
forces. Hydrostatic pressure is distributed along
the surface area and buoyant and seepage forces
are distributed in volume. Seepage forces are
directed toward the side of going down head.

At conducting analyses, it is necessary to assign
loads properly in order to adequately simulate the
real conditions of the dam performance. For the
dams with a central seepage control element in
the form of a clay core (for example, earth core
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rockfill dam) the issue of the design scheme se-
lection and the types of acting loads is not univo-
cal. The design scheme is determined by the fact
whether the clay core is pervious or not.

Like all the soils, the clayey soils are pervious,
however, their seepage factor is very small. Ac-
cording to Russian building codes, in seepage
control elements there should be used the soils
with seepage factor less than 0.1 m/day (1.2-10*
cm/s); in real dams it is even less (less than
0.005 m/day).

Evidently due to low permeability of the clayey
soil the process of water penetration into the
core should be durable, therefore, after the res-
ervoir impoundment the seepage regime is es-
tablished not at once. In this case the core may
be considered as impervious.

By the results of numerical modeling of the
non-steady regime conducted in 1, 2], penetra-
tion of water from the upstream side into the
core should take years. In [2] it is stated that
even after dozens of years the most part of the
core is still dry. However, this concept is not
right because initially the clayey soil is placed
into the core at optimal humidity, which corre-
sponds to actually full water saturation. Initial
water saturation will contribute to quicker ad-
vancement of the seepage area boundary.
However, it does not mean that seepage flow in
the core quickly becomes steady. The obstacle
will be pore pressure formed in the clayey soil
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at its compaction under the action of external
loads. With time the soil is consolidated: due to
seepage the pore pressure is gradually dissipated
to the level corresponding to the seepage flow
pressure, however, this process may be durable.
To estimate the duration of the consolidation
process we fulfilled analysis of data of field ob-
servations over the state of dams, published in
different sources. In [3, 4] there described the
results of field observations over pore pressure
in the dams constructed in the XX-th century.
Field measurements show that the rate of con-
solidation process may be variable. In Aswan
dam (Egypt, 1970, H=111 m) and Pachkamar
dam (Uzbekistan, 1968, H=71 m) the process of
the core soil consolidation was quick, but in the
core of Talbingo dam (Australia) the pore pres-
sure reached considerable values and dissipated
slowly [3]. In ultra-high Nurek HPP dam (Tajik-
istan, 1980, H=300 m) by the moment of com-
pletion of construction, which lasted about 9
years and was performed in parallel with the
reservoir impoundment, the most part of pore
pressure was dissipated by the moment of start
of operation [4].

Field measurements on the dams constructed in
the XXI-st century [5-10] also confirm that
there may be two possible cases.

In the first case the soil consolidation is quick
and is nearly fully completed during construction
period. Such case took place in ultra-high
Nuozhadu dam (China, 2012, H=261.5 m) [5, 6].
By the start of operation period the seepage flow
stabilized in the core of Eyvashan dam (Iran,
2015, H=71 m) [7, 8]. Such case is possible only
when the core soil is sufficiently pervious.

The second case refers to durable soil consolida-
tion, which is not completed during construction
period and lasts for a long time during operation
period. Such case took place in Karkhe dam
(Iran, 2001, H=127 m). In spite of the fact that
the reservoir impoundment was in parallel with
the dam construction, pore pressure was still
high for a long time [9]. Durable high pore pres-
sure is considered to be the cause of increased
deformations of Masjed-e-Soleyman dam (Iran,
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2002, H=177 m) [10]. This case occurs if the
core soil has low water permeability.

The design scheme of loads action corresponds
to each of two considered cases. In the first case
(permeable soil, quick consolidation) the load
from water acts in the form of volumetrically
distributed seepage forces.

In the second case (low soil permeability, dura-
ble consolidation) the character of loads is more
complicated: it varies with time. At first, before
the reservoir impoundment, pore pressure ap-
pears in the placed soil. After some time, fol-
lowing the appearance of hydraulic connection
between the pores there will appear seepage
forces in soil corresponding to pore pressure.
Then, immediately after the reservoir im-
poundment the hydrostatic pressure appears on
the core upstream face. Then, it will gradually
disappear and will be replaced by seepage forc-
es directed inside the core. The seepage regime
will gradually change until it becomes steady.
Hydrostatic pressure on the core upstream face
may also appear if reservoirs are impounded
quickly after completion of the dam construc-
tion. Such case took place at construction of
Gavshan dam (Iran, 2004, H=123 m) [11], Lud-
ing (China, 2016, H=84 m) [12].

As we see, loads from water may not only ob-
tain different forms but may be transformed
from one form to another.

At conducting SSS analyses different authors
use various schemes of loads application. For
example, in calculations [12—-16] the core was
assumed impervious and was loaded by hydro-
static pressure. In calculations [7, 8] the core
was assumed fully permeable. And in calcula-
tions [5, 10] the soil was assumed scarcely per-
meable and SSS analyses were with considera-
tion of PWP.

The aim of this study is revealing real condi-
tions of formation of an earth core rockfill dam
SSS and selection of the most adequate design
scheme.

Similar study was fulfilled in [17]. At SSS anal-
ysis two cases were considered: 1) reservoir is
impounded only after the dam is constructed for
the full height; 2) reservoir is impounded gradu-
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ally with growth of the dam height. Calculations
showed that impoundment sequence has small
effect on the dam stress state, but its integral
displacement in case 1 is more than that in case
2. However, in calculations [17] the cases with
permeable and low permeable soils were not
taken into account. Calculations were carried
out for relatively high seepage factor of the core
soil (0.006 m/day), therefore, the effect of ap-
pearing increased pore pressure in the core was
not revealed.

METHODS

For reaching the targeted aim the results of SSS
analyses for several possible design schemes
were compared. Three schemes were consid-
ered.

Scheme Nel. The core is assumed to be fully
impervious. In this case the load from water acts
in the form of hydrostatic pressure on the core
upstream face, and the core clayey soil is as-
sumed to be water saturated (due to placement
at optimal humidity). This scheme corresponds
to the moment of time after quick reservoir im-
poundment.

Scheme Ne2. The core is well permeable and the
seepage flow in the core is steady. In this case
the load from water is realized in the form of
seepage forces distributed in the core body. At
that, the core soil is in suspended by water state,
the pore pressure in it corresponds to the seep-
age pressure. This scheme is also possible at soil
low permeability after the durable period of the
dam operation.

Scheme Ne3 corresponds to the case when the
core soil has low water permeability. In this
case the increased pore pressure occurs in soil.
As compared to scheme Ne2 in this design
scheme the seepage flow in the core is still not
stabilized, seepage forces are always variable in
time by value and direction.

Calculations by schemes Ne2 and Ne3 pose a
more complicated task than those by scheme
Nel. In scheme Ne2 consideration of seepage
forces requires preliminary analysis of steady
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seepage regime in the core. In scheme Ne3 solv-
ing the task on the dam SSS should be per-
formed jointly with solving the seepage task.
For solving the static-seepage task, a special
software is required.

Such possibility is provided by software pack-
age MIDAS, which uses the finite element
method (FEM).

Analyses were conducted on the example of the
ultra-high Earth Core Rockfill Dam (ECRD),
whose structural design is similar to that of Nu-
rek HPP dam (fig. 1). The dam is located on
rock foundation. The height of fill in the consid-
ered section is 292.5 m.

The dam central core is made of sandy loam, it
rests on bulk concrete. The shells are made of
gravel-pebble soil and are covered by a layer of
rock mass.

Figure 1. Scheme of rockfill dam structure
1 — core of sandy loam; 2 — shells of gravel-
pebble soil; 3 — protection from rockfill;
4 — transition zone, 5 — concrete mass

The dam finite element model consists of 6975
nodes and 6906 finite elements.

During analyses the sequence of dam construc-
tion and reservoir impoundment was taken into
account; they were realized in parallel. Duration
of construction is about 9 years.

Coulomb-Mohr model was used for description
of deformation and strength of soils. The fol-
lowing physical and mechanical properties of
materials were used during calculations: pd —
density in dry state, psat — density in water satu-
rated state; E — modulus of linear deformation; v
— Poisson's ratio, ¢ — angle of internal friction, ¢
— cohesion. Parameters of shear strength (¢ and
c) of soils were taken from analogs. They are
determined in [18] by processing of experi-
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mental results [19, 20]. Cohesion for macro-
fragmental soils simulates the effect of gearing.
The adopted in the analysis characteristics of
soils are presented below:

For core sandy loam:  p¢=2.10 t/m’,
psa=2.28 t/m>, E=40 MPa, v=0.32, ¢=33°,
c¢=100 kPa;

For  gravel-pebble  soil:  ps=2.16 t/m’,

psa=2.35 t/m*, E=150 MPa, v=0.27, ¢=37.9°,
c=112 kPa;

For rock mass: pd=1.96 t/m®, ps=2.22 t/m’,
E=150 MPa, v=0.27, ¢=39.3°, ¢=250 kPa;

For soil of transition zones: p¢=2.16 t/m’,
psa=2.35 t/m>, E=55MPa, v=0.30, ¢@=32°,
c=60 kPa.

Sandy loam seepage factor was taken equal
8.64-10° m/day, macro-fragmental soils were
taken more permeable by several orders.

RESULTS AND DISCUSSION

Results of SSS analyses of the considered
ECRD are presented for the moment of comple-
tion of construction and reservoir impoundment.
Fig.2-5 shows distribution of the dam dis-
placements and stresses for three considered de-
sign schemes. In the table there indicated the
maximum values of horizontal (Ux) and vertical
(Uy) displacements of the dam.

Table. Maximum values of displacements

Scheme 1 2 3
Ux [cm] 287 191 264
Uy [cm] 440 366 346

Analysis shows that the dam SSS in schemes 1,
2, 3 principally differs from each other.

SSS in scheme 1 (impervious core) is character-
ized by maximum by value stresses and defor-
mations. Several specific features may be
marked.

The first peculiarity refers to the fact that in the
impervious core the soil is not subject to buoy-
ant force of water and consequently, it has large
weight. Therefore, the dam has maximum set-
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tlements (440 cm, fig.2,a), and high vertical
stresses (4.5 MPa, fig.4,a) appear in the core.
The settlement comprises 1.5% of the dam
height. Distribution of vertical stresses evidenc-
es about presence of arch effect, when there oc-
curs deficit of compressive stresses in the core
and their surplus in the shells.

The second peculiarity is related to the fact that
at the boundary of the core with the upstream
shell there appears a jump in value of horizontal
stresses. It is caused by hydrostatic pressure on
the core upstream face. Concentrated action of
water causes increased horizontal displacements
of the core near the upstream face (fig.4,a). It is
scheme 1 where the dam is subject to maximum
by value horizontal displacements (287 cm).

In scheme 2 the core is subject to pore pressure
corresponding to the steady seepage regime
(fig.6.a). It was determined at each stage by the
seepage analysis.

In scheme 2 the dam SSS is characterized by
less level of compression in the core as com-
pared to scheme 1. Due to buoyant force of wa-
ter the vertical stresses in the core do not exceed
3.5 MPa (fig.4,b). the dam maximum settlement
amounts to 366 cm (fig.2,b), which is by 17%
less, than in scheme 1.

At analysis by scheme 2 the dam has minimal
horizontal displacements; they do not exceed
2 m (fig.3,b). They are less by one third that in
scheme 1. The characteristic feature of SSS is
low level of compression in the core near the
upstream face, but toward the downstream face
the horizontal compressive stresses gradually
increase (fig.4,b).

In scheme 3 SSS is not only of another character
than in schemes 1 and 2, but is not within the
limits between them. Specific features of SSS
refer to appearance of increased pore pressure in
the dam core due to external loads.

Maximum dam settlement in scheme 3 amounts
to 346 cm, which is even less than in scheme 2
(fig.2,c). This decrease is due to presence of
seepage gradient directed upward. The dam
maximum horizontal displacement amounts to
264 cm (fig.3,c); by value it is close to the dis-
placement in scheme 1.
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Maximum difference of SSS is revealed in the
core stress state, because increased pore water
pressure (PWP) acts in it. By the results of anal-
ysis, the growth of PWP occurs during the
whole construction period. By its completion
the maximum PWP reaches 3 MPa (fig.6.b).
This is relatively small due to long duration of
construction and other factors [21].

Due to increased PWP for the dam SSS in
scheme 3 the minimum level of compression in
the core is a characteristic feature. Horizontal
stresses are noticeably low than in scheme 2.
The field of low compressive horizontal stresses
is located in the core lower part (up to 0.5 MPa,
fig.5,c). Considerable decrease of compression
also refers to vertical stresses. No tensile stress-
es are formed in the core, but in the upper part
of the core the vertical stresses are small
(fig.5,c). The low level of effective compressive

a) scheme 1 with waterproof core
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stresses creates threat for the core hydraulic
break and development of fractures in it.

One might say that out of the three considered
design schemes it is scheme 3 that turned to be
the most unfavorable. This is confirmed by the
experience in operation of Masjed-e-Soleyman
dam [10], where the durable process of soil con-
solidation became a possible cause of the core
seal failure.

Besides, attention should be paid to one more
characteristic feature of the dam SSS in scheme
3. It refers to increased level of compression in
the part of the downstream shell adjoining to the
core. Increase of compression is observed both in
vertical (fig.4,c), and horizontal (fig.5,c) stresses.
It is explained by the fact that due to presence of
pore pressure the most part of load is transferred
from the core to the downstream shell.

Stress state of the upstream shell in all the
schemes is actually the same.

b) scheme 2 with a permeable core

c¢) scheme taking into account pore water pressure

settlement scale |m

36 33 30 27 24 21

1,8

L5 12 09 06 03 0

Figure 2. Dam settlements at the end of the construction period
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a) scheme 1 with waterproof core

b) scheme 2 with a permeable core

¢) scheme taking into account pore water pressure

horizontal disElacement scale |m|

0 0,25 0,50 0,75 1,0 1,25 1,50 1,75 2,0 225 25 2775 3,0

Figure 3. Horizontal displacements of the dam during the construction period

a) scheme 1 with waterproof core

effective vertical stress scale |MPa! 4

-6,0 55 50 45 40 -35 30 -25 20 -L,5 -1,0 -0, 0

Figure 4. Vertical stresses in the dam soil
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a) scheme 1 with waterproof core

ffective horizontal stress scale |MP!

-4,0 3,67 -3,33 3,0 -2,67 2,33 -2,0 -1,67 -1,33 -1,0 -0,67 -0,33 O

Figure 5. Horizontal stresses in the dam soil

a) b)

Eore ﬁressure scale [MPa]

0 0,25 0,50 0,75 1,0 1,25 1,5 1,75 20 225 25 2775 3

Figure 6. Pore water pressure in the dam core:
a — filtration pore pressure at steady state filtration conditions, b — pore pressure at the time of
completion of construction in soil consolidation mode
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CONCLUSION

1. The method of application of loads from wa-
ter greatly affects the displacements of an earth
core rockfill dam and stress state of its seepage
control core. Therefore, accuracy of numerical
modeling of stress-strain state of such dam is
greatly dependent on adequacy of its design
scheme and, first of all, on the scheme of appli-
cation of loads from water.

2. Field investigations of stress-strain state of
earth core rockfill dams show that different
forms of loading by water forces on the struc-
ture may take place. They are determined by
core soil permeability. The design scheme
should be chosen depending on this factor.

3. Stress-strain state of an earth core rockfill
dam obtained in each of the considered schemes
of loads application is characterized by their
own unfavorable effects. At the impervious core
the dam is subject to maximum displacements
and stresses. At rather permeable core, steady
seepage flow, the dam SSS is the most favora-
ble. The case with low permeable soil is charac-
terized by low level of compression in the core
due to appearance of pore pressure in soil. The
dam SSS in this case may present danger from
the point of view of the core crack resistance.

4. The dam seepage regime varies with time,
and loads from water transfer from one type to
another: from hydrostatic pressure to the forces
from steady seepage flow. At that, the dam
stress-strain state also transforms. For the con-
sidered dam the intermediate state at unsteady
seepage regime turned to be dangerous.
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NONLOCAL IN TIME DYNAMIC DEFORMATION MODEL AND
ITS CALIBRATION BASED ON THE BEAM VIBRATION
EXPERIMENT RESULTS

Viadimir N. Sidorov !, Elena. S. Badina ', Roman O. Tsarey

' Moscow State University of Civil Engineering, Moscow, RUSSIA
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Abstract: The article is devoted to the development of a nonlocal in time model of a material dynamic
deformation and its calibration on the basis of the beam vibration experiment results. The model is based on the
defining relations of nonlocal mechanics. Elastic forces in a system are considered dependent on the entire
history of its deformation, and not only on the instantaneous deformed state under consideration. The nonlocal in
time model of a dynamic deformation is proposed as an alternative to detailed three-dimensional models when
modeling the dynamic behavior of elements and systems made of materials characterized by an inhomogeneous
structure or anisotropic properties. The model is incorporated into the FEA algorithm to make it usable for
applied engineering problems. As a numerical example, the oscillation of a bending beam is considered. A
method for the identification of the governing parameter of a nonlocal in time model based on the least squares
method is being implemented based on the results of laboratory tests of bent beams for free vibrations.

Keywords: Nonlocal mechanics, nonlocal damping, numerical simulation, finite element method, beam vibrations

HEJOKAJIBHASA BO BPEMEHU MOJAEJIb
JUHAMUWYECKOI'O JE®OPMUPOBAHUSI MATEPUAJIA U EE
KAJIMBPOBKA 110 PE3YJIbBTATAM INMHAMHNYECKHUX
UCIIBITAHUA U3Ir'NBAEMbBIX BAJIOK

B.H. Cuoopos ', E.C. baovuna 2, P.0O. Ilapée '*

AIMOHAIBHBIN UCCIIEI0BATEILCKI MOCKOBCKHI TOCYAapCTBEHHBIN CTPOUTENBHBIN YHHBEPCHUTET, T. MOCKBa
'H M , T. Mi , POCCII
2 IHCTHTYT IPHKIaIHONW MEXaHUKU Poccuiickoil akazeMun Hayk, T. Mocksa, POCCHSI

AHHOTaUMsI: CTaThsl TIOCBSIIECHA pa3padOTKE HEJIOKAIBHOH BO BPEMEHHM MOJCIN AWHAMHUYECKOTO
nedopmupoBaHns MaTepuana u e€ KaImOpoBKe 10 pe3ysbTaTaM JabopaTOPHBIX UCHBITAHUNA N3rHOaeMbIX OaJIOK.
Mogenb NOCTpoeHa HAa OCHOBAaHMU OIPEACISIONINX COOTHOLICHUN HEIOKaIbHON MEXaHUKHU. YTNPYrue CHUIbl B
CHCTEME CUMTAIOTCS 3aBHUCSILUMHU OT BCeil ncTopuu e€ nedopMHUpOBaHHMs, a HE TOJIBKO OT pacCMaTpHBaEMOTO
MI'HOBCHHOT'O ﬂe(bOpMI/lpOBaHHOFO COCTOSAHMUSA. Henokanbnas BO BPEMCHU MOACIb  AUHAMHYCCKOI'O
neopmMupoBaHMSl TpelJlaraeTcsi B KauecTBE aJbTEPHATHBBI IMOJPOOHBIM TPEXMEPHBIM MOJEISIM pHU
MOJICTMPOBAHUM JAMHAMUYECKOIO MOBEAEHHs 3JEMEHTOB M CHUCTEM, BBIIOJIHEHHBIX W3 MAaTepHaoB,
XapaKTEPU3YIOMINXCST HEOAHOPOIHOW CTPYKTYpOH WM 00JaJarolinX aHW30TPOMHBIMH CBOWCTBAMH. Moenb
WHTETPHPOBAaHA B QJITOPUTM METOAA KOHEYHBIX JIEMEHTOB, YTOOBI CAENaTh €€ NMPUMEHHMOW JUI pEIICHUS
TIPUKJIAJHBIX WHKCHEPHBIX 33/a4. B kauecTBe 4YHMCIEHHOro MpUMeEpa paccMaTpHBaeTCs 3ajada O KoJeOaHmsIX
n3rnbaemMoit Gayku. MeToauKa OINpe/eieHUs YIpaBIIsIoNero napaMeTpa HEJIOKaJbHOW BO BPEMEHH MOJIEIH,
OCHOBaHHAsl Ha METOJEe HaMMEHBIINX KBaJPaTOB, peallM3yeTcsl C MCIOIb30BaHNEM JIaOOPATOPHBIX MCIIBITAHUH
n3rnbaemMbIx Oanok Ha cBOOO/HbIE KOJIeOaHusI.

KaroueBble ciioBa: HemokaapHas MexaHHKa, HEJIOKAIbHOE AeMII(pUPOBAHUE, YUCIICHHOE MOIEIUPOBAHNE,
METO/] KOHEUYHBIX DJIEMEHTOB, KOyieOanus 0aaok

INTRODUCTION structures made of composite materials. Such an

approach makes it possible to accurately
Detailed three-dimensional numerical models describe material structure and properties. Such
are often used for the analysis of systems and models provide high-quality results and are
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widely used in the calculations of critical
structures. However, they have a significant
disadvantage — high computational complexity,
which limits their use in multivariate
calculations, optimization, and in solving
problems that require modeling of large systems
or their behavior over the long time intervals.

In this regard, development of the alternative
less resource-intensive models that are
equivalent to detailed three-dimensional models
in terms of the adequacy of describing the
dynamic behavior of composite elements
becomes urgent.

The reduce of three-dimensional models of
composite materials that take into account their
internal structure or their anisotropy to lower-
dimensional ones is the problem which does not
have the unique solution [1]. The criterion for
the chosen approach effectiveness can be the
correspondence of the obtained results to
experimental data in a certain class of problems.
One possible approach to this problem involves
constructing lower-dimensional models based
on specific hypotheses, particularly nonlocal
ones [2].

Among nonlocal models, it is worth mentioning
the spatially nonlocal model of the elastic
properties of materials proposed by Eringen [3].
These studies were further developed and
applied e.g. in [4] to the analysis of Euler—
Bernoulli beams made of porous viscoelastic
materials. Another nonlocal in space model was
described in the book [5] (Kunin chains) and it
was noted that this model can be used as an
approximate description of a homogeneous
three-dimensional medium. Nonlocal in space
model of internal damping was proposed by
Russel [6]. The model was applied to the
problems of dynamics and stability of rods and
shells by V.D. Potapov [7,8]. His approach was
further studied and expanded in research
implemented by the authors [9, 10]. The
nonlocal in time model of dynamic deformation
of the material presented in [10] shares common
features with Boltzmann-Volterra hereditary
model [11].
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NONLOCAL IN TIME MODEL OF THE
MATERIAL DEFORMATION

In the most general case, the nonlocal
formulation of the dynamics of solids problem
assumes that elastic and damping forces at a
certain point of the body depend not only on the
local values of strains and strain rates in time
and space, respectively, but also on the values
of strains and strain rates in a certain area
adjacent to the point under consideration
throughout the deformation history. The
influence of points in space on each other
diminishes with increasing distance, and the
impact of previous deformation history on the
current state of the system decreases over time.

In the classical local formulation, the defining
relations for viscoelastic material, as described by
the Kelvin-Voigt model, take the following form:

o'l] = Cijklgkl +Xijkl agkl ) (1)

dat
where CY¥! is elastic moduli tensor, XYkl =
CY*t, is viscosity moduli tensor, t,is the

retardation time, o' is stress tensor, & is
strain tensor.

The Cauchy relation:

1
£j =5 (Viw; + Vyuy), (2)

Where V; is the differential operator and u; is
the components of displacements.

When transitioning to a nonlocal formulation,
relation (1) takes the following form. [2]:

ol
t
= cikl f f K, 8) R(t, 7, (0, T)drdd
o G)
+Xifklj jD 9) G(t, 7)€, (0, 7T)dTdb .
N —oo

Here, K and D are spatial kernel functions of
elasticity and damping operators respectively; R
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and G are temporal kernel functions of elasticity
and damping operators respectively; 7 and 6 are
spatial coordinate vectors; t and t represent
time; and 2 denotes the neighborhood of the
point under consideration. The kernel functions
are considered invariant with respect to shifts in
time and space, thus:

oY =

Cijkl f
Q
l]kl f
0}

In (4), the kernel functions are considered
isotropic, meaning that the influence of different
points in time and space on each other decreases
at the same rate in all directions. In the most
general case, the kernels can be considered
anisotropic, i.e. they have different rates of
influence decay in different directions. Taking
into account all four types of nonlocality
simultaneously when solving dynamic problems
makes sense only if it reflects the real features of
the material's dynamic behavior. To construct a
phenomenological description of the dynamics of
elements made of composite materials, various
special cases of expression (4) are used, which
allows to achieve sufficient computational
accuracy, but do not overload the model.

By using the Dirac oJ-functions as kernels,
specific cases of nonlocal models can be
obtained from the most general nonlocal stress-
strain relationship (4).

In case of representing all four kernels as the o-
functions, we obtain:

t
j K(|7 = 8]) R(t — D& (6, 7)drdo

— 00

(4)

D(|F — 6]) G(t — 1)éx (8, T)drd6.

é%m

oY =
t

Cijklf f6(|7’—9_|) 5(t — 1), (0, 7)dTdO
+rz - (%)

t
XUkt f f5(|7’ —0|) 6(t — 7)€, (8, 7)dzd0
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It is obvious that expression (5) is equivalent to
the local classical viscoelastic model (1), which
is thus a special case of a nonlocal model.

By various combinations of oJ-functions with
nonlocal kernels it is possible to derive from (4)
various types of non-local models discussed in
the literature, such as nonlocal in space model
of elasticity (similar to Eringen model [3]), a
nonlocal in space damping model [7.8], a
nonlocal in time damping model [10].

The model presented in this paper is based on
the assumption that elastic forces in a system
depend not only on its current deformed state,
but also on the previous deformation history.
Such a model refers to the fourth type of
nonlocality in which the elastic properties of the
material are considered to be nonlocal in time:

ol =

Cijkl j
.Q
Xl]kl f
0}

By integrating the 6-functions in (6) and taking
into account only the time interval from the
beginning of the system's oscillations [12], we
can obtain:

t
j §(|7 = 0|) R(t — )& (8, 1) drdo

—00

(6)

5|7 —0|) 6(t — )&, (6, v)drdo

é\n

¢
gl = Cikl j R(t — D)ey ()dr + XUklg,,
0

(7

For now, the type of kernel function is not
correlated with the specific features of the material
structure and is mainly selected for computational
efficiency reasons. Thus the kernel function in the
nonlocal model can take different forms such as
exponential function, error function, etc [2].
However, all types of kernels have to meet the
normalization requirement:

t

JR(t—T)d‘L':l (®)
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A common property of these functions, taking
into account the normalization condition (8), is
that, in some cases, the kernel function reduces
to the Dirac J-function, and, consequently, the
model transforms to a local classical one.

THE FINITE ELEMENT FORMULATION

In order to make the nonlocal in time dynamic
deformation model suitable for practical
calculations, it has been integrated into the finite
element method algorithm.

The physical interpretation of the finite element
dynamic problems can be based on the principle
of virtual work [13]:

f pul(S‘uldV + f Uij68ijdv
%4 %4 (9)
= f qiSuidA + f Fl6uldV

A 1%

Here p is a material density; g; and F; are
surface and body forces; du; is the field of
virtual displacements; 8¢;; is the field of virtual
strains. The two dots denote the second time
derivative. Using the defining relation of a
nonlocal in time dynamic deformation model
(7) and considering the components of elastic
moduli tensor constant in time, we can
rearrange (9) as:

J— puLSuLdV

%4
t

+fCijli-Rt(t—T)Skl(f)df(sgijdv
+injklék15€ijdV

v
= f ql5uldA+fF15uldV

A %4

le4
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When employing the finite element approach,
the actual strain and displacement fields for an
element are replaced by approximate ones [14]:

it~ Nd, (11)
where N is the shape functions matrix, d is the
vector of displacements along the nodal degrees
of freedom.
With the matrix operator of Cauchy relations A
we can write AN = B, then assumed element
strain field is:

& =Bd. (12)
Considering this and omitting the virtual nodal
displacements according to the principle of

virtual work [13] we can represent (10) in
matrix form:

f PNTNdVd + f BTXBdvd
14 14

t

+JBTCJR(t—T)Bd(T)deV (13)

14 0

= f NqdA + f NFdV
A 14

For beam vibrations, we have only one
component of € matrix: Young modulus E; and
one component of strain:

d*v
1=~y (14)
Here x is the longitudinal coordinate of the
beam, y is the distance from the neutral layer of
the bending beam to the point at which the
deformation &;; is calculated, v is the beam
deflection function. The assumed solution
U =~ Nd for each beam element can be written
using Hermit interpolation functions:
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(15)

where [ is an element length, s € [0,!] is an
element longitudinal coordinate.

. d?
Using —57 38 A we have:

rl2s 6

NN

6s 4

N _ iz

T d4sz |6 12s (16)

[

65 25

L2

Since all elements of B matrix are time
independent we can take it out of the integral
over time in (13). Then taking into account that

cross-sectional ~moment of inertia  is
I, = [, y*dA we obtain:
j pANTNdsd + f BTyI,Bdsd
1 1
; (17)
+f EIZBTBfR(t—r)d(r)drds
1 0
=F.

Here M; = fl pANTNds is the beam element
mass matrix, D; = [, B" xI,Bds is the element

damping matrix, K; = f, EI,B" Bds is the
element stiffness matrix, F — is the load vector.
In (17) the damping matrix is proportional to the
stiffness matrix. The same result was obtained
in [10], where the damping matrix was derived
using the stationary condition of the system's
total energy during vibration.

After assembling M;, D;, K; to a global mass
matrix M, damping matrix D and stiffness
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matrix K of the beam, we can write the finite
element formulation of equation of motion:

t
Mii+Dd+Kf R(t—7)d()dt =F. (18)
0

For the material with constant in time Young
modulus in equation (18) the kernel function
convolute only with the nodal displacement
vector, and stiffness matrix of the beam K
remains outside of the integral.

In this research error function was used as the
kernel function:

2
R(t—1) =\/—%'e_’72(t_7)2. (19)

Here 7 is the parameter that characterizes the rate at
which the kernel function decreases. It determines
how much of the deformation history significantly
impacts the current state of the system. The smaller
the value of the scale parametern, the more
nonlocal the model becomes. Conversely, the
larger the 7, the closer is the model to the local
classical one. Figure 1 illustrates how this
parameter influences the shape of the kernel.

1.2

— 1n=0.21/s
/ rlo
- =115
1] ros
. ;
=4 l’
o /! Fos
x /
/ ro4
I
/
;
- oz
4”’
T T T =T 0.0
-10 -8 -6 4 -2 1]

|t-T|, s
Figure 1 Error kernel functions for different
values of 1

Since the solution of the dynamic problem using
the finite element method is discretized in time,
the kernel function (19) was replaced by its
discrete equivalent:

R = Z%e_nz<ti_(rj _%)) At, (20)
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where i and j are numbers of time steps, Az is Qd;,; = Fi11 + Md; + Q,d; + Q,d; — Kp,

the time increment.

BEAM VIBRATIONS MODELLING
CONSIDERING THE ELASTIC
PROPERTIES OF THE MATERIAL
NONLOCAL IN TIME

To solve the equation of motion in matrix form,
an implicit scheme [15] was employed. In this
case, the nodal velocities and accelerations are
represented as:

dipy ==

2 . . @D
diyg= m(dHl —d; —d, - At) —d,

Since, in the case of employing an implicit
scheme, the memory function is applied over
the entire deformation process, ending at time
t;+1, the discrete integral kernel (20) has been
divided into two parts [16]: a - the weighting
coefficient associated with di+1, P - the sum of
all other weights (fig. 2):

a = \2/—2 e—Uz(ti+1—ti)2 - At;
s

i 21 . (22
p=aey L.t

L

j=1

r 0.8

0.6

0.4

R(t-1)
=

0.2

. ‘ . ‘ 0.0
-10 -8 -6 -4 -2 0
|t-T], s

Figure 2. Kernel function divided into two parts
Then the computational scheme for solving the

equation of motion by the Newmark method is
as follows:
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(23)
where:
Q= iM + lD + Ka,
At? ZAt
QI=A_£ : (24)
Q: = FM-I_AtD'

To assess the effect of changes in the scale
parameter n on the results of mathematical
modeling, the vibrations of a 12-meter fixed-end
beam (Fig. 3) made of thermoactive vinyl ester
glassfiber-reinforced plastic were considered as
a numerical example. The beam was loaded
with an instantaneously applied and evenly
distributed load with an intensity of -10 kN/m.

q=10 kN/m .2m
RRRRRRRRERRE 7/5
12 % °
m
Figure 3. The calculation scheme of the
considered beam

The characteristics of the material are given in
Table 1.

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

Young's Modulus (longitudinal), E, | | 17.2 GPa
Poisson's Ratio (longitudinal), p, 0.32
Density, p 1900 kg/m3
Damping coefficient, & 0.042

A software module written in Python was
developed to solve the equation of motion and
compute the nodal displacements, velocities,
and accelerations of the beam accounting for
nonlocal in time dynamic deformation. The
results of the computer simulation are presented
on fig. 4.
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Displacement in the middle of the beam

0.00

wed s 1 | ITT n=401/s
g i »n=701/s
E; —0.04 4 — n=1501/s
g —0.06
8 »
g -0.084
2
2 —0.10
A ¥

-0.12

T T T T T T T T T

Time, s
Figure 4. Vertical displacements history of the
central node of the beam, obtained for three
different scale parameters

Analyzing the presented graphs, it can be
observed that as the parameter # decreases
(indicating a higher degree of non-locality), the
amplitude of oscillations increases.

IDENTIFICATION OF THE SCALE
PARAMETER OF THE NONLOCAL
MODEL BASED ON THE BEAM
VIBRATION EXPERIMENT

One of the key challenges when using nonlocal
models in applied problems is the necessity of
determining the scale parameter 7. In this study, a
method for identifying the scale parameter
through model calibration based on experimental
data is proposed. The approach is based on the
least squares method and involves minimizing the
standard deviation between the results of
numerical ~ simulations and  experimental
measurements. To find the optimal value of the
scale parameter that provides the best match
between the model and the experimental data, the
golden ratio method [17] was employed.

The proposed methodology was implemented
based on the results of laboratory tests
conducted on beams made of lightweight
concrete filled with ceramic microspheres. The
experiment was carried out with the support of
the Scientific Research Center "Nanomaterials
and Nanotechnologies" and the Research
Institute of Experimental Mechanics of the
Moscow State University of Civil Engineering.
The characteristics of the material are presented
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in Table 2. The properties are isotropic, but the
material has a heterogeneous structure.

Table 2. Properties of the lightweight concrete
filled with the ceramic microspheres

Young's Modulus (longitudinal), E 78.5 GPa
Density, p 1700 kg/m®
Damping coefficient, & 0.0765

Identification of the model parameters was carried
out based on the accelerations history of the free
vibrations of a fixed-end beam initiated by a test
hammer strike. To register the accelerations of the
structure in the middle of the beam, a single-axis
accelerometer was used (fig 5).

F [kN] -Accelerometer §
location N
L/2 L/2
acm
L =0.8m

Figure 5. lightweight concrete beam used in the
experiment

The received signal was synchronized and
recorded using the National Instruments PXIe-
1082 multichannel measuring system, which
provides a sampling frequency of up to 12 kHz.
This accuracy of registration made it possible to
record in detail the accelerogram of the
oscillatory process.

The acceleration time history at the mid-cross-
section of the beam was used as a reference
against which the results of one-dimensional
modeling, based on local and non-local dynamic
deformation models, were compared.
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On figure 6 the comparison of the results
obtained by local mathematical model with the
experimental acceleration history is shown.

N
o

= Local model
—Experimental data

-
2

o

-
T

Acceleration, m/s?

LY
o
o

) . ‘
0.05 0.1 0.15 02
Time, s

Figure 6. comparison of the reference
accelerations with the results obtained by local
classical model

Nonlocal in time dynamic deformation model of
the beam vibration was calibrated by the
experimental data. The comparison of those
results with the experimental accelerations is
presented on figure 7.

N
o

| = ‘Nonlocal in time model, 7=18001/s
—Experimental data

o

(=]

Acceleration, mn's2
=

N
o
o

0.05 0.1 0.15 0.2
Time, s

Figure 7. comparison of the results obtained by
the nonlocal in time dynamic deformation model
with the experimental accelerations

It is evident that the nonlocal in time model
provides a better correspondence with the
experimental data compared to the classical
local model of beam vibration, which does not
account for the inhomogeneous structure of the
material. Although the nonlocal in time model
also does not explicitly consider this
inhomogeneity, it remains sufficiently flexible
to accurately describe the dynamic behavior of
beams made of such materials.

CONCLUSION

Nonlocal in time models of dynamic deformation
of the material can serve as an effective alternative
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to detailed three-dimensional models when
describing the dynamic behavior of materials with
complex internal structure. The developed model
has been integrated into the finite element method
algorithm, enabling its application to practical
problems. The method for determining the scale
parameter of a nonlocal in time model was
implemented based on the results of a laboratory
experiment. It is shown that in comparison with
the local classical model, the developed model
makes it possible to achieve a better match with
the experimental results.
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ASSESSMENT OF THE DISTRIBUTION OF THE SOIL
DEFORMATION MODULUS BASED ON CPT DATA

Nune Tigabu Abera *?, Ludmila V. Kirianova?
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Abstract: Consideration of soil deformation characteristics is a crucial factor in the design and construction of
infrastructure facilities, as they can have a significant impact on the stability and serviceability of structures.
Changes in the soil deformation modulus with depth reflect changes in soil density, layering, and stress levels.
Accurate assessment of the soil deformation variability is important to ensure the safety and reliability of
building foundations. This paper focuses on testing the statistical hypothesis about the type of the soil
deformation modulus probability distribution when analyzing cone penetration testing (CPT) data. The soil
deformation modulus probability distribution is assumed to be normal and this fact is not checked before
modelling. In this paper it is shown that Weibull, Lognormal and Gamma distributions are more suitable than
normal for CPT data taken from an open internet source.

Keywords: Cone penetration test (CPT), studies of soil deformation properties, statistical hypothesis testing,
distribution type hypothesis

OLHEHKA PACHPEAEJEHUA MOAYJA IEOOPMAILINUHU
I'PYHTA HA OCHOBE JAHHBIX CPT

Hyne Tuzaby Abepa 2, /I.B. Kupvanoea *

! Vausepcuter Bauemo, r. Ocanna, SOOI
2 HanmoHaJIbHBIIA HCCIIET0BATENbCKINA MOCKOBCKHUI roCYIapCTBEHHBII CTPOUTEIBHBI YHHBEPCHTET
(HIY MI'CY), r. Mocksa, POCCHA

AHHoOTamus: Yder AedOPMALMOHHBIX XapaKTePUCTHK TPYHTa SBIAETCA peIIaronmM (akTopoM Ipu
NPOSKTUPOBAHUHU M CTPOUTENIHCTBE 0OBEKTOB HHOPACTPYKTYPBI, IOCKOJIBKY OHH MOYKET OKa3aTh CYIIECTBEHHOE
BJIMSIHAC HAa YCTOMYMBOCTH U PabOTOCIOCOOHOCTh COOpYKeHUH. M3MeHeHust Momyist neopMaiuu ¢ riIyOnHOM
OTpaXar0OT M3MCHCHUA IUIOTHOCTH IIOYBBI, €€ CJIIOUCTOCTU U ypOBHeﬁ HaIpsKCHUA. Tounas OLICHKa
M3MEHYHMBOCTH JleopMaliii TpPyHTa UMeeT BaKHOE 3HaueHue JuIss olOecriedeHus 0e30MacHOCTH U HaJCKHOCTH
OCHOBaHMsl 3JaHuil. B pabore ocoboe BHMMaHMe yAeIs€TCS MPOBEPKE CTATUCTUYECKOW THIIOTE3bI O BH[E
BEPOSITHOCTHOTO paclpeieieHuss MOIyJst JeopMaluy TPyHTa MpPU aHaIM3€ IaHHBIX CTaTUCTHYECKOI'o
sonupoBanus (CPT). IlpuHATO cuMTaTh, YTO BEPOSTHOCTHOE pacHpejesieHHe MoAyis aedopmanuy rpyHTa
SIBJIICTCS. HOPMAJIBHBIM M 3TOT (haKT HE MPOBEPSIOT Mepel] MPOBEICHHEM MoJIenpoBaHus. B pabore nokasaHo,
4yro pacnpenencHus BeiiOyina, JlorHopmaneHoe W ['aMma MOAXOIAT OOJbIIE, YeM HOPMAIbHOE JUIS JaHHBIX
CTaTHYECKOTO 30HIAMPOBaHMS T'PYHTA, B3SATHIX M3 OTKPHITOrO MHTEPHET — MCTOYHHKA. [IpUBEICHBI TPHMEpEHI
MOJICJIUPOBAHUS TayCCOBCKOTO M JIOTHOPMAJIBHOTO JBYMEPHBIX CIIy4aifHBIX MOJIeH MOy AeopMaluy IpyHTa
Ha (QUKCUPOBAHHOH TTyOWHE (B TUTAHE).

Karouesbie ciioBa: CraTudeckoe 30HANPOBAHUE, UCCIICOBAHMS 1e(hOPMAIIIOHHBIX CBOWCTB IPYHTA,
MPOBEpKa CTATUCTHYECKUX TMIIOTE3, TUIIOTE3a O BUJIE PACIIPEICIICHUs

INTRODUCTION soil deformation modulus values and its statistical

heterogeneity. Cone penetration testing (CPT) data
It is known that one of the main factors influencing provide the most complete picture of the strain
the buildings settlements value and structures, as modulus values at various points in the soil mass [1 -
well as the possible settlements unevenness, is the 4]. The strain modulus distribution models could be
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useful in solving problems on systematization of
static sensing results given in [5 - 10] to ensure
safety and reliability. The probability distribution
density of the soil deformation modulus plays an
important role in building adequate models.
According to [11], this distribution is assumed to be
normal. Let us check this statement with the
example data from [12]. These data represent the
results of widely used field surveys that provide a
continuous profile of soil physical properties through
tip resistance, sleeve friction and pore water pressure
during cone penetration. An initial statistical analysis
of the data from [12] has already been performed by
the authors in [13]. The purpose of such
measurements is to assess the strength, stiffness and
compressibility of the soil, which are key parameters
for determining its deformation behavior [14]. The
proper selection of the type of probability
distribution can make the model of ground
deformation behavior more accurate. We can
consider the realization of the random field as a
model of the distribution of the soil deformation
modulus. The correct estimation of the variation of
cone resistance g with depth is crucial in
geotechnical engineering as it provides insight into
the strength and stiffness of the soil. Hypothesis
testing offers a statistical basis for assessing whether
there is a statistically significant relationship
between g. and depth, indicating the presence of
heterogeneity in the soil profile [15 - 16].

METHODS

There are several methods for testing the
hypothesis about the type of distribution in
mathematical statistics. Pearson's method ¥ is
the universal and most commonly used method.
The maximum likelihood method is also widely
adopted. It should be noted that the validity of
the hypothesis about the type of probability
distribution itself cannot be proved, only its
admissibility is concluded [17]. Visualizing the
data in different ways helps to make a correct
hypothesis about the type of distribution. All
calculations and graphs were performed in the
MATLAB software environment.

172

Nune Tigabu Abera, Ludmila V. Kirianova

The statistical heterogeneity of soil deformation
modulus can be interpreted as a trajectory of a
random process. For correct transition from the
static sounding data to the construction of the
ground deformation modulus model, it is possible,
using the methods of the theory of random
processes, to construct a continuous model using
the available discrete statistical material. During
construction of the model, the utilization of
interpolation methods is not correct due to the
peculiarities of the distribution of soil properties in
space [16] and the influence of this distribution on
the magnitude of non-uniform settlements.

Further we will use the model proposed in [18],
when considering the statistical heterogeneity of
the ground deformation modulus in plan view:

q.(x,y) =m+(x,y),

where q.(x,y) is the realisation of a two-
dimensional random process, {(x,y) is the
realization of a two-dimensional stationary
process with zero mean, and m is an average
value of the ground deformation modulus at the
considered depth.

Modelling of the Gaussian random field
realizations is carried out by the method of
canonical decompositions as a partial sum of
Fourier series with random uncorrelated
coefficients:

i(x,y) =

k=—K n=—-N
y)il,
Yinax

where X4, 1S the maximum value of the
variable x, Y4, 1s the maximum value of the
variable y, and 1, are normal random
variables with zero mean and variance defined
through the covariance function.

The relationship between the lognormal and
normal distribution was used to model the
realization of a lognormal random field.

K N k
Z Z Yicn €XP {” (Xmaxx
n

+
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RESULTS AND DISCUSSION

Statistical analyses have been performed to
quantify the variability of soil deformation
parameters within each depth segment. Figures
1 - 4 show the histograms (purple color) of the
soil deformation modulus with some theoretical
probability densities, namely: Normal (red
color), Weibull (blue color), Lognormal (brown
color) and Gamma (grey color).

a
P
P

Figure 1. Histogram of the soil deformation
modulus with some theoretical probability
densities on 680 mm depth

Table 1 summarizes the values of the logarithm
of the likelihood function for the designated
depths (mm). Note that the logarithm of the
likelihood function is always negative. The
greater its value, the more plausible the sample
is, assuming that the hypothesis about the type
of distribution is true. The lognormal or gamma
distribution proved to be the most appropriate.

&

AN
\ U
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25

Figure 4. Histogram of the soil deformation
modulus with some theoretical probability
densities on 4005 mm depth

Table I The values of the logarithm of the

Den

008

[
]

Figure 2. Histogram of the soil deformation
modulus with some theoretical probability
densities on 1450 mm depth

\ Y

N

AN\

Figure 3. Histogram of the soil deformation
modulus with some theoretical probability
densities on 3340 mm depth

Volume 21, Issue 2, 2025

likelihood function
Log likelihood
depth Normal | Weibull | lognormal | Gamma
680 -494 -439 -422 -434
1450 -401 -383 -367 -372
1700 -363 -351 -336 -340
2300 -316 -306 -270 -280
2905 -235 -236 -212 -217
3340 -149 -160 -139 -140
3875 -125 -141 -109 -113
4005 -117 -136 -102 -106

Table 2 contains the probabilities for the
designated depths (mm) for observing the test
statistic x> if the main hypothesis about the
distribution type is true. Usually, the main
hypothesis is rejected if this probability is less
than 0.01. Here, too, the lognormal or gamma
distribution proved to be the most appropriate.
Figures 5 - 8 show two different realizations
each of Gaussian and lognormal random fields
with the same numerical characteristics: mean
and variance.
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Table 2 The probabilities of the test statistic y°

Nune Tigabu Abera, Ludmila V. Kirianova

Figure 8. Second realizations of the lognormal

depth | Normal | Weibull | lognormal | Gamma
680 8.6e-11 | 0.0008 0.0120 1.3e-04
1450 0.0026 | 0.0306 | 0.0023 0.0043
1700 7.9¢-05 | 0.0056 | 0.2457 0.1410
2300 0.0225 | 0.0312 0.7060 0.3372
2905 3.5¢-08 | 1.2e-08 | 0.0269 0.0012
3340 0.0071 1.8e-05 | 0.4525 0.1670
3877 0.0153 | 2.3e-05 | 0.3997 0.2031
4005 0.0119 | 53e-07 | 0.4558 0.2385

R e e ; 35
s n %
¥ 0 e 5 10 L

Figure 5. First realizations of the Gaussian
random field on 1450 mm depth

N >
v SoeRtay - ¢ I % 5 25 30 »
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Figure 6. Second reafizations of the Gaussian
random field on 1450 mm depth

¥ o0 x

Figure 7. First realizations of the lognormal
random field on 1450 mm depth
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random field on 1450 mm depth

It is noticeable that these fields have different
distributions, which extends the possibility of
using random field realizations in modeling
the wvariability of the soil deformation
modulus.

CONCLUSION

It is known (for example [19]) that the design
of engineering geological objects that require
ensuring the necessary reliability requires a
deep understanding of the nature of soil
variability, which could be modeled as a
random field characterized by a probability
density function with its basic statistical
characteristics. When building random field
models, the correct choice of the probability
density function plays a crucial role. The
studies carried out in this research have shown
that it is incorrect to use only the normal
distribution when modeling the behavior of the
soil deformation modulus. Calculations show
that in some cases the Lognormal distribution
or the Gamma distribution are more
appropriate than the Normal one. Therefore,
before constructing a model of soil
deformation modulus variability, it is necessary
to test the hypothesis about the type of
distribution of the studied quantity. The
application of different types of random field
distributions can improve the models used in
the design of construction projects.
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DEEP BEAM ANALYSIS WITH THE USE
OF DISCRETE-CONTINUAL FINITE ELEMENT METHOD
IN THE PRESENCE OF A VERTICAL CRACK

Marina L. Mozgaleva, Pavel A. Akimov

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

Abstract: Deep beam analysis with the use of discrete-continual finite element method in the presence of verti-
cal crack is under consideration in the distinctive paper. The operational formulation within discrete-continual
approach is given, examples of analysis are presented. Cases of different lengths of the corresponding vertical
crack are analyzed. The presented examples demonstrate the advantages of the discrete-continual finite element
method used in comparison with the conventional finite element method (the use of the latter is associated with a
significant increase in the number of nodes in the grid domain and, consequently, with an increase in the order of
the resolving system of equations).

Keywords: discrete-continual finite element method, numerical solution, deep beam, structural analysis,
crack, finite element method

PACYET BAJIKU-CTEHKU C UCITIOJIb3OBAHUEM
AUCKPETHO-KOHTUHYAJBHOI'O METOJJA KOHEYHbBIX
3JEMEHTOB IIPU HAJIMYUUU BEPTUKAJIbHOM IIEJIU

M.JI. Mo3zaneea, II.A. Akumoes
HaunonaneHelil nccnenoBaTenbckuil MOCKOBCKUN TOCYIapCTBEHHBIA CTPOUTENbHBIN YHUBEPCUTET,
r. Mocksa, POCCH

AHHoTammsi: B Hacrosmiell crathe paccMaTpuBacTCA pacyeT OalKW-CTEHKHM C WCTIOJIb30BAaHUEM IHCKPETHO-
KOHTHUHYAJILHOTO METO/Ia KOHEUYHBIX 3JIEMEHTOB IpU HAJIMYMK BEPTUKAIbHON mienu. [IpuBeneHs! onepatopHast mo-
CTaHOBKA 3aJ]a4dl B PaMKaX AUCKPETHO-KOHTHUHYAJIbHOTO MOIXO0/a, IPUMEpPBI pacueTa. AHAIM3HPYIOTCS CIIydau pas-
JIMYHOM JUIMHBI COOTBETCTBYIOILEH BEpPTUKAILHOM Lwuenu. [IpencraBieHHble IPUMEPDl JEMOHCTPUPYIOT IIPEUMYILLE-
CTBa HCIOJIb3YEMOrO JUCKPETHO-KOHTHHYAJIbHOI'O METO/Ia KOHEUYHBIX 3JIEMEHTOB II0 CPaBHEHUIO C TPAJUIMOHHBIM
MCTO/JIOM KOHCYHBIX 3JICMCHTOB (I/ICHOHBSOBaHI/Ie TMOCJICAHETO CBA3aHO CO 3HAYUTCIIbHBIM YBCIIMYCHUEM KOJIMYCCTBA
Y3II0B CETOYHOM 00J1aCTH U, CIIEJ0BATEIILHO, C YBEIMUEHUEM HOPsIIKa pa3pellaroiiell CUCTEMbl yPaBHEHHUI).

KaroueBble ciioBa: Z[HCKpCTHO-KOHTI/IHyaHI)HHﬁ METOA KOHEYHBIX 3JICMCHTOB, YMCJIICHHOC PCIICHUC,
GaﬂKa-CTCHKa, pacyeThl KOHCprKHPIﬁ, mCJib, METOA KOHCYHBIX 5JICMCHTOB

INTRODUCTION 1. FORMULATIONS OF THE PROBLEM

Deep beam analysis with the use of discrete- Let the constancy of the parameters of the prob-
continual finite element method (DCFEM) has lem be in the direction corresponding to x,

been already considered in [1-9, 13]. Corre- (main direction). The operational formulation of
sponding systematic literature review has been  the problem with the use of so-called method of
presented in [1-9, 13] as well. In this regard, let  oytended domain [2], taking into account the

us immediately move on to the main material of  gejection of the main direction, is determined by
the distinctive paper in case of presence of a  he equation [3]:

vertical crack.
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akzﬂ, 8, =-0,, k=12;  (1.9)
ox,

— | Y — — _Vl
u= ; V=0,u= ; (1.11)
U, V)

?¢,,0, are corresponding dimensions of extended
domain (linear dimensions of considering struc-
ture) [2]; x=(x,x,); Xx,,x, are Cartesian
coordinates; u and A are Lame parameters [14,
15]; Q is the domain, occupied by structure;

Q={(x, x,):
O<x, <l;; —0,/2<x,<l,/2};

(1.12)

O(x,, x,) 1s characteristic function of domain
Q; 6,=0,(x,x,) 1s the delta function of
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boundary I'=0Q; n=[n n, |
normal vector; F is the load vector in domain
Q; f is the corresponding boundary load vec-

tor; u is the vector of displacements (unknown
vector function),

The system of equations (1.1) is supplemented
by boundary conditions, which are set in sec-
tions with coordinates

is boundary

xy=—0,/2; xa=10,/2.

The discrete component of the numerical solu-
tion is represented by direction along the axe x;.

2. EXAMPLES OF ANALYSIS

2.1. The first example.

Let us consider the analysis of a deep beam,
fixed along the lateral faces in both directions,
under the action of an external load concentrat-
ed at a point x, =0, directed along an axis par-

allel to x, (Figure 1).

Let us consider the following geometrical pa-
rameters of structure:

¢,=1m, /,=10m.

Let us consider the following parameters of the
material of the structure:

E =2650-10" kN/m2
is the elasticity coefficient;
v=0.15

is the Poisson's ratio.
Let us consider the following external load

P =100kN.

Let's consider the dependence of the results of
analysis on the gap length.

International Journal for Computational Civil and Structural Engineering



Deep Beam Analysis with the Use of Discrete-Continual Finite Ele-ment Method in the Presence of a Vertical Crack

=
—
N
=
ba
'
>

A NI
P

2]

-

o

g

-~

-

Figure 1. Example of analysis

P2 lP/2
A

o o o o o o o o

i ey
~

2

v

Figure 2. Design model

Let us consider the original problem in the form
of a combination of two boundary problems
(Figure 2).

The interface passes along the axis of the load
action. In this case, the interface boundary equa-
tions at the nodes outside the gap line represent
the conditions of ideal contact. The equations at
the nodes in the gap zone represent the free edge
conditions. The load is specified on both sides
of the interface at a distance of 2-10”" m. The

Volume 21, Issue 2, 2025

discrete component includes 7 =33 nodes (32
finite elements).

A graphical comparison of the numerical solu-
tion at the interface nodes for different values of
the gap length dl (dl =0 (no gap), d/=/,/8,
dl=0 14, dl=112). Besides, we consider the
case when we have L1=/ and L2=/,.

As can be seen, as the length of the gap increas-
es, its opening increases (Figure 4), and the ex-
pansion stresses in the immediate vicinity of its
beginning also increase (Figures 5, 6).
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2.2. The second example.

Let us consider the analysis of a deep beam
(Figure 7), fixed along the lateral faces in both
directions, under the action of equal external
loads concentrated symmetrically relative to the
point x, =0, directed along the axis parallel to

x,. The loads are concentrated at points with
coordinates (0,x, /(1)) and (0,x,/(2)) respec-

tively.
Let us consider the following geometrical pa-
rameters of structure:

¢,=1m, /,=10m.

Let us consider dl = ¢, /2 1is the crack length.

Let us consider the following parameters of the
material of the structure:

Marina L. Mozgaleva, Pavel A. Akimov

E =2650-10" kN/m2
is the elasticity coefficient;
v=0.15

is the Poisson's ratio.
Let us consider the following external load

P =100kN.

Let us consider the dependence of the results of
analysis on the distance between the points of
application of loads (x, f(2)—x, f(1)).

Let us consider the initial problem in the form
of joining two boundary problems (Figure 8).

-":f(l)

crack

P/2l

Figure 7. Exam;;le of analysis

lP/Q

/M

D P

x,f(2)

e
~

v
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Figure 8. Design model
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The joining boundary line passes along the axis
x, =0 (divides the structure in half). In this

case, the joining boundary equations at the
nodes outside the gap line represent the condi-
tions of ideal contact. The equations at the
nodes that fall within the gap zone represent the
free edge conditions. The discrete component
includes 7 =33 nodes (32 finite elements).

A graphical comparison of the numerical solu-
tion at the joint nodes for different values of the
distance x,f(2)—x,/ (1) between the points of

application of loads is presented below.

In this case we have

X, f=(=3.75,3.75), x,f=(-2.5,2.5),
X, f=(-125,125), x,f=(-2-107,2:107).

From the graphical comparison it follows that
the smaller the distance between the points of
application of loads, the greater the gap opening
(Figure 10), and the expansion stresses in the
immediate vicinity of its beginning also increase
(Figures 11, 12).

« 10 Ut(x1,L2/2)
1.4
O TRt RRTEtS ATEts Setnt X
1
e 3 0f=(-3.25,3.75)
0.8 x2f=(-2.5,2.5)
--—v=- x2f=(-1.25,1.25)
06 cer@rns x2f=(-O,+0)
0.4
0.2
0

0 0.1 0.2 03 04

05 06 0.7 08 0.9 1

Figure 9. Displacements Ul

% 10° U2(x1,L2/2)
2 T T T T
15 e y2f=(-3.25,3.75)
x2f=(-2.5,2.5)
. ---e--- x2f=(-1.25,1.25)
AT X2f=(-0,+0) P o
0.5 b
e —
i i
S B B
O ..............
T
~e - \\\
0.5 St
-1 B
1.5

0 0.1 0.2 03 04

T

Volume 21, Issue 2, 2025

TN Th:___T_ . .

05 06 07 08 09 1

ez TIN

183



Marina L. Mozgaleva, Pavel A. Akimov

S11(x1,L2/2)
80 T T T
. e ¥ 2f=(-3.25,3.75)
60 ¥ X2f=(-2.5,2.5)
4 S e x2f=(-1.25,1.25)
:./ \\\- s ees x2f=(-0,+0)
/ \
20 .
0
-20
40
60
80|
100 |
120
0 01 02 03 04 05 06 07 08 09 1
Figure 11. Stresses ol1.
S22(x1,L2/2)
100 -
N
50 YAV
0 =
/j:'_’._‘
50 -
e y 2f=(-3.25,3.75)
X2=(-2.5,2.5)
100 Foe ] T x2f=(-1.25,1.25) | |
3 ceagens X2f=(-0,+0)
150
0o 01 02 03 04 05 06 07 08 09 1

Figure 12. Stresses 022.

CONCLUSION

In the presented examples of analysis, there is a
significant excess of the size of the structure along
the axis x, compared to the size along the axis x, .

In this case, the numerical solution of the problem
with the use of discrete-continual finite element
method is the most effective, since the traditional
finite element method would lead to a significant
increase in the nodes of the mesh domain and,
consequently, to an increase in the order of the
resolving system of equations.
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NUMERICAL MODELING OF CAST-IN-PLACE REINFORCED
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Abstract: This article presents developed techniques for numerical modelling of lightweight cast-in-place rein-
forced concrete bubbledeck floor slabs and a comparative analysis of different approaches to numerical model-
ling of buildings and structures with such lightweight floors, that are constructed in earthquake-prone regions.

Keywords: finite element method, modal analysis, earthquake excitation, mechanical safety, void formers,
lightweight cast-in-place reinforced concrete floor slabs

YU CJEHHOE MOJAEJINPOBAHUE MOHOJIMTHBIX
KEJE3O0BETOHHBIX NEPEKPBITHUI
C TYCTOTOOBPA3OBATEJAMU, TIPUMEHSEMBIX
B CEUCMHMUYECKHN AKTUBHBIX PAMOHAX

A.M. Benocmouxuii ', A.H. Hazuéoeuu ', C.B. Illepouna %, T.H. Bacunveea '

! HaronansHeIii nccnenoBaTenbekuii MOCKOBCKHMI TOCYIapCTBEHHBIN CTPOUTENBHBIM yHUBEPCHUTET, T. Mocksa, POCCUSI
2 AO «Hayuno-uccnenosarensckuii nentp Cra/luO», r. Mocksa, POCCHUS

AHHOTanmus: B Hacrosieil crathe npejcTaBlieHbl pa3paboTaHHbIE aBTOPAMH METOIUKH YUCICHHOTO MOJIEINH-
pOBaHMsI OOJIETYEHHBIX MOHOJIMTHBIX JKEJIE300€TOHHBIX MEPEKPHITHI C MyCTOTOOOpA30BaTEISIMU U CPABHUTEIIb-
HBI aHAIM3 Pa3IM4YHBIX MOJAXOI0B UYUCIEHHOIO MOJAEIMPOBAHUS IS 3/1aHUH U COOPYXKEHUH, CTPOSIIUXCA B
celiCMMYEeCKN aKTHBHBIX paifoHax 1 MMEIOIIUX B CBOEM COCTaBe M0100HbIe 00JICrYEHHBIE TUIUTHI IEPEKPBITHA.

KaroueBble ciioBa: METOA KOHCYHBIX 5JICMCHTOB, MO,I[aJ'IBHBIﬁ aHaJIus3, celicMHUYecKoe BOBZ[efICTBHG,
MCXaHHNYCCKasa 6630HaCHOCTB, HYCTOTOO6paSOBaT€J'II/I, 00JIerueHHbIE MOHOJIUTHBIC JKe1€300€ TOHHBIC MCPCKPBITUL

1. INTRODUCTION

Nowadays, a significant part of building con-
structions is made of cast-in-place reinforced
concrete. Concrete high density and, hence,
large dead weight of structural components
made of it is a significant disadvantage. It leads
to higher loads, in particular seismic ones, on
vertical structural elements and foundations, in-
creased construction costs and time. Therefore,
different ways to decrease dead weight are em-
ployed when designing buildings and structures,
particularly in earthquake-prone regions.

Volume 21, Issue 2, 2025

Utilization of void formers (see Fig. 1) is one of
the ways to decrease the dead weight of con-
crete structures. The void formers to use in rein-
forced concrete floor slabs may be extractable
and unextractable, may be made of different
materials and have various shapes, as it is stated
in [1]. For some types of void formers, there are
proprietary standards [12] [13] and recommen-
dations for calculation of a stress-strain state of
voided floor slabs exposed to special combina-
tions of loads [14].

There exists a large amount of researches on a
bubbledeck floor slabs response to various exci-

187



Alexander M. Belostotsky, Alexander 1. Nagibovich, Sergey V. Scherbina, Tatiana N. Vasileva

tations (see [2-11]). According to these studies,
usage of bubbledeck floor slabs has a small im-
pact onto structural strength, but at the same
time reduces structural stiffness, that, evidently,
affects an eigenfrequency spectrum of the con-
sidered building or structure.

When designing a building or a structure con-
structed in an earthquake-prone region, a re-
sponse spectrum analysis is commonly per-
formed with a large number of eigenmodes tak-
en into account. Hence, utilization of a bubble-
deck floor slab solution should be explicitly tak-
en into account during the design procedure, in
particular when calculating the design stress-
strain state.

e = Center to center distance
b v
+ +

Cnom,o
hbew,o
Cio

h
d hy

Ciu
bew,u
Cnom,u

+
Monolithic Hollow core part

part Pre-laying of the first concrete layer

Figure 1. An example of void formers used in
reinforced concrete floor slabs, and their geo-
metrical parameters
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The finite element method (FEM) is widely
used to perform such an analysis. The most ac-
curate way to compute eigenfrequencies,
eigenmodes and a stress-strain state of structural
elements with a complex shape of the cross-
section (for instance, a hollow core structure) is
to use solid finite elements for spatial discretiza-
tion of the problem. Yet, such a technique is
computationally ineffective and, thus, used in
practice very rarely. A common practice is to
use structural finite elements, shell and beam
ones, to spatially discretize a structural mechan-
ics problem.

In the present paper considered are different
approaches to numerical modelling of light-
weight cast-in-place reinforced concrete bub-
bledeck floor slabs with an aim to correctly
simulate floor slab stress-strain state, elastic
stiffness and eigenfrequency spectrum, that
allows one to utilize such an approach in de-
sign practice.

2. PROBLEM FORMULATION

To evaluate an accuracy of different ap-
proaches to numerical modelling of light-
weight cast-in-place reinforced concrete bub-
bledeck floor slabs, a single floor cell of a re-
inforced concrete frame building has been
considered (see Fig. 2).

The chosen part of the floor slab has dimen-
sions of 5.6x5.6 meters and comprises 16 void
former cells in each direction. The floor slab
has the following values of its geometrical pa-
rameters: the floor slab thickness 47 = 250mm;
the void former height 4, = 140mm; the con-
crete cover at the upper slab face cuomo =
20mm; the concrete cover at the lower slab
face crnomu = 20mm; the distance between bub-
bles centers e = 350mm; the void former di-
ameter d = 315mm. A cross-section of the
single void former cell is shown in Fig. 3.
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l
X Modeled part of
the floor slab

I L I |
: = :

Figure 2. The drawing of a bubbledeck floor
slab in the reinforced concrete frame building
(a part of the slab chosen for a comparative
analysis of various numerical modelling tech-
niques is outlined in red)

7

%0
50

i 35
0

Figure 3. The cross-section of a void former cell
used in the considered bubbledeck floor slab
Properties of the considered bubbledeck floor

slab material are given in Table 1.

Table 1. Bubbledeck floor slab material

properties
Material Elastic Poisson’s | Density
Modulus ratio v p, kg/m?
E, GPa
Concrete B25 30 0.2 2500

The following engineering approaches to nu-
merical modelling of such lightweight structural
elements have been considered and compared
with the reference and between each other: 1)
the void former cell has been considered as a
honeycomb structure with top and bottom cover
plates which have been all discretized through
shell finite elements with effective thickness,

Volume 21, Issue 2, 2025

density and stiffness; 2) the void former cell has
been considered as a homogeneous plate with
effective properties, which has been discretized
through shell finite elements.

Problem spatial discretization through solid fi-
nite elements and the simulation results ob-
tained using such an approach have been taken
as a reference. Since only elastic part of the
problem has been considered, utilization of the
numerical solution as a reference is appropriate,
since high accuracy of finite element simula-
tions within the theory of elasticity has been
verified multiple times (see, for instance, [1]).

3. FINITE ELEMENT MODELS

The verified ANSYS software [1] has been used
for all simulations (a static loading analysis and
a modal analysis). In the model assembled for
the reference simulations, hexahedral eight node
finite elements of the type SOLID185 have been
used. In the models, which have been intended
to evaluate two different engineering approach-
es to numerical modelling of bubbledeck floor
slabs, quadrilateral four node finite elements of
the type SHELLI181, in which the Reissner-
Mindlin plate theory is implemented, have been
utilized.

The whole FE model utilized for the reference
simulations and the mesh within the void former
cell are illustrated in Fig. 4. The whole model
comprises 1039 247 nodes (three degrees of
freedom (DOF) per each node) and 1 056 768
finite elements.

The FE model used to evaluate the first engi-
neering approach to numerical modelling of the
bubbledeck floor slab consists of two horizontal
layers of plane finite elements connected to-
gether through the honeycomb structure also
meshed with plane finite elements. A compari-
son of the void former cell and its approxima-
tion through plane structural elements is given
in Fig. 5. The whole model and the mesh within
the void former cell are illustrated in Fig. 6. The
FE model comprises 3 011 nodes (six DOF per
each node) and 4 224 finite elements.
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The FE model used to evaluate the second engi-
neering approach to numerical modelling of the
bubbledeck floor slab is shown in Fig. 7. The
model comprises 289 nodes (six DOF per each
node) and 256 finite elements. All DOFs (Ux,
Uy, Uz, Rotx, Roty, Rotz) of the nodes located
at the slab boundaries are restrained. The exist-
ence of voids in the floor slab have been simu-
lated through setting effective values of the ma-
terial density and elastic modulus.

3

b) !» —

Figure 5. Interrelation between the actual ge-
ometry of the bubbledeck floor slab (a) and its
approximation through plane structural ele-
ments (b) (In the bottom figure different colours
correspond to parts with different thicknesses)

z_x  Boundary conditions: Ux, Uy, Uz

£ x
Boundary conditions: Ux, Uy, Uz, Rotx, Roty, Rotz

a)
b)- -

b)
Figure 4. The model of the considered cast-in- _FE thickness FE thickness
place reinforced concrete bubbledeck floor slab is not displayed is displayed

meshed with hexahedral finite elements: (a) top
view with boundary conditions; (b) mesh within
the void former cell

Figure 6. The FE model used to evaluate the
first engineering approach to numerical model-
ling of the bubbledeck floor slab: (a) top view
with boundary conditions; (b) mesh within the
void former cell
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Figure 7. The FE model used to evaluate the
second engineering approach to numerical
modelling of the bubbledeck floor slab with fi-
nite element thickness and boundary conditions
displayed

4. MESH SENSITIVITY ANALYSIS

Before conducting simulations with shell finite
elements, a mesh sensitivity analysis for the

model discretized with solid finite elements had

been performed. Three different element sizes

had been used to calculate eigenfrequencies and
eigenmodes of the considered slab (see Fig. 8).

Results of the conducted modal analysis are (,:) ) )
given in Table 2. As it is seen from Table 2, MMeshes c.onszdered during the mesh
there is negligible difference between the results sensitivity analysis: (a) reference mesh; (b)

obtained using different mesh sizes. coarse mesh (twice as large); (c) fine mesh (1.5
times smaller)

Table 2. Eigenfrequencies and eigenmodes
calculated using the reference FE model with
different mesh sizes

Reference | Coarse Fine
# Eigenmode mesh mesh mesh | A %

Eigenfrequency, Hz

50.04 50.05 50.03 0.0

98.25 98.42 98.2 0.2

98.25 98.42 98.2 0.2
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4 140.22 140.61 140.05 | 03
5 167.67 168.25 167.53 | 0.3
6 169.03 169.60 | 168.89 | 0.3
7 204.93 205.80 | 204.61 | 04
8 204.93 205.80 | 204.61 | 04
9 254.44 255.78 | 254.08 | 0.5
10 254.44 255.78 | 254.09 | 0.5
-

5. PARAMETRIC ANALYSIS OF THE
ENGINEERING APPROACHES

A parametric analysis of the FE models used to
evaluate two engineering approaches to numeri-
cal modelling of bubbledeck floor slabs has
been performed to determine, which parameters
of the problem have a significant influence onto
the static and dynamic response of the consid-
ered slab and what effective values they should
be set to have the static and dynamic response
equivalent to that of the reference FE model
discretized through solid finite elements.

Three different sets of parameters to variate
(denoted as 1A, 1B, and 1C, respectively) have
been considered for the first engineering FE
model, and one set of parameters to variate (de-
noted as 2A) has been considered for the second
engineering FE model.
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The parameters set 14 (see Table 3). The refer-
ence density value (see Table 1) of both the hori-
zontal plates and vertical ribs of the first engineer-
ing FE model has been increased by a factor of 4,
= 1.1484 (up to 2871.1 kg/m’) to equalize the
mass of the whole model to that of the reference
FE model (which equals 13 634 kg). Then, the
elastic modulus of plane vertical elements, which
model vertical ribs of the bubbledeck floor slab,
have been iteratively changed to the final value of
87 GPa to match the results of the modal analysis
obtained with the reference FE model.

Table 3. The parameters set 14

# Element
1 Horizontal
plate of the
floor slab
2 | Vertical rib of
the floor slab

Note: parameters different from the reference
ones are colored in blue

The parameters set IB (see Table 4). To equalize
the mass of the whole engineering model to that of
the reference one, the thickness 7 of the vertical
ribs has been increased by a factor of ks = 1.5421
(up to 54 mm) with the values of all other parame-
ters being kept equal to the reference ones.

Table 4. The parameters set IB

# Element E,GPa | v | p,kg/m® | £, mm
1 Horizontal
plate of the 30 0.2 2500 55
floor slab
2 | Vertical rib of
the floor slab 30 0.2 2500 -

Note: parameters different from the reference
ones are colored in blue

The parameters set 1C (see Table 5). To equal-
ize the mass of the whole engineering model to
that of the reference one, the thickness ¢ of both
the horizontal plates and vertical ribs has been
increased by a factor of &+ = 1.1483 (up to 63.2
and 40.2 mm, respectively) with the values of
all other parameters being kept equal to the ref-
erence ones.
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Table 5. The parameters set 1C

# Element E,GPa | v | p,kg/m® | ¢, mm
1 Horizontal
plate of the 30 0.2 2500
floor slab
2 | Vertical rib of
the floor slab 30 0.2 2500

Note: parameters different from the reference
ones are colored in blue

The parameters set 2A (see Table 6). The refer-
ence density value (see Table 1) of the second
engineering FE model has been decreased by a
factor of k, = 1.4376 (down to 1739.1 kg/m?) to
equalize the mass of the whole model to that of
the reference FE model (which equals 13 634
kg). Then, the elastic modulus of the slab has
been iteratively changed to the final value of 24
GPa to match the results of the modal analysis
obtained with the reference FE model.

Table 6. The parameters set 2A

# Element

1 Floor slab
Note: parameters different from the reference
ones are colored in blue

6. SIMULATION RESULTS AND THEIR
COMPARISON

Below in Tables 7-9 and Fig. 9, the simulations
results obtained using different FE models are
presented and compared with each other.

The results of the modal analysis presented in
Table 7 reveal that the best agreement with the
reference FE model, in which the spatial dis-
cretization of the voided floor slab has been car-
ried out through solid finite elements, has been
obtained for the model created within the (first)
engineering approach, in which the void former
cell has been considered as a honeycomb struc-
ture with top and bottom cover plates which
have been all discretized through shell finite el-
ements with the values of their parameters given
in Table 3.

The results of the static loading of the slab by its
dead weight given in Tables 8, 9 and Fig. 9 also
show that the FE model created within the first
engineering approach with the values of the pa-
rameters given in Table 3 yields the closest
agreement (both for normal stress and dis-
placements) with the results obtained for the
reference FE model constructed using solid fi-
nite elements.

Table 7. Results of the modal analysis (In brackets given are the discrepancy, in percent, from the
results obtained with the reference finite element model)

Finite element model for the 1% engineering approach

B

Finite element
model for the 2"

Parameters set 1B

47.9 Hz (-4.4 %)

engineering ap-

Parameters set 1C proach

49.2Hz (-1.8%) | 49.4Hz (-1.3 %)

#
Reference finite
element model | Parameters set 1A
1
50.0 Hz 50.2 Hz (+0.4 %)
2
98.3 Hz 98.3 Hz (+0.1 %)

92.0 Hz (-6.3 %)

92.9 Hz (-5.5 %) | 100.7 Hz (+2.5 %)
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D s

Finite element
model for the 2"
engineering ap-

I+

Finite element model for the 1% engineering approach

Reference finite

element model | Parameters set 1A | Parameters set 1B | Parameters set 1C proach
3 m
98.3 Hz 92.9 Hz (-5.5 %)
4 .
129.2 Hz (-7.9 %) | 129.2 Hz (-7.8 %)
5
153.7Hz (-8.3 %) | 152.5 Hz (-9.1 %)
6
7
8
9 m
254.4 Hz 254.4 Hz (0.0 %)
== =
F -
¥ |8
10 : 2 i §
& =
254.4 Hz 254.4 Hz (0.0 %) | 228.9 Hz (-10.1 %) | 223.8 Hz (-12.0 %) | 293.7 Hz (+15.4 %)
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Top face of the slab

Table 8. Comparison of the vertical .

displacements due to the slab dead weight

Table 9. Comparison of the normal stress along
X-axis at the top face of the slab in the central
cross-section due to the slab dead weight

Volume 21, Issue 2, 2025

€ oa
Reference UZinax = .
finite ele- -0.164 -o.;] 0 035 07 TON4 175 21 245 28 315 35 385 aggss 49 525 56
ment model mm i
- =g, reference FE model Lisnctim
=—=cx, FE model for the 1st engi ing approach (p rs set 1A)
——ox, FE model for the 2nd engineering approach
Finite ele- Figure 9. Normal stress along X-axis at the top
ment model Upo face of the slab in the central cross-section due
for the 1° 0163 to the slab dead weight
engineering n'lm
approach 0 o
(parameters (-0.6%)
set 1A) CONCLUSION
The following conclusions can be made based
on the analysis results and their comparison:
Finite ele- Ugor — 1. As expected, mesh sensitivity of the results
ment modgl 0172 obtained for the model meshed with solid fi-
for the 2 mm nite elements is negligible within the prob-
egﬁgﬁ:éﬁg (+4.9%) lems of the theory of elasticity, in particular
for the modal analysis.
2. The engineering approach to numerical mod-

elling of reinforced concrete bubbledeck
floor slabs, within which the void former cell
of the slab is modelled as a honeycomb struc-
ture with top and bottom cover plates, which

FE Min oy Pa | A% | Max o, Pa | A, % are all discretized through shell finite ele-
model ments with effective density (which has been
Reference increased by a factor of 1.1484 relative to the
finite ele- -325163 - 904902.1 - reference one) and stiffness (which has been
ment model increased by a factor of 2.9 relative to the
Finite ele- reference one for the vertical ribs of the slab),
mfent }Ilnold?l has revealed the best agreement with the re-
or the 1° sults obtained for the slab model meshed
engineering | -306776 | -5.7 | 702694.7 ) -22.3 with solid finite elements, both for the modal
approach . . . .
(parameters analysis and the static loading analysis. For
set 1A) the first 10 eigenmodes the largest difference
Finite ele- in eigenfrequency has been obtained to be
ment model 1.1%. The difference in static deflection due
for the 2" | -275379 | -15.3 | 509014.4 | -43.7 to the slab dead weight has been obtained to
engineering be 0.6%. The difference in normal stresses at
approach the top face of the slab in the central cross-

section has been obtained to be less than
23%.
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The engineering approach to numerical mod-
elling of reinforced concrete bubbledeck
floor slabs, within which the void former cell
of the slab is modelled as a homogeneous
plate with effective properties, has yielded
larger discrepancy with the reference results.
For the first 10 eigenmodes the largest differ-
ence in eigenfrequency has been obtained to
be 15.4%. The difference in static deflection
due to the slab dead weight has been ob-
tained to be 4.9%. The difference in normal
stresses at the top face of the slab in the cen-
tral cross-section has been obtained to be less
than 44%.

Further research on the subject should be devot-
ed to numerical modelling of bubbledeck floor
slabs together with vertical load-bearing struc-
tural elements.
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3D CONCRETE PRINTING: A STUDY OF PRINTED
STRUCTURES DURABILITY

Aleksey O. Adamtsevich, Andrey P. Pustovgar, Liubov A. Adamtsevich,
Yuriy 1. Markov

Moscow State university of Civil Engineering, Jaroslavskoe Shosse 26, Moscow, RUSSIA

Abstract: The article presents the results of an experimental study of the influence of technological param-
eters of construction 3D concrete printing (3DCP) on the durability of printed elements of building struc-
tures during accelerated model aging in a climatic chamber. The aim of the work was to study the patterns
of degradation of multilayer concrete samples printed on a construction 3D printer in various ways (with
and without layer bonding, as well as with cold joint modeling) under cyclic climatic influences. For the
experiments, an industrially produced composition of the material for additive construction production
3D4Art was used, applied by a workshop construction 3D printer of a portal design. The control group con-
sisted of monolithic samples of similar geometry. The study included a comparative analysis of the degra-
dation kinetics and mechanisms of destruction of samples during 100 cycles of combined exposure to freez-
ing thawing with humidification. The results demonstrate that while maintaining the overall structural in-
tegrity of all samples, 3D printed elements exhibit an increased tendency to crack formation in the areas of
interlayer contacts, which is especially pronounced in the case of technological defects (cold seam). The
obtained data emphasizes the need for further research into the influence of technologically conditioned de-
fects on changes in the mechanical properties of structural elements during aging. The results of the work
are of practical importance for optimizing the technological modes of construction 3D printing to increase
the durability of erected structures.

Keywords: 3D concrete printing, additive construction production, durability, interlayer adhesion

AJJAUTUBHOE CTPOUTEJBbHOE IMIPOU3BO/JICTBO:
UCCJIEJOBAHUE JOJIOBEYHOCTU HAITEYATAHHBIX
KOHCTPYKIUA

A.0. Aoamuesuu, A.Il. Ilycmoezap, /1.A. Adamueeuu, F0.H. Mapkoe

HarmmonaneHbIi nccnenoBaTensckuii MOCKOBCKHI TOCYapCTBEHHBIN CTPOUTENBHBIN YHUBEPCHUTET, T. MockBa, POCCHUA

AHHoTanusi: B cratbe npecTaBieHsl pe3yabTaThl SKCHEPHUMEHTAIBHOTO HCCIIEA0BAHMUS BIUSIHUS TEXHOJIOTHYC-
CKHX TapaMeTpoB cTpouTenbHOi 3D-mevatn OetoHoMm (3DCP) Ha mMONTOBEYHOCTH HANEYaTaHHBIX SJIEMEHTOB
CTPOMTENIBHBIX KOHCTPYKIIUI ITPH YCKOPSHHOM MOJICIIbHOM CTapEHHUH B KJIMMAaTHYCCKOM Kamepe. Llenbio padoThl
SBJSIOCH M3Y4YEHUE 3aKOHOMEPHOCTEHl Jerpajaluy MHOTOCIOMHBIX OETOHHBIX 00pa3lOB, Hare4aTaHHBIX Ha
cTpoutenabHOM 3D-npuHTEepe pasau4YHBIMU criocobaMu (¢ MepeBA3Koi u 0e3 MepeBsA3KU CJIOEB, a TaKKe ¢ MoJe-
JMPOBAHHWEM XOJIOJHOTO IIBA), B YCIOBHSX LHMKIMYECKUX KINMATHUYECKHX BO3JAeHCTBHU. {151 SKCIIEpUMEHTOB
HCIIOJIB30BAJICS IPOMBIIIJIEHHO ITPOM3BOIMMBII COCTaB MaTepHaia Juisl alIUTHBHOTO CTPOUTEIBHOTO MPOU3BO/I-
ctBa 3D4Art, HAHOCUMBIN LIEXOBBIM CTPOUTEIbHBIM 3D-PUHTEPOM MOPTaTbHON KOHCTPYKIMH. KoHTpoabHYIO
TPYIIY COCTABMIIM MOHOJIMTHBIE 00PA3Ibl CXOXKEH reoMeTprH.

B xone mccnenoBaHusl MPOBEACH CPAaBHUTENBHBIM aHAIN3 KMHETHKU JETPAlallii U MEXaHW3MOB pa3pyIICHUS
06pasioB B TeueHre 100 UKIOB KOMOMHUPOBAHHOTO BO3/ICHCTBUS 3aMOPAKUBAHUSA-OTTAaNBAHKS C YBIIQXKHCHH-
eM. Pe3ynpTaThl IEMOHCTPUPYIOT, YTO MPH COXPAHEHUH OOIIeH CTPYKTYPHOH IETOCTHOCTH BeexX 00pa3moB, 3D-
TICYATHBIC 3JIEMEHTHI MPOSIBISIOT MOBBIMICHHYIO CKJIOHHOCTh K TPEHMIMHOOOPA30BAHHIO B 30HAX MEXKCIIOEBBIX
KOHTaKTOB, 0COOCHHO BBIPAKEHHYIO B CJIydae HATMYMUS TEXHOIOTHUECKHUX JIe(EeKTOB (XOIOAHBIH LIOB).
[Tomy4eHHbIe TaHHBIE MOJYEPKUBAIOT HEOOXOAMMOCTh JAJIbHEHIINX HCCIEIOBAaHUN BIMSHUSA TEXHOJIOTHYECKH
00YCIIOBJIEHHBIX Je()EKTOB Ha M3MEHEHHE MEXaHMYECKHX CBOHCTB KOHCTPYKLMOHHBIX 2JIEMEHTOB B IIpoLecce
cTapeHus. Pe3ynbTaTel paboThl MMEIOT NMPaKTHYECKOe 3HAUCHHE TSI ONTUMH3ALMN TEXHOIOTHYECKUX PEKUMOB
CTpOUTENbHOM 3D-MevaTy ¢ 1eNbI0 MOBBIMIEHHS JOATOBEUHOCTH BO3BOAMMBIX KOHCTPYKIIHII.
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KuaroueBsie ciioBa: 3D megats 6€TOHOM, aITUTHBHOE CTPOUTEIHHOE MTPON3BOJICTBO, TOJITOBEYHOCTS,
MEJXKCIIONHAs aare3us

INTRODUCTION

Recently, more and more attention has been paid
to issues of additive construction production, both
in Russia and abroad. Thus, for the keyword com-
bination 3D concrete printing in the international
Scopus database, 3482 results are available for all
time as of June 2025 (sample 1), for the phrase
concrete printing - 3916 publications (sample 2).
At the same time, not many publications are de-
voted to durability issues (the complex of words
3D concrete printing + durability was selected to
assess the state) (sample 3) - Figure 1.
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Figure 1. Dynamics of distribution of publica-
tions by keywords

The analysis of sample 3 allowed us to conclude
that additive construction production or 3D con-
crete printing is actively developing, but re-
quires solving the problems of interlayer adhe-
sion, anisotropy of mechanical properties and
durability. At the same time, considerable atten-
tion is paid to sustainable development using 3D
concrete printing [1-15], problems of interlayer
adhesion [16-25], and issues of anisotropy [26-
29]. There are separate publications that pay at-
tention to the durability of printing using geo-
polymer composites [30-32], but there are no
issues of studying durability depending on the
printing method yet.

The relevance of studying the durability of 3D
concrete printing structures is due to the rapid de-
velopment of this area in the modern construction
industry and the need for scientific justification of

Volume 21, Issue 2, 2025

their operational reliability. In recent years, 3D
concrete printing (3DCP) technology has demon-
strated significant potential for transforming tradi-
tional approaches to the construction of buildings
and structures, offering such advantages as re-
duced construction times, reduced waste, and de-
sign flexibility, which makes it possible to create
complex architectural and space-planning forms.
However, the widespread adoption of this tech-
nology is hampered by insufficient study of the
long-term behavior of printed structures in real
operating conditions, especially when exposed to
aggressive environmental factors. Of particular
importance is the study of interlayer adhesion as a
critical factor determining the mechanical charac-
teristics and durability of structures. The durability
of structures made of fine-grained concrete, which
includes materials for 3DCP, is generally beyond
doubt, but it is in the contact zones between suc-
cessively applied layers that stresses can concen-
trate and potential destruction sites can form. The
existing shortage of experimental data on the be-
havior of 3DCP structures under cyclic tempera-
ture and humidity exposure, typical for cold cli-
mate zones, requires comprehensive studies aimed
at establishing a correlation between the techno-
logical parameters of printing, the structural fea-
tures of the material and its resistance to external
influences during operation. Obtaining such data
is important both for improving the additive con-
struction technology itself and for developing a
regulatory framework governing the operation of
structures manufactured using this technology. In
this regard, the purpose of this study is to investi-
gate the effect of the printing method of multilayer
products and structures on the nature of degrada-
tion under conditions of accelerated model aging.

MATERIALS AND METHODS

The experimental part of the study was carried out
using the material for additive construction pro-
duction 3D4Art. The main physical and mechani-
cal characteristics of the material used were de-

201



termined based on the Research Institute of Con-
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sity of Civil Engineering, considering the re-
quirements of GOST R 59096-2020. The results
of standard material tests are presented in Table 1.

Table 1. Results of testing a batch of material used for additive construction production

No Name of the indicator Unit of Test method Test result
measurement

1 Humidity % GOST 8735-88 p. 10 0,29

) Grqm size (largest size of filler M GOST 8735-88 p. 3 5
grains)

3 Grain size (gontent of grains of o, GOST 8735-88 p. 3 0.03
the largest size)

4 Bulk density Kr/m> GOST 8735-88 p. 9.3 1382,23

5 Mobility by cone flow MM SOSST R 38277-2018 135

6 Water holding capacity % S%ST R 582772018 98

7 | Start of setting min gOST 30744-2001, p. 100

8 | End of setting min gOST 30744-2001, p. 110

9 Bending strength MPa GOST 310.4-81 p. 2.2 4,1

1o | Compressive strength (GOST MPa GOST 310.4-81 p. 2.2 34,6
310.4)
Effective thermal conductivity GOST 7076-99

11 | (thermal conductivity coeffi- W/m*K GOST 12730.2-2020 0,442
cient) p. 6.1
Water resistance grade by the GOST 12730.5-2018

12 |, " - W20

wet spot" method p. 4
202 International Journal for Computational Civil and Structural Engineering
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To implement the study, control programs were
prepared for three types of parallelepiped-
shaped products:

1. The first version of the product for printing
layers oriented in one direction along one axis.

The height of the finished product was 400 mm,
which corresponds to 20 layers with the format
of each layer being 50 mm in width and 20 mm
in height. The length of each layer reached 450
mm, considering the rotary part (Figure 2).

Figure 2. Visualization of the first version of the product. A — 3D model. B — visualization of the
control program

2. The second version of the product was
also a parallelepiped with the following parame-
ters: height 400 mm, width and length 450 mm.
However, in this case, the sequence and direc-

tion of printing layers alternated. Thus, one lay-
er was printed along the X axis, and the next
one along the Y axis (Figure 3).

Figure 3. Visualization of the second version of the product. A — 3D model. B — visualization of the
control program

Volume 21, Issue 2, 2025
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Figure 4. Visualization of the third version of the product. A — 3D model. B — visualization of the
control program

The third version of the product is characterized
by a variable height of layer printing. Thus,
when printing layers in contact with the base of
the print field (floor), the layer height alternated
sequentially: 3 cm and 2 cm. Subsequent layers
were printed with a height difference between
adjacent layers (1 cm) formed in this way, but
with the same height of each layer (2 cm). This
approach ensured a tight fit of adjacent layers to
each other in the contact zone (Figure 4).

As a result, three different strategies for forming
the geometry of solid products using 3DCP
were tested. The first option involved printing
layers in one direction, the second - alternating
directions, and the third - a variable height of
layers to improve adhesion between them.
Despite the fact that in real practice, the technolo-
gy of 3DCP is mainly used for the construction of
permanent formwork for enclosing or (less often)
supporting structures with a thickness of; as a rule,
one or two layers - studying the durability of such
structures requires a special approach that takes
into account the specifics of layer-by-layer for-
mation of the material. Since 3DCP involves se-
quential application of layers, interlayer bounda-
ries become potentially vulnerable zones where
stresses can concentrate, microcracks can form,
and delamination can occur under the influence of
external factors. In this regard, the use of multi-
layer samples for studying aging processes seems

204

methodologically justified, since it allows artifi-
cially increasing the number of interlayer contacts
and thereby accelerating the manifestation of deg-
radation processes under cyclic climatic influ-
ences, such as freezing and thawing in combina-
tion with sprinkling. Despite the apparent discrep-
ancy between the multilayer structure of the stud-
ied samples and the single-layer configuration of
most real building elements, the proposed meth-
odology provides a reliable basis for predicting
the durability of 3DCP structures, since it allows
for a targeted study of the weakest zones of the
material and modeling its degradation processes in
an accelerated mode.

The 3DCP products were manufactured using a
portal-type construction 3D printer. The X axis is
the axis along which the nozzle of the construction
3D printer's print head moves during layer-by-
layer extrusion of the material. During the optimi-
zation of the model for printing multilayer prod-
ucts, the parameters were adjusted so that when
laying adjacent layers, their maximum adhesion
was achieved without the occurrence of sagging.
This considers the selected width of the printed
layer and the extrusion speed.

All products were manufactured under identical
temperature and humidity conditions corre-
sponding to room temperature and humidity, in
the same laboratory room.

International Journal for Computational Civil and Structural Engineering
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The photographs below demonstrate the process mixture in one direction and the appearance of
of printing a multilayer product in the form of a  the finished product (Figure 5).
parallelepiped with layer-by-layer laying of the

e B o WL\
Figure 5. Printing of a parallelepiped-shaped product with layer-by-layer laying of the mixture in
one direction and the appearance of the finished product

Similarly, the process of printing a parallele- is demonstrated below (Figure 6), as well as
piped-shaped product with layer-by-layer lay- with different printing heights of the layers
ing of the mixture in perpendicular directions (Figure 7).

Figure 1. Printing of a parallelepiped-shaped product with layer-by-layer laying of the mixture in
perpendicular directions and the appearance of finished products

Figure 7. Printing of a parallelepiped-shaped product with layer—by—ayer laying of the mixture and
different printing heights of the layers

Volume 21, Issue 2, 2025 205
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In addition to the products printed in one run, an
additional series of three products with layer
bonding was printed, on which a cold joint was
simulated. For this, the product was printed to
the middle of the height, after which a pause of
at least 6 hours was made, and after this pause
the remaining part of the product was printed.
This approach is designed to simulate long
pauses in the operation of a construction 3D
printer that may occur at a construction site.
One product with a cold joint serve as a control,

RV

primer
Figure 2. Cold seam processing

€

P

while the other two were coated with a primer
based on styrene-acrylic polymer dispersion
(Figure 8a) and concrete contact (Figure 8b) us-
ing a paint brush to assess the effectiveness of
the influence of various methods of cold joint
treatment on ensuring interlayer adhesion (Fig-
ure 9). In this case, the compositions were ap-
plied to one product immediately after printing
the first half, and to the others - before printing
the second part.

5

b) concrete contact application process

Figure 9. Printing process over a processed cold seam
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In addition, monolithic samples of the same di-
mensions are manufactured. After reaching the
age of 28 days, the products are placed in a
large climatic chamber for temperature and hu-
midity loading (Figure 10). Every 10 block cy-
cles of temperature and humidity loading are
recorded and the defects that have arisen in the
products are described. The tests involve the

application of cyclic climatic effects to the
product under test in accordance with the re-
quirements of GOST R 55943-2018. One block
cycle (24 hours) consists of two climatic cycles
(cycle A and cycle B) each lasting 12 hours
(720 minutes) (Figure 11 - Figure 12), following
each other.
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RESULTS OF THE STUDY OF THE
INFLUENCE OF THE PRINTING
METHOD OF MULTILAYER PRODUCTS
AND STRUCTURES ON THE NATURE OF
DEGRADATION UNDER CONDITIONS
OF ACCELERATED MODEL AGING

In the part of the experimental study described
in this article, the effect of the printing method
for multilayer products and structures on the
nature of degradation under accelerated model
aging conditions was assessed visually by the

nature of crack development and the width of
their opening. The results of the visual assess-
ment of the samples after climatic influences are
presented in the form of photographs.

Before conducting climatic tests according to
GOST R 55943-2018, each of the seven test
samples was visually inspected for defects. Vis-
ual inspection was carried out on 5 faces with
codes A - D (A - front face; B - left side face; B
- back face; G - right side face; D - horizontal
face above). Each sample was assigned a unique
code (Table 2).

Table 2. Codes assigned to samples

Sample name Sample code
Control sample of 3D printing with a cold seam 1
Monolithic sample 2
Sample of 3D printing with a cold seam with primer applied be- 3

fore printing the second part

Sample of 3D printing with a cold seam with primer applied im- 4
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mediately after finishing printing the first part

Sample of 3D printing with different layer heights 5
Sample of 3D printing with cross layers 6
Sample of 3D printing with cross layers 7

Based on the results of the inspection prior to
the climatic tests, it was established that:

— the 3D printing sample with a cold seam with
code 1 has one horizontal crack in the layer in
the center of face A with pigmentation (Figure
13); isolated vertical cracks on faces B and C;
there are no defects on faces G and D;

— the monolithic sample with code 2 has: a ver-
tical crack 12.5 cm long, a horizontal hairline
(less than 0.1 mm) crack 4 cm long in the center
of the face, a diagonal hairline crack 7 cm long
and a horizontal interlayer hairline crack 5 cm
long on face A; face B was not inspected due to
lack of access; a vertical hairline crack 12 cm
long in the center of face C; there are no defects
on faces G and D;

— the 3D printing sample with a cold seam with
primer applied before printing the second part
with code 3 has multiple vertical cracks in the
layers along the edges of faces A, B and G (Fig-
ure 14); there are no defects on faces B and D;

igre 1 . orizontal crack
with pigmentation

Volume 21, Issue 2, 2025

Figure 14. Vertical
cracks along the ribs

— the 3D printing sample with a cold seam with
primer applied immediately after finishing print-
ing the first part with code 4 has single vertical
cracks in the layers along the edges of faces A,
B and G; there are no defects on faces B and D;
— the 3D printing sample with different layer
heights with code 5 has multiple vertical cracks
in the layers of the edges of faces A, B and G;
single vertical cracks in the layers along the
edges of face B; there are no defects on face D;
— the cross-layer 3D print sample with code 6
has: multiple vertical cracks in the layers of fac-
es A, B, C and G (Figure 15); there are no de-
fects on face D;

— the parallel-layer 3D print sample with code 7
has multiple vertical cracks in the layers of the
edges of faces A, B and G; single vertical cracks
in the layers along the edges of face B; there are
no defects on face D.

Figure 15. Vertical cracks
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After the inspection, the climatic effects were
activated. The first intermediate inspection was
carried out after one block cycle of climatic ef-
fects. Then the inspection and photo recording
of the samples was carried out every 5 block
cycles, until the result of 100 block cycles was
achieved. According to the results of the inspec-

S

Figure 16. Multiple hairline cracks “spider
web” on sample with code 5

In addition to hairline cracks after 1 block cycle,
a vertical crack was found in the middle of face
G on sample code 3, with its transition to face D
(Figure 18).
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Figure 18. Vertical crack along faces G and D

tion after the first block cycle, it was found that
the samples with markings 1, 3 and 4 in the wet
state are covered with numerous hair cracks
forming a "spider web", which is not observed
in the dry state, no other defects were found.
After 5 block cycles, the "spider web" was
found on all samples (Figure 16 - Figure 17).

Figure 17. Multiple hairline cracks “spider

web” on sample with code 2

As a result of the tests, samples were photo-
graphed every 5 cycles. Below is a general as-
sessment of the development of defects in sam-
ples with different codes.
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Sample
code

Evaluation of defect development

Conclusion based on the results of
100 cycles of model aging

1

In the period from 1 to 100 block cycles of
climatic impacts: after the 5th block cycle,
the appearance of a crack with an opening of
more than 0.1 mm is observed, passing along
the middle of the faces G and D; after 15
block cycles, yellow-red efflorescence was
noticed on all faces of the sample; from the
15th to the 100th block cycle, the appearance
of new visible damage was not observed, but
more significant efflorescence was noticed
with a change in the color of the sample and
a greater opening of the crack along the faces
G and D to a thickness of more than 0.1 mm

The sample has: one horizontal lay-
er crack in the center of face A with
white and reddish efflorescence
along the edge and multiple hairline
cracks; single vertical layer cracks
and multiple hairline cracks along
faces B, C and G; one crack in the
middle of face D with white efflo-
rescence along the edge; yellowish-
reddish efflorescence and signifi-
cant color change

In the period from 1 to 100 block cycles of
climatic influences: after the 5th block cycle,
the appearance of a "web" of hairline cracks
is observed; after 10 block cycles, yellow-red
efflorescence was observed on all edges of
the sample; from the 10th to the 100th block
cycle, the appearance of new visible damage
was not observed, but more significant efflo-
rescence was observed with a change in the
color of the sample

The sample has a vertical crack
12.5 cm long, a horizontal hairline
crack (less than 0.1 mm) 4 cm long
in the center of the face, a diagonal
hairline crack 7 cm long and a hori-
zontal interlayer hairline crack 5 cm
long on face A; face B was not in-
spected due to lack of access; a ver-
tical hairline crack 12 c¢cm long in
the center of face C; there are no
defects on faces G and D; yellow-
ish-red formations and significant
color change

In the period from the Ist to the 100th block
cycle of climatic impacts: after the 40th block
cycle, yellow-red efflorescence was observed
on all faces of the sample; after the 65th
block cycle, a crack was found in the lower
part of face A, which is a continuation of the
crack formed after the 1st block cycle; after
the 75th block cycle, the appearance of a ver-
tical crack in the middle of face B with an
opening of more than 0.1 mm is observed;
from the 75th to the 100th block cycle, the
appearance of new visible damage was not
observed, but more significant efflorescence
was observed with a change in the color of
the sample and a greater opening of the crack
along faces G and D to a thickness of more
than 0.1 mm (Figure 19 - Figure 20).

The sample with the application of
primer before printing the second
part has multiple vertical cracks in
the layers along the edges of faces
A, B, C and D; a crack with an
opening of more than 0.1 mm along
faces A, B and D; one crack on face
D with an opening of more than 0.1
mm, adjacent to the edges of faces
B and D; yellowish-red formations
and a significant change in color

In the period from 1 to 100 block cycles of
climatic impacts: after 10 block cycles, one

The sample with the application of
the primer immediately after the

Volume 21, Issue 2, 2025
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Sample
code

Evaluation of defect development

Conclusion based on the results of
100 cycles of model aging

crack is observed in the middle of faces A
and D, extending to the cold joint; after 15
block cycles, yellow-red efflorescence was
observed on all faces of the sample; from 15
to 100 block cycles, the appearance of new
visible damage was not observed, but more
significant efflorescence was observed with a
change in the color of the sample and a great-
er opening of the crack along faces G and D
to a thickness of more than 0.1 mm.

end of printing of the first part with
the code 4 has single vertical cracks
of the layers along the edges and
multiple hairline cracks on faces A,
B and G; multiple hairline cracks
along the entire face B; one crack
on face D with an opening of more
than 0.1 mm and multiple hairline
cracks; yellowish-red formations
and a significant change in color.

In the period from 1 to 100 block cycles of
climatic influences: after the 5th block cycle,
the appearance of a "web" of hairline cracks
is observed; after the 35th block cycle, yel-
low-red efflorescence was noticed on all edg-
es of the sample; from the 35th to the 100th
block cycle, the appearance of new visible
damage was not observed, but more signifi-
cant efflorescence with a change in the color
of the sample was noticed.

The sample has: multiple vertical
cracks in the layers of the ribs and
multiple hairline cracks on faces A,
B and D; single vertical cracks in
the layers along the ribs and multi-
ple hairline cracks on face B; mul-
tiple hairline cracks on face D; yel-
lowish-red formations and signifi-
cant color change

In the period from the 1st to the 100th block
cycle of climatic impacts: after the 5th block
cycle, the appearance of a "web" of hairline
cracks is observed; after the 20th block cycle,
the appearance of a vertical crack along face
A with white efflorescence is observed, and
yellow-red efflorescence is also noted on all
faces of the sample; from the 20th to the
100th block cycle, the appearance of new vis-
ible damage was not observed, but more sig-
nificant efflorescence was noted with a
change in the color of the sample and a great-
er opening of the crack along face A to a
thickness of more than 0.1 mm with more
significant white efflorescence.

The sample has multiple vertical
cracks in the layers of faces A, B,
C, D and E; one vertical crack in
the middle of face C with white ef-
florescence along the edge and an
opening of more than 0.1 mm; two
vertical cracks in the middle of face
D with white efflorescence along
the edge and an opening of more
than 0.1 mm; yellowish-red for-
mations and a significant change in
color

In the period from 1 to 100 block cycles of
climatic impacts: after the 5th block cycle,
the appearance of a "spider web" of hairline
cracks is observed; after 15 block cycles, yel-
low-red efflorescence was observed on all
edges of the sample; from the 15th to the
100th block cycle, the appearance of new vis-
ible damage was not observed, but more sig-
nificant efflorescence with a change in the
color of the sample was noted.

The specimen has multiple vertical
cracks in the layers of the ribs and
multiple hairline cracks on faces A,
B and D; single vertical cracks in
the layers along the ribs and multi-
ple hairline cracks on face B; mul-
tiple hairline cracks on face D; yel-
lowish-reddish precipitates and sig-
nificant discoloration
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Figure 20. Crack on face D after 100 cycles

Summary results of visual assessment of
samples after climatic impacts

The conducted studies revealed significant dif-
ferences in degradation of 3D-printed samples
and a monolithic analogue under cyclic climatic
influence. The key differences are in the fea-
tures of crack formation, the dynamics of defect
development and resistance to external influ-
ences. The monolithic sample (code 2) demon-
strated the least tendency to crack formation.
Despite the presence of hairline cracks and sin-
gle defects, their development during testing
was minimal. In contrast, all 3D-printed sam-
ples, especially with a cold seam (codes 1, 3, 4),
showed intense crack formation, mainly in the
zones of interlayer contacts. The most pro-

Volume 21, Issue 2, 2025

nounced defects were observed in samples with
a cold seam, where cracks reached an opening
of more than 0.1 mm, and were also accompa-
nied by the formation of efflorescence.

Samples with cross-layer stacking (code 6) and
variable layer height (code 5) showed better sta-
bility compared to samples printed in one direc-
tion (code 7). However, even they were inferior
to the monolithic sample in terms of resistance to
climatic influences. This confirms that interlayer
boundaries remain a weak link in 3D-printed
structures, despite the optimization of printing
strategies. The use of a primer and concrete con-
tact to improve adhesion in the cold joint zone
(codes 3, 4) did not lead to a significant increase
in durability. On the contrary, in some cases the
treatment even contributed to an increase in the
number of cracks, which may be due to addition-
al stresses at the layer interface. During the re-
moval of samples that had undergone 100 cycles
of accelerated model aging from the climatic
chamber, it was established that all samples for
which the creation of a cold seam was modeled
(codes 1,3,4) did not have interlayer adhesion
and were freely separated in the zone where the
cold seam was modeled (Figure 21).

Figure 21. Free separation of the sample by the
cold seam modeling zone after 100 cycles of ac-
celerated model aging in a climatic chamber
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CONCLUSIONS

The conducted study allowed us to obtain sever-
al conclusions that may be relevant for the fur-
ther development of 3DCP technology and as-
sessment of the durability of structures created
in this way. In particular, the obtained results
demonstrated that monolithic samples manufac-
tured in the traditional way have a significantly
higher resistance to cyclic climatic effects com-
pared to 3D-printed analogues. This confirms
that the layer-by-layer formation of the structure
is a critical factor determining its durability.
Accelerated model aging in a climatic chamber
shows that it is the interlayer contact zones that
become the main sources of degradation, where
stresses are concentrated and cracks develop. At
the same time, none of the developed printing
methods (parallel, cross-laying of layers, varia-
ble layer height) allowed us to completely neu-
tralize this effect, although cross-laying showed
slightly better results. The use of a primer and
concrete contact to improve adhesion in the
technological break zone did not give the ex-
pected positive effect. In some cases, this even
led to an increase in the number of defects,
which requires a revision of existing approaches
to the processing of interlayer connections. The
data obtained indicates that solving the problem
of durability of 3DCP structures requires simul-
taneous optimization:

— composition of building mixtures (with an
emphasis on improving adhesion characteris-
tics);

— technological printing parameters (extrusion
speed, temperature conditions);

— design solutions (stress distribution in inter-
layer contact zones).

This study has identified several promising are-
as for future research:

— development of new methods for assessing
interlayer adhesion at the construction site;

— study of long-term behavior of structures un-
der real operating conditions;

— creation of specialized regulatory and tech-
nical documents for assessing the durability of
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building products and structures manufactured
using 3DCP technology.

The findings obtained are of fundamental im-
portance for understanding the degradation pro-
cesses of layered building materials, as well as
of practical value for the industry, indicating the
need for further improvement of additive con-
struction production technologies. The solution
to the identified problems will facilitate a wider
implementation of 3D printing in construction
practice while ensuring the required level of re-
liability of the structures being erected.
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