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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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OBLAA NHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(Me>KAyHApPOAHBIH JKYyPHAA IO PACUETY IPAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKIITIT)

MexayHapoaHblii HayuHblil skypHaJa “International Journal for Computational Civil
and Structural Engineering (MesxxyHapoaHbIii :KypHAJI M0 pacyeTy IPaskIaHCKUX U CTPOUTEJIb-
HbIX KOHCTpyKumid)” (IJCCSE) sBisercs BeayluM HayYHBIM MEPUOIUYECKUM H3JAHUEM 10
HarpaBlieHUI0 «/H)XEHepHbIE W TEXHHYECKHE HayKW», M3JaBacMbiM, HaumHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B xypHaje Ha BBICOKOM
HAYYHO-TEXHUYECKOM YpPOBHE paccMaTpHUBAIOTCS MPOOJIEMbl YUCICHHOTO U KOMITBIOTEPHOTO MOJIETH-
pOBaHHUs B CTPOMTENBCTBE, AKTyalbHbIE BOIIPOCHI pa3pabOTKHU, UCCIEIOBAaHMs, Pa3BUTHs, BepUduKa-
UM, anpoOalud W TPWIOKEHUH YHCICHHBIX, YMCICHHO-aHAJIUTHYECKUX METOIOB, MPOrPaMMHO-
ITOPUTMUYECKOr0 00ECIIeUeHNs] U BBIOJIHEHHs aBTOMATU3UPOBAHHOIO IMPOEKTHPOBAHMS, MOHHUTO-
PUHTa U KOMIUIEKCHOTO HAYKOEMKOTO PAaCUYeTHO-TEOPETUYECKOTO M SKCIEPHUMEHTAILHOIO 000CHOBA-
HUSI HalIPSDKEHHO-1€()OPMUPOBAHHOTO (M MHOTO) COCTOSIHUSA, IPOYHOCTH, YCTOMYMBOCTH, HAJIS)KHOCTH
1 0€30IaCHOCTH OTBETCTBEHHBIX OOBEKTOB IPa)KIAHCKOTO M MPOMBIIUICHHOTO CTPOUTENBCTBA, SHEP-
TeTUKH, MAIIMHOCTPOEHUS, TPAHCIIOPTA, OMOTEXHOJIOT UM U IPYTUX BBICOKOTEXHOJIOTUYHBIX OTPACIICH.

B penakunoHHbIN COBET kKypHasla BXOAST U3BECTHBIE POCCUICKUE U 3apyOexHbIE JIeATENN
HAayKd U TEXHUKU (B TOM YHCIIC aKaJeMHUKH, WICHBI-KOPPECIOHICHTHI, HHOCTPAHHBIC YJICHBI, MO-
YeTHBIC WICHBI U COBETHUKHU POCCHIICKOI akaieMUH apXUTEKTypbl U CTPOUTENBHBIX HayK). OCHOB-
HOU KpuTepHii oTOopa cTareil s MyOauKalMy B )KypHaje — UX BbICOKUI Hay4yHBIH YPOBEHB, COOT-
BETCTBHE KOTOPOMY OIPENAEISIETCS B X0J€ BHICOKOKBAIU(HUIIMPOBAHHOTO PEIICH3UPOBAHUS U 00B-
€KTUBHOM 3KCIEPTU3bI, IOCTYNAIOLUMX B PEAAKIIMIO MAaTEPUATIOB.

AKypuan exooum & Ilepeuenv BAK P® sedywjux peyensupyemvix HayuHuIX U30aHULl, 8 KOmo-
PbIX 00NHCHBL OblMb ONYOIUKOBAHBI OCHOBHBIE HAYUHbIE Pe3VIbmambvl OUCCEPMAayuli Had COUCKAHUE
VYEeHOU cmenenu KaHouoama HayK, Ha COUCKAHUe YYeHOU cmeneHy 00Kmopa HayK 10 Hay4dHbIM CIIe-
LUATBHOCTSIM ¥ COOTBETCTBYIOIIUM UM OTpacysiM HayKH:

e 01.02.04 — Mexanuka aeopMupyeMoro TBEpIoro Tena (TEXHUYECKHe HayKu),

e 05.13.18 — MaTtemaTH4ecKoe MOJCITHPOBAHUE YMCIICHHBIE METOIBI U KOMIUICKCHI MPO-
rpamMM (TEXHUYECKHUE HAYKH),

05.23.01 — CtpouTtenbHbIe KOHCTPYKIIUH, 3[JaHUS U COOPYKEHHUS (TEXHUYECKUE HAYKH),
05.23.02 — OcHoBanuA 1 (hyHAAMEHTBI, TOJI3EMHbIE COOPYKEHHUS (TEXHUYECKUE HAYKH),
05.23.05 — CtpouTtenbHbIe MaTepHaiIbl U U3EIHs (TEXHUYECKHE HAyKHN),

05.23.07 — I'mapoTeXHUYECKOe CTPOUTETBCTBO (TEXHUYECKUE HAYKH),

e (5.23.17 — CtpoutenbHas MEXaHUKa (TEXHUYECKUE HAYKH).

B Poccuiickon denepanuu )xypHall HHACKCUpYyeTcsa POCCUICKMM MHAEKCOM HAay4YHOIO LU-
tuposanus (PUHLY).

Kypnan exooum 6 6a3sy oannvix Russian Science Citation Index (RSCI), nonnocmuio unme-
epuposanuyio ¢ niamgopmoii Web of Science. ypHan umeetr MexayHapOAHBIA CTaTyC W BHIChLIA-
eTcs B BeAylire OMOINOTEKH U HayuyHbIe OpTaHU3alul MUPA.

Msparesn xypHana — Hzoamenocmeo Accoyuayuu cmpoumenvHblx 6blCUIUX YY4eOHbIX 3a-
seoenuti /ACB/ (Poccus, r. Mocksa) u 1o 2017 rona Mz0amensckuii oom Begell House Inc. (CILIA,
r. Heto-Mopk). OduuuansHeIMi IapTHEPAMH M3JaHKs sBNseTcs Poccutickas akademus apxumex-
mypul u cmpoumenvuvix Hayk (PAACH), ocymecTBIsIOIAs HAyYHOE KypUPOBAHUE W3JaHUS, H
Hayuno-uccreoosamenvcruii yenmp Cma/[uO (3A0 HULL Cta/lunO).

Lean xxypHada — JeMOHCTPUPOBATh B MYOJUKALUAX POCCUICKOMY M MEXIYHAPOJHOMY
po(eCCHOHATBHOMY COOOIECTBY HOBEHIINE JOCTH)KEHUS HAYKU B 00JIaCTH BBIYMCIUTEIbHBIX ME-
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TOJIOB pereHus QyHIaMEHTaIbHBIX M MPHUKIAIHBIX TEXHHUECKUX 3ajad, MPEKIC BCEro B 00IacTh
CTPOUTEIILCTBA.

3ajgaum xypHasa:

o MPEIOCTaBICHUE POCCUMCKUM U 3apYOCKHBIM YUCHBIM M CIICIIUATMCTaM BO3MOKHO-
CTH MyOJIMKOBATh PE3yJIbTaThl CBOMX MCCIICIOBAHHUIA,

o NpUBJICUCHIEC BHUMAaHHS K HauOoJiee aKTyalbHbIM, IEPCIICKTHBHBIM, MTPOPBIBHBIM H
WHTEPECHBIM HAIpaBJICHUSIM Pa3BUTHS W TPUIOKCHUN YHCICHHBIX M YUCICHHO-aHATUTHYECKUX
METOJIOB pelieHUs (yHIaMEHTAIBHBIX U MPHUKIAJHBIX TEXHUYECKUX 3a/1a4, COBEPIICHCTBOBAHUS
TEXHOJIOTUI MaTeMaTHYECKOT0, KOMITBIOTEPHOTO MOJICITUPOBAHHS, Pa3padOTKU U BepuduKanum pe-
ATHU3YIOIIEr0 MPOrPaMMHO-aITOPUTMHUYECKOTO 00ECTICUeHUST;

o obecrieueHre 0OMeHa MHEHHMSMHU MEXIy MCCIIEIOBATEISIMA U3 Pa3HBIX PETHOHOB H
roCyJapCTB.

TemaTuka :xypHana. K paccMoTpeHHIO U TyOIMKAIMK B )KYpHAJIE MPUHUMAIOTCS aHaJIH-
TUYECKHE MaTepUAIIbl, HAYYHBIC CTaThU, 0030PbI, PEIICH3UU U OT3bIBbI HA HAYYHBIC MTYOIUKAIIUH 110
(dyHIaMEHTAIBHBIM U TTPUKJIATHBIM BOIIPOCAM TEXHHUYECKHUX HAyK, MPEXK]IEC BCEro B 00IACTH CTPOH-
TEJNBCTBA. B jKypHaie Takxke myOoIuKyrTCs HHOOPMAIIMOHHBIE MAaTePHAaIbl, OCBEIIAIONINE HAYIHBIC
MEPOTIPHUSITHS. U TIEPEIOBBIC TOCTKEHUS PocCCHICKON aKaqeMUM apXHTEKTYPhl U CTPOHUTEIHHBIX
HayK, HAy9HO-00pa30BaTeIbHBIX U MPOCKTHO-KOHCTPYKTOPCKUX OpraHU3alni.

Temaruka craTeit, MpUHUMAEMBIX K ITyOJIMKAINK B )KypHaJe, COOTBETCTBYET €r0 Ha3BaHHIO
Y OXBaTHIBACT HAIIPABIICHHUS HAYYHBIX UCCIICOBAHUI B 00JIACTH pa3paOOTKU, UCCIICIOBAHMS U TIPH-
JIO’)KEHUH YMCIICHHBIX W YHUCICHHO-aHAIUTHYCCKUX METOJIOB, MPOTPAMMHOI0 00ECTICUCHHUsI, TEXHO-
JIOTH KOMITBIOTEPHOTO MOJICJIMPOBAHUS B PEIICHUH MPUKJIAIHBIX 3a/1a4 B 00JIACTH CTPOUTEIILCTBRA,
a Tak)Ke COOTBETCTBYIOIIUE MPOMUIBHBIC CIIEIUATHHOCTH, PEICTABICHHBIE B JTUCCEPTAIIMOHHBIX
coBeTax MPOGUILHBIX 00Pa30BaTEIbHBIX OPTaHU3AIMSIX BBICIIETO 00pa30BaHMUs.

Penakunonnas moautuka. [losmTruka peJakiiMOHHON KOJUIETHH JKypHayia 0a3upyercs Ha
COBPEMEHHBIX IOPUINYCCKUX TPEOOBAHUSAX B OTHOIICHUU aBTOPCKOTO MpaBa, 3aKOHHOCTH, TUIarna-
Ta W KJIEBETHI, U3JI0)KEHHBIX B 3aKoHOJaTenbcTBe Poccuiickoin denepanu, u 3STUUECKUX TMPUHIIU-
nax, MmojJIEpPKUBACMBIX COOOIIIECTBOM BEIYIIMX M3/1aTeell HayqHOU MEPUOTUKH.

3a nybaukayuro cmameti niama ¢ agmopos e e3vimaemcs. Ilyonukayus cmameii 8 JHcyp-
Hane becnnamuasi. Ha TIIaTHOH OCHOBE B JKypHaJIle MOTYT OBITh OIMYOJMKOBaHBI MaTepHallbl pe-
KJIAMHOTO XapaKTepa, IMEIOIINE PSIMOE OTHOIIICHUE K TEMAaTHKE JKypHaJIa.

XKypHan npenocTaBisieT HEMOCPEICTBEHHBIA OTKPBITBIM JOCTYII K CBOEMY KOHTEHTY, UC-
XOJII M3 CJICYIOMIEro MPUHIUIA: CBOOOJHBIN OTKPBITBHIH JOCTYI K pe3yiabTaTaM HCCIeAOBaHUN
CHOCOOCTBYET YBEJIMYCHHIO TTI00ATBHOTO0 0OMEHa 3HAHUSMHU.

Nupexcuposanue. [IyOommkamum B )KypHaJie BXOISIT B CUCTEMBI pacueTOB MHICKCOB IU-
TUPOBAHUS aBTOPOB M KypHaJioB. «MHAEKC MUTHUPOBAHUS» — YHCIOBOM MOKa3aTellb, XapaKTepu-
3YIOIIWNA 3HAYMMOCTh JTAHHOW CTAaThU W BBIYUCILIIONIUNACS Ha OCHOBE IMOCIEIYIONTUX MyOTMKaIIN,
CCBUIAIONINXCS HA TAHHYIO padoTy.

ABTopam. [Ipexe yemM HalpaBUTh CTAThIO B PEIAKIINIO XKYypHAIa, aBTOpaM CIieyeT 03Ha-
KOMUTBCSI CO BCEMHU MaTepualaMy, pa3MEIIeHHBIMH B pa3feliax caiiTa KypHala (MHTepHET-CaulT
Poccuiickoit akaieMun apXUTEKTYPhl U CTpouTenbHbIX Hayk (http://raasn.ru); moapasmen «M3ganus
PAACH» wmu unrepHer-caidt MsnatenscrBa ACB (http://iasv.ru); moapasnen «Kypuan IJCCSE»):
C OCHOBHOU WH(pOpMAIEH 0 KypHAJe, ero NeJSIMA U 33Jja4aMi, COCTAaBOM PEIaKIIMOHHON KOJIIe-
TUU U PEIaKIIMOHHOTO COBETA, PENAKIIMOHHOW MOJUTUKOH, MOPSIAKOM PELIeH3UPOBAHUS HAIMpaBIIs-
EMBIX B JKypHAJI CTaTel, CBEJICHUSIMHU O COOTIOACHUH PEIAKIIMOHHON YTHKH, O TIOJUTHKE aBTOPCKO-
ro MpaBa U JIMIEH3UPOBAHUS, O MPEACTABICHUN KypHala B UH()OPMAIIMOHHBIX CHUCTeMax (MHICK-
CHUpPOBaHMM), MHPOPMAIIUEH O IMOANMCKE Ha KYPHAI, KOHTAaKTHBIMHU JaHHBIMU U TIp. XKypHan pado-
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STRUCTURES OF THE HIGH-RISE BUILDING
“LAKHTA CENTER” IN SAINT-PETERSBURG
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*Public Joint Stock Company Gazprom, Saint-Petersburg, RUSSIA
*Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA

Abstract: The “Lakhta Center” skyscraper that built up in Saint-Petersburg on the coast of Baltic sea at the end
of 2018 is the highest building of Europe. The tower has 87 floors above the ground and 2 underground floors.
The distinctive paper is devoted to structures of this skyscraper. Particularly piled foundation, building structures
of the underground part (substructure), building structures of the aboveground part (building superstructure), de-
signs of steel-reinforced concrete columns, design of slabs, structural analysis, some loads and impacts, aerody-
namic tests, engineering-geological research, testing of steel-reinforced concrete columns, glass racks and struc-
tural health monitoring are under consideration.

Keywords: high-rise building “Lakhta Center”, building structures, steel-reinforced concrete columns,
loads and impacts, structural analysis, structural-health monitoring

KOHCTPYKIUHU BBICOTHOTI'O 3JAHUSA «JIAXTA HEHTP»
B CAHKT-IIETEPBYPI'E

E.A. Hntoxuna ', C.H. Jlaxman °, A.B. Munnep °, B.H. Tpagyw **

1AO «MHuoro¢pyHKIHOHaTBHEIN KomIuteke Jlaxta [lenTpy, r. Cankr-IletepOoypr, POCCUA
23A0 «["opockoit MPOEKTHBIN HHCTUTYT KIUIBIX M OOMIECTBEHHBIX 3MaHmi», T. MockBa, POCCHUSA
*11A0 «l"azmpom», r. Mocksa, POCCUS
* Poccuiickas akajieMus apXHTEKTyphI M CTPOMTENBHBIX Hayk, T. Mocksa, POCCHS

AnnoTtauus: [Toctpoennsrii B konue 2018 roga nedockped «Jlaxra Ilentp» BricoToi 462 MeTpa, pacmoIOKeH-
HbIi B ropone Cankt-IletepOypre Ha Gepery bantuiickoro Mopsi, BIsieTCs caMbIM BBICOKHM 371aHHEM B EBpore.
Bamnsa nmeet 87 Ha3eMHBIX 3TaXkel U 2 MOA3EMHBIX 3Taka. B HacTodmel ctaTbe paccMaTpuBarOTCA KOHCTPYK-
IIUM 3TOTO BBICOTHOTO 3/1aHUS, B YACTHOCTH, MIPUBOAUTCS MH(OPMAIH O CBAHOM OCHOBAHMH, KOHCTPYKIIHSIX
MOA3EMHOM YacTH, KOHCTPYKIMAX HAJA3EMHOH YacTH, KOHCTPYKIMAX CTaJIekKeIe300€TOHHBIX KOJIOHH, KOHCTPYK-
LUSAX NEPEKPBITUIL, KPATKO OMHUCAHbI IPOBEIECHHBIE PACUETHI CTPOUTENBHBIX KOHCTPYKIMHA U ONpeAeIeHHEe HEKO-
TOpPBIX BUAOB HAarpy30K, a3pOJAMHAMUYECKUE UCIBITAHUS, MHKEHEPHO-I€OJIOIMYECKUE UCCIIECA0BAaHUA, UCIIbITA-
HUSI CTaJIeXKeIe300€TOHHBIX KOJIOHH, CTEKIISTHHBIE CTOWKH, pealn30BaHHast CHCTEMa MOHUTOPUHTa 00bEKTa.

Kuarouesblie ciioBa: BeicoTHOE 371aHue «JlaxTa LleHTp», cTpouTeIbHbIe KOHCTPYKIIUH,
CTaJe)keIe300€ TOHHBIE KOJIOHHBI, HATPY3KH U BO3/ICHCTBHSA, pacdeTHOE 0O0CHOBAHNE, MOHUTOPHUHT

1. GENERAL INFORMATION

The Lakhta Center skyscraper (tower) that built
up in Saint-Petersburg on the coast of Baltic sea
at the end of 2018 is the highest building of Eu-
rope. The tower has 87 floors above the ground
and 2 underground floors.

14

In the plan, the tower is pentagonal star, the
beams of which go apart from the central core,
the building takes twisted conical form. Slabs of
the overlap made of five square “petals” inter-
connected by the circle central core. Through
the height of the building square “petals” rotate
around their own axes counterclockwise for
0.82 degree at each floor (Figures 1, 2, 3, 4).



Structures of the High-Rise Building “Lakhta Center” in Saint-Petersburg

EXTRUSION TORSION CONE BENDING

Figure 3. Combined plavns of the 19, 39 and 59 floors.
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Figure 4. General view.

2. PILED FOUNDATION

In accordance with results of geotechnical sur-
vey, the following layers are in the ground
(from the top to the bottom, as it is shown in

Figure 5):
¢ interlaminating weak layers of banded clays,

sandy loam and sand (specimens 1-4);

e moraine (specimens 5,6);

¢ Vendian clay (specimens 7-9);

e Sandstone with layers of siltstone and mud-
stone (specimen 10).

Since the top layers of ground had low defor-
mation modulus and strength, it was decided to
use pile foundation supported on a Vendian clay.
In order to decrease deflection of the foundation
slab and efforts in the outer pile rows it were
conducted calculations of pile field with differ-
ent length of piles. As result, piled foundation of
the tower consists of 264 bored piles of 2000
mm diameter and 55 or 65 m length, placed
with step from 4 to 6 meters (Figure 6). Since
piles were bored from ground surface, the fact
depth of the piles were 72 and 82 m respectively

(Figure 7).
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Calculated loadbearing capacity of a pile of 55
m length was 36000 kN in accordance with reg-
ulatory documents and 64000 kN obtained by
experiment. Calculated load bearing capacity of
a pile of 65 m length was 43000 kN in accord-
ance with regulatory documents and 77000 kN
obtained by experiment. The average calculated
loading on a pile was 25450 kN.

3. BUILDING STRUCTURES
OF THE UNDERGROUND PART

The underground floors of the building in the
plan have the shape of an equilateral pentagon
with a length of each side 57.5 m. In the center
of the building there is a central core with a
down part diameter of 26.0 m.

The weight of the building from standard loads,
including the weight of the box foundation, is
4,930,000 kN. Initial calculations to determine the

Volume 15, Issue 3, 2019

Figure 5. Layers of ground under the tower
(EGE - Engineering and geological element; EG — Existing grade).

required thickness of the foundation slab showed
that, in order to obtain uniformity of sediments, a
traditional foundation slab even 7-8 meters thick
is not enough. The draft under the core was about
180 mm, while at the periphery the size of the
draft was about 60 mm. Therefore, it was decided
to create a box foundation that provided a more
economical solution. The calculations showed that
such a foundation has high rigidity (the difference
in sediment between the core zone and the periph-
ery does not exceed 25-30 mm), the average pres-
sure under the base of the tower foundation from
standard loads was 870 kPa.

The bottom plate, located at a relative mark of -
17.650 m, has a thickness of 3600 mm, the top
plate, located at a relative mark of -4.650 m, is
made 2000 mm thick. The joint work of the
lower and upper slabs of the box foundation is
ensured by 10 stiffness diaphragms 2500 mm
thick, diverging from the building core in the
radial direction (Figures 7, 8).
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Figure 6. Piled foundation of the tower.

For the perception of large tensile forces, which
amount to 23000 kN/m, the lower foundation
plate is reinforced with 15 reinforcing meshes in
height with rods with a diameter of 32 mm from
A500C steel, spaced 150 mm apart. In the pro-
tective layers of the concrete slab at a distance
of 25 mm from the upper and lower surfaces
installed anti-shrink mesh with cells 100 x 100
mm. Between the upper and lower slabs of the
box foundation there is a middle slab 0.4 m
thick.

4. BUILDING STRUCTURES OF THE
ABOVEGROUND PART

The underground part of the tower building is
separated from the rest of the Lakhta Center
complex by a sedimentary expansion joint. The
aboveground part of the building at the 1st floor
level is inscribed in a pentagon with a side
length (between the axis of the columns) of 35.2
m (Figure 10). Up to the 16th floor, the dimen-
sions of each subsequent floor of the above-
ground part of the building increase.
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size. The length of the side of the pentagon at

the level of the upper 86th floor is 19 m.
The structural scheme of the building is a core

and frames.

Figure 7. Piled foundation of the tower.
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The maximum length of the side of the penta-

gon at the level of the 16th floor is 36.6 m. After

the 16th floor

each subsequent floor of the

aboveground part of the building is reduced in
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Figure 8. Walls and colurhhs of the lower level of the box foundation of the tower.

The load bearing structures of the tower are the
central reinforced concrete core and 10 steel-
reinforced concrete columns around the perime-
ter. In order to reduce spans in the building, an-
other 5 steel-reinforced concrete columns were
introduced until the level of the 56th floor.

The central reinforced concrete core of a round
shape is the main supporting structural element
of the tower. The core perceives vertical and
horizontal loads, including constant torsion
caused by the shape of the building, and trans-
fers them to the foundation.

The thickness of the outer walls of the core at -3
and -2 floors is 2500 mm, on the -1 and 1 floors
it is 2000 mm, on the 2nd and 3rd floors it is
1700 mm, on the 4th and 5th floors it is 1400
mm, on the 6th and 7th floors it is 1100 mm,
from 8 to 67 floors it is 800 mm, from 68 to 80
floors it is 600 mm, from 81 to 89 floors it is
400 mm. The thickness of the outer walls of the
core is determined both by the calculation con-
ditions for all types of impacts, and by the de-
sign requirements (the number and location of
holes and openings, the multiplicity of the pitch
of reinforcing meshes, etc.).
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Figure 10. The aboveground part of the tower (Fragment).

The outer diameter of the core from the 8th to
the 58th floor is 26.1 m; starting from the level
of the 59th floor to the 80th floor, the outer di-
ameter of the core decreases to 21.0 m.

5. DESIGNS OF STEEL-REINFORCED
CONCRETE COLUMNS

Steel-reinforced concrete columns consist of a
metal core, flexible reinforcement and concrete
of class B80. The core material of the columns
is HISTAR 460 Russia steel manufactured by
ArcelorMittal. The cores of the columns are
made of cross-section from HL series I-beams
according to ASTM A6/A6M-12 and T-sections

Volume 15, Issue 3, 2019

obtained by dividing of HL I-beams. Elements
of the column core are welded with waist fillet
welds (Figure 11).

In accordance with the architectural concept of
the tower, steel-reinforced concrete columns are
arranged in a spiral, thereby repeating the twist-
ed surface of the building’s facade. The rotation
of the axis of the metal core of the column is
made at the levels of odd floors. The joint at the
level of fracture of the core of the column is
performed on the flange sheets. For direct
transmission of the horizontal component of the
force at the point of fracture of the axis of the
column, this factory joint of the core of the col-
umn is performed at the level of the slab.
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Figure 11. Column core of the tower.

The assembly joint of the column core is carried
out in another place, 1200 mm above the floor
slab. Mounting joints of metal cores are per-
formed on bolts and are located every two floors
of the building. The compressive forces in the
assembly joints of the cores are transmitted
through the milled ends of the elements, the ten-
sile forces (occurring when calculating for pro-
gressive collapse) are transmitted through the
lining of steel C345-3 on high-strength bolts
M30 strength class 10.9.

To ensure the joint work of the steel core of the
column with reinforced concrete, flexible stops
(stud bolts) were installed on the core at the
manufacturing plant.

In steel-reinforced concrete columns, concrete
of class C80 for compressive strength is applied.
For a relatively uniform transfer of the load
more than 160,000 kN from the column to the
foundation, the column base was developed,
consisting of 7 plates, 40 mm thick. The space
between the lower edge of the base of the col-
umn and the upper edge of the foundation slab

22

was filled with high-strength material EMACO
S55. Due to the fact that the column is tilted in
the space around the steel base, a monolithic
reinforced concrete box is arranged that per-
ceives the horizontal component of the force in
the column (Figure 12).

Figure 12. Concrete base coating.

Due to the fact that the ratio of the core diame-
ter to the height of the building is about 1/17,
the rigidity only of the core was not enough to
satisfy the requirements of the norms for the
horizontal deviation of the top of the building
and the maximum acceleration of the oscilla-
tions of the upper floors (comfort of stay).

International Journal for Computational Civil and Structural Engineering
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Figure 14. Outrigger system. Bending moment in the core from full calculated wind (left).
Longitudinal forces in the column from design loads with allowance for wind load (right).

Additional rigidity of the building and its re-
sistance to progressive collapse is provided by
two-story outriggers located at the height of the
tower at levels 17-18, 33-34, 49-50, and 6566
technical floors (Figure 4). At each of these lev-
els, outriggers are connected to core and 10 col-
umns (Figure 13). The distribution plate above
the 80th floor works as the top outrigger of the

Volume 15, Issue 3, 2019

building. The introduction of outriggers made it
possible to reduce the horizontal movement of
the top of the building from the action of wind
loads and to ensure the comfort of staying on
the upper floors of the tower.

Figure 14 shows the values of bending moments
in the central core, excluding and taking into
account the inclusion of outriggers.
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Figure 15. Torsion accumulation diagram in the core (left).
Torques in the core by floors, ton-meters (right).

Outriggers are designed in the form of rein-
forced concrete beam walls, with steel trusses
installed in the body of reinforced concrete.
Steel trusses are designed for the perception of
wind effects during the construction period of
the building, before the inclusion of reinforced
concrete outriggers.

As a result, the outrigger structures are an |-
beam with the upper and lower shelves measur-
ing 3.0x0.85 (h) meters and a wall of variable
thickness (from 500 mm to 1500 mm in the ad-
joining zone to the core) 9.25 meters high. In
order to strengthen the core at the level of adja-
cency of the upper and lower zones of the out-
rigger beam, annular monolithic reinforced con-
crete beams of size 2.5x1.2 (h) meters are made,
in which openings are provided for passing ver-
tical engineering communications.

Floor disks together with outrigger structures,
provide joint spatial work of the main load-
bearing structures of the building. In addition,

24

due to the twisted shape of the building, the hor-
izontal component of the forces from the frac-
tures of the axes of the columns to the core of
the building is transmitted through the floor
disks. The structural design of the building leads
to the accumulation of torque along the entire
height of the central core. The maximum torque
in the core at the level of its clamping in the up-
per plate of the box foundation is 770,000 KNm
(Figure 15).

The walls of the central core of the tower were
made of concrete of B80 compressive strength
class.

6. DESIGN OF SLABS

The tower slabs outside the core are steel-
reinforced concrete structures, made of in fixed
formwork from a profiled steel sheets supported
by metal beams.

International Journal for Computational Civil and Structural Engineering
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The thickness of such floor slabs is 150 mm, for
which concrete of strength class B40 is used.
Joint work of reinforced concrete floor slabs
with metal floor beams is ensured by welding to
the upper zones of the metal beams of flexible
stops (studs) (Figure 17). The main I-beams lo-
cated between the central core and the columns
have a length of up to 17 m, they are made of
welded, height from 750 to 1200 mm, secondary
I-beams are made of rolled with sections up to
40B2 inclusive. The material of the metal beams
is steel C345-3, C390. The nodes and mounting
joints of the beams are frictional with high-

Volume 15, Issue 3, 2019

strength bolts M24 of strength class 10.9 with
controlled tension. The joining of the beams to
the reinforced concrete structures of the central
core is carried out using assembly welding to
embedded parts.

Taking into account the architectural features of
the building (a twisted spiral shape), each floor
disk must perceive significant horizontal forces
arising due to fractures in the axes of the col-
umns and transmit constant general torsion
forces to the core of the building. In this regard,
it is provided:

25



Elena A. llyukhina, Sergey I. Lakhman, Alexey B. Miller, Vladimir I. Travush

e the use of intensified background reinforce-
ment of a monolithic floor slab to transmit
tensile and shear forces from inclined col-
umns to the core of the building;

e the use of reinforcing cages and stud bolts,
providing the transfer of global torsion ef-
forts to the core of the building. The need for
these frames is also caused by the presence
of a large number of communication chan-
nels around the perimeter of the outer wall of
the core.

The tower spire is functionally and constructive-

ly divided into two volumes:

e operated heated part, which is the completion
of the volume of the tower and includes
viewing platforms, elevators and ramps for
lifting on them;

e the technical (unheated) part above the 87th
floor mark, which has a front fence in the
form of a steel mesh.

e The tower spire is designed in the form of a
five-sided pyramid located around the central
reinforced concrete core of the tower, and
based on the overlapping of the 83rd floor at
344.400 m at the locations of the columns of
the tower building. The height of the spire is
about 118 meters, the width of the edge at the
base of the spire pyramid is about 16.3 me-
ters (Figure 18).

At the 87th floor mark (368.800 m) there is an

overlap for the facade maintenance equipment,

and at the 88th level mark (377.350 m) there is
an overlap separating the lower exploited spire
area from the upper technical one.

The spire is completed in the form of a steel

pipe with a diameter of 1420 mm with a step-

ladder located inside the spire to access the its
top point.

The entrance block of the tower of 105 x 27m

size is located in front of the building and is de-

signed in the form of a front steel arch with a

span of 105 m and has a coating made of steel

supporting structures resting on the arch and on
the main tower structures.
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Figure 18. Spire pyramid.

The arch in its plane is glazed with the help of
double-glazed windows, which are supported to
the vertical load-bearing glass racks of variable
height reaching 16.5 m and located along the
arch with a step of 3.0 m. A section of the racks
is 850 x 39.4 mm.
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Figure 19. Wind loads.

They are glued from seven layers of heat-
strengthened glass of 12 mm thick with a thick-
ness of intermediate adhesive layers SG 0.89 mm.

7. STRUCTURAL ANALYSIS

In addition to gravitational loads, when conduct-
ing strutural analisys of the tower, wind loads
were significant. The study of the model of the
tower in the wind tunnel was performed by
RWDI.

The aerodynamic coefficients of the total wind
pressure cp as well as their distribution in plan
in various sections along the height were deter-
mined.

The pulsation component of the wind load on
the tower was determined on the basis of a dy-
namic calculation taking into account the value
of the logarithmic decrement 6=0.2.

The maximum intensity values of wind loads,
which must be taken into account when design-
ing walling constructions and elements of their
fastenings, were determined.

Special studies in the wind tunnel were carried
out to determine the possible aerodynamically
unstable oscillations of the tower. It turned out

Volume 15, Issue 3, 2019

that with the accepted shape, size, rigidity and
mass of the building, it did not undergo resonant
vortex excitation or aerodynamic unstable vibra-
tions such as galloping. In addition, the loss of
aerodynamic stability such as divergence did
not occur.

The surface ice loads acting on structural ele-
ments located at an altitude of 100 meters or
more above the surface of the earth were also
taken into account.

The sum of all horizontal forces from the action
of the calculated wind load amounted to 48,360
kN, including the average component of the
wind load - 30,790 kN and the pulsation com-
ponent of the wind load - 17,580 kN (Figure
19). The value of the moment from the action of
the full-calculated wind at the level of the top of
the bottom plate of the box foundation is
9,379,000 KNm.

Modal analysis took into account about 100
modes of natural vibrations. The frequency in
the first mode was 0.112 Hz. The total modal
mass of the first eight modes of natural vibra-
tions corresponds to approximately 75% of the
total modal mass.

Figure 20 shows the first five modes of natural
oscillations of the tower.
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a

Figure 20. First five modes of natural oscillations of the tower.

The values of the horizontal displacement of the
top and the acceleration of the vibrations of the
top floors under wind pulsations are key indica-
tors of the serviceability of a high-rise building.
Normative displacements under the components
of the wind load at the level of the observation
platform (mark 356.85 m) are 313 mm (1/1150
of the height of the building). The vibration ac-
celeration, determined for the overlap of the up-
per office floor, was 0.0486 m / sec?, which is
1.65 times lower than the maximum allowable
vibration acceleration of the upper floors.

The design of such a unique building of a new
architectural form, of great height, located on
the coast of the Gulf of Finland in conditions of
weak soils and unstable wind effects, with the
development of new structural solutions using
new construction materials, required a series of
research works.

The test bases of TSNIISK named after V.A.
Kucherenko, NIIZHB named after A.A.
Gvozdev, NIIOSP named after N.M. Gerse-
vanov, Perm National Research Polytechnic
University, RWDI Laboratory (Canada) con-
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ducted the following research studies of the
Lakhta Center tower structures:

e The study of wind pressure and ice loads.
Determination of soil properties.

Tests of piles.

Development of concrete compositions.
Determination of the bearing capacity of
steel-reinforced concrete columns.

Tests of steel-reinforced concrete outriggers.
e Tests of glass load bearing columns.

e Development of the work technology.

e Monitoring.

We present the results of some of them.

8. AERODYNAMIC TESTS

The considering structure has a complex geo-
metric shape, for which there are no values of
the aerodynamic characteristics that need to as-
sign the design wind loads acting on the load
bearing and enclosing structures of the building
and determine its aerodynamic stability. In order
to determine the aerodynamic characteristics, the
results of model aerodynamic tests conducted in
the wind tunnel of RWDI (Canada) were used.
When designing the tower building, the follow-
ing wind effects were found:
1. The average and pulsation components of the
design wind load;
2. Peak values of the wind load acting on the
structural elements of the fence;
3. The impact of wind on pedestrians in areas
adjacent to the designed buildings.
Two design alternatives for the total wind load
corresponding to the most unfavorable variants
for loading the tower at wind acting angles of «
=190 °and 270 °, were considered.
The figure shows the sections of the plan on
floors 76 - 84 of the structure for which aerody-
namic coefficients were determined by blowing
in the wind tunnel.
Resonant vortex excitation is associated with the
regular breakaway of vortices from the side sur-
faces of structures in areas of the building with
weak conicity within which the cross-sectional
size varies slightly. Based on the experience of
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blowing models of high-rise buildings and struc-
tures of various shapes in wind tunnels, it was
found that for conical structures with a taper >
0.15, wind resonance phenomena are not ob-
served. For the considering building at heights z
< 200 m, the average conicity of the building is
0.15, and above the conicity increases.
Aerodynamically unstable vibrations such as
galloping can occur if the wind speed V exceeds
a certain critical value Vg, i.e. if

V>Vcr,g =2Scf; d/('ag Yer)

and

dc
a, E(y+ cXJks <0
da

In the above relations
Sc = 2my5/(pad?)

is Scruton number;

fi; (Hz) is a frequency for i -th flexural natural
vibration mode;

d (m) is a characteristic cross-section;

m; (kg/m) is an equivalent linear mass;

pa = 1.25 kg/m? is density of air;

7er = 1.25 is reliability coefficient;

o0 = 0.07 — logarithmic decrement for flexural
vibrations of a building;

cx and ¢y are respectively, aerodynamic factors
of frontal resistance and side force;

ks = 0.9 is coefficient depending on vibration
mode.

The results of tests in a wind tunnel showed that
for the considering building, the coefficient agmax
=0.92 is achieved at heights close to 300 m.
After calculation we obtained that critical value
of wind speed, for which unstable vibrations
similar to galloping can appear, significantly
exceeds wind speed at height z = 300 m. Conse-
quently, aerodynamically unstable vibrations of
galloping type do not arise in the considering
building.
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Figure 22. The scheme of locations of zones of the tower; floors 76-84.

Critical wind velocity, for which torsion unsta-

| 2G,
ble vibrations of divergence type arise, can be Viiv = SdZde. /da
determined by the following formula \[pd’de, /da
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Option 1. Symmetricice loads on the central part of the Tower
(levels 100-370 meters)

- icing free area
Figure 23. Ice loads (the first option).

Option 2. Nonsymmetrical ice loads on the central part of the Tower
(levels 100-370 meters)
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Figure 24. Ice loads (the second option).
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Figure 25. Ice loads.

where G; is a torsion rigidity of a structure;
dc/de is a gradient of moment coefficient ¢,
change in accordance with attack angle .

The results of model tests in a wind tunnel
showed that the coefficients ¢, and dcy/da are
close to zero, which eliminates the loss of aero-
dynamic stability such as divergence in the con-
sidering building.

9. ABOUT ICE LOAD

Since the tower building is located in low
cloudy conditions when calculating it, the sur-
face ice loads acting on structural elements lo-
cated at an altitude of 100 or more meters above
the ground were taken into account. The sym-
metric and asymmetric loading of the building
surface of the tower was taken into account by
the ice load.

10. ENGINEERING-GEOLOGICAL
RESEARCH

In order to study the Vendian deposits, special
researches were conducted, as a result of which
it was established:

¢ the deformation modulus varies with depth;

e clays are over-compacted OCR =2 ... 3;

¢ clay has a strongly expressed anisotropy

e clay has creep.

The highest values both in absolute value and in
the rate of change with depth were obtained as a
result of pressiometric tests, in which the defor-
mation modulus changed from 100 MPa (at a
depth of 35 m) to 560 MPa (95 m), i.e. 5.6 times.
Studies of the effect of soil compaction on the
foundation sediment showed that when the soil
compaction coefficient (OCR) changes from 1
to 1.5, there is a sharp decrease of sediments for
25%, from 0.2 to 0.15 m, in the future it gradu-
ally decreases uniformly from 0,15 to 0.12 m
when OCR changes from 1.5 to 4.
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Figure 26. Scheme of barrettes.

In order to study the creep of the soil, corre-
sponding laboratory tests were carried out. Such
tests made it possible to reveal the dependence
of the secondary consolidation coefficient on
the load. The obtained values of creep were
specified in the process of field stamp tests. The
lower parts of piles and barrettes served as
stamps. As a result of the studies, it was deter-
mined that additional sediment due to creep of
the soil is 30%.

In order to study the interaction of the barrettes
with each other and with the soil in a pile field,
special geotechnical studies were carried out. It
consisted of testing five barrettes with a work-
ing length of 65 m and a cross section of 1.5 x
2.8 m. Three of the five tested barrettes were
subjected to a group test, in which loading was
carried out simultaneously.

The submersible jacks were chosen for testing.
Among the five tested barrettes, three were
equipped with loading devices installed in two
levels, and two barrettes had a single one, in one
level. Schemes of one-level and two-level tests
and the accepted names of the parts of the bar-
rettes are shown in the Figure 26.

The study of the stress distribution along the
length of the barrette during loading of the low-
er and upper level jacks showed that the greatest
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attenuation of the forces is along the length, and
therefore the greatest resistance along the lateral
surface was observed for the central barrette B2.
A set of studies of weak soils for the possibility
of building high-rise buildings on them allowed
us to obtain a number of important results that
can be used in similar cases, as well as included
in the newly developed Building Codes.

11. TESTING OF STEEL-REINFORCED
CONCRETE COLUMNS

When developing the project, it was initially
intended to use reinforced concrete columns
made of high-strength concrete. However, the
cross-sectional dimensions turned out to be very
large, which led to the loss of usable floor area.
Therefore, it was proposed to use steel-
reinforced concrete columns. The use of such
columns made of high-strength concrete and
new classes of high-strength steel allowed sig-
nificantly increasing the useful area of the build-
ing. Due to the absence of design standards for
such structures in the Russian Federation, exper-
imental and theoretical studies of specimens of
columns with rigid reinforcement in the form of
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welded I-beams for central and eccentric com-
pression, as well as for shear, were carried out.
Firstly, full-scale experiments on central and
eccentric compression of column models were
carried out. Totally, 44 specimens made of B80
concrete, fiber-reinforced concrete and C255
steel were tested.

As a result of tests under the compressive load,
the dependences of stresses and strains in the
steel core and concrete were obtained. The ef-
fect of the eccentricities of the load application
and a large percentage of reinforcement from
10% to 18% when using high-strength concrete
on the bearing capacity was studied.

The destruction of concrete prisms was charac-
terized by a sharp loss of bearing capacity and
brittle  destruction with clapping. Fiber-
reinforced concrete was characterized by a
gradual decreasing the deformation modulus, a
gradual accumulation of cracks.

The destruction of samples even with significant
eccentricities occurred smoothly due to the plas-
tic properties of steel.

When testing models made of concrete B80 and
fiber-reinforced concrete, the actual ratio of the
distribution of stresses, strains and forces be-
tween rigid reinforcement and concrete at each
step of loading was established.

In order to detailed study of the process of de-
forming and fracture of the composite column
structure and comparison with experimental re-
sults, numerical simulation of the tested speci-
mens was performed using the finite element
method by the ANSY'S software.

The calculations were carried out in linear and
nonlinear formulations.

The real characteristics of the materials obtained
in the experiments were used. Rigid reinforce-
ment and concrete were modeled by volumetric
elements, flexible reinforcement simulated by
rod elements.

The results of a linear calculation for central and
eccentric compression showed that the stresses
in concrete in certain zones exceed the limit
values, which contributes to the appearance of
cracks, and plastic deformations can appear in
rigid reinforcement.

Therefore, a calculation that takes into account
the nonlinear properties of concrete and steel
was conducted.

Comparison of the experimental results with the
calculation showed fairly close values, and the
normative technique provides a large safety factor.
The presence of eccentricities under the action
of the load on the column causes the appearance
of bending moments in the structure and can
cause a violation of the adhesion between con-
crete and rigid reinforcement.

Shear tests were performed to find out this fact.
The main goal of such tests was to determine
the parameters of the beginning of bond frac-
ture, and the type of fracture in the steel-
concrete contact zone when pressing rigid rein-
forcement into concrete, as well as the study of
the possibility of increasing the adhesion
strength in the contact zone.

The adhesion strength between the series of
specimens differed slightly. For series of speci-
mens made of concrete B80 and fiber-reinforced
concrete, the following facts should be noted:
concrete B80 was mainly characterized by a
sharp breakdown of the contact surface, and fi-
ber-reinforced concrete was characterized by a
gradual decrease in its bearing capacity.

Fiber concrete collapsed with the formation of
“ripped” and “hairy” cracks with exposure of
steel fiber.

When the length of the steel-concrete contact
zone was increased 1.5 times, the maximum
load for separation of concrete from reinforce-
ment increased almost proportionally.
Strengthening of rigid reinforcement with longi-
tudinal re-bars in fiber reinforced concrete spec-
imens practically did not lead to an increase in
adhesion strength.

In order to justify the results of the experiments
and to predict correctly the beginning of bond
breaking in the contact zone, the boundary-
value problem was solved taking into account
the contact interaction of elements in the struc-
ture using the finite element method.

At the joint steel-concrete boundary, the normal
and tangent components of the distributed con-
tact force arise.
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While the bodies are glued together, the tangen-
tial forces do not depend on the normal contact
forces, but when the bodies loss the contact, the
shear begins.

The most important issue when modeling con-
tact problems is the correct choice of a mathe-
matical model for the interaction of contacting
surfaces. The separation mechanism of bonded
surfaces was modeled by contact elements.
When constructing the finite element model, the
symmetry of the computational domain was
taken into account. The calculation was carried
out on a quarter of the sample model. Different
mesh options were considered. The problem
was solved in linear and nonlinear formulations.
As a result, it was concluded that the geometric
shape of rigid reinforcement affects the process
of mechanical adhesion in the contact zone. The
calculation results were in good agreement with
the experimental results, and numerical model-
ing allowed us to determine the stress-strain state
in the contact zone in an arbitrary point of rigid
reinforcement, which changes during loading.
Taking into account the nonlinear properties of
concrete made it possible to obtain a picture of
crack formation with increasing load. Taking into
account the nonlinear properties of steel showed
the appearance and development of zones of
plastic deformations in rigid reinforcement. The
stresses in concrete and reinforcement for the
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given classes of concrete and reinforcement
turned out to be lower than the calculated values,
(with the exception of special points).

The influence of the geometry of the profile of
rigid reinforcement on the load distribution be-
tween the elements of the steel-reinforced con-
crete column was also studied. Three versions
of columns with the same cross-sectional area of
concrete, flexible and rigid reinforcement were
considered. A nonlinear calculation was per-
formed, and the loads were determined when
cracks in concrete and plastic deformations in
the metal appeared. The calculation showed that
rigid reinforcement made of two cross-mounted
I-beams is able to provide a bearing capacity of
up to 210,000 kN for the accepted section sizes,
and it is the most rational among the considered
variants.

12. GLASS RACKS

Tests on 18 samples of three groups of models
of laminated heat-strengthened glass of
rectangular cross-section were conducted. The
first group of models was equivalent to full-
scale facade racks in flexibility in both planes
and was tested by central and eccentric
compression with a given eccentricity.
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ARMS truss deformation monitoring
Geodesic monitoring of movements of arched trusses
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Monitoring vibrations of the main load-bearing structures
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Figure 28. About structural health monitoring of the tower.

The second group of models was tested for pure
bending. The third group of models was tested
by central compression. Glasses for all models
were heat-strengthened of 12 mm thick,
adhesive layers of 0.89 mm thick. When testing
models for compression, the hinge work of the
upper and lower supports of the racks, the
studied eccentricity, as well as the simple
supporting for the beams were provided.

As a result of the tests, the values of breaking
loads for the initial failure (by the appearance of
the first crack) and complete destruction were
obtained. Complete destruction of flexible rack
specimens under normal loading occurred after
loss of stability. When testing specimens of
short beams, complete failure occurred immedi-
ately after the first cracks appeared. Centrally
compressed prisms of low flexibility are charac-
terized by a large difference between the initial
and complete fracture stresses (1.4 ... 2.8 times).
The elastic modulus values of glass multilayer
specimens differed for the main axes of the sec-
tion and took the values: in the direction normal
to the glass layers - 30,000 MPa; along the glass
layers - 60,000 MPa. An elastic modulus of
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12,500 MPa was accepted to calculate the de-
formations of glass structures.

13. STRUCTURAL HEALTH
MONITORING

In accordance with the current regulatory doc-
uments, in order to ensure erection and opera-
tion safety of unique buildings as part of the sci-
entific and technical support (STS) of construc-
tion, a set of measures was organized to contin-
uously monitor the stress-strain state (SSS) of
structures.

The main purpose of monitoring is minimizing
of the possibility of emergencies caused by un-
certainties in the work of the load bearing struc-
tures of a building and a soil of the foundation.
The development of the monitoring program for
the foundations and the aboveground parts of
the tower was carried out by specialists of
SAMSUNG C&T, CJSC GORPROEKT, SO-
DIS LAB, INFORSPROEKT, and NIIOSP
named after N.M. Gersevanov in 2015 [4] (Fig-
ure 28 and Figure 29).

International Journal for Computational Civil and Structural Engineering



Structures of the High-Rise Building “Lakhta Center” in Saint-Petersburg

METEOROLOGICAL
STATION

SPIRE

TYPICALFLOORS

IN_CLINOMETERS 133

w X2
“
ACCELEROMETERS
r,_ﬁ_.vv'_.ﬁ L17

Top

ANEMOMETER

L]

GNSS'(‘rgver)

L]

OUTRIGGER

S

125  GNss (base station)

Figure 29. About structural health monitoring of the tower.

In order to control the stress-strain state, totally
1210 string strain gauges were installed in 196 tar-
gets on the rods of the working reinforcement of
the lower plate, diaphragm walls and upper plate.
The aboveground part of the tower was equipped
with an automated system for monitoring rela-
tive deformations. It consists of 1257 string
strain gauges of various types. With their help,
measurements are made of the axial defor-
mations of composite columns on typical floors,
vertical and horizontal deformations of the walls
of the reinforced concrete core, comprehensive
monitoring of the deformation of outrigger
trusses and steel structures of the spire.
Real-time monitoring and post-processing plan-
ning of horizontal and vertical movements of
the upper point of the building is carried out us-
ing a satellite geodetic monitoring system [5-
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10]. Satellite monitoring of the movement of the
upper point, together with the results of moni-
toring of rolls and vibrations, provides compre-
hensive information about the deformation of
the axis of the building.

Two weather stations allow conducting of a cor-
relation analysis of the stress-strain state param-
eters and separating the changes in parameters
associated with the degradation of building
structures and seasonal and climatic changes.

REFERENCES
1. Travush V.I., Shakhvorostov A.l. Betoni-
rovaniye nizhney plity korobchatogo fun-

damenta kompleksa «Lakhta tsentr» [Con-
creting of the bottom slab of the box-shaped

37



Elena A. llyukhina, Sergey I. Lakhman, Alexey B. Miller, Vladimir I. Travush

foundation of the Lakhta Center complex].
/I Vysotnyye zdaniya, 2015, No. 1, pp. 92-
101 (in Russian).

Travush V.I., Konin D.V., Rozhkova
L.S., Krylov A.S., Kaprielov S.S., Chilin
LLA., Martirosyan A.S., Fim kin A.Il. Ek-
sperimental'nyye issledovaniya stalezhele-
zobetonnykh  konstruktsiy na vnetsen-
trennoye szhatiye [Experimental studies of
steel-reinforced concrete structures for ec-
centric  compression]. //  Academia.
Arkhitektura i stroitel'stvo, 2016, No 3,
pp.127-135 (in Russian).

SP 63.13330.2012. Betonnyye i zhelezo-
betonnyye konstruktsii. Osnovnyye
polozheniya [Concrete and reinforced con-
crete structures. The main provisions]. De-
sign Code of the Russian Federation. Mos-
cow, 2013 (in Russian).

Travush V.1, Shakhraman'yan A.M.,
Kolotovichev YU.A., Shakhvorostov A.l.,
Desyatkin M.V., Shulyat'yev O.A., Shul-
yat'yev S.0. “Lakhta tsentr” avtomatiziro-
vannyy monitoring deformatsiy nesushchikh
konstruktsiy i osnovaniya [Lakhta Center
automated monitoring of deformations of
load-bearing structures and foundations]. //
Academia. Arkhitektura i stroitel'stvo, 2018,
No. 4, pp. 94-108 (in Russian).

Belostotsky A.M., Akimov P.A,,
Afanasyeva L.N., Kaytukov T.B. Contem-
porary Problems of Numerical Modelling of
Unique Structures and Buildings. // Interna-
tional Journal for Computational Civil and
Structural Engineering, 2017, Volume 13,
Issue 2, pp. 9-34.

Belostotsky A.M., Akimov P.A. Nauch-
noissledovatelsky tsentr StaDyO. 25 let na
fronte chislennogo modelirovaniys [25-th
Anniversary of scientific research centre
StaDyOl]. // International Journal for Com-
putational Civil and Structural Engineer-
ing, 2016, Volume 12, Issue 1, pp. 9-34 (in
Russian).

Belostotsky A.M., Akimov P.A. O vo-
prosakh avtomatizatsii system monitoring
dlya otsenki tekuschego sostoyaniya

10.

stroitelnikh konstruktsiy zdaniy i sooru-
zheniy [About Automation of Structural
Health Monitoring Systems]. // Internation-
al Journal for Computational Civil and
Structural Engineering, 2016, Volume 12,
Issue 3, pp. 26-34 (in Russian).

Ilyukhina E.A., Lahman S.1., Miller A.B.,
Travush V.I. Konstruktivnye reshenija
vysotnogo zdanija “Lahta Centr” v Sankt-
Peterburge [Design Solutions of the High-
Rise Building “Lakhta Center” in Saint-
Petersburg]. // Academia. Arkhitektura i
stroitel'stvo, 2019, No. 3, pp. 110-121 (in
Russian).

Travush V.1., Belostotsky A.M., Akimov
P.A. Contemporary Digital Technologies in
Construction. Part 1: About Mathematical
(Numerical) Modelling. // IOP Conference
Series: Materials Science and Engineering,
2018, Volume 456, conference 1, 012029.
Travush V.1., Belostotsky A.M., Akimov
P.A. Contemporary Digital Technologies in
Construction. Part 2: About Experimental
& Field Studies, Material Sciences, Con-
struction Operations, BIM and “Smart”
City. // 10OP Conference Series: Materials
Science and Engineering, 2018, Volume
456, conference 1, 012030.

CIIMCOK JIMTEPATYPBbI

1.

Tpasym B.U., lllaxBopocToB A.H. bero-
HUPOBaHHE HW)KHEH IUIUTBI KOPOOYATOTrO
¢dbynnamenTa komiuiekca «Jlaxra uentp». //
Bricotnsie 3ganus, 2015, Nel, ¢.92-101.
Tpasym B.U., Kouun J/I.B., PoxkoBa
JI.C., KpbuioB A.C., Kanpuenos C.C.,
Yuaun U.A., Maptupocsn A.C., ®um-
kHH A.M. DkcrepuMeHTalbHbIE HCCIEN0-
BaHUS CTaJISKEIEe300€TOHHBIX KOHCTPYK-
M Ha BHELEHTpEeHHOe cxkatue. // Academ-
ia. Apxumexmypa u cmpoumenvcmeo, 2016,
Ne3, c. 127-135.

CII 63.13330.2012. beronnsle u xene3ode-
TOHHBIE KOHCTPYKUMHU. OCHOBHBIE MOJIOXkKe-
Hus. — M., 2013.

International Journal for Computational Civil and Structural Engineering



Structures of the High-Rise Building “Lakhta Center” in Saint-Petersburg

4. Tpasym B.U., lllaxpamaubsan A.M., Ko-
aorosuue FO.A., HlaxsopoctoB A.WU..
Hecarkun M.B., llyasartee O.A., Ily-
asatbeB C.O. «JlaxTa 1IeHTp» aBTOMaTU3H-
POBaHHBI MOHHMTOPHUHT Jedopmaruii He-
CYIIUX KOHCTPYKIMH ¥ ocHOBaHus. // Aca-
demia. Apxumexmypa u cmpoumenvbcmeo,
2018, Ned, ¢. 94-108.

5. Belostotsky A.M., Akimov P.A.,
Afanasyeva L.N., Kaytukov T.B. Contem-
porary Problems of Numerical Modelling of
Unique Structures and Buildings. // Interna-
tional Journal for Computational Civil and
Structural Engineering, 2017, Volume 13,
Issue 2, pp. 9-34.

6. Bbeaocroukuii A.M., Akumos II.A. Hayu-
Ho-HcclenoBaTenbckui meHTp Cra/luO. 25
JeT Ha (PPOHTE YHUCIIEHHOTO MOJCINPOBA-
uus. // International Journal for Computa-
tional Civil and Structural Engineering,
2016, Volume 12, Issue 1, pp. 9-34.

7. beaocroukuii A.M., AkumoB II.A. O Bo-
mpocax aBToOMaTHu3alrnu CUCTEM MOHHUTOPHUH-
ra sl OUEHKH TEKYLICTO COCTOAHUSA CTPOU-
TEJIbHBIX KOHCTPYKLHMH, 31aHUN U COOpYKe-
uuit. // International Journal for Computa-
tional Civil and Structural Engineering,
2016, Volume 12, Issue 3, pp. 26-34.

8. Wmoxuna E.A. Jlaxman C.HA., Muuiep
A.B., TpaBym1 B.!. KoncrpykTusHble pere-
HHUsA BBICOTHOI'O 3JaHUA «JIaxTa LHCHTP» B
Cankr-TlerepOypre. // Academia. Apxumexmy-
pa u cmpoumenscmeso, 2019, Ne3, ¢. 110-121.

9. Travush V.1, Belostotsky A.M., Akimov
P.A. Contemporary Digital Technologies in
Construction. Part 1: About Mathematical
(Numerical) Modelling. // IOP Conference
Series: Materials Science and Engineering,
2018, Volume 456, conference 1, 012029.

10. Travush V.I., Belostotsky A.M., Akimov
P.A. Contemporary Digital Technologies in
Construction. Part 2: About Experimental
& Field Studies, Material Sciences, Con-
struction Operations, BIM and “Smart”
City. // I0OP Conference Series: Materials
Science and Engineering, 2018, Volume
456, conference 1, 012030.

Volume 15, Issue 3, 2019

Wmoxuna Enena AnaronabeBHA, KaHAWIAT JKOHOMUYE-
CKHX HayK; TeHEpaJIbHBIA TUPEKTOp, AKIHOHEPHOE 00-
mectBo  «MHOroQyHKIIMOHATIBHBIH KoMIUIeke «JlaxTa
ueHtp»; 190000, Poccus, r. Cankr-IlerepOypr, yi. ITou-
TaMTcKad, 1. 3-5, nutep «Ay, u.nom. 1H, xom. 370;

ten. +7 (800) 700-31-52.

Jlaxman Cepreii by, KaHAMIAT 5KOHOMUYECKUX HAYK;
TCHEPAJIBHBIN JUPEKTOp, 3aKPBITOC aKIMOHEPHOE 0O0IIe-
cTBO «['OpOACKOI MPOCKTHBINA MHCTUTYT KUJIBIX U 00IIIe-
cTBeHHBIX 3manuiy; 105064, Poccus, r. MockBa, Huxk-
Huil CycanbpHBIN TIEpeyiok, 1.5, CTp. SA;

ten./dakc +7 (495) 775-75-65;

E-mail: info@gorproject.ru.

Munnep Anekceit boprucoBud, KaHAUAAT SKOHOMHUECKHUX
HayK; MpeAceaaTeib MPaBICHUS, MyOJHYHOE AKIIHMOHEp-
Hoe obOmectBo «l'asmpom»; 117997, Poccusa, I'CII-7, r.
Mocksa, yn. Hamerkuna, 1. 16; Ten. +7 (495) 719-21-09;
(axkcer: +7(495) 719-83-33, +7(812) 413-73-33;

E-mail: gazprom@gazprom.ru.

TpaBymr Brnagumup Uneuu, akanemuxk PAACH, noxrop
TEXHUYECKUX HayK, mpodeccop; BHIE-Tpe3uaeHT Poc-
CHICKOH aKaJeMHIH apXUTEKTYPBI U CTPOUTEIHHBIX HAYK;
3aMECTHTENIb TeHEPATBHOTO IUPEKTOPA, 3aKPBITOC aKIIHO-
HepHOe o00mecTBo «['OpOACKON MPOCKTHBIA HHCTHTYT
SKHJIBIX U OOIIECTBEHHBLIX 37aHuii»; 105064, Poccus, r.
Mocksa, Hmwkanit CycanpHBIH mepeyiok, 1.5, cTp. SA;
ten./akc: +7 (495) 775-75-65, +7(495) 909-39-39;
E-mail: travush@mail.ru.

Elena A. Ilyukhina, Ph.D., General Director, Joint Stock
Company “Multifunctional complex Lakhta Center”; 3-5,
ul. Pochtamtskaya, Saint-Petersburg, 190000, Russia;
phone: +7(800) 700-31-52.

Sergey I. Lakhman, Ph.D., General Director of City De-
sign Institute for Residential and Public Buildings; build-
ing 5A, 5, Nizhny Susalny pereulok, Moscow, 105064,
Russia; phone/fax: +7 (495) 775-75-65;

E-mail: info@gorproject.ru.

Alexey B. Miller, Ph.D., Chairman of the Management
Committee of public joint stock company “Gazprom”; 16,
ul. Nametkina, Moscow, 117997, Russia;

fax: +7(495) 719-83-33, +7(812) 413-73-33;

E-mail: gazprom@gazprom.ru.

Vladimir I. Travush, Full Member of the Russian Acade-
my of Architecture and Construction Sciences, Professor,
Dr.Sc., Vice-President of the Russian Academy of Archi-
tecture and Construction Sciences; Vice-Director of City
Design Institute for Residential and Public Buildings;
building 5A, 5, Nizhny Susalny pereulok, Moscow,
105064, Russia; phone/fax: +7 (495) 775-75-65,
909-39-39; e-mail: travush@mail.ru.

39



International Journal for Computational Civil and Structural Engineering, 15(3) 40-54 (2019)

DOI:10.22337/2587-9618-2019-15-3-40-54

40

“LAKHTA CENTER”. MANAGEMENT CHALLENGES
AND SOLUTIONS IN THE IMPLEMENTATION
OF UNIQUE PROJECT DESIGNS

Elena A. Ilyukhina *, Alexey B. Miller ?

! Joint Stock Company “Multifunctional complex Lakhta Center”, Saint-Petersburg, RUSSIA
2Public Joint Stock Company Gazprom, Saint-Petersburg, RUSSIA

Abstract: The “Lakhta Center” is the headquarters of public joint stock company “Gazprom”, a key cultural and
environmental project of Saint-Petersburg and the flagship object of the architectural, engineering and construc-
tion industries in Russia. The facility was completed for operating and became a precedent for the implementa-
tion of such a unique in scale and complexity project in Russia. It was realized on schedule and within the budg-
et. The architectural dominant of the Lakhta Center is a tower with a height of 462 meters, which has become the
tallest building in Europe. The following management challenges and solutions are under consideration in the
distinctive paper: transfer of the object; land restrictions and related projects; the need to develop a regulatory
documents; lack of relevant experience and competencies in Russia; building a flexible contracting system, sepa-
ration of design and construction functions; a flexible approach to the preparation of project documentation, the
main state expertise (Glavgosekspertiza) and the beginning of the zero cycle; building stages; package contract-
ing system; managing by the global team; optimization of the project solutions; risk management system; global
crisis; sanctions; changing the role of the customer / contractor during the project.

Keywords: high-rise building “Lakhta Center”, building structures, management challenges and solutions,
unique construction object

«JIAXTA HEHTP». YHPABJIEHYECKHE BbI3OBbI
N PEHIEHUSA ITPU PEAJIM3AIINMU KOHCTPYKIIUHU
YHUKAJIBHOI'O ITPOEKTA

E.A. Hnwoxuna ', A.b. Munnep *

A0 «MHuoro¢yHkInoHaIbHbIH KomIuieke Jlaxta Ilentpy, r. Cankr-Iletepoypr, POCCUS
211A0 «l"azmpom», r. Mocksa, POCCUS

Annoranus: «Jlaxra Llertp» — mrad-kBaptupa [TAO «[a3mpom», KIFOUEBOW KyIbTYPHO-CPEIOBON IMPOCKT
Cankr-IlerepOypra u prmarmaHcKuii 00BEKT apXUTEKTYPHOM, HHKCHEPHOH M CTPOHUTENBbHOI oTpacieii Poccum.
JlanHbIil 00BEKT, YK€ BBEJCHHBIN B 9KCIUTYaTAIMIO U CTaJl IPEIEASHTOM peann3auy B Poccnn yHUKaIbHOTO IO
Macitaly M CI0KHOCTH IPOEKTA B 3aIUIAHMPOBAHHBIE CPOKHM M B PaMKax MPELyCMOTPEHHOTO OrokeTa. Apxu-
TekTypHas nomuHaHTa «Jlaxta [leHTpa» — OamHs BeICOTOH 462 MeTpa — cTana caMbIM BBICOKHM 37aHueM EBpo-
mbl. B HacTosmIel cTaThe paccMaTpUBAIOTCS CIEAYIOMINE YIPABICHUECKHE BBI30BBI M PELICHUS: IEPEHOC 00BEK-
Ta; OTPAHUUYCHUS YIaCTKa U CMEXHBIE IIPOEKTHI; HEOOXOIUMOCTh Pa3pabOTKH HOPMATUBHON 0a3bl; OTCYTCTBUE B
Poccun peneBaHTHOTO OIBITA ¥ KOMIETEHINH; BBICTPaNBaHUE THOKOM CHCTEMBI KOHTPAKTOBAHUS, pa3/ieliCHHE
dynkui npoekTupoBanus 1 CMP; THOkuii OX01 B TIOATOTOBKE MPOCKTHON JTOKYMEHTAINH, | TaBrocakcmep-
TH3a ¥ Havajo HyJIEBOI'O IMKJIA; ATAlbl CTPOUTEIBCTBA; MAKETHOE KOHTPAKTOBAHHE; YIPaBJICHUE TI00aIbHOMN
KOMaHJI0|; ONTHMHU3AIMs NIPOEKTHBIX PEHICHHUH; CHCTEMa yIPaBJICHHUs PUCKaMK; MI00aIbHBIH KPU3HUC; CAaHKIINY;
M3MEHEHHE POJIM 3aKa34MKa/HCIOIHUTENS B XO/I€ PEAIN3alMU IIPOCKTa.

KiroueBble ¢J10Ba: BEICOTHOE 3naHue «Jlaxra LLeHTp», CTPOUTCIIbHBIC KOHCTPYKIIUU,
YIIpaBJICHYCCKHUE BbI3OBbBI U PCIICHU, yHIdKaJ'ILHLIfI CTpOI/ITeJ'II)HHﬁ 00BEKT
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1. GENERAL INFORMATION

Lakhta Center is the headquarters of PJSC Gaz-
prom, a key cultural and environmental project
of St. Petersburg and the flagship object of the
architectural, engineering and construction in-
dustries in Russia [1-9]. It is located on the
coast of the Gulf of Finland and has become a
forming element of the new marine facade of
the city. In future, comfortable embankments
and infrastructure facilities will be created
around the object. Due to this, a new modern
center of attraction is being created in the north
of St. Petersburg.

The complex consists of five buildings and
structures, the construction of which is divided
into two phases. The first phase is 4 objects with
an area of 400 thousand square meters and a
construction volume of more than 2 million cu-
bic meters. Second stage is an object with an
area of 150 thousand square meters with a im-
plementation period of 3.5 years: from 2017 to
2021.

The construction of the multifunctional complex
Lakhta Center (first phase), which was begun in
October 2012, had been completed in October
2018. The facility was completed for operating
and became a precedent for the implementation
of such a unique in scale and complexity project
in Russia. It was realized on schedule and with-
in the budget.

The architectural dominant of the Lakhta Center
is a tower with a height of 462 meters, which
has become the tallest building in Europe.
About 600 Russian and foreign companies and
more than 20,000 people from 18 countries par-
ticipated in the project.

The general contractor of the project is Renais-
sance Construction. The RMJM team under the
direction of Tony Kettle developed the architec-
tural concept of the Lakhta Center. CJSC
Gorproekt developed the project. Samsung C&T
and CJSC Gorproekt (sub-designer) carried out
detailed design.
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2. OBJECTS OF COMPLEX

2.1. Skyscraper.

The aboveground part of the tower has 87 floors
or 111 levels. At 360 m, the highest observation
deck in Europe is located.

The supertall spins around for 90 degrees from
the base to the top, expanding and narrowing as
you climb. The floors of the tower, metal struc-
tures and facade elements are not repeated.

2.2. Multifunctional building.

A multifunctional building is the horizontal dom-
inant of the complex, that is of 260 m long with a
variable number of floors from 7 to 17 ones.

In terms of complexity of architectural and struc-
tural elements, the multifunctional building is not
inferior to the tower building: its height differs
from 22 to 85 meters; there are interior wide-
span spaces, negative slopes of end facades.

The main pedestrian artery of the multifunction-
al building is the atrium, where the main public
spaces of the Lakhta Center are concentrated:
from a planetarium in the shape of a ball to a
seven-story transformer hall.

2.3. Arch of the main entrance.

A separate building-entrance to the complex is a
functionally unique solution that is made in the
form of an asymmetric arch with a height differ-
ence from 18 to 24 m. At the vanishing points of
the axes, the arch span reaches 98 meters.

2.4. Stylobate.

Stylobate is a two-level underground parking of
the complex. All buildings of the first stage of
the Lakhta Center are located on a single stylo-
bate, which runs almost to the borders of the
development spot. The roof is exploitable. In the
future, landscaping will be done at the top.

2.5. Complex of buildings and structures.

The object of the second stage of the Lakhta
Center for the location of Gazprom Group offic-
es reminiscents the multifunctional building
both in architectural appearance and in design
solutions.
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3. MANAGEMENT CHALLENGES
AND SOLUTIONS

3.1. Transfer of the object.

The location of the facility in Lakhta is the re-
sult of a long dialogue with the conservative
public of St. Petersburg. The initial concept of
building of headquarters on the Okhtinsky cape,
despite the obvious pluses for the development
of the depressed Krasnogvardeisky district and
the absence of a negative impact on the tradi-
tional postcard views of the city, was not ac-
cepted by the part of the urban urgency.

As a result, a location was determined. New lo-
cation corresponded to the status of the project
and was promising in terms of infrastructure
development. The parameters of the site allowed
significantly expanding the functionality of the
project and making its architectural appearance
more harmonious.

Overcoming the challenge was facilitated both
by the fact of a bold and responsible decision to
build an ambitious project in a conservative
city, as well as by the unprecedented openness
in its implementation, by effective non-standard
information policy. As a result, the people un-
ambiguously accepted the Lakhta Center pro-
ject; it became a favorite attraction in the guise
of a new futuristic ensemble on the coast.

3.2. Land restrictions and related projects.
The unique location of the building site in Lakh-
ta on both sides limited by water and adjacent to
the highway at the same time creates enormous
difficulties at all stages. This is lacking of auxil-
lary sites for the deployment of construction
camps, warehouses, heavy equipment, etc.; the
need to synchronize plans and work with related
projects (embankments, roads, and a yacht
club), communication with city authorities on
the timing of the introduction of engineering
and road infrastructure.

Early planning and deep immersion in all the
details of the organization of the construction
process made it possible to prevent serious fail-
ures (for example, pouring the bottom plate of
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the box foundation [5] with coming of the con-
crete mixers on site every single minute).

In parallel, different types of work were carried
out in each building. The next type of work
started as soon as the site allowed and the doc-
umentation was ready. At peak moments, out by
12 thousand people simultaneously carried up to
3,000 types of work in a day. The work was car-
ried out in three shifts 24/7. So, in 2017, build-
ing of core walls, installing columns, interfloor
ceilings, facade glazing, laying engineering
networks and architectural decoration went sim-
ultaneously at different levels of the tower.

In order to synchronize all types of work with
the delivery of schedules up to minute plans,
BIM technology was used. It allows you to vis-
ualize and synchronize schedules and logistics
processes.

The construction of engineering infrastructure at
the expense of the investor and solutions that
were not obvious at first glance, for example, the
construction of an autonomous gas boiler near
the heating main, eliminated the dependence of
the facility commissioning on third parties.

3.3. The need to develop a regulatory docu-
ments.

At the time of the start of design, practically
there were not regulatory documents for high-
rise and unique construction in Russia. So, for
example, according to the "Technical Regula-
tions for Fire Safety”, all buildings above 50
meters are outside the regulation and should be
designed according to specially developed Spe-
cial Technical Condition (STU) with fire safety
measures.

During the construction period, 3 “fire safety”
STU for the Lakhta Center were issued. These
documents covered totally about 20 points that
were not regulated by standards.

There was also a need to develop and harmonize
standards for new construction materials and
technologies. In particular, it was necessary
making a calculation proof, conducting tests and
preparing STU to apply the composite structures
in the tower (supporting perimeter columns).
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The same situation arose with fachwerk pillar-
columns made of laminated glass.

3.4. Lack of relevant experience and compe-
tencies in Russia.

The unique architecture and innovative technol-
ogies have another side. They are practically
absent in Russia, and relevant experience and
competencies are significantly limited even in
the world. Even if there are ready-made solu-
tions in the world experience, their scale, as a
rule, differs from Lakhta Center (width and
depth of piles [4], foundation box structures,
area of facades, energy-efficient glass com-
pounding, etc.).

This created significant difficulties not only in
the formation of the project team, but also in the
selection of contractors. Not many companies
were announced to participate in the tender,
many of which “fell off” when studying tech-
nical tasks and getting to know the requirements
for quality and deadlines.

However, this challenge was overcome. As a
result, people gathered in the team, were ready
to think outside the box, quickly make complex
and responsible decisions, and treat the project
as a personal challenge. The key partners of the
project were chosen by a similar principle.

On the other hand, specialists with rare compe-
tencies that have not been in demand in Russia
in recent decades have found application in the
project and gained unique experience during its
implementation.

3.5. Building a flexible contracting system.
Separation of design and construction func-
tions.

The factors described above did not allow the
project management to shift the responsibility
for the implementation of the project to the gen-
eral designer / general contractor by concluding
one or two contracts for the whole range of
works. The "design and build" scheme, which
required many months to prepare the require-
ments specification and contract, was unac-
ceptable.
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In particular, the project went through several
iterations from the architectural concept to the
Project stage, with the subsequent development
of working documentation, which went for sev-
eral stages ahead of the construction.

The construction part was organized in a similar
way. At the initial stage, Arabtec was involved
as a general contractor for the underground part,
and then Renaissance was involved for execut-
ing of the rest of the complex of work with a
package contracting strategy.

3.6. A flexible approach to the preparation of
project documentation. The main state ex-
pertise (Glavgosekspertiza) and the begin-
ning of the zero cycle.

Project documentation was issued and approved
by parts. The first projected object was the
Lakhta Center tower. It passed the Glavgosex-
pertiza at the first time, which allowed us to
begin work on the zero cycle (building a wall in
the ground and creating a pile field under the
box foundation of the future skyscraper). An
early start of the zero-cycle construction and
installation work was executed before the selec-
tion of the main general contractor, which the
subsequently accept responsibility for previous-
ly completed work.

In parallel with the construction work, a package
of documents was developed for the remaining
facilities of the complex: Multifunctional build-
ing, Arch and Stylobate, after which the entire
project was once again reviewed by the Main
State Expertise (Glavgosekspertiza). Totally,
there were six such examinations when adjust-
ments were made or the degree of optimization
and detailing of the Project increased. Therefore,
for example, fachwerk pillar-columns made of
laminated heat-strengthened glass, originally en-
visaged by the project, appeared in the Arch.
However due to the lack of a regulatory base, it
took time to develop requirements for such
structures and include them in special technical
specifications, conduct a series of tests for col-
umn specimens, develop a methodology of their
calculation before defending the design decision
in Glavgosekspertiza of Russia.
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Such a differentiated approach to coordination
in the conditions of tight deadlines for the con-
struction of the facility made it possible effi-
ciently using the team’s resources and to pro-
ceed as quickly as possible to the implementa-
tion of the project.

3.7. Building stages.

The construction of the Lakhta Center tower was
launched in October 2012. At first, builders
made 264 piles with a diameter of 2 meters with
a length of 55 and 65 meters from ground level
(or 72 and 82 meters, if we counted from the
level of the surface of the earth). Then the foun-
dation pit was fenced using the “wall in soil” and
monolithic reinforced concrete disks around the
perimeter using the “Semi-top-down” method.

In accordance with the design solution of the
foundation, it was necessary to build a founda-
tion pit with a depth of 18 m in the conditions of
weak soils of St. Petersburg for placing the box
foundation in the form of a pentagon inscribed
in a circle with a diameter of 100 m.

Figure 1. Installation f the frame of the bored pile.
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Taking account the high level of groundwater, a
wall in the ground, entering the Vendian clay, was
chosen as the fence of the pit. In order to select a
spacer structure, more than 10 variants were con-
sidered, including using anchor fasteners. The vari-
ant in the form of temporary 4 disk floor slabs of
600 mm thick in the form of a ring of minimum
width of about 9 m was chosen as a result of the
technical and economic comparison of the variants.
The final variant of the enclosing and holding
structures of the pit is shown in Figures 2, 3.
The next important stage was the construction
of the box foundation structures, which includes
two underground floors of the tower. The total
volume of concrete in the box foundation is
46,000 m®. The volume of concrete in the bot-
tom slab of the box foundation with a thickness
of 3.6 meters was 19,624 m°.

In order to increase the reliability of the founda-
tion, it was decided concreting the bottom plate
of the box foundation without a time break, that
avoided the installation of technological joints,
which are additional stress concentrators.
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“Slurry wall”
F=1200 mm

Monolithic floor
slab h=600 mm

vertical

member
THD400x509 ( THD400x900)

Figure 2. Plan of foundation pit fence for building of the tower.

Monolithic floor
nepekpsimusi h=600 MM

“Slurry wall”
#=1200 MM \ temporary vertical
47.000'

member
= THD400x509 (1 HD400x900)

Pile 02000 mm
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Figure 3. Section of the structure of the foundation pit fence for building of the tower.
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Figure 4. General view of the pit after excavation until design mark and preparation for concreting.
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the box foundation.
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Figure 5. Reinforcement of the bottom plate of
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Figure 6. Certificate of Guinness Book of Records.

For this purpose, all reinforcement of the slab
was previously connected in the foundation pit
and the composition of special self-compacting
concrete was developed. 18 points of concrete
reception were organized on the edge of the
foundation pit. 13 concrete working plants with
an interval of 1-1.5 minutes delivered concrete.
As a result, the bottom slab was concreted in
49.2 hours, and thereby it set the world record
for continuous concreting, as recorded in the
Guinness Book of Records.

In order to reduce the exothermy of concrete of
class B60, it was stipulated that concrete mix-
tures should have a low energy potential and
have a Portland cement consumption of not
more than 360 kg / m3 in terms of clinker with a
trialuminate content of not more than 8%. Con-
crete mixtures delivered to the construction site
should have temperature in the range +5 ... + 15
° C. The densely reinforced structure of the
lower foundation slab was concreted using a
self-compacting concrete mixture with a mobili-
ty in the range from 60 to 65 cm. Particular at-
tention was paid to the temperature regime
when concrete mixture set the strength. Con-
crete should have minimal exotherm and hard-
ening kinetics at an early age under normal
temperature and humidity conditions. At the
same time, the required compressive strength of
concrete at least 1 day old is 0 MPa, at least 3
days old is 15 MPa, at least 7 days old is 40
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MPa, and at least 28 days old is 65 MPa. The
aging of concrete in the structure was carried
out under conditions that prevent thermal
shrinkage with the cooling rate of concrete in
the core of the slab not more than 2.0-3.0 °C
per day and the temperature difference between
zones having a common border height of the
slab of not more than 20 °C.

The concrete mixture was prepared according to
the standard technological scheme taking into
account the requirements of GOST 7473-2010
on the accuracy of dosing of materials and the
features associated with the order of loading and
mixing the main components of the mixture and
powder additives. It was carried out in two stag-
es: the stage of dosing, loading and mixing the
components in a stationary concrete plant mix-
er; mixing stage in a concrete mixer during the
transportation of mixtures to the construction
site.

Builders mounted a protective tent in order to
protect against atmospheric precipitation and
ensure regulated requirements for the tempera-
ture regime of concrete curing, as well as for the
comfortable organization of work on the entire
front of concreting of the slab structure and to
provide required temperature regime of heating
the air under the tent.

Heat generators with adjustable power were
used to control the temperature regime.
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Flgure 7. Bqulng of the first foors of the tower

Figure 8. Building of metal structures of outrigger level.
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The temperature control of the hardening of
concrete in the lower foundation slab was car-
ried out using an automated system based on
the use of temperature sensors. Such sensors
were installed in different zones of the concrete
slab: in the core and on the periphery of the
structure at three elevations, as well as in the
upper zone of the slab in areas where are the
walls of the box foundation.

During the construction of the aboveground
part of the tower, advanced construction tech-
nologies were actively used. Initially, the rein-
forced concrete central core of the tower was
made in average of 5-7 floors ahead of the oth-
er underlying structures. Then there was the
installation of metal structures of the cores of
steel-reinforced concrete columns [6-9], metal
beams of floors. The final step of this technol-
ogy for the construction of tower structures
was the concreting of steel-reinforced concrete
columns and floor slabs.

The spire of the tower with a height of 118 meters
began to be mounted from the level of 83 floors at
height mark 344,400. The top of the spire is lo-
cated at height mark 462 meters. The installation
of the spire was completed in early 2018.

The construction of the Lakhta Center skyscrap-
er was launched in October 2012 and completed
in 2018.

Key achivements are specified below.
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e A world record fixed in the Guinness Book
of Records was set. On March 1, 2015, a 49-
hour non-stop pouring of concrete was com-
pleted. 19 624 m3 of concrete were laid in
the bottom plate of the box foundation of the
Lakhta Center tower.

e The Lakhta Center Tower has become the
northernmost skyscraper in the world.

e For the first time, a Russian skyscraper re-
ceived an international green certificate of
the highest level - LEED Platinum.

e The largest volume of scientific support in
the construction of civil buildings in Russia.
Only at the zero cycle, 13 institutes and com-
panies were involved.

e A world-class project gave an impetus to the
development of the Russian construction in-
dustry in terms of developing a new regulato-
ry documents for high-rise and unique con-
struction.

e More than 100 technological innovations
were applied, among which:

e The first in civil engineering applied compo-
site supporting columns made of steel-
reinforced concrete. The decision reduced the
construction time of columns by 40% while
reducing their cost by almost half.

e Implemented one of the largest volumes of
facade glazing in the world — 130 thousand
square meters of cold-formed glass.
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Figure 11. Building stages.

e For the first time in Russia, experience was
gained in the construction of high-rise build-
ings on Vendian clay. About 40 km of ex-
ploratory wells were drilled until depth of
150 m on the Lakhta Center site; a scientific
and practical base has been created for use in
construction in Northwest Russia.

e Innovative techniques in the construction of a
high-rise building made it possible to ensure ab-
solute verticality. The maximum deviation dur-
ing the construction of the core is up to 6 mm.

e A unique Russian development of a system
for monitoring structural deformations, which
in real time monitors the complex components
according to hundreds of indicators [2, 3].

3.8. Package contracting system.

Lakhta Center specialists created their own
package contracting system, which allowed not
only staying within the budget, but also save up
to 19% of the initial project budget at some
stages. The essence of the approach is to divide
the upcoming work front into large packages,
the cost of which was calculated only after the
appearance of working documentation. This al-
lows us to determine the cost of the final list of
works, taking into account real costs. With the
traditional approach, such a cost would inevita-
bly be approximate and overpriced. Such a
strategy made it possible to reduce the terms of
release and improve the quality of work due to
cross-control between performers.
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3.9. Managing by the global team.

Attracting the best world experience, the most

experienced specialists and creating a competi-

tive environment within the team by dividing

the functions between large partners led to a

unique result that is the creation of a huge glob-

al team. 18 countries, more than 600 companies
and 20,000 people at the site became a chal-
lenge for the project management. The manag-

ing team of Russian specialists consists of 100

people in total.

Mental and cultural differences, language barri-

ers as a result did not put to achieve the goal.

On the contrary, the project strengthened the

image as the global, gained international recog-

nition in professional circles. This largely hap-
pened due to:

o flexibility in negotiations and the ability to
interest potential partners in achieving the
goal on mutually beneficial conditions;

e strategies for jointly with the construction
manager and / or general contractor choosing
contractors, attracting a wide range of con-
tractors and suppliers, both foreign and Rus-
sian;

e the creation of a universal, flexible and mo-
bile team of the Customer consisting of
young, ambitious and highly qualified spe-
cialists, capable of solving issues of any
complexity in all areas of activity (technical,
financial, legal, administrative, commercial,
communication and etc.);
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e placing the Customer’s team on the project
site and direct interaction of the Customer
with partners;

e deep involvement of the Customer team in
the development of design and design solu-
tions;

o the interest of all participants of the global
team to implement non-standard tasks and
advanced architectural and technological so-
lutions;

e a flexible management system with a staff
structure that varies depending on the stage
of the project, the targeted involvement of
leading experts and consultants.

3.10. Optimization of the project solutions.

A number of decisions were accepted that made
it possible to maintain and even improve the
quality of the project while reducing costs. So,
the originally planned anchor spacer system was
replaced with a disk spacer system, which signif-
icantly reduced the main costs and allowed to
shorten the output period for the preparatory cy-
cle of the Multifunctional building. The technol-
ogy of glass supporting columns, successfully
implemented in the facades of the multifunction-
al building, was subsequently applied on the fa-
cades of the arch, which is the main entrance to
the complex. That makes the structure lighter and
more transparent. Thanks to the optimization of
engineering solutions, even in the smallest de-
tails, it was possible to achieve excellent indica-
tors, for example, in water efficiency, which
made it possible to achieve LEED Platinum.

3.11. Risk management system

Throughout the project implementation period,
the project management team built a strategy
and applied a risk management system. The
risks included global country risks, including
international sanctions; bankruptcy risk of large
companies; risks of default on the part of related
government agencies; risks of making signifi-
cant changes to the project at the implementa-
tion stage and much more, up to the risks of
small incidents during construction and weather
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conditions. In total, this is several thousand
points.

Systematization, early diagnosis of the problems
of contractors and suppliers, indifferent partici-
pation in resolving all issues up to going to pro-
duction and offering technology and logistics
allowed us to avoid significant delays even at
certain stages, and in case of risks, allowed
make changes to the sequence of work so that
all resources are used as efficiently as possible.

3.12. Global crisis.

During the period from 2012 to 2018, there
were a number of geopolitical shocks and a re-
lated currency crisis (2014-2015). This would
seem that an increase in the costs of the project
to be inevitable due to the revaluation of the
cost of imported materials and services of for-
eign specialists. However, thanks to a non-
trivial approach to the contracting process,
agreements were reached with most counterpar-
ties on the separation of the ruble and currency
components.

It was localized a number of foreign industries
from the Italian Chimolai to the German Gart-
ner, which allowed to reduce the long-term
costs of the manufacturer and maintain the nec-
essary level of product prices. Another resource
is the use of domestic materials. Metal struc-
tures excepting the column cores, reinforce-
ment, concrete and some other materials are
completely Russian-made with the costs of the
products in ruble value. In relation to hard cur-
rencies, such materials became cheaper and this
offset the increase in costs of imported products.
The situation with the cost of services is similar.

3.13. Sanctions.

The imposition of sanctions was a serious blow
for many companies in a wide variety of indus-
tries working with foreign counterparties. In the
case of Lakhta Center, this risk was not realized
and did not affect the timing and cost of the fa-
cility. Global companies participated in the pro-
ject in the form of their Russian divisions. For
some, the condition for participation in the pro-
ject was the localization of production. In addi-
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tion, ceteris paribus during the competitive pro-
cedures, preference was given to Russian con-
tractors and suppliers (metal structures).
Political risks during exacerbation of relations
between the countries were offset by the pres-
ence of previously concluded contracts for all
types of work.

3.14. Changing the role of the customer / con-
tractor during the project.

Flexibility and adaptability allowed the project
team to fulfill all the obligations and implement
the project within the stated time, while main-
taining the basic functionality and concept.
Therefore, the role of the Customer in the pro-
ject has repeatedly changed. We acted as a de-
veloper realizing the task set by the Investor, as
a management company that will operate the
building, manage the leased space and represent
the functional and program part of the project to
the management company. Today, the company
acts as a Seller, conducting the procedure of
transferring the object to the new owner and as
an Agent, completing a number of finishing
work on the initiative of the owner.

However, as a result, despite the changing inter-
action format, the complex was put into opera-
tion and received an act of conformity with the
project. In addition, a full-scale transfer to the
owner is underway for subsequent operation.
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Abstract: The Generalized Bounding Surface Model (GBSM) for saturated cohesive soils is a fully three-
dimensional, time and temperature-dependent model that accounts for both inherent and stress induced
anisotropy. To better simulate the behavior of cohesive soils exhibiting softening, the model employs a non-
associative flow rule. The GBSM synthesizes many previous bounding surface constitutive models for saturated
cohesive soils and improves upon their predictive capabilities. For those cases where the use of the more
complex forms of the GBSM is not justified, the model can be adaptively changed to simpler forms, thus
reducing the number of associated parameters, giving flexibility to the simulations and reducing the
computational cost. Following a brief overview of the GBSM, the model's performance in simulating the
response of soft, saturated cohesive soils is assessed under both axisymmetric and true triaxial conditions.
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AnHoTanus: O6o0mmeHHas Mozenb orpaHuumBaromeil nosepxHoctn (GBSM) 11 HACBIIEHHBIX CBS3HBIX MOYB
SIBISIETCS TIOJTHOCTBIO TPEXMEPHOH MOJIETbIO, 3aBUCSIICH OT BPEMEHH U TeMIlepaTypbl, KOTOpas YYHTHIBAET Kak
COOCTBEHHYIO, TaK U BBI3BAHHYIO HANpPsDKEHHEM aHU30TpONuio. UToOB! JTydIlle MOJETHPOBATh MOBEACHHE CBA3HBIX
TI0YB, MPOSIBIISIFOIINX pa3MsATIEeHNE, MOJIENb HCIIOIb3yeT HeacCOMPOBaHHOE IpaBmiio notoka. GBSM cunTesnpyer
MHOTHE IPE/IbIAYIINE MOJICIH OTPAHIIHBAIOIICH TTOBEPXHOCTH Il HACHIIICHHBIX CBA3HBIX IPYHTOB M YIIyHUIIaeT UX
MPOTHO3HBIE BOBMOXKHOCTH. JIJIst TeX cirydaeB, KOTza MCIoib3oBaHue Oonee croxHbX popm GBSM nHeonpasnanHo,
MOZIeJIb MOXET OBITH aJanTHBHO M3MEHEHa Ha Oosee IMpOCThle (OPMBI, TEM CaMbIM YMEHBIIAS KOJIMYECTBO
CBSI3aHHBIX ITAPAMETPOB, 00ECTIeurBasi TMOKOCTh MOICIMPOBAHMS M YMEHBIIIAsl BHIYMCIUTENbHBIC 3aTpathl. [locne
kpaTtkoro o63opa GBSM s dexTuBHOCTS MOJEN MPU MOJEIMPOBAHUH PEAKLMN MATKUX, HACBIIICHHBIX CBSI3HBIX
TPYHTOB OLICHUBAETCS KaK B OCECUMMETPHYHBIX, TAK U B ICTUHHBIX TPEXOCHBIX YCIIOBHUSX.

KuroueBble cji0Ba: orpaHnyMBaroLiasi HIOBEPXHOCTb, YIPYTOIUIACTUYHOCTD, BA3KOIIJIACTUUHOCTD,
CBSI3HBIE TPYHTHI, MSTKHE IPYHTBI

1. INTRODUCTION

The Generalized Bounding Surface Model
(GBSM) synthesizes many previous bounding
surface constitutive models for saturated
cohesive soils and improves upon their
simulative and predictive capabilities. In a
recent paper [1], a detailed description of the

GBSM was presented. Although some model
simulations were also presented, they were, out
of necessity, rather general in scope. As such,
this paper supplements the earlier work [1].
Following a brief overview of the bounding
surface concept and the GBSM, the model's
performance in simulating the response of soft,
saturated cohesive soils is assessed.
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2. THE BOUNDING SURFACE CONCEPT
IN STRESS SPACE

Some general aspects of the bounding surface
concept in stress space are presented in this
section. Additional details pertaining to
theoretical aspects of this concept are given by
Dafalias [2]; Kaliakin et al. [1] present a more
specialized discussion of the concept as it
applies to the GBSM. In the subsequent
development tensorial quantities are presented
in indicial form with the indices obeying the
summation convention over repeated indices.

The material state is defined in terms of
/

effective stresses 74 and a set of proper internal
variables dn that embody the past loading
history. In the subsequent development tensorial
quantities are presented in indicial form with the
indices obeying the summation convention over
repeated indices. The single subscript on the dn
is not a tensorial index but denotes the plurality
of these internal variables.

The existence of a smooth and convex bounding
surface in effective stress space is assumed
[2,3]. The surface always encloses the origin
and is origin-convex; i.e., any radius emanating
from the origin intersects the surface at only one
point (Figure 1). Similar to a yield surface, the
bounding surface is analytically given by

F(o75,4n) =0 L)
where 5;7 indicates an “image” point on the
bounding surface. The actual stress point Uéj
always lies )Nithin or on the surface. To each Ugj

a unique Pij is assigned by a properly defined

“mapping” rule that becomes the identity
/
mapping if Pij lies on the bounding surface
! =/
(ie., if 915 = 945) [2].

Dafalias [4] introduced a very simple “radial
mapping” form of the model that does not
require an explicit definition of a yield surface.

Victor N. Kaliakin, Andres Nieto-Leal

Loading surface

Elastic Nucleus

Q Bounding Surface
F(5;.q,)=0

Figure 1. Schematic illustration of the bounding
surface, a loading surface and radial mapping
rule in multiaxial stress space.

In the radial mapping form of the model, shown
schematically in Figure 1, it is assumed that the
projection center a; lies always within the
bounding surface and never crosses it. The a;
evolves according to a proper rate equation, and
is one of the gn. It does not, however, enter into
equation (1). Using a;j as the projection center,
the “image” stress is obtained by the radial

/
projection of the actual stress (“ij) onto the
surface according to the following mapping rule:

Gi; = b (o — aij) + ai 2)

/
which becomes the identity mapping if 73 is on
the surface (Figure 1). The dimensionless
positive parameter b (1 < b < 00) is determined
in terms of the material state by substituting the
“image” stress from equation (2) into an explicit
form of equation (1), and solving the resulting
expression for b.

The essence of the bounding surface concept is
the hypothesis that inelastic deformations can
occur for stress states either within or on a
properly defined bounding surface. The extent
of these deformations depends on the Euclidean

distance & between %ij and an associated

“image” stress that is defined using equation
(2). Thus, unlike classical vyield surface
elastoplasticity, inelastic states are not restricted
only to those lying on an outer loading or
bounding surface [2].
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To complete the formulation, a general state-
dependent relation between the plastic modulus
Ky (associated with the actual stress point) and

the “bounding” plastic modulus K associated
“image” stress points must be established as a
function of the properly chosen distances ¢ and
r shown in Figure 1 according to

o 5
Ko =Bt Hloip ) 505 (g

where r can be related to b through the relation
r/6="bl(b - 1).

The “bounding” plastic modulus is obtained
from the consistency condition; i.e., F =0. In
equation (3), s, (= 1.0) is a model parameter
that defines the extent of the elastic nucleus (a
region of purely elastic response), such that (r —
spo) =0 (Figure 1), and the dimensionless
parameter b > 1.0 is as previously defined. The
quantity H denotes a proper scalar shape
hardening function of the state that is
independent of the explicit form of equation (1).
The exact definition of H requires the
identification and experimental determination of
certain material parameters [5]. Finally, the
symbols < > denote Macaulay brackets, which
imply that, for some quantity d,

<d>=difd>0and<d>=0ifd <0.

Equation (3), which is by no means unique,
embodies the meaning of the bounding surface
concept. If 6 < r and H is not approaching
infinity, the concept allows for plastic
deformations to occur for points either within or
on the surface at a progressive pace that
depends upon o. The closer to the b(/)unding

surface is the actual stress point (Jij), the
smaller is K, (it approaches the corresponding
“bounding” plastic modulus), and the greater is
the plastic strain increment for a given stress
increment. Thus, H and its associated
parameters are intimately related to the material

Volume 15, Issue 3, 2019

response for states within the bounding surface
(ie., for 6 > 0). As such, they constitute
important elements of the present formulation
that differentiate it from ones based on classical
yield surface elastoplasticity.

3. OVERVIEW OF THE GBSM

In its most general form, the GBSM for
saturated cohesive soils is a fully three-
dimensional, temperature and time-dependent
model that accounts for both inherent and stress
induced anisotropy. To better simulate the
behavior of cohesive soils exhibiting softening,
the model employs a non-associative flow rule.
The microfabric-inspired rotational hardening
rule associated with the model was developed
after a thorough review of past modeling
practice. In addition, the shape hardening
function used in the GBSM was developed

simplifying earlier versions without
compromising  the model's predictive
capabilities. In both cases, the selected

functional form simplified earlier versions
without compromising the GBSM's predictive
capabilities.

3.1. Definition of Invariants.

The GBSM accounts for both inherent and
stress-induced anisotropy. The mathematical
representation of the latter requires the use of
rotational hardening [6]. Due to the fact that the
GBSM employs either an associative or non-
associative flow rule, the rotation of both the
plastic potential surface (PPS) and the bounding
surface (BS) must be quantified. The material
state is thus determined by the state of effective
stress and by a suitable measure of anisotropy
[7]. The rotation of both surfaces is described by
the symmetric second-order anisotropic tensors
aij and S, respectively [1].

In the GBSM, reduced invariants of the
effective stress tensor are used, thus ensuring
the proper analytical treatment of aniscl)tropic

forms of the model [8]. Decomposing %45 into
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the sum of the deviatoric stress tensor s;; and the
hydrostatic stress gives

1
Sij = 0ij — géijal{m @)
where §;; is the Kronecker delta. The reduced
deviatoric stress tensors associated with the PPS

and BS are thus

1 1
o ot B Ta
Sij = Sij Bawakka Sij = Sij 3513‘7% (5)

respectively. The PPS is thus analytically
described by the following invariants:

1
JY =) =5%s%

9 17 °1) (6)

g = Loint [ﬂ ()]
’ SNCAR VA INC)

where 1 is the first invariant of the effective
stress tensor, J* is the square root of the second
invariant of s%;, and ¢" is the reduced Lode
angle

I / L.
I = Uijéw ;

and

(—7T/6 < 0% < 7r/6)_

In a similar manner, the BS is analytically
described by the following invariants:

1
JB = 1/ —sfsf-
2 J Y] (8)

= b [ (i)
3 2 (JP) 9)

where | is as defined in equation (6), J* is the
square root of the second invariant of s”;, and &’
is the reduced Lode angle. For &¢* and &, the

values of =7/6 correspond to conditions of

_ s
I'=0;;0i5;
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axisymmetric  triaxial and
extension, respectively.

In isotropic forms of the GBSM, both the PPS
and BS are analytically defined by I, as given in
equation (6) and (8), and by the following

isotropic invariants:

J = \/ 1Sz'jsij ;0= lsirf1 ﬁsijsjk;ki
’ ’ 2" ] o)

where s;; is as defined by equation (4), and
/6 <0 <m/6

In axisymmetric triaxial (p'-g) stress space,
where p' = I/3 is the mean normal effective

stress and ¢ = +V/3 J is the deviator stress, the
measures of the anisotropic tensors «; and
pij are defined by the scalar measures « and g,
respectively, where

3 /3
o = §Oéij06ij, 5— §5ij5ij (11)

These quantities characterize the rotation of the
PPS and the BS, respectively.

The radial mapping rule given by equation (2) is
next specialized by explicitly defining aj;, as
well as its evolution. For monotonic loading, ajj
must be an isotropic tensor with a principal
value on the I-axis in invariant stress space. The
radial mapping rule then becomes [1]

compression

I=b(I-CI)+CI,; J°=0bJ";0° =¢°
(12)

where b is as previously defined, C (0 < C < 1)
is the dimensionless projection center
parameter, and I, represents the point of
intersection of the BS with the positive I-axis in
invariant stress space (Figure 3). The inclusion
of C into the formulation introduces the
possibility of using a projection center lpc = Cl,
different form the origin in stress space [9], thus
allowing for the prediction of immediate
negative (dilational) pore pressure development
for heavily overconsolidated samples sheared
under undrained conditions. With the projection
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center at the origin (i.e., for C = 0), the older
and generally more restrictive and inaccurate
formulation is retrieved [10,11], with initially
positive pore pressures always being predicted,
even for highly overconsolidated samples.

3.2. The Plastic Potential and Bounding
Surfaces.

In its most general form, the GBSM employs a
non-associative flow rule. It thus requires that a
PPS be defined in addition to the BS. Both
surfaces must be smooth and convex [2,3]. The
most general form of the PPS associated with
the GBSM is given by

(7)" (R
e (f+ %@ (I-1)=0
(13)

Q (I, J* 0% 1,,a) = —1)°

where barred quantities are values of | and J*
associated with the “image” point on the PPS.
The quantity |, is the value of I at

al,

0/(3V3),

J
where =

The value of |1, is adjusted so that equation (13)
is satisfied for the current “image” stress point

(I’Jﬁ) on the PPS. Kaliakin and Nieto-Leal
[13] give explicit expressions for I, associated
with the various forms of the GBSM. The
dimensionless model parameter R (= 2.0)
controls the shape of the PPS [13]. Finally, wis
given by the following generalized expression:

M —
w? =

a 2a(R —

+ v/4a(R

1?4+ M-«

“12M+ (M —a) "

where the dimensionless anisotropic variable «
is as previous defined in equation (11).

The quantity M is the slope of the failure surface
which, in a meridional section (i.e., for a

Volume 15, Issue 3, 2019

specific value of & in p' - q space, is assumed to
be a straight line that coincides with the critical
state line [14]. The counterpart of M in | - J*
space is

M = M/(3V3).
Both M and M vary with &* according to
M (0% k) = g (0%, kar) M.
and
M (6%, kar) = g (6%, kar) M,
where the quantity
k= Me/Me = M /M,
with
= M(-n/6) and M. = M(n/6)
being the wvalues of M associated with
axisymmetric triaxial extension and

compression, respectively. The dimensionless
function g = g(&", k) is given by [15]

ok, ;

0%, knr) =
9(6% kar) (1 — k3,) sin 36>

1+ k3, — (15)
which has been shown to be more robust than
earlier functional forms of g [1]. Figure 2 shows
the variation of the PPS and failure surface with
Lode angle within the octahedral plane for
anisotropic forms of the GBSM.

The PPS given by equation (13) must satisfy two
fundamental requirements. For a given value of
Lode angle (£"), it must pass through the “image”

B
stress point (I’ J ) In addition, it must give

0Q/0I =0

at its intersection with the critical state (failure)
line, as defined by w; the latter requirement is in
keeping with the concept of a critical state [14].
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Failure envelope

(¢

Figure 2. Plastic potential surface (PPS) and
failure envelope for anisotropic form of the

GBSM employing a non-associative flow rule.

Turning the attention to the definition of the BS,
the results of an extensive study into suitable
analytical expressions for bounding surfaces [3]
showed that an elliptical form avoids potential
difficulties associated with either previously used
composite forms [9] or higher-order expressions.
In light of this finding, the following elliptical BS
is used in the GBSM model:

F(1,7°,6°1,,8) = (J°)* (R —1)?
+N2_62 <i+ R—QIO> (I-1,)=0

27 R
(16)

where R is as previously defined, and barred
quantities are values of | and J® associated with
the “image” point on the BS. The quantity I, is
as previously defined (Figure 3).

The parameter N defines the shape of the BS; its
counterpart in stress invariant space is

N = N/(3V3),
Both N and N vary with ¢ according to
N (0‘1, kN> =g (9047 k‘N) NC

and
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JA

Elliptical bounding
surface

J

Elastic
Nucleus

Ve "Image" point

(LT)

/K \‘/r 10 ’I
1=CI
¢ 0 IR —

Figure 3. Schematic illustration of elliptical
bounding surface and radial mapping rule
in meridional section in stress invariant space
for isotropic forms of the GBSM.

N (9“, ]{ZN) =g (904’ kN) Nc1
where the quantity

kn = N./N.= N./N,.

with Ne = N(-n/6) and N; = N(n/6) being the
values of N associated with axisymmetric
triaxial extension and compression,
respectively. The dimensionless function g is
given by equation (15), with & and ky replacing
¢" and ky, respectively. Due to the fact that the
GBSM is intended to be adaptive, specialization
of equation (16) results in specific expressions
appropriate for an associative flow rule and for
the isotropic forms of the model [13].

3.3. Strain Decomposition.
The infinitesimal strain rate tensor is additively
decomposed as

Y- -7 e X D
€ij = €5 T &5 = €455 T €45 T &5 (17)

where the superscripts €, i, v and p denote its
elastic, inelastic, viscoplastic (delayed) and
plastic (instantaneous) components,
respectively, and a superposed dot denotes a
material time derivative or rate.

The internal variables (qg,) include proper
measures of inelastic deformation that quantify
the hardening of the bounding surface. An
additive decomposition of ¢» into a delayed or
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viscoplastic part (Cﬁi) and an instantaneous or
plastic part (4r) is assumed [16]; viz.,

Gn = qy + 45, (18)
Both parts are, |n general, incrementally
irreversible. The 4n, which accounts for the

delayed deformation of the cohesive soil,
depends only upon the state; |t can, under

certain conditions, be zero. The qn, on the other

hand, depends upon the state and the rates ¢

and dn; it is non-zero only if the scalar Ioadmg
(L) index is positive. This is done in order to
emphasize the general coupling that exists
between plastic and V|scoplast|c processes,

whereby in addition to the w the dn may
affect the plastic loading process [17]

Since it does not enter into equation (1), the
projection center tensor a;; (Figure 1) is one of
the internal variables. It evolves according to
the rate equation

Gij = aj; + ag; (19)

where afj and a]ioj being the viscoplastic (delayed)
and plastic (instantaneous) parts of a;;.

The elastic response is assumed to be independent
of the rate of loading and to be unaltered by
inelastic deformation. The elastic constitutive
relations, in direct and inverse form, are

€5: = Bijn oy, or O‘

¥ - Dljkl 6k:l

(20)
where Bij and Djj are the fourth-order tensors
of elastic compliance and moduli, respectively.
To date, bounding surface models for cohesive
soils have exclusively assumed elastic isotropy.
The explicit forms for Bjj and Djj are thus
typically written in terms of a non-linear elastic
bulk modulus (K) and the shear modulus (G),
with the latter often computed from K and a
specified value of Poisson’s ratio (V).

The viscoplastic response is based upon a
generalization of Perzyna’s elastic/viscoplastic
theory [18]. The associated rate equations are
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€l = (@) Rij 5 ¢n = (@) rn 5 a5 = (®)7ij (21)
where R;, r, and r; are proper tensorial
functions of the state. The symbols < > again
denote Macaulay brackets. In forms of the
GBSM employing a non-associative flow rule,

Rjj is the gradient of the PPS; i.e.,
—/
If an associative flow rule is assumed, then

F=Q.

In equation (21), @ is a continuous scalar
“overstress” function. Although several explicit
functional forms for @(F) have been proposed
[13}, perhaps the most commonly used form is
the following “power” form:

n

5
| T I —
A MY
(22)

Sv

where n and V are positive model parameters,
and A6 is a “normalized overstress” [16]. In
equation (22) r is as defined in Figure 1, s, (> 1)
is a dimensionless model param/eter, and ¢ is the

Euclidean distance between %4 and a second

“image” stress 747 on the boundary of a second
elastic nucleus that is associated with the
viscoplastic response and is homologous with
the bounding surface. This elastic nucleus
assumes the role of the “static” yield surface
proposed by Perzyna [18]. Since the materialoqi)s
assumed to be inviscid in the elastic region,/gij
becomes zero when AF < 0: e, when % is
either on or within the second elastic nucleus.

The definition of the plastic response is
predicated on four expressions associated with
the bounding surface concept. First, the BS
defines the direction of inelastic loading-
unloading (Ljj). In particular, the expression for
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/
L;; at the actual stress point (Uij) is defined as
the gradient of F at the “image” point (Figure
1); viz.,

Secondly, a scalar loading index (L) must be
defined in terms of Lj;, the rate of the effective
stress tensor, and the plastic moduli Kp; viz.
[17],

1
Ky

10F
bog, "
@) (1-3) o]
Tij (23)

where Lj; and the dimensionless parameter b are
as previously defined, and K, is given by
equation (3), which constitutes the third of the
aforementioned expressions associated with the
bounding surface concept. The presence of r,
and rj; in equation (23) shows that L couples the
plastic-viscoplastic hardening response for
states on and within the bounding surface.
Additional details pertaining to the terms
appearing in this equation are given elsewhere
[13,16].

When the stress point lies on the bounding
surface, =0 (Figure 1),

L= {Lij &l + (@)

Ky, = Kp, dgj - OL-gj
and equation (23) simplifies accordingly. As
noted in conjunction with equation (3), an
explicit expression for Kp which is the fourth
expression associated with the bounding surface
concept, is determined from the consistency
condition /' = 0. Additional details pertaining
to the determination of &p are given elsewhere
[13].

The rate equations for plastic response are given
by

where Rj;, I, and r;; are as previously defined.
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3.4. Hardening Rules.

In all forms of the GBSM, the BS hardens
isotropically along the I-axis. The proper
simulation of stress-induced anisotropy for
anisotropic forms of the GBSM also requires
that the BS and PPS undergo rotational
hardening (RH) [7].

The isotropic hardening is controlled by a single
scalar internal variable that measures the
increment in inelastic volumetric strain; viz.,

€l = Elp T €N = (<‘I’>7+ (L)) Brr (25)
where Ry, = 0Q/0I

It is convenient to relate the evolution of the BS
to the increment in inelastic volumetric strain
through the value of I, (recall Figure 3). The
resulting analytical expression describing the
isotropic hardening is [9,13]

; 1+ezn
[ =
© A— K

where the critical state parameters A and « are
equal to the negative of the slopes of the virgin
consolidation and swell/recompression lines,
respectively, in a plot of void ratio (e) versus the
natural logarithm of | [14], and ej, represents the
initial total void ratio corresponding to the
reference configuration with respect to which
engineering strains are measured; for natural
strains, it represents the current total void ratio.
The nonzero limiting “transitional” stress I is
included in equation (26) so that for | < I_ the
relation between | and the elastic part of the
void ratio (e®) changes continuously from
logarithmic to linear [9]. The singularity of the
elastic stiffness near 1 = 0, resulting from
excessive material softening, is thus removed.
The quantity I_ is not a model parameter; its
value is typically taken equal to one-third of the
atmospheric pressure (P,) [1].

The evolution of the stress-induced anisotropy
during shearing is mathematically accounted for
by RH of the BS (through the anisotropic tensor
bij) and, if applicable, the PPS (through the
anisotropic tensor a;). Recently [19], robust RH
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rules for the BS and PPS, that were inspired by
earlier formulations and by experimental
observations of microfabric evolution of
cohesive soils, were proposed. Nieto-Leal et al.
[19] give additional details pertaining to these
RH rules.

3.5. The Shape Hardening Function.

The positive hardening function H defines the
shape of the response curves during inelastic
hardening (or softening) for points within the
BS [2]. It relates the plastic modulus K, to its
“bounding” value in the manner given by
equation (3). For the GBSM,

2 (1 + ein) 2, 1 2
H=""p 9F)?+ 3 (Fy
P 9(F1) +3( s)

[h (9,3) Z0.02 + ho (1 . 20.02)] fn (27)

where ein, A, &, and P, are as previously defined.
For brevity, the partial derivative with respect to
an invariant is denoted with a comma followed
by the symbol of the invariant as a subscript.
The definition of the dimensionless variable z
varies depending on the form of the GBSM
used. For, example, for the anisotropic form of
the GBSM employing a non-associative flow
rule, z is given by

z=J%)J0 = JP)(NI) = 3V3J°R/NI,

(see Figure 3).

The dimensionless quantity (?”) in equation
(27) has the general form 7 (07) =g (07, kn) he,
where k, = he/he, with he = h(-n/6) and h; =
h(n/6) being the values of h associated with
axisymmetric triaxial extension and
compression, respectively. The dimensionless
function g is given by equation (15), with ¢’ and
k, replacing & and ky, respectively.

Finally, the expression for f, appearing in
equation (27) is a generalization of the form
given by Nieto-Leal and Kaliakin [5]; viz.,

fn :% a+sign(m)(|m’)%} <I£o> (28)
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where a (> 1.0) is a dimensionless model
parameter [13], and n, is the component, in the |
direction, of the unit outward normal to the
bounding surface in stress invariant space. For
the anisotropic form of the GBSM with a non-
associative flow rule,

(29)

If an associative flow rule is used instead, Fs
is replaced by £« in equations (27) and (29)
and in the definition for z. Finally, if an
isotropic form of the GBSM is used, £7¢ is
replaced by £ in the aforementioned equations.

4. THE INITIAL MATERIAL STATE

The definition of the initial state for all forms of
the GBSM requires knowledge of the initial
value (ejn) of the void ratio, which is one of the
internal variables. In addition, the initial stress
state is defined in terms of values of the total
confining stresses, the total stresses associated
with the maximum past preconsolidation
pressure, and the initial excess pore fluid
pressure.

Anisotropic forms of the GBSM require the
specification of the inherent anisotropy. This is
achieved by specifying the initial values of the
anisotropic tensor, which is another type of
internal variable. These values are commonly
determined from the results of laboratory tests on
anisotropically consolidated specimens. For the
special case of a transversely anisotropic (or
“cross-anisotropic”) soil in which the x; direction
is taken normal to the plane of isotropy, o2 = o5,
For this case, the stress ratio (7 = g/p’) in
axisymmetric triaxial space is given by

nk. =3 (1—Ke)/(1+2K.)

o /
where K. = 03/01

is the effective stress ratio. Recalling the
definition of the scalar representation () of «;
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in axismmetric triaxial space given by equation
(11), it is relatively well established [20] that the
value of « determined using an anisotropic
constitutive model will be less than 7. Thus,

n= alA, where A < 1.0,

For transversely anisotropic soils, the inherent
(initial) values of o are thus given by

2A(1 — K;n)
142K,

in

_ n o in __
Qpyp = Qgy = Q33 =

_lain
11
2 (30)
with
m __ in __ _in __ _tn __ _in __ _in __
1y = Q) = Q3 = Qig] = Qpg = gy = 0

Here Kin denotes the constant initial effective
stress ratio to which a soil has been subjected in
a drained axisymmetric triaxial (isotropic) or
oedometer (anisotropic) test.

In the anisotropic form of the GBSM employing
a non-associative flow rule, o represents the
rotation of the PPS. The rotation of the BS is
quantified through the symmetric anisotropic
tensor f. The measure of this tensor in
axisymmetric triaxial stress space is defined by
the scalar g, given by equation (11). Since the
value of S associated with loading at a
prescribed stress ratio 7 is purported to be equal
to this ratio [20], the initial values of g,
corresponding to a transversely anisotropic
stress, will be

in _ 2(1 — K””L) . gin _ pin _ _1 in
11 1+ 2K7,n ) P22 33 9 11 (31)
with A1z = 021 = P13 = B31 = b3 = B3z = 0,

where Kin is as previously defined. The initial
values of ¢ is again given by equation (30).
5. THE MODEL PARAMETERS

Since the GBSM includes both isotropic and
anisotropic formulations, together with both
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associative and non-associative flow rules, the
number of parameter values to be determined
depends on the specific form of the model that
is being used. To facilitate the subsequent
discussion, the anisotropic forms of the GBSM
employing non-associative and associative flow
rules are referred to as GBSMan and GBSMaa,
respectively; the isotropic forms of the model
employing non-associative and associative flow
rules are referred to as GBSMin and GBSMia,
respectively.

The model parameters associated with all forms
of the GBSM are grouped by their type as
follows: The critical state parameters A, x, M.
and Meg; the elastic parameters G or v, the
surface configuration parameters R, N¢, and Ne,
the projection center parameter C; the elastic
nucleus parameter sp; the shape hardening
parameters h;, he, and a; the rotational
hardening parameters y,, ya, and o and the
viscoplastic parameters s,, V, and n. All of the
above parameters are positive; with the
exception of G and V, all parameters are
dimensionless. Table 1 summarizes the model
parameters associated with the most general
forms of each of the forms of the GBSM.

With the exception of the viscoplastic
parameters s,, V, and n, values for all other
(elastoplastic) parameters are determined from
results of standard laboratory tests of short
enough duration to ensure that time and rate
effects are negligible. With some exceptions,
the elastoplastic model parameters are identical
to those used in conjunction with previous rate
independent bounding surface formulations.
Most of the model parameter values are
determined by curve-fitting; the availability of
high-quality experimental data is thus requisite
for obtaining accurate parameter calibrations.
Although it would perhaps be desirable to
determine the model parameter values from
closed-form formulas, such expressions are rally
available. Even when such expressions exist, the
results they give are not always reliable. Thus,
although curve fitting may be viewed as being
somewhat simple-minded, with the proper
guidelines it gives a safe and intuitive way in
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which to determine values for the model
parameters. The values typically selected for the
model parameters either are fixed for most soils,
or fall within fairly narrow ranges. Furthermore,
the values of some of these parameters can be
determined from standard soil test parameters.

Table 1. Parameters Associated with the GBSM.

GBSMan | GBSMaa | GBSMin | GBSMia
A A A A
K K K K
M. M. M. M.
Me Me Me Me
Gorv Gorv Gorv Gorv

R R R R
N¢ - N¢ -

Ne - Ne -

C C C C
Sp Sp Sp Sp
he he he he
he he he he
a a a a
Xn Xn Xn Xn
Vi i - -

V2 V2 - -

SV Sv SV SV
V V \ \
n n n n

To establish the values of the necessary
parameters associated with the most general
form of the GBSM, a minimum of eight
laboratory tests are required, namely: (a) A

single  isotropic  or  anisotropic  (one-
dimensional)  consolidation  or  drained
compression test with both loading and

unloading phases, (b) Consolidated-undrained
(preferable) or drained axisymmetric triaxial
compression and extension tests (with pore
pressure measurements) on anisotropically or
isotropically consolidated specimens in the
normally, lightly, and heavily overconsolidated
regions (a total of six tests), and (c) At least one
long term test such as undrained or drained
triaxial creep or stress relaxation.
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If a less general form of the bounding surface
model is acceptable, both the number of model
parameters involved and the number of
laboratory tests required can be significantly
reduced. For example, if only time independent
analyses are to be considered, values of the
three viscoplastic model parameters, as well as
the long-term experiment(s) used in their
determination, are no longer required.
Furthermore, if the model is only to be used for
the time-independent analysis of isotropically
consolidated normally consolidated soils loaded
in triaxial compression or extension, the number
of required model parameters reduces to five,
and only data from a consolidation test and a
single triaxial test are required for the model
calibration. Similar reductions in the number of
required model parameters can be realized for
overconsolidated soils by neglecting the
difference between hardening parameters in
compression and extension.

6. ASSESSMENT OF PERFORMANCE

To assess the simulative and predictive
capabilities of the GBSM and to illustrate its
flexibility, four soils were simulated using the
model. All of the simulations and predictions
shown in this section were generated using the
CALBRS8 computer program [21].

The simulative capabilities of the simplest
(GBSMia) form of the GBSM, as applied to
isotropically consolidated undrained
compression (CIUC) test experimental results
for normally consolidated Bangkok clay, were
recently assessed [1]. Even though only five
model parameters 4, x, M, v, and R) are active
in such applications, the agreement between
GBSMia simulations and experimental results
was excellent.

6.1 Simulation of Taipei Silty Clay.

In light of the aforementioned simulation effort,
the ability of the GBSM to simulate the more
complex anisotropic, softening response is thus
first assessed herein. Since the proper
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simulation of softening requires the use of a
non-associative flow rule [20], the present
simulations require the use of the most complex
form of the model; i.e., the anisotropic non-
associative version (GBSMan).

The soil considered is Taipei silty clay (TSC).
The data set used in the present assessment of
the GBSMan form of the model was generated
by Chin and Liu [22], who performed a set of
axisymmetric triaxial CKoUC and CKyUE tests
on samples with OCRs of 1.0, 2.0, and 4.0. The
TSC tested had a liquid limit (w.) of 40% and a
plasticity index (I,) of 22%.

The following values for the critical state
parameters were obtained directly from the data
of Chin and Liu [22]: A= 0.17, k= 0.02, M, =
1.05, and M = 0.95. The Poisson's ratio equal to
0.29 was assumed. A value of R = 2.50 was
determined by matching the experimental
undrained stress paths for the normally
consolidated samples. A value of 0.65 for the
projection center parameter (C) was determined
from a best fit of the undrained stress paths for
OCRs of 2.0 and 4.0. Values for the shape
hardening parameters h; = 5.0, he = 25.0, and a
= 1.5 were determined from a best fit of the
deviator stress versus axial strain response for
these same OCR values. A value of 1.0 for the
elastic nucleus parameter s, which reduces the
nucleus to a point, was found to be adequate.
Values of the configuration parameters N and
Ne equal to 0.90 and 1.13, respectively, were
determined by matching the response in
compression and extension for the normally
consolidated sample. Finally, the rotational
hardening parameters were assigned values of
xn=1.5, y1 =200.0 and y» = 50.0.

The time-independent model simulations were
obtained using the aforementioned parameter
values. Figure 4 compares the simulations of
anisotropically consolidated samples with
experimental values. From this figure, it is
evident that the agreement between the
simulated and experimental normalized
undrained stress paths is quite good. The
normalized deviator stress versus axial strain
simulations are somewhat less accurate than the
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undrained stress paths. Chin and Liu [22] did
not report any experimental values for excess
pore pressure.

6.2. Simulation of Grundite Clay.

Since the GBSM is formulated in terms of three
stress invariants, its predictive capabilities under
true triaxial (TT) states of stress are next
investigated. In TT tests, the values of the three
principal stresses can be varied independently.
The relative magnitude of the intermediate
principal stress (o2) is typically expressed by
means of the following ratio between principal
stress  differences: brr = (02 — 03)/(01 — 03),
where it is assumed that 1 = 02 = 03, The
ratio byt is zero (0.0) for axisymmetric triaxial
compression, where o2 = o3; it is equal to unity
(1.0) for axisymmetric triaxial extension, where
01 = 02, Based on the results of past TT tests
[23-30], the relative magnitude of the
intermediate principal stress has a significant
influence on the three-dimensional stress-strain,
strength, and volume change or pore pressure
characteristics of cohesive soils.

Lade and Musante [25] experimentally studied
the influence of the intermediate principal stress
on the stress-strain, pore pressure and strength
characteristics of a remolded clay under
undrained  conditions. In  this  study,
consolidated-undrained axisymmetric triaxial
compression tests and TT tests with independent
control of all three principal stresses on cubical
specimens were performed.

The soil used in all tests performed by Lade and
Musante [25] was called “Grundite” clay, which
is a trade name used by the Illinois Clay
Products Company. Grundite is composed
primarily of the clay mineral illite, and is mined
in the Goose Lake area of Illinois [31]. The
particle size distribution indicated that the clay
consisted of about equal amounts of silt and
clay size particles. The w_and Ip of the soil
were equal to 54.8% and 30.1%, respectively.
Lade and Musante did not report the specific
gravity of solids (Gs) for Grundite clay.
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Figure 4. Comparison of simulated and experimental undrained response of anisotropically
consolidated samples of TSC for data of Chin and Liu [22].

However, in their experimental study of the
same soil, Perloff and Osterberg [32] and
Kondner and Horner [33] reported a value of Gs
equal to 2.74 (they also reported w, and Ip
values equal to 54.5% and 28.5%, respectively,
which are very close to the values reported by
Lade and Musante). Consequently, a value of G
equal to 2.74 was used to compute initial values
of void ratio (described below) for all numerical
simulations reported herein.

All specimens of Grundite clay used in Lade
and Musante's study were produced from a
slurry with a water content of 90%. The uniform
slurry was consolidated in a double draining
consolidometer at a vertical pressure smaller
than the final isotropic consolidation pressure to
be wused in the subsequent tests. After
consolidation, specimens were thoroughly
remolded to eliminate the inherent anisotropy
due to the initial Ko consolidation. Specimens
with the respective shapes were next trimmed,
installed in the testing apparatus, and
consolidated isotropically at 98.0 kPa, 147.0
kPa, and 196.0 kPa, corresponding to water
contents of 34.4, 31.9 and 30.1%, respectively.
For a value of Gs equal to 2.74, the associated
values of initial void ratio (ej,) are 0.943, 0.874
and 0.825. With the exception of triaxial
compression, Lade and Musante [25] presented

Volume 15, Issue 3, 2019

experimental results only for a confining stress
of 147.0 kPa.

Following the above preliminary tests, three
series of consolidated-undrained tests were
performed in a cubical triaxial apparatus similar
to that described by Lade and Duncan [34]. This
apparatus was designed to permit application of
three unequal principal stresses to a cubical
specimen. The side dimensions of the specimen
were 76 mm. Each test in the series was
conducted with constant confining pressure 3.
The horizontal and vertical deviator stresses
were increased proportionally until  the
specimen failed. The ratio: byt between the
deviator stresses was maintained constant in
each test. For each consolidation pressure, the
values of: brr used in the tests were chosen so
that the failure surface, the stress-strain
relations, and the pore pressure response could
be determined over the full range of the
intermediate principal stress. Lade and Musante
[25] noted that the response of specimens of
remolded Grundite clay was essentially
isotropic. The strengths of test specimens with
brr values equal to 0.95 (i.e., near triaxial
extension) were approximately the same
whether they failed horizontally or vertically.
Lade and Musante [25] did not show
consolidation data for Grundite clay. However,
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based on laboratory data [35] for two isotropic
compression tests and one Ko consolidation test
performed on Grundite clay, an average value of
A equal to 0.152 was determined. Since no
rebound data was available, the aforementioned
work of Perloff and Osterberg [32] and Kondner
and Horner [33] was consulted. Perloff and
Osterberg [32] performed isotropic compression
tests with loading and rebound phases on 23
specimens of Grundite clay. The average values
of Aand « associated with these tests were
0.152 and 0.076, respectively. Consequently,
these values were wused in the present
simulations of Grundite clay.

The determination of the slope of the critical
state line in triaxial compression (M.) and
extension (M.) requires the values of the
effective friction angle for both states. In the
case of triaxial compression (brr = 0.0) of
cubical samples, Lade and Musante [25]

computed effective friction angles . of 30.6,
28.2 and 27.4° for consolidation stresses of 98.0
kPa, 147.0 kPa, and 196.0 kPa, respectively. In
axisymmetric triaxial tests performed on the

same soil [35], ¢ values equal to 29.6, 30.1 and
30.1° were computed for tests with a
consolidation stress of 98.0 kPa. In two tests

with a consolidation stress of 147.0 kPa, o8
values of 29.3 and 28.7° were computed.
Finally, in two tests with a consolidation stress

of 196.0 kPa, Pc values of 27.9 and 28.2° were
computed. The overall average of these values
is 29.1°. Using this friction angle gives

6 sin ¢/,

M,= —
3 — sin ¢,

= 1.163
(32)

In two true triaxial tests near extension (brr =
0.95), Lade and Musante [25] obtained effective
friction angles of 30.6 and 31.2° for a
consolidation stress of 147.0 kPa. The results of
additional true triaxial tests at consolidation
stresses of 98.0 kPa and 196.0 kPa vyielded ¢-
values of 35.1 and 31.0° respectively. The
overall average of these values is 31.0°. Using
this friction angle gives
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6 sin ¢,

= —— =0.900
3+ sin ¢

M.
(33)

The ratio M¢/M is thus equal to 0.774. For the
similar illitic clay tested by France and Sangrey
[36] this ratio was equal to 0.76.

A value of Poisson's ratio v equal to 0.27 was
assumed. This is consistent with the empirical
relation presented by Lade [37] for an I, of
approximately 30%.

Since the Grundite clay specimens were
purported to be normally consolidated, the
bounding surface shape parameter R would
normally be determined from the three
undrained triaxial compression tests (i.e., for byt
= 0.00) at consolidation stresses of 98.0 kPa,
147.0 kPa, and 196.0 kPa. However, a plot of
the associated undrained stress paths showed
that these more closely resembled ones for
lightly overconsolidated specimens. While this
is likely due to the fact that the soil was
repeatedly remolded, it nonetheless requires that

these tests be modeled as slightly
overconsolidated. As such, the
overconsolidation ratio was  numerically

estimated to be approximately 1.5. This ratio
was maintained in all of the numerical
simulations of Grundite clay. Since the
specimens are lightly overconsolidated, the
magnitude of the projection center parameter C
influences the simulations. From the shape of
the undrained stress paths for the three tests at
brr = 0.00, it was determined that a value of C
equal to 0.20 was appropriate.

A value for the shape hardening parameter
associated with triaxial compression (h;) was
determined by best matching the experimental
results for brr = 0.21 and 0.40. The value for the
shape hardening parameter associated with
triaxial compression (he) was determined by
matching the experimental results for brr =
0.95. As in the case of many other soils, the
remaining shape hardening parameter (a) was
taken equal to 1.2. Finally, values of the
configuration parameters N; and N equal to
1.125 and 0.870, respectively, were determined
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by matching the experimental results for brr =
0.00 and 0.95.

Using the aforementioned parameter values in
conjunction with the GBSMin form of the
GBSM, the TT tests performed by Lade and
Musante [25] were simulated numerically.
Following the actual experimental procedure, in
each simulation the minor principal total stress
(o3) was maintained constant. The major and
intermediate total stress were increased in such
a manner so as to maintain the experimental
values of brr (i.e., 0.00, 0.21, 0.40, 0.70, and
0.95) constant. Figures 5 to 8 summarize the
results of these time-independent simulations
and compare them to the experimental results.
In these figures, experimental results are
depicted by discrete symbols. The simulated
results are depicted by continuous curves; in the
legends these results are denoted by the “(sim)”.
Figure 5 compares the simulated principal

. . / /
effective stress difference (01 _‘73) Versus

experimental values. Although the experimental
results for brr = 0.40 are somewhat under

predicted, the overall agreement between
simulated and experimental results is quite
good.

Figure 6 compares the simulated excess pore
pressure versus €1 response with experimental
values. Although the €1 response for brr = 0.21
is under predicted, the overall agreement
between simulated and experimental results is
quite good.

In Figures 7 and 8 are shown the comparisons
between the simulated and experimental
principal strain response. From Figure 7 it is
evident that the simulated 2 versus €1 response
is somewhat under predicted for brr = 0.21. The
agreement  between the simulated and
experimental response for the other values of
brr is, however, much Dbetter. Similar
conclusions are drawn in the case of the major (
€1) versus minor principal strain (€3) response
(Figure 8).
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Figure 5. Comparison of simulated and experimental principal stress difference vs. major principal
strain response of TT tests on samples of undrained Grundite clay [37].
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Figure 6. Comparison of simulated and experimental excess pore pressure vs. major principal
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Figure 7. Comparison of simulated and experimental intermediate vs. major principal strain
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Figure 8. Comparison of simulated and experimental minor vs. major principal strain response of
TT tests on samples of undrained Grundite clay [37].

7. CONCLUSIONS

The Generalized Bounding Surface Model
(GBSM) synthesizes many previous forms of
the bounding surface model for cohesive soils
and improves upon many aspects of these
models. The GBSM is a fully three-dimensional,
time-dependent model that accounts for both
inherent and stress induced anisotropy through a
suitable rotational hardening laws. In addition,
the model employs either an associative or non-
associative flow rule. This paper assessed the
model's performance in simulating the response
of soft, saturated cohesive soils. Based on
comparisons with experimental results for two
different saturated cohesive soils, the GBSMan
and GBSMin forms of the GBSM were shown
to realistically simulate the time-independent,
isothermal response of such soils when
subjected to monotonic loading.
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FORCED VIBRATIONS OF ANISOTROPIC ELASTIC SOLIDS
SUBJECTED TO AN ACTION OF COMPLICATED LOADS
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Abstract: The work studies the forced vibrations of anisotropic elastic circular plates caused by dynamic loads
uniformly distributed along concentric circumferences and over ring surfaces. The method of compensating
loads (MCL) is used to solve the formulated problems. A new technique is used to construct basic and compen-
sating solutions. The Nielsen’s equation is taken into consideration. The solutions are obtained in closed form in
terms of Bessel functions. Formulae of addition of cylindrical functions are used.

Keywords: anisotropy, circular plates, forced vibrations, Bessel functions

BbBIHYKJIEHHDBIE KOJIEBAHUA AHU3OTPOIIHbBIX
YIIPYI'UX TEJI IIPU CJIOKHbBIX HAI'PY3KAX

E.b. Kopenesa LB.P. T, pocman 2
! MockoBckoe BrICIICE o0mieBoiickoBoe KoMaHIHOE OpIeHOB JKykoBa, JlennHa u OKTA0pbcKkoi PeBomorim
Kpacno3znamennoe yuunuie, r. Mocksa, POCCU S
2 MocKoBCKast roCyapCTBEHHAS aKaJeMUs BOJHOTO TpaHCIopTa — puiirai ['ocy1apCTBEHHOTO YHHBEPCHTETA
MOPCKOTo U peunoro ¢iora umenu agmupana C.O. Makaposa, r. Mocksa, POCCUA

AHHoTanus: B paboTe u3y4arorcs BBIHYXACHHBIC KOleOaHUsS aHU30TPOMHBIX YIPYTUX KPYIJIBIX MJIACTHH, BbI-
3BaHHBIC JEHCTBHEM HArpy30K, paclpee/IeHHBIX BIOJIb KOHIEHTPUYECKUX OKPYXKHOCTEH M IO IUIOMAAsM KO-
jen. Jlns pelieHus MOCTaBICHHBIX 3a7ay UCIONb3yeTcd MeToJ KoMmmeHcupyromux Harpy3okx (MKH). Jlns mo-
CTpoeHHMs1 0a30BBIX PEIICHUH — OCHOBHOTO M KOMIIEHCHPYIOIIET0, UCIOIb3yETCsl HOBBIN IpHeM, OepeTcs B pac-
cMOTpeHne ypaBHeHHe Huibcena. Perrennst mosrydeHsl B 3aMKHYTOM BHJE M BhIpakeHbI B pyHkumsx beccens.
Hcnonb3yroTest (GOpMyJIIbl CIIOKEHUS LIMTMHAPUYCCKUX (DYHKIIUH.

KaroueBble ciioBa: AHU30TPOIUA, KPYIJIbIC IJIACTUHDBI, BBIHYXX/ICHHBIC KOHe6aHI/IH, (byHKL[I/II/I beccens

1. INTRODUCTION

In literature, for example in [1], the questions
concerning analytical methods application to the
solution of problems of statics and oscillations of
elastic isotropic circular plates are covered.
However, if the mentioned constructions are
made from anisotropic material the application of
analytical methods in the same ways as for iso-
tropic ones causes considerable difficulties. For
the cases of isotropic plates the resolving differ-
ential equation of the fourth order with variable
coefficients is decomposed into two conjugate
differential equations of the second order. The
solutions are expressed in terms of Bessel func-

tions. When solving the problems of anisotropic
plates, the corresponding differential equation of
the fourth order with variable coefficients does
not decompose into two conjugate equations for
any parameter values. This work applies the new
approach for solving certain dynamic problems.
Nielsen’s equation is used. First the similar ap-
proach was proposed for consideration of static
problems of anisotropic circular plates resting
on Winkler’s foundation [2].

Let us assume that the plate material has cylindri-
cal anisotropy and is orthotropic. The construction
under study is subjected to an action of dynamic
loads uniformly distributed along the lengths of
concentric circles and over ring surfaces.
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2. THE RESOLVING EQUATION

We present a differential equation describing
the natural axisymmetric oscillation of a circular
orthotropic plate [3], [4]:

4 3 2
r4a—\iv+2r38—\gv—n2r28—\;v+n2r@+
or or or or (1)
L P
gn,D ot2
where D — cylindrical rigidity,
E o
EI" :n_l, Eg = Enz, O-r :n_z, ngo-,
n? =nyn,.

When considering axisymmetric vibrations the
solution of the equation (1) has the form:

W= i(As €os pst+ Bg sin pstWs, )
$=0

here pg - circular frequency of natural vibra-
tions, Wg - a function of only the coordinate r,
constants A; and Bg are determined from initial

conditions, S is the number of nodal diameters.
As it was mentioned above, the studies have
shown that for a plate made from orthotropic
material, the initial fourth-order differential
equation for any parameter values does not de-
cay into two mutually adjoint second order
equations as in the case for isotropic plates.
Therefore, here to obtain an accurate analytical
solution in terms of Bessel functions and for the
application of the method of compensating
loads (MCL) [2], [3], another technique was
used. Nielsen’s equation was introduced into
consideration. As a result the following solu-
tions were obtained.

When the parameter =0, the general solution

of the differential equation (2) has the form:

Elena B. Koreneva, Valery R. Grosman

W; =C,J,(br) +C,Y,(br) +Csl,(br) +

+C, K, (br); @)

for the parameter values x =+2 the general so-
lution of (2) is determined from the expression:

W5 =Byu,, (br) + By, (br) + B;f,(br) +
+B,g,,(br),

LM
b=4 gn,D Ps -

3. THE METHOD OF COMPENSATING
LOADS

(4)

where

In [3], forced oscillations of a circular ortho-
tropic plate subjected to an action of a concen-
trated force in the center were studied. MCL
was used for this purpose.

Below we will consider the forced vibrations of
such plates under the action of much more com-
plicated loads distributed along circumferences
that do not coincide with the contour and loads
distributed over areas of rings. MCL will also be
used to build the solution. We introduce a di-
mensionless coordinate x=br. Let us assume
that the plate under study is clamped along the
contour.

First we will examine an action on the plate of
the concentrated force Psin pt applied in the

center.

Then the basic solution, which should contain a
feature of the type of concentrated force, should
be written in the form:

W, = C,Y,(X) + DyKo (X). (5)

The compensating solution is determined by the
formula:

W, = Aydo(X) + Byl (X). (6)
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In the expression (5) the functions Y,(x) and

Ko (x) are tend to infinity as In x. On the basis
of the theory of Bessel functions we put

The coefficient C; is determined from equilib-

rium conditions. Let us draw a circle of small
radius x/b with the center in the point x=0.
We calculate the sum of the transverse forces
acting on the circle of the mentioned radius and
passage to the limit when x —0.

Performing all calculations [3], we get:

P
C,=— . 7
°" 8Dn,b? ()

As a result, (5) will take the form:

P 2
W ——W[Yo(XH;Ko(X)} (8)

Summing up the basic and the compensating
solutions, we define:

P
8Dn,h?

X

W = AyJo(X) + Bylo(X) -
) 9)
X [Yo(x) + Ko(x)}

The constants A, and B, are determined from
boundary conditions. We set in our case that
when x=p the outer boundary is clamped.
When

dw
XZ,B, w=0, &—O

As a result of a number of transformations and
using certain dependencies from Bessel’s func-
tions theory, we obtain the following expres-
sions for A, and By:
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P
A“_sDOnzbzx
LB (B) + (B, (B) + fﬁ,
T I BLB) LB (B)
e (10)
° " 8DyN,b?

ZLAK(D) - (AP
NOINHESAIRCD

In the case of another boundary conditions on
the contour, the basic solutions will remain un-
changed and the general form of the compensat-
ing solution will also remain. Due to the change
of boundary conditions only the formulae for
determining of the constants A, and B, will be

different.

4. THE CALCULATION OF THE EFFECT
OF LOAD DISTRIBUTED ALONG
CIRCLES

We proceed to the study of the problem of
forced oscillation of an anisotropic circular plate
clamped along the contour caused by a load uni-
formly distributed around the circumference
concentric with the contour and having a radius
a,. Denote the amplitude of the load gsin pt as g.

As it was shown above, we present the form of
oscillation as the sum of the basic solution W,

and the compensating solution W, .

First we will define the basic solution. For this
aim, mentally divide the loads acting along the
circumference on the number of elementary
loads. Next we sum-up the result of these loads.
Take on the circle, on which the load is applied,
a point with the coordinates (a;,x) . Elementary

load acting on the section of arc with the length
a,dd is determined by the expression

qa,dé@

b (11)
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Find the deflection in the point with the reduced
coordinates X,¢. To do this we use the formula
(8). Substituting instead P the expression (11)
and instead x the distance from the point of the
elementary force application to the considered
point of the plate, which is as follows:

z2=+/a2 + x* — 2a,xcos(0 — p).

We make integration. Calculation of integrals
should use the formulae of cylindrical functions
addition, which in the studied case are of the
form:

when x<a,

Yo(\/al2 +x* - 2a,xcos(0 - (p)):

: (12)
=233, ()Y, (ay)cosn(d — ),

0
KO(\/a12 +x? —2a,xcos(0 — ) ):

S (13)
=23""1,(x)K, (a;)cosn(6 - ),

0

when x>a,

Yo (\/alz +Xx? — 2a,xcos(0 - @) ):

3 (14)
=23"J,(a)Y,(x)cosn(d - @),

0
Ko(\/al2 + X2 —2a,xcos(0 — ) ):

(15)

=257 1, (8K, (x) cosn(0 - o)
0

In this formulae the sign ' means that for n=0
an additional factor 1/2 is introduced.
Write down:
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2r

qa, [ 2 }
W, =— Yo (2)+—=K,(2) [d0 =
0 '(l;SDanS_ 0( ) T 0( )

a,
= q 1 X

~8Dn®
(16)

Ur \/a1+x —2a,xc0s(0 - (p))dt9+
0

2
%g (\/a1 +x? —2a,xcos(6 — qo))d }

Substituting (12), (13), (14) and (15) in (16) and
performing the integration; we note that all the
series members when n>0 at integration give
zero. Therefore the solution will include only
the result of integration of the zero term.

We have when x<a,

Yo = _4gq a1b3 )
. (17)
{30000 + 2 100K (@)
when X >a,
793,
Wy = —————x
4Dn,b (18)

X [Jo(al)Yo(X) +% lo(ay) Ko(x)}

We receive the solution of the problem adding
to the basic solution the compensating one:

The coefficients A, and B, are determined

from the boundary conditions. Here it was as-
sumed that the outer contour of the plate when
x=/ is clamped. Determining the mentioned

coefficients A, and B, and using the expres-
sion for Wronskian, we get:
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Jo@IIIL(BYo(B) + L (BVL(B)]+ 5 1o(a)
Ay =20 " (20)
4Dn,b® 10(8)31(8) + 11(B)Io(B) ’
L ) LK) -]
°~ 2Dnb° WAL+ LB (B) ey
For the cases of other boundary conditions only Wy =— h
the equations for determining the constants A, 4Db4 22)

and B, in the corresponding compensating so-
lution will change.

5. THE LOADS DISTRIBUTED OVER
RING SURFACES

We proceed to the study of forced oscillations
caused by the load g sin pt, uniformly distrib-
uted over the area of the ring with the inner ra-
dius a, and the outer one a; (a, <a, <a3).

Let’s define the basic solution. To do this the
specified ring is divided into elementary con-
centric rings. The reduced inner radius of the
elementary ring is denote by a,, the outer one as

a, +da,;. The load acting on the unit length of
the ring is equal to

da,
q ql b '

The solution corresponding to the action of the
elementary load is determined by the expres-
sions (17) and (18) in which g should be re-

placed by

da
ql bl

Integrating these expressions in the range a,
from a, to a,, we obtain a solution of the prob-

lem under study. If the cross-section is in the
inner circle when x<a, which is free from ex-

ternal load, the expression (17) is to be integrat-
ed, that is

Volume 15, Issue 3, 2019

X _[[ o(X)Yo(ay) +— |0(X) Ko(al)}a da,.

From the theory of Bessel functions, for exam-
ple from [1], the following relations are known:

B 00]= XY, 1) 23)

ShK0= K. @)
Assuming n=1 we get:

| XYo(X)dx = xY;(X), (25)

| XKq (x)dx = —xKy (X). (26)

Taking into account (25) and (26) the expres-
sion for w; when x<a, will take the following

form:

W = 4§q2b4 {1a5Y (85) —8,Y; (3,)1o(X) -

a % [a5K; (a5) —a, K (a)]1o(X)}-

(27)

When considering a part x>a; the expression

(18) must be integrated. To do this we should
take into account the ratio [1]:

O B, 00]=x'3, 4,

B 00)= x50

(28)

(29)
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hence for n=1 we get:

| X3 (X)dx = xJ;(X), (30)
| XIp(x)dx = x1,(x). (31)
Thus when X >a; we get:
Wo =B {[agdy (8g) 2,05 ()Mo () +
4Dn,b (32)
2

+ ;[a3ll(a3) —al1(8;) 1Ko (X) -

When considering the area under the load when
a, <X <a, to determine the solution of the prob-
lem we should integrate (18) when a, <a, <x
and when a, <Xx<a; we should integrate (17),
replacing g on

day

qlb

as elsewhere. At the same time, using the for-
mulae (25), (26), (30) and (31), we get the fol-
lowing result when a, <x<a,:

W, = - 4D’f:b4 103,00 - ad; (8,)] -

Y0+ 2 [x15(%) -2y () IKo () +
+[agY(ag) = XYy (X) o (X) -

_%[aﬁKl(aS) = XKy ()]l (x)}.

(33)

By regrouping we obtain:

Wo = — 4;?;4 X3, (Yo (%) = Y4 ()35 ()] +
2X
e GO LGRS

—apJ;(ay)Yo(x) —%az ;(a,) Ko (X) +

9%, (853 ()~ = 2K, (3) Iy (1)}
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Using the expression for Wronskian we get:

4 1 |:
W, a,J;(a,)Yy(x
0 Dn2b4 T 2 1( 2) 0( )

2

——ayly(a,)Ko(X) +a5Y1(a3) Jo ()~ (39)

_%a3K1(as) |0(X)}

Summing the basic and compensating solutions
we obtain the expression which is similar to
(19) where the constants A, and B, are deter-

mined from the boundary conditions.

6. CONCLUSION

The present work for the first time receives the
exact analytical solutions of the problems of
forced vibrations of circular plates which are
made from material having cylindrical anisotro-
py. The constructions under study are subjected
to an action of dynamic loads uniformly distrib-
uted along the lengths of concentric circumfer-
ences and over areas of ring surfaces. Method of
compensating loads for determination of the so-
lutions is used. The solutions are obtained in
terms of Bessel functions.
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Abstract: The distinctive paper discusses the stress-strain state of a cylindrical shell with and without taking into
account changes in the design model in time. The volumetric design model of the cylindrical shell and the soil
massif is made. The calculation consists of several stages from the beginning of the tunnel shell construction to
the end of the work. The authors analyzed the results and made appropriate recommendations.
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1. INTRODACTION

The technology of civil, industrial and other
purposes objects construction, as a rule, consists
of several stages. After each stage, the stress-
strain state is created in the structures, which is
the initial state for the next stage and has a sig-
nificant impact on the final stress-strain state of
the structure. In strength calculations of struc-
tures by numerical methods, this factor is im-
portant.

Engineering calculations of building structures
by numerical methods, as a rule, are performed
without taking into account the initial state, the
structure model is taken free from stresses and
strains. However, most of the construction ob-
jects have initial and residual stress-strain state
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caused by each stage of their construction. As
examples of such objects can be towers and
masts, in the elements of which there are signif-
icant installation forces, reinforced concrete
bridges with stepped concreting of the added
sections, or transport tunnels, the rings of which
are formed in several stages. Taking into ac-
count the initial and residual stress-strain state is
important not only for new construction, but
also for the repair and restoration of existing
facilities. In these cases, the importance of tak-
ing into account the stress-strain state at each
stage of structure construction is obvious.

In this paper, the authors consider how the con-
struction stages affect the stress-strain state of
the tunnel shell and the soil massif using numer-
ical methods. The volumetric design model of



Numerical Analysis of the Account of the Stages in the Calculation of the Shell Together with the Soil Massif

the tunnel shell and the soil massif is made. The
calculation consists of several stages from the
beginning of the tunnel shell construction to the
end of the work. The authors analyzed the re-
sults and made appropriate recommendations

2. DETERMINATION
THE STRESS-STRAIN STATE
OF THE CYLINDRICAL SHELL
AND THE SOIL MASSIF TAKING
INTO ACCOUNT CHANGES DESIGN
MODEL IN TIME

ANSYS software package allows creating a
volumetric design model taking into account the
construction stages from the beginning of the
tunnel shell construction to the end of the work.
ANSYS software package verified by the Rus-
sian Academy of Architecture and Construction
Sciences (RAACS). Option "Birth and Death
Element"” of this software package allow model-
ing the construction stages of the considered
structures. This option defines the finite ele-
ments that are to be activated or deactivated
during the calculation based on some criterion:
the stress state, the position in the model, etc.
Deactivation, or "death”, of the finite element,
occurs by multiplying the stiffness of the ele-
ment by a small value. The loads applied to the
deactivated element are equal to zero. In addi-
tion, all load transfer mechanisms through this
element are temporarily reset. When the finite
element is activated, its mass, loads and stiff-
ness return to their original values [1,2].

When modeling the construction stages in the
ANSYS software package, the following fea-
tures should be taken into account: it is neces-
sary to fix the displacements or other degrees of
freedom of deactivated finite elements to avoid
excessive distortion. With the possible activa-
tion of these finite elements, the artificial fixa-
tion must be removed; activation and deactiva-
tion of the elements occur instantaneously,
which is a step nonlinearity (similar to the status
of the contact zones) that can cause problems
with the numerical convergence of the solution.
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This problem can be overcome by reducing the
number of finite elements to be activated and
deactivated at one stage of the solution; when
viewing the results, deactivated elements must
be excluded to avoid non-physical values [3].
The compiled volumetric design model includes
a cylindrical shell and a soil massif. The diame-
ter of the shell D = 3 m, the thickness of the
shell t = 0.3 m, the distance between the shell
and the left and right sides of the soil massif is
W = 5D, the distance between the shell and the
upper and lower sides of the soil massif is H =
5D. The shell consists of 32 separate rings with
a width of 1 m, the soil massif at the installation
site of the rings is also divided into 32 parts —
the activated ring replaces part of the soil mas-
sif.

The soil massif is modeled by volumetric ele-
ments. Volumetric elements consist of twenty
nodes. The shell is modeled by flat elements.
Flat elements consist of 4 nodes. Local coordi-
nate systems of shell elements are co-directed
for a correct display of results [4,5]. The volu-
metric design model is shown in Figure 1.

Figure 1. Volumetric design model in ANSYS
Mechanical.

The material of the soil massif is presented by
an elastic-plastic model of Mohr—Coulomb with
the following characteristics: density p - 2000
kg/m®, deformation modulus Egs - 10 MPa,
Poisson's ratio u - 0.30, cohesion C, - 10 kPa,
friction angle ¢ - 25°. The material of the cylin-
drical shell is presented by a linear-elastic mod-
el with the following characteristics: density p -
2300 kg/m3, elastic modulus E — 30000 MPa,
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Poisson's ratio x4 - 0.20. These material models
require a physically nonlinear calculation.

The soil massif has constraint on the side faces
and on the bottom face. The load consists of the
own weight of the soil massif and the shell.

In addition, there is a gap between the shell and
the soil massif in the design model, which takes
into account the influence of a slurry shield dur-
ing the construction of the cylindrical shell.
Special contact elements CONTAxxx and
TARGEXxxx provide contact interaction between
the shell and the soil massif. These elements are
located on the surface of the soil massif and the
cylindrical shell.

The type of contact nonlinearity is a status
change. The contact status (open or closed) de-
termines the stiffness of the system. Contact in-
teraction occurs when the nodes of the bodies
come close to a certain distance, which is called
“Pinball Radius”. Modeling contact interaction
begins with search nodes of bodies that are close
to each other. The search can be carried out
through the element integration points to ensure
increased accuracy [6,7]. The search algorithm
for contacting nodes causes high computational
complexity, so the search area can be limited. To
do this, on the required surface create a contact
interface of two types: contact and target.

The next algorithm stage uses the contact and
the target areas to calculate the interaction forc-
es of the bodies. The contact forces are usually
determined using a method called "Penalty
method". This method uses the possibility of
surface nodes interpenetration by a small value.
The interaction forces Fcontact depend on the
penetration value and the contact stiffness.
These forces are applied only to the contact sur-
face and cause its deformation, which reduces
the penetration of the surfaces [8,9]. In addition,
when determining the penetration value, the
thickness of the cylindrical shell is taken into
account.

The calculation was done geometrically, struc-
turally and physically nonlinear statement. Con-
structive nonlinearity appears as a result of
changes in the model during its deformation, for
example, changing the status of the elements
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constraints, the "birth" and "death” elements and
so on. Constructive nonlinearity should be taken
into account when modeling objects in the pro-
cess of installation and dismantling, when new
connections are created; when changing the
loading mode or when constraints are turned off
[10,11].

There are six design cases in the research work
that allows determining the effect of taking into
account changes in the design model in time on
the stress-strain state of the cylindrical shell.
The first design case consists of 33 stages of
determining the stress-strain state of the cylin-
drical shell and the soil massif: the first (zero)
stage calculates the natural state of the soil mas-
sif without the shell, the next 32 stages calculate
the stress-strain state of the model after activat-
ing each individual ring of the shell and deac-
tivating part of the soil massif. The second de-
sign case consists of 17 stages, as not one, but
two rings of the shell are activated in one stage.
Thus, the number of rings activated in one stage
doubled in each case. There are design cases
with 32, 16, 8, 4, 2 and 1 stages of calculation
(first stage (zero) calculated the natural state of
the soil massif in each design case).

According to the obtained results, the authors
carried out a comparative analysis of the equiva-
lent stresses according to the IV strength theory
(von Mises) of the cylindrical shell for 1, 4, 8,
12, 16, 20, 24, 28 and 32 rings of cylindrical
shell. The stress curves of the cylindrical shell
rings depending on the number of stages in the
design case are shown in Figures 2 — 10.

It can be seen from the chart that the maximum
stresses values of the six design cases are mark-
edly different. Note that in the interval from 4 to
28 ring, starting with the design case, which has
8 stages, a further increase in the number of
stages did not lead to significant changes in the
maximum stresses values. It is also seen from
the chart that the stresses in the first ring of the
shell grow significantly in going from the 8-
stage design case to the 16 and 32-stage design
cases. The stresses in the last ring of the shell
reduces significantly in going from the 8-stage
design case to the 16 and 32-stage design cases.
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Figure 2. The maximum equivalent stresses according to the IV strength theory (von Mises) of 01
ring of the shell.
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Figure 8. The maximum equivalent stresses according to the IV strength theory (von Mises) of 24
ring of the shell.

7,0E+06
6,0E+06
5,0E+06

4,0E+08

[Na]

3,0E+06
2,0E+06
1,0E+06

0,0E+00 L e & & & o @ e 9+ & * & e e e ® © + © e o e ¢
0 1 2 8 4 & 6 F 8 9 10 1 A2 13 4 I5 46 17 18 19 200 21 22 23 24 25 26 27 28 29 320 31 32

[Crapua)
—&—1cragua —e—2cragum —e—4cTaguun 8craguin —e—16cTaguin  —e—32 cTagum
Figure 9. The maximum equivalent stresses according to the IV strength theory (von Mises) of 28
ring of the shell.

90 International Journal for Computational Civil and Structural Engineering



Numerical Analysis of the Account of the Stages in the Calculation of the Shell Together with the Soil Massif

4,5E+06
4,0E+06
3,5E+06
3,0E+06 r I
2,5E+06

2,0E+06

[Ma]

1sei06 ||

1,06406 |

i
|
5,06+05 | /
{
[

0,0E+00 &—8—e—

*———o——o—o—o—o—=
o] 1 2 3 4 5 6 7 8

9 10 13 312 13 4 15 36 17 18 19 200 21 22 23 24 25 26 27 28 29 30 31 32

[Cragua)

—e—1cragus —e—2cragun —e—4craguu

8craguin —e—16cTaguin —e—32 cTaguu

Figure 10. The maximum equivalent stresses according to the 1V strength theory (von Mises) of 32
ring of the shell.

This is due to the first ring of the shell (or the
first two or the first four rings, depending on the
design case) starts to work before the others.
The first ring takes most of the loads from the
soil massif and the added rings. In the case of
the last ring of the shell, conversely, a signifi-
cant part of the soil massif loads is already re-
distributed to the activated rings of the shell, so
the last ring takes a smaller part of the loads.

It should also be noted that all considered shell
rings, except the last one, have significantly un-
derestimated stresses in the design cases, which
have less than 8 stages. This is due to the fact
that in these cases all the shell rings or a large
number of rings are activated in one stage.
Therefore, the load from the soil massif is redis-
tributed evenly and there are no residual stresses
in the shell rings from the previous stages of
calculation.

In Figure 11 are shown the distribution of the
maximum equivalent stresses according to the 1V
strength theory (von Mises) in the shell rings of
the design case with 32 stages. The maximum
stress values are at the bottom of the shell ring, the
minimum stress values are at the sides of the shell.

Volume 15, Issue 3, 2019

In table 1 is shown the difference in the percent-
age of the maximum equivalent stresses accord-
ing to the IV strength theory (von Mises)
[12,13] in the shell rings of all design cases
compared to the stresses obtained in the design
case with 32 stages.

3. CONCLUSION

The authors consider how the construction stages
affect the stress-strain state of the tunnel shell
and the soil massif using numerical methods. The
volumetric design model of the tunnel shell and
the soil massif is made. The calculation consists
of several stages from the beginning of the tunnel
shell construction to the end of the work.

The results showed that the account of the con-
struction stages in the design model significant-
ly affects the stress-strain state of the shell and
the soil massif. In design cases, which have less
than 8 stages, the maximum equivalent stresses
according to the IV strength theory (von Mises)
in the vast majority of shell rings are signifi-
cantly underestimated.
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Figure 11. The distribution of the maximum equivalent stresses according to the IV strength theory
(von Mises) in the shell rings of the design case with 32 stages.

Table 1. The difference in the percentage of the maximum equivalent stresses according to the IV
strength theory (von Mises).

Shell ring 1 stage 2 stages 4 stages 8 stages 16 stages
1 682,2 % 334,6 % 84,0 % 26,7 % 9,4 %
4 713,9 % 291,6 % 65,7 % 12,3 % 3,3%
8 610,7 % 240,5 % 48,6 % 12,7 % 2,8 %
12 506,5 % 199,8 % 65,7 % 11,4 % 1,6 %
16 415,8 % 187,6 % 48,8 % 10,8 % 1,1%
20 316,3 % 273,5 % 77,4 % 8,8 % -0,3%
24 205,6 % 184,9 % 45,7 % 3,7% -3,6 %
28 106,7 % 104,0 % 72,3 % -4,4 % -9,0 %
32 -45,7 % -46,9 % -50,0 % -57,0 % -43,6 %
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This is due to the fact that in these cases all the
shell rings or a large number of rings are acti-
vated in one stage. Therefore, the load from the
soil massif is redistributed evenly and there are
no residual stresses in the shell rings from the
previous stages of calculation.

Therefore, on account of the results obtained
from the six design cases of the volumetric
model taking into account the construction stag-
es, the authors recommend in practical calcula-
tions to take 8 or more stages of the shell con-
struction. It is permissible to take no more than
8 stages due to the complexity and time costs of
calculations. However, it is worth noting that in
the first and last rings of the shell the maximum
equivalent stresses will be underestimated and
overstated respectively.

The results showed that the account of the con-
struction stages in the design model significant-
ly affects the stress-strain state of the shell and
the soil massif. In design cases, which have less
than 8 stages, the maximum equivalent stresses
according to the IV strength theory (von Mises)
in the vast majority of shell rings are signifi-
cantly underestimated. This is due to the fact
that in these cases all the shell rings or a large
number of rings are activated in one stage.
Therefore, the load from the soil massif is redis-
tributed evenly and there are no residual stresses
in the shell rings from the previous stages of
calculation.

Therefore, on account of the results obtained
from the six design cases of the volumetric
model taking into account the construction stag-
es, the authors recommend in practical calcula-
tions to take 8 or more stages of the shell con-
struction. It is permissible to take no more than
8 stages due to the complexity and time costs of
calculations. However, it is worth noting that in
the first and last rings of the shell the maximum
equivalent stresses will be underestimated and
overstated respectively.
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Abstract: The distinctive paper is detoded to special version of wavelet-based discrete-continual finite element
method of plate analysis. Daubechies scaling functions are used within this version. Its field of application
comprises plates with constant (generally piecewise constant) physical and geometrical parameters along one
direction (so-called “basic” direction). Modified continual operational formulation of the problem with the use of
the method of extended domain (proposed by A.B. Zolotov) is presented. Corresponding discrete-continual
formulation is given as well. Brief information about computer implementation of the method with the use of
MATLAB software is provided. Besides numerical sample of analysis of thin plate is considered.

Keywords: boundary problem, structural analysis, plate analysis, thin plate, numerical solution,
wavelet-based discrete-continual finite element method, wavelet analysis,
Daubechies scaling function, Daubechies wavelet

BEWBJIET-PEAJIU3ALMSA JUCKPETHO-KOHTUHY AJIbHOT'O
METO/JA KOHEYHBIX DJEMEHTOB JJ151 PACUETA IJIUT
C MICHOJb30BAHUEM MACIITABUPYIOIMX ®YHKIUI
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AnHotanusi: Hacrosimast crarbsi MOCBSIIEHA OJHOM CIICIMANBHON BEpCHM BEHBIET-peaM3alid JTUCKPETHO-
KOHTHHYaJIBHOTO METOJIa KOHEYHBIX 3JIEMEHTOB ISl pacyera IUIMTHBIX KOHCTPYKIMH. B pamkax ykazaHHOU
BEPCHUH HCHOJB3YyIOTCA Macimrabupyromue Qyskiun Jlobemm. OO61acTe TPUMEHEHHUS TaHHOTO METoja
COCTAaBJISIOT TUIACTHHBI C MOCTOSHHBIMHU (B OOILEM Cllydae KyCOYHO-TIOCTOSIHHBIMU) (PU3UKO-TEOMETPHYECKUMHE
mapamMeTpamMH IO OJHOMY W3 HampaBJICHWH (3TO TaK HAa3bIBAeMOE «OCHOBHOE» HampaBieHHe). B craTbe
MpUBEJeHa TMpeoOpa3oBaHHAs KOHTHHyaJbHAas IIOCTAaHOBKA 3aJjadyd C HCIIOJB30BAHHEM ammapara MeToja
pacmmpeHHol  obmacth, TnpemioxkenHoro A.b.  3omotoBeiM. Kpome TOro, 3mech MpencTaBIEHBI
COOTBETCTBYIOIIAs JUCKPETHO-KOHTHYHAJIbHAs TIOCTAaHOBKA, KPATKHE CBEICHHS O KOMIIBIOTEPHOW pean3aluu
MeToza ¢ ucroib3oBanneM cucteMbl MATLAB, a Takke nmpumep pacueTa.
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KiroueBble ciioBa: kpacBas 3a/1a4a, pacueThl CTPOUTEIBHBIX KOHCTPYKIIUI, pacyeT IUIACTHH, TOHKAs IUIACTHHA,
YHCIICHHOC PEIIICHHE, BEHBIICT-PeaIi3alns JUCKPETHO-KOHTHHYATFHOTO METO/Ia KOHEYHBIX 3JICMCHTOB,
BelBIIeT-aHaN3, MaciTadupytomas Gynkmus JJoberm, BeiBneT JJodemu

As is known wavelet analysis has the desirable
advantages of multi-resolution properties and
various basis functions, which fulfill an enor-
mous potential fo rsolving partial differential
equations. The distinctive paper is devoted to
further development of wavelet-based discrete-
continual finite element method of structural
analysis. Particularly problems of plate analysis
with the use of Daubechies scaling functions [1-
29] are under consideration.

1. CONTINUAL FORMULATION
OF PROBLEM

Let x,, X, are cartesian coordinates. Besides,
let X, be coordimate corresponding to “basic”
direction of plate (i.e. direction along which
physical and geometrical parameters of plate are
constant). It is is necessary to note that physical
and geometrical parameters of plate can be
changed arbitrarily along X, . Let us consider the
following domain occupied by plate:

Q={(x,%): 0<x, </, 0<x,</0,}.(1.1)

Operational formulation of coorresponding
boundary problem of plate analysis (Kirghoff
model) at extended domain [30], embordering
considering structure has the form:

Ly=F, 0<x</¢, 0<x,</,, (1.2

where y is plate deflection in domain Q; L is

the operator of the considering problem; F is
the corresponding right-side function;

L=-L,0%+L,0% +Ly; (1.3)
L,=6D; (1.4)

L, =—[0%Dv +28,D(1—v)d, + D8] ; (1.5)
L, = -026D0?; (1.6)
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F=6F+5.f; (1.7)
0,=0ldx;,, &, =-01dx;,, j=12; (18)

F is the force in domain Q; f, is the bounda-

ry force at I'=0Q; D, v are plate modulus
and Poison's ratio in domain Q;

D = Eh® [12(1—-v?)]; (1.9)
h is plate thickness in domain Q;
1, (X,%,)eQ
0=0(x,X%,)= 1.10
=10 e ee 10

is the characteristic function of domain Q [30];

00
O~ =0-(X,,X,) =—; 1.11
P =006 %,) = (L.11)
is the delta-function of border I =0Q,;

n=[n, n,]" is unit normal vector of domain

boundary I' = 6Q [30];
Let us introduce the following notation [4,7-15]:

Y=Y, Y2=0¥=VYi,
Vs =02y =Ys, Ya=08y=VY;. (112
Therefor we can rewrite (1.2) in the form
- L4y:1 +Ly;+ Ly = IE . (1.13)

Taking into account (1.12) and (1.13), we get

A 0O 1 0 0|y 0

Y, 0 0 1 O0fy, 0

vl 7l o o o 1)yl] | o

vi| L', 0 1L, ofy,| |-LF
(1.14)
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J/l y/5
g »2 3 Ja Vs
o o = o o
X1(ie) X2 X3 X4 X5(ie)
he
Figure 1. Approximation on the element.
X=X, (=0, Y=Y, (2.1)

We can also rewrite (1.14) in matrix form

U’:ELT+E,

(1.15)
where

0 1 0 0

~ 0 0 1 0
L= : (1.16)

0 0 0 1

'L, 0 L'L, O

0 Y1

= 0 o

F = - U = % : (1.17)

0 _ Y3

- LfF y4

Besides, the system of equations (1.15) is sup-
plemented by the boundary conditions that are
specified in sections with coordinates (coordi-
nates of boundary points)

Xg,l =0, Xg,z =1{,. (1.18)

2. DISCRETE-CONTINUAL
FORMULATION OF PROBLEM

The discrete component of the numerical solu-
tion is represented by the direction along the
axis x,. Fulfillment on an element (interval) for
all components of the vector-function U is the
same. Therefore, for simplicity let us denote lo-
cally in this paragraph
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for all j=1,2,3,4. We can divide the interval
[0,¢] into N_ parts (elements) and h, =//N,
is the length of each element. Besides, we can
divide each element into N, parts (for instance,
sample with N, =4 is presented in Fig. 1. Let
us use the following notation: i, is the number
of the element; Xx,(i,) is the coordinate of the
starting point; x(i,) is the coordinate of the end
point of the ith element. Let y, and y; =0,y(X;)

be unknowns at boundary points
(i=15). Let y, be unknown internal points
(i=2,3,4). Thus, the total number of unknowns
on an element with such discretization is equal
to N=N, -1+2-2=N, +3=7.

Let us introduce the local coordinate within the
element:

X=Xy
t= P X,y SX<Xs)-  (2.2)
Thus, we have the following formulas:
X=Xy, =>t=0
X=X, =>t=0.25
X=X, =>t=05 (2.3)
X=X, =>t=0.75
X=Xg,, =>t=1
p p
d_dd_1d. d? 1.d” . (2.4)

X dtd hdt d¢ hedr
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dx=h, -dt. (2.5)
In order to construct local stiffness matrices cor-
responding to continual operators (1.6), (1.5)
and (1.4) let us consider bilinear forms taking
into account relations (2.3)-(2.5):

Bo(y,2) =< Ly, z2>=

X5(le)d y d_
bYodx? dx®

X1(ie)

dx =

(2.6)

1 td?w d?v

———6 D [— —dt=

h? " 'egdt2 dt?
=B, (w,V);

B,(y,2) =<L,y.z>=

X5 (ig)
'[y -zdx =

X1(ie)

= ‘9ie Die (2.7)

1
=h,6, D, [wvdt=B,(w,v);
0

B,(y,z) =< L,y,z>=
=<L,y,z>+<L,y,z>+ (2.8)

+<L,,Y,Z>,
where
X5(i¢) d zy
<L,y,z>=-6 D, v; I szdx=
Xi(ie) dx
1 ©d3w
=——20. D, vdt= (2.9
h, ' 'e'!,.dt2 (29)
= B,,(w,V);
X5 (ig ) 2Z

:__9 D, v jw —dt— (2.10)

=By (W, v);
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X5(ie)

d dy
<L,y,z>=-2 | —D0- —-zdx:
2 XJ)dx -y
o) dy dz
=20,D, (1-v, )j - dxdx_ (2.41)
Xl('e)
1 dw dv
=—-20D (1- —dt=
, 20.0.( )jd o
:Bzz(WvV)
N-1
y(x) =w(t) = Zakco(t +Kk),
k=
xl(,)_x<x5(,), 0<t<1; (2.12)

z(x) = v(t) = Zﬂkw(t +k),

X,y SX<Xg5,, 0<t<1; (2.13)

¢(s) is Daubechies scaling function,

[0, N]csuppe.

Thus, we can substitute (2.12), (2.13) sequen-
tially in (2.6)-(2.11):

B, (W,V) = Jl.

e

W a g
dt?

23S, [o't+ie"(t+ j)dt=

i=0 j=0 0
Gie D, , o_ =
:_T(Kaﬂa’ﬂ)l

(2.14)
where

2

1
H H " H " H " d
KS, G J) =@ (t+i"(t+ ydt, o'=—2;
0

dt® ’
(2.15)
1
B,(W,v) =h,6, D, jw-v dt =
N-1N-1 1
=9,D,h, a,f j ot +)p(t+ j)dt=
i=0 j=0 0
=h.6,D, (Ks,@, B);
(2.16)
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N-1N-1 1

6,D, m;jzz(;aiﬁ,- J olt+ot+ at= )
= heeie Die (K:ﬂO_[!ﬁ)!
where
Kis(io 1) =Koy (i D) = [t + D)ot + ) dt;
(2.18)
B,,(W,v) =— 9 D, v, j vdt =
EV'E LSS s, j o'+ Dp(t+ ) dt =
eie Dlvie _ 211_
=K B),
(2.19)
where
K25 (i, j) = J P'(t+i)p(t+j)dt;  (2.20)
B,;(w, v)———H D.vi .l[w —dt—
9 D. ?\I—lN—l O
_ hev'e >y j¢(t+|)¢"(t+ j)dt =
B [ Dee Vi K213_
——T( B,
(2.21)
where
K2, ) = [o(t+i)e"(t+ j)dt = KZ(j.i);
(2.22)
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1 dw v
wv_—2¢9D 1-v. )| — —dt=
B,,(W,V) X ld .

6.0, (1 n)
he
x:l:a,ﬂ [o/t+ig+ jdt=
-2 A2 s
(2.23)
sz(i,j>=§¢'(t+i)¢'(t+j)dt, o=5L
(2.24)

We define the parameters «, and g, through
the node unknowns on the element:

—w(0) =Y & p(k)

k=0
dy, 1
L= —w(0)= k
ax (0) e;oak(ﬂ()

N-1

=w(0.25) = > a, p(k +0.25)
k=0
N-1

=w(0.5) = > o, p(k +0.5)

N-1

=w(0.75) = > a, p(k +0.75)

(2.25)

—w() :fakco(kﬂ)

dy, 1
—:—W’l— Ea k+1
dx h, @ h, &2 @' (k+1)

Therefor we have

(2.26)

where

d
dy1 Yo Ya Vs Vs y‘*"]7;

a=la, o a, a; a, as ae]r;

yie = [yl (2-27)

(2.28)
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»(0) ¢(1) ?(2) ?(3) @(4) ?(5) ¢(6)
0 Q) @) B @) 9B  @(6)
»(0.25) @(1.25) @(2.25) @(3.25) @(4.25) @(5.25) @(6.25)
T=D| 905 15 ¢@(25) @eB5 @45 @55 @6.5) |; (2.29)
0(0.75) o(1.75) ¢(2.75) ¢(3.75) @(4.75) @(5.75) @(6.75)
o) 0@ B w4 o5  e6)  o7)
LD 9@ Q) () (B ¢6) ¢ (7) ]
D=diag 1/h, 1 1 1 1 1/h). (2.30)
Similarly, we get L, =L, +L,+L,,, (2.39)
z°=T8. (2.31)  we have the following local stiffness matrix

Taking into account (2.26) and (2.31) we get

a=T7'y";, pg=T" (2.32)

In the general case, the following chain of
equalities holds:

(K, B) = (KaﬁT ye. T7z") = 233
_((Tfl) K Tfl io —Ie) ( )

Therefore, substituting (2.32) sequentially into
(2.14), (2.16), (2.19), (2.21), (2.23), we obtain

local stiffness matrices Kg, Ky, Ky, Ki,
K%, Kk, corresponding to the operators L,,
L,y Ly Losy Ly Ly,

(2.34)

Ky =h6,D, (THKLT™;
6,D

(2.35)

Ky == (T TRET

e

(2.36)

Je Y KET ™ =(Kp)"

o. Die Q- Vi )
h

e

; (2.37)
TH’ KjZT’l. (2.38)
Due to the fact that
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K =K+ K + Kk, (2.40)

3. NUMERICAL IMPLEMENTATION

The presented algorithm can be implemented
using the tools of MATLAB. In particular, the
reference to the standard function

wavefun ('db14',0)

allows researcher to get the values of the scaling
Daubeshi  function ¢ on the interval

[0, 27] =supp(¢) with steps h =1/256 =27°,
Let us denote N, =256 =2°. For the consider-
ing value N=7 we can use the first
N, =N,-N+1 values of ¢, defined on the
segment [0,N]=[0,7]. With such a small step,

it will be natural to compute the derivatives in
the form of finite differences:

P'(t)~dp, = Dra — ¢k—l’ k=12, N,:
2h,
(3.1)
(0”(t ) d2¢k ¢k+1 2h¢;k +¢k—l ’
t
k=12..N,, (3.2)
where o =pt); t. =k-h. (3.3)
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L,

Figure 2. About formulation of the problem.

If t, [0,27] then ¢, =p(t,)=0.

When computing the coefficients of the local
stiffness matrix (formulas (2.14), (2.16), (2.19),
(2.21), (2.23)), one can use the simplest quadra-
ture formulas for numerical integration, in par-
ticular, midpoint quadrature rule with step 2h,.
As an example, we consider the problem of
bending a thin plate rigidly fixed along the lat-
eral faces under the influence of a load concen-
trated in the center (Figure 2).

Geometric parameters: L =09m, L,=1.0m,
h=0.05m (thickness). The calculated parame-
ters of the plate material: coefficient of elasticity
E =3000 -10*kN / m?, v =0.16 is Poisson's ra-
tio. External load parameter: P =1kN.

Let N, =3 be the number of elements.

The length of the element
h,=L/N,=0.9/3=0.3.

Distance between coordinates of nodes
h,=h,/4=0.3/4=0.075 .

The number of nodal unknowns for each com-
ponent of the vector function y;, j=12,3,4:

102

N, =N, +2N, =3-3+2-(3+1) =17,

where N =N,(N, —1) is the total number of

internal nodes for all elements; N, =N, +1 is

the total number of boundary nodes for all ele-
ments. Total number of unknowns is equal to

N, =4N, =4-17=68.

For comparison, we use the traditional finite
element method, where unknown functions on
an element are represented as a cubic parabola
and in the node each unknown function is repre-
sented by two unknown nodal quantities: the
nodal value of the unknown function itself and
its first derivative in the discrete direction.

The total number of nodal points in a discrete
direction x, is equal to

N, =L /h +1=09/0.075+1=13.

The number of nodal unknowns for each com-
ponent of the vector function y;, J=1,2,3,4:

N, = 2N, = 26.

g

Total number of unknowns is equal to

International Journal for Computational Civil and Structural Engineering
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x 10° x2=12/2
1t E
— dbl4
4+ cub
1.5 7§\ /
=)
=
2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x1(i1)
a)
X10_5 x1=L1/2
-0.5¢ T T [
db14
+ cub
0%
0.5 /
S /
=
1.5
2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X2
b)

Figure 3. Comparison of results in mid sections in each direction.

Volume 15, Issue 3, 2019 103



Marina L. Mozgaleva, Pavel A.Akimov, Taymuraz B. Kaytukov

Ny =4N, =4-26=104 .

Graphical comparison of the results of analysis
is presented at Figure 3 (db14 is deflection val-
ues obtained using the Daubechies scaling func-
tion; cub is deflection values obtained, obtained
on the basis of the traditional finite element
method; h, = 0.075, h, =0.1 are steps of issu-
ing results in the directions x, and x,, respec-
tively.

As can be seen, the results obtained practically
coincide. Moreover, the finite element method
algorithm based on the Daubechies scaling
function leads to a significant decrease in the
number of unknowns. The difference is equal to
4N,
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Abstract: The paper attacks the problem of steel redundant structures reliability. In calculations the probabilistic
method of limit equilibrium is applied. All possible mechanisms of structural failure are considered. The influence
of each section on the work of the frame as a whole is taken into account. Stochastic strength and load
characteristics are used in the calculations. The proposed method of calculation allows to obtain structures with a
given reliability. The calculation provides an opportunity to take into account the existing reserves of frames. The
numerical example uses the logic of probabilistic transformations. The graphs of specific contributions of
individual sections and the most probable mechanisms of destruction are presented. The probabilistic method
takes into account the correlation between the individual mechanisms of destruction. The developed method
determines the limiting moments, but it is allowed to take into account the action of the longitudinal force. In this
example, the task was to align the impact of the frame sections without reducing the specified reliability, but it is
possible to obtain a design with the same specific contributions, which is most economically justified. Specific
contributions are increased or decreased as necessary to obtain a design with equal probability of failure. In the
design, the influence of destruction individual mechanisms is used, because the cross sections of the beam span or
floor column do not change from the design conditions. The method provides an opportunity to obtain more
optimal designs and the use of modern software systems for static calculation. Recommendations for the design of
these structures have been developed. It is proposed to use the reliability coefficient of redundant steel structures.

Keywords: cross section of destruction,, mechanism of destruction, specific contribution, significance,
probabilistic method, correlation, steel frame, reliability coefficient

OINPEJAEJIEHUE 3HAYMMOCTHU OTAEJIBHBIX JIEMEHTOB
B HAJE)KHOCTHU CTATUYECKH HEONPEJEJUMBIX PAM

C.®. lTuuyeun, B.I1. Yuuyaun, K.B. Yuuynuna

ITonTaBckuii HaMOHAIBHBIN TexHUYecKuil yHuBepcuteT uMenu FOpus Konapatioka, r. I[Tontasa, YKPANTHA

AnHotanus: [lyGmukammsa mocBsiieHa mnpobieMe W30BITOYHOM  HAJEeKHOCTH  CTAlIbHBIX  CTaTUYECKH
HEOIIPEICIMMBIX KOHCTPYKIMIA. B BBIYMCICHUSX MCHOJIB3YETCSl BEPOSITHOCTHBIM METOJI MPE/IeIbHOTO PABHOBECHSI.
PaccmatpuBaroTcsi Bce BO3MOMKHBIE MEXAaHU3MbI pa3spyLIEHUs KOHCTPYKLUH. YUHUTBIBAETCS BIMSHHUE Ka)KJOro
cedyeHHs Ha paboTy pambl B LIEJIOM. B BBIUMCICHHAX UCIIOIB3YIOTCSI CTOXAaCTHYECKUE XapaKTEPUCTUKU IIPOYHOCTH
u Harpy3ku. IIpeanoxeHHbI MeTOH BBIYMCIICHHUS MO3BOJIIET MOIY4aTh COOPYKEHMS C 3aJaHHON HAJEKHOCTBIO.
Pacuer 1aéT BO3MOKHOCTD y4ECTh CYIIECTBYIOILIME PE3EPBBI paM. B 4mcioBOM mpuMepe HCIONb3yIOTCs JIOTHKO-
BEPOSATHOCTHBIE TpeoOpa3oBanust. [IpencraBnens! rpauky yaenbHBIX BKIAJ0B KaK OTICIBbHBIX CEUCHHUH, Tak U
HanOoJee BEPOATHBIX MEXAHU3MOB pa3pylIeHHs. BeposTHOCTHBI METOJ YYHTBHIBAET KOPPEJSIIMOHHBIC CBS3H
MEXKIy OTACIbHBIMH MEXaHM3MaMU pa3pylleHus. Pa3paboTaHHBIN METO/ ONpEAeNseT NpeeIbHbIE MOMEHTHI, HO
MO’KHO YYHUTBIBATh M JICHCTBHE MPOJOJILHOW cuiibl. B aTOM mpumepe, 3aj1auei OblIIO CPaBHATH BIMSHUE CEUYCHUI
pamMbl 0e3 CHUXKEHUS 3aJaHHOM HAIeKHOCTH, HO BO3MOXKHO MOJIyYUTh KOHCTPYKIIMIO ¢ OJUHAKOBBIMHU yI€IbHBIMU
BKJIaJaMM, 4TO HaubOosiee S(QeKTHBHO. YenbHbIE BKJIAJIbl BO3PACTAIOT WM YMEHBINAIOTCS 10 Mepe
HEOOXOAUMOCTH, YTOOBI MONYYUTh KOHCTPYKIHIO C PABHOW BEPOATHOCTBIO OTKa3a. [Ipu MpOEKTUpOBaHUM,
UCTIONB3YETCs BIMSIHUE OT/ACIBHBIX MEXaHN3MOB Pa3pyIICHNUS, OTOMY YTO CEUCHUsI OAlKH MPOJIETA WM KOJIOHHEI
9Taka HE M3MCEHSIOTCS 110 YCJIOBHSIM KOHCTPYMPOBaHHA. MeTox MO3BOJSET TMOMyYUTh OoJiee ONTHMAabHBIC
KOHCTPYKIIMM TIPH  HCIIOJb30BAHMM COBPEMEHHBIX IPOTPAMMHBIX KOMILUIEKCOB CTaTHYECKOIO —pacdera.
PazpaboraHsl pekOMeHIAUMM Ul HEMOCPEACTBEHHOTO IPOCKTHPOBAHHMS JAaHHOTO THIIA KOHCTPYKIIHH.
[pennaraercst ucnosabp30BaTh KOA(OOUIMESHT HAJIEKHOCTH CTAIBHBIX CTATHYECKH HEOIPENETMMBIX KOHCTPYKIHH.
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KnaroueBsble cj1oBa: omacHoe CCUCHUEC, MECXAaHU3M pa3pylICHUs, y[[eJ'II:HLIﬁ BKJIaJ, 3HAYUMOCTb,
BepOHTHOCTHbIﬁ METOH, KOPPEJIAIIMOHHAs CBA3b, CTAJIbHAA pama, KOS(i)(l)I/IIII/IeHT HaAEKHOCTU

1. INTRODUCTION

The article is devoted to probabilistic estimation
of steel redundant structures. Some beams and
simple frames, as well as multistory and multi-
span structures of industrial and residential
buildings present this type of structures. The
failures of these systems are various. This
article attacks the problem which concern is
only steel structures with the loss of carrying
load capacity. Redundant structure failures
occur after some member failures in the form of
transmission to different workable states. These
states match different designing schemes with
various probabilistic parameters. Thus, the
redundant structure failure estimation is a very
complicated problem as depends upon the
system complexity. For redundant systems in
the design with a given reliability, an important
step is to obtain the economic characteristics of
the sections. The search for the optimum and
minimum weight redundant systems dedicated a
lot of research. These studies make it possible to
obtain optimal frames on the bearing capacity.

2. MAIN BODY

2.1. Review of the issue status.

Evaluation of the building structures reliability
is presented in a large number of works.
Calculations of steel frames reliability are
devoted to the work [1-10]. Consider some of
these works. In particular in [1] design-by-

analysis methods for steel structures are
receiving  considerable  attention  from
professional  engineers, researchers  and

standard-writing groups. Designing by analysis,
termed as the Direct Design Method (DDM), is
premised on the use of geometric nonlinear
inelastic finite element analysis to determine the
ultimate strength of steel structural frames and
subsequently incorporating a system resistance
factor to account for the effects of uncertainties
in geometric parameters, stiffness and strength.
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This paper outlines the DDM in the context of
cold-formed compact Hollow Steel Sections
(HSS), including the reliability analysis
framework at system level underpinning the
Method. The system resistance factors for a
series of representative 3D frames with hollow
locally stable cross-sections are derived. In [2]
several steel design specifications worldwide
have incorporated provisions for designing
through inelastic analysis of overall system
behaviour. However, requirements for minimum
system reliability have been implemented in
such design-by-inelastic analysis methods
through a simple adaptation of resistance factors
originally developed from member reliability
considerations. This paper [2] examines system
resistance factors through a system reliability
analysis of two steel moment frames subjected
to combined gravity and wind loads. The frames
are designed using second-order inelastic
analysis and their strength and serviceability
reliabilities are evaluated. The effects on the
system reliabilities of system resistance factor
and wind-to-gravity load ratio are examined.
The paper also identifies some research issues
that should be addressed prior to implementing
a system reliability-based design methodology.
In paper [3] a method to efficiently evaluate the
reliability of elastic-perfectly plastic structures
is proposed. The method is based on combining
dynamic shakedown theory with Subset
Simulation. In particular, focus is on describing
the shakedown behaviour of uncertain elastic-
plastic systems driven by stochastic wind loads.
The ability of the structure to shakedown is
assumed as a limit state separating plastic
collapse from a safe, if not elastic, state of the
structure. The limit state is therefore evaluated
in terms of a probabilistic load multiplier
estimated through solving a series of linear
programming problems posed in terms of the
responses of the underlying linear elastic model
and self-stress distribution. The efficiency of the
proposed procedure is guaranteed by the
simplicity of the mathematical programming
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problem, the underlying structural model solved
at each iteration, and the efficiency of Subset
Simulation. The rigor of the approach is assured
by the dynamic shakedown theory. The
applicability of the framework is illustrated on a
steel frame example. The work [4] proposes a
novel data-driven optimization strategy that can
efficiently handle system-level first excursion
performance constraints posed on large-scale
uncertain structures subject to general stochastic
wind excitation. The framework is centred on
defining and solving a limited sequence of
decoupled optimization sub-problems. In
particular, each problem is formulated in terms
of information obtained from a single
simulation carried out in the solution of the
previous sub-problem. Two examples involving
the optimal design of uncertain systems subject
to stochastic wind loads are presented to
demonstrate the effectiveness, efficiency, and
scalability of the proposed framework. The
paper [5] describes an inter-story drift
reliability-based optimization method of frames
subjected to stochastic earthquake loads. First,
the formulas for eigenvalue and eigenvector,
drift PSD functions, drift spectral moments,
drift reliabilities, their first and second
derivatives are derived based on random
vibration theory. The computational procedure
of drift reliabilities, their first and second
derivatives are given in detail. Second, optimal
problem of drift reliability-based optimization
design is formulated in a dimensionless way.
Optimal mathematic model is converted into
unconstrained mathematic model using penalty
function method. Gradient and Hessian matrix
of penalty function are derived using drift
reliabilities and structural mass, their first and
second derivatives. Third, solution step of
optimal problem is constructed using conjugate
gradient method. Finally, optimization designs
of two planar frames are demonstrated.
Sensitivity analysis of optimum design indicates
the drift reliability-based optimization method
can obtain local optimum design. The paper [6]
is focused on the development of an efficient
reliability-based design optimization algorithm

Volume 15, Issue 3, 2019

for solving problems posed on redundant linear
dynamic systems characterized by large design
variable vectors and driven by non-stationary
stochastic excitation. The interest in such
problems lies in the desire to define a new
generation of tools that can efficiently solve
practical problems, such as the design of high-
rise buildings in seismic zones, characterized by
numerous free parameters in a rigorously
probabilistic setting. To this end a novel
decoupling approach is developed based on
defining and solving a limited sequence of
deterministic optimization sub-problems. In
particular, each sub-problem is formulated from
information pertaining to a single simulation
carried out exclusively in the current design
point. This characteristic drastically limits the
number of simulations necessary to find a
solution to the original problem while making
the proposed approach practically insensitive to
the size of the design variable vector. To
demonstrate  the efficiency and strong
convergence properties of the proposed
approach, the structural system of a high-rise
building defined by over three hundred free
parameters is optimized under non-stationary
stochastic earthquake excitation. The influence
of different load sequences on the deterministic
resistance of steel structures (in the inelastic
range) is a well-understood phenomenon.
However, the impact of different load sequences
on the reliability of members and frames made
of steel has not been specifically studied in the
past. Design rules for the stability and strength
checks of such elements and structures are
found, e.g., in Eurocode 3 [7]. The published
background shows that load sequences and
amplification patterns were not systematically
included in the analysis of the reliability of the
design rules for steel structures in Eurocode 3.
In the paper [8], the impact of different load
sequences on the reliability of three design rules
or procedures (the resistance of plastic cross
sections, of beam columns and of portal frame
structures) is studied and illustrated by means of
representative examples. The results show the
significance of the load sequence at the level of
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scatter and non-exceedance probability of
resistances. The paper finally discusses the
implications of the study's findings for code-
making, as well as the potential of accounting
for the load sequence in the reliability
assessment of, e.g., existing structures. Large
amounts of energy and carbon are embodied in
the frames of buildings, making efficient
structural design a key aspect of reducing the
carbon footprint of buildings [9]. The unused
mass of steel framed building could amount to
nearly 46% of the total mass due to over-
specification of the sections, we find a value of
36%. This value correlates with the design
method, with software-aided design bringing
significant improvements and with the design
stage, where most of the optimization seems to
occur between the preliminary and tender stage.
Authors [9] find that neither the regularity of the
structure nor the cost, independent of the
measure used, correlate with the mean
utilization ratio (ur). Conversely, we observe an
apparent reluctance to design beams above a 0.8
capacity ur. This reluctance explains most of the
unused mass in buildings. The rest of unused
mass consists in cores, trimmers and ties (6%),
some of which bear loads not captured in this
analysis but are otherwise necessary for stability
reasons, and in edge secondary beams (3%)
which design is constrained, and should not
necessarily be considered as ‘unused’ mass.
Recently  developed steel  self-centering
moment-resisting frames (SC-MRFs) have been
analytically and experimentally validated as
having the potential to eliminate structural
damage under a design basis earthquake and
restore their original vertical position following
a major earthquake. Using Monte Carlo
simulation, subjected three nonlinear models of
prototype SC-MRFs to thousands of synthetic
ground motions, and recorded peak demand
responses such as story drift and beam-column
relative rotation. Used this data to examine the
sensitivity of SC-MRF behavior to structural
properties and geometry, seeking to generate
recommendations to improve the existing design
procedure. A reliability-based methodology was
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used to assess the likelihood of reaching the
limit state of post-tensioned strand yielding. The
[10] study proposes modifications to the
existing design procedure and illustrates a
reliability-based methodology for developing
improved seismic design recommendations.

2.2. General the
problem.

In the course of the study, many publications on
the reliability of redundant systems were
identified. But some do not include the issues of
linking structural reliability calculations of steel
frames with their optimization. That is, these
issues remain insufficiently developed for today.
In order to obtain economic redundant steel
frames with a given reliability, taking into
account the plastic work of the material, the
random characteristics of the material and the
load, it is necessary to calculate the importance
of each element in the system with respect to the
reliability of the frames. It is necessary to obtain
the value of the importance of the elements.
Then you can adjust the existing reserves of the
frame by changing the cross sections of the
elements while maintaining the overall level of
reliability of the structure. For existing structures,
the definition of significance makes it possible to
identify "weak links". During the reconstruction,
this allows you to rationally influence the
carrying capacity of a complex system.

The significance of the element X; in the system

approach to solving

y(x....x,) is a partial derivative of the

probability of failure-free operation of the
system R, in terms of the probability of failure-

free operation of the element R;:

é:ﬂ:Rsl_Rs:Qs_Qsl
" dR R R

1)

where R,,Q, — the probability of the system

failure-free operation ( the probability of failure
with absolute reliability of the i - th structural
element ); R,,Q, — the probability of the system

failure-free operation ( the probability of system
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R —

1

the failure-free
probability of the i-th structural element.

The criterion “significance of the element & ”

failure); operation

characterizes not only the location of this
element X, in the system structure y(xl,...xn ), but
also the dependence on the probability of all
system elements failure.

Consider such a characteristic as “the contribution
of an element X, ” to the system y(x,,...x_ ), which

is equal to the product of the failure-free operation
probability R, on its significance:

_R.e-pr.9R_o_ @)
BI RI §I RI dRI Qs Qsl'

The criterion of contribution B, characterizes the

increment of the system reliability after the
element restoration X, with the actual probability

of its failure-free operation, equal R,. The

contribution determines the location of the
element in the system structure, the conditions of
its functioning and the relationship with the
probability of the system elements failure. The
specific contribution of the i-th element to the
reliability of the system can be expressed as:

bi = L, (3)
2B
i=1
When calculating the failure probability of
redundant systems, calculations are carried out
in the region of low probability, and it is safe to
assume that the failure probability of the system
linearly depends on the failure probability of the
element R,. Then the increase in the reliability

of the system can be determined:

R OAR =% R (g

* dR R

AR

Using the formula (4), it is possible to influence
the system. You can change the cross sections of
elements by iteration according to significance

Volume 15, Issue 3, 2019

This makes it possible to save material without
reducing the overall level of reliability.

Consider the importance of elements that affect
the system reliability. It is necessary to divide
the structure into groups of sections. That is,
you need to change the sections of the elements.
So get a design with a smooth reliability of the
elements. In particular, considering the work of
the crossbar, the characteristics of the
destruction beam mechanism are taken into
account. This mechanism is based on one
element. The cross section of this element is
often constant along the entire length.
Therefore, the change in the cross section
should be done for the entire crossbar
completely. Consider the surface mechanism of
destruction, that is, several elements (columns).
It can be assumed that the step of changing the
cross sections of these elements is the same for
the main mechanism as a whole.

2.3. Practical calculation.

Consider a practical example of frame
calculation (Figure 1). We analyse the impact of
the significance of individual elementary
mechanisms (Table 1) on the system failure
probability as a whole. The coefficient u

stiffness ratio was also calculated.

Calculations are performed by the probabilistic
method of limiting equilibrium [11]. The
significance of the elements is estimated only
for the main floor and beam mechanisms of
destruction. In the system of equations it will be
mechanisms for No 7-12 (Table 1) number them
respectively No 1-6 (Table 2).

According to the above formulas, we determine
the significance, contribution and specific
contribution of the frame destruction
mechanisms (Table 2).

Figure 2 shows a significant difference in the
specific contributions of the frame destruction
mechanisms. Beam mechanisms are
distinguished from them. Try to align the
contributions of the elementary mechanisms in
the reliability of the frame as a whole. To do this,
change the ratio of stiffness in the structural
elements. We will take into account the specific
contribution to the reliability of the system.
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Figure 1. Scheme of the frame.

Table 1. The matrix of equilibrium conditions for elementary mechanisms.

No sections
No o
equati 5% 5
on 123456789101112131415161718192021222324'i:o_)g
5 O
I—'aq-’
1 1 0000O0O0O0O0OOTGOUOTZ1O0UO0OGOOOOOTOOTU OO0 O
2 001100000O0UO0OUO0OO0OO0OTZ1O0O0O0UO0OO0OTUO0OO0TO O O
3 0000O0OT1O00ODO0O0OO0OO0OO0OO0OO0OO0OT11O0UO0OO0OTGO0OO0OTO O O
4 000O0O0OO0OTI1I00O0OO0OGOOT11IO0UO0OOOTZ1O0UO0OT 0O O
5 000O0O0OO0OO0OO0OD17110O0O0O0GO0TZ1O0O0UO0OUO0OTUO0O0UO O O
6 000O0OOOOOOUOTZ11O0O0OOO®OT11O0UO0OTGOOTU OO O
7 000O0O0OOOOOOU OGO -1-1-1-1-1-10000 0 0 5
8 000O0O0OOOOOOOOOOOOOTGO-1-1-1-1-1 -1 15
9 -121000O000O0UO0UO0GO0O0O0O0O0UO0UO0OO0OTGO0OTUO0O0 O 10
100 000-1210000UO0O0O0O0O0O0OO0OUO0OUO0OUO0OTUO0GO0 0 O 115
11 0000O0O -12100O0O0O0O0WO0WO0UO0UO0UO0TUO0TUO0 0 O 20
12 -1 21 000O0O0O0UO0UO0TUO0UO0 0 0 225
4 1111112222 2211111111111 1

The rigidity of the frame will change according
to Table 3.

When analyzing the specific contributions, we
note that for the floor mechanisms 1 and 2 the
specific contribution is less than in the beam 3-
6. The reserve is 15-20 % by the moment. It
remains as a reserve for the effect of
longitudinal force in determining the bearing
capacity of compressed curved rods. The
application of this calculating method the
significance of the elements and contributions
of each elementary mechanism to the reliability
of the system as a whole will have a significant
economic effect. That is, it is possible to obtain
more economical designs of redundant steel
frames. Let's show it on an example and
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estimate economy on values of the bending
moment (Table 5).

Let us analyze the results of table 5. It should be
noted that the savings on the values of the
limiting moment reaches 10-55 %. This can be
taken into account when solving new design
problems. In addition, when reconstructing
existing buildings, it is often necessary to
determine whether the frame structure will
withstand a given load. In this situation, it may
be necessary to strengthen the structure. If we
strengthen the most important element (for the
frame bolt 4, 5, 6), you can get smoothly
reliable design with significantly greater load-
bearing capacity and a given reliability.
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Figure 2. Unit contribution scheme for the main mechanisms.

Table 3. The ratio of the stiffness of the elements.

Mechanism Initial Final
1 1 0,5
2 1 1
3 1 0,87
4 1 1
5 2 1,59
6 2 1,78

Table 4. The calculating results of the individual basic significance
mechanisms of destruction.

The probability

of the elementary ~ Significance  Contribution The specific
No. mechanism & B, contribution b,
failure
1 4.393E-42 0.358951E-8 00.358951E-8 0.0761850
2 2.157E-20 0.331310E-8  0.331310E-8  0.0703184
3 8.953E-12 0.856663E-8 0.856663E-8  0.181821
4  6.763E-12 0.149853E-7 0.149853E-7  0.318053
5 6.446E-10 0.822502E-8  0.822502E-8  0.174571
6 8.1577E-10 0.843618E-8 0.843618E-8  0.179052
Table 5. The values of the limiting moments at the beginning of the calculation and after the
alignment.
Mechanism Initial value Value after alignment Percentage savings
1 8.89 3.99 55.1
2 8.89 7.98 10.2
3 8.89 6.94 21.9
4 8.89 7.98 10.2
5 17.78 12.69 28.6
6 17.78 14.2 20.1
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Figure 3. A diagram of specific payments is for basic mechanisms
after the change of inflexibilities of elements.
Table 6. The significance and contributions of the frame sections.

No 1 23 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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In order to achieve this goal, the contributions
of the elementary mechanisms to the reliability
of the system as a whole are equalized in the
calculations. To do this, change the ratio of
stiffness in the structural elements, respectively,
the specific contribution of each mechanism to
the reliability of the system. Close to the
optimum ratio of rigidity is very important for
the normal static calculations of frames.

Perform the analysis of the calculation results of
the contribution and value of individual cross-
sections in the frame reliability. These values
are calculated by the probabilistic method of
limiting equilibrium [11]. The calculation
results are given in Table 6, the specific

1lle

contribution dependence diagram for each
section is shown in Figure 4.

The diagram shows that the individual sections
(1-24) contribute differently to the reliability of
the system as a whole. Won give a different
contribution even within the same basic
mechanism. Deviations of specific contributions
of sections within the main mechanisms are
insignificant (the numbers of the main
mechanisms are shown in the diagram in the
bottom line). Therefore, it is sufficient to
reliably generalize the finding of contributions
for the main mechanisms, which include the
elements as a whole, or a group of unified
elements.
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Figure 4. Diagram of the specific contribution for each section of the frame.

As you can see in the diagram (Figure 4), for the
most likely mechanism “4” the specific
contribution and significance of all sections are
the same and equal respectively 0.196 and 0.521
E-7. Therefore, it is advisable to determine the
significance and contribution for this beam
mechanism as a single element.

The diagram shows that the individual sections
(1-24) contribute differently to the reliability of
the system. They give different contributions
even within the same basic mechanism.
Deviations of specific contributions of sections
within the main mechanisms are insignificant
(the numbers of the main mechanisms are
shown in the bottom line). Therefore, quite
accurate to summarize the finding of the
contributions for the basic mechanisms. They
include either whole elements or groups of
unified elements. For the most probable
mechanism “4” the specific contribution and
significance of all sections are the same and
equal respectively 0.196 and 0.521 E-7 (Figure
4). Therefore, it is advisable to determine the
significance and contribution for this beam
mechanism as a single element.

In fact, the most likely mechanisms of
destruction may include only part of the

Volume 15, Issue 3, 2019

dangerous sections relative to the main
mechanism. These sections are more important
for the reliability of the system as a whole than
the sections that are not included in these
mechanisms. The significance of individual
sections can be taken into account in the state
method. Thus, the work of the section is
considered separately, and not in the work of the
mechanisms as a whole.

According to the calculation of the probabilistic
method of the limit equilibrium at the initial
limiting moment is

M, = 10.71kNm.
After the calculation we find a new value of the

limiting moment (M, 7.978kNm). The
probability of failure (for this example) is

Qs=0.305028E-07.
The safety factor is

¥, =10.71/7.978 =1.342 .
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3. CONCLUSION

A method for regulating the reliability of
redundant frames with a given standard
probability of failure-free operation is proposed.
This method is obtained by changing the value
of the limiting moment and the alignment of the
reliability parameters of individual elements.
The ratio of the initial and the resulting limiting
moment of the frames is recommended to call
the coefficient of circuit reliability of steel
statically uncertain frames. Its minimum value
is 1.1. In the calculation of the contributions of
individual elements, it is possible to obtain
significantly higher values in the range of 1.1 to
1.4. This provides a significant saving of
materials.
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THE ELASTOPLASTIC CALCULATION OF FRAMES
USING THE DISPLACEMENT METHOD
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Abstract: We proposed a method for calculating statical indeterminacy frames taking into account plastic defor-
mations, which is based on the use of a schematized diagram of material with hardening. Two types of standard
beams with supports are used during the implementation of the displacement method (DM) and the elastic solu-
tion of the problem: “fixed” - “pinned” and “fixed” — “fixed”, but unlike the elastic solution, standard beams con-
tain plastic zones (PZs). So as the stresses in these zones did not exceed the limit of yielding in the nonlinear
frame calculation, we took measures to transform the PZs into equal strength plastic zones (ESPZ). The calcula-
tions were made for both types of beams for all single and load impacts. The frame calculation consists of two
stages (elastic and plastic). At the elastic stage, we determine an elastic moment diagram and the corresponding
load. For a practical use of the DM in a nonlinear frame calculation, we introduced a simplifying prerequisite sup-
plementing the well-known hypotheses of the classical version of the method, and formulated a Statement of the
limiting load. According to the Statement, each length of the PZ can correspond to the lower boundary of the lim-
iting load. The plastic stage of the calculation is performed at a given length of the PZ using the method of se-
quential loadings. At each loading stage, incremental equations are written using the DM equations, which estab-
lish relations between incremental moments and the incremental load, that allows you to get the resulting moment
diagram. This diagram represents a sum of the elastic diagram and the diagrams of incremental moments at all
previous loading stages. According to the resulting diagram, we calculate the length of the PZ, together with the
limiting load. The calculation is considered complete if the length of the PZ does not exceed the specified value
within the margin of error.

Keywords: displacement method, limit of yielding, stress, plastic zone, bending moment, stiffness

YIPYTOIJIACTUYECKHUM PACHET PAM
METOAOM NHEPEMEUHIEHUH

A.H. Ilomanoe

HOxHO-Ypansckuii rocy1apCTBEHHbBIN YHUBEPCUTET (HAIIMOHATIBHBIN HCCIIEA0BATEILCKIM YHUBEPCUTET),
r. Yensiounck, POCCUSA

Annoranus: [IpenioxkeH METO] pacdera CTATHICCKH HEONPEACTIMEIX paM € YYETOM IUTACTHUSCKUX Jedopma-
[IU#, OCHOBAaHHBI Ha HCIIOJB30BAaHUU CXEMATH3HPOBAHHOW IHarpaMMbl MaTepHana ¢ yrnpoyneHuem. [Ipu pea-
nmm3anm Metoja nepemeniennit (MII), kak u mpu ympyrom pemieHWH 3aJadu, MUCIOJIB3YIOTCS JBa THIIA CTaH-
JAPTHBIX OAJIOK C 3aKPEIICHUAMU: «3aJIeJIKa» — IIAPHHUP» U «3aIeNIKa» — «3aJIeJIKay, HO B OTJIMYHE OT YIPYTro-
TO peIICHUsI CTaHIapTHBIC 0alku conmepxkat ractudeckue 30HbI (I13). s Toro, 4ToObl B HENMHEWHOM pacyeTe
paMbl HaNIPSHKCHUS B 3TUX 30HAX HE MPEBBIIIAIH MPEIeN TeKy4eCcTH, IPOBEACHB MEPOIPHATHS M0 Ipeodpa3oBa-
auto [13 B muractudeckue 30061 paBHOro conpotuBieHus ([13PC). [lns o6oux TUNoB 0aj0K BBITOJHEHBI pacyeThl
Ha BCE CIUHUYHBIC U TPY30BBIC BO3JACHCTBUA. PacueT pamMbl COCTOHUT M3 ABYX 3TAMNOB (YIPYroro M IIACTHYECKO-
ro). Ha ynpyrom stane onpenessiroTest mpeaenbHO-yIpyrast S[0pa MOMEHTOB U COOTBETCTBYIOIIAsA €if Harpy3Ka.
Jns mpakTrudeckoro ucrosb3oBanust MII B HenMHeltHOM pacyeTe paMbl BBEJIEHa YIPOIIAIOIIas MPeochuika, 10-
TIOJTHSIOMIAS M3BECTHBIE THUTIOTE3bI KIACCHYECKOTO BapHaHTa MeTona, M c(hOPMYIMPOBAHO YTBEP)KICHHE O TIpe-
JienbHOI Harpy3ske. CoriaacHoO yTBEp:KIECHUIO, Kax ol anuHe I13 MOKHO NOCTaBUTH B COOTBETCTBUE HIKHIOKO Ipa-
HUILly TpejienbHol Harpysku. IlnacTuueckuil stan pacdera BbINOJMHSAETCA NpH 3afaHHON nnuue 13 mo meroxy
[OCJIE10BATENbHbIX HarpyxeHuil. Ha ka0l cTyneHnu HarpyeHus ¢ nomousto ypasaenuil MII 3anucsiBarores
MHKPEMEHTAJIbHbIE YPAaBHEHHsI, YCTAaHABINBAIOIINE CBSA3U MEXY MPUPALCHUEM H3THOar0IUX MOMEHTOB U MPH-
palieHleM Harpy3KH, YTO MO3BOJISET HOCTPOUTH PE3yIbTUPYIONIYIO SIMI0PY MOMEHTOB. JTa 3II0pa MPeACTaBsIeT
co00ii CyMMy MpPENebHO YIPYrOi SMIOPhI U S0P MPUPAIICHANA MOMEHTOB Ha BCEX MPEABIIYIINX CTYICHSIX
HarpyxeHus. [lo pesymbTupyromeii smrope Bbrmcisercs mmHa [13 W cooTBeTcTByOmas el mpenenpHas
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Harpyska. Pacuer cumraercs 3aKOHYCHHBIM, €CJIM AJIMHA 113 me MPEBLIMIACT 3a/IaHHYIO BCJIMYWHY B Mpeaciax

MOTpeIIHOCTH.

KiroueBble ¢cjioBa: METOJI MEpEeMEISHHUH, TTpeie TeKYUeCTH, HalpsDKEHUE, IIacTHIecKas 30Ha,
M3rU0ArOIINi MOMEHT, JKECTKOCTD

INTRODUCTION

Elastic-plastic deformations are generally ac-
counted within the framework of the limiting
equilibrium theory (LET), which is based on the
representation of an ideal elastic-plastic behav-
ior of the material described by Prandtl diagram.
The theory was developed by Soviet scientist
Gvozdev A.A., who in 1938 formulated three
basic limiting equilibrium theorems (static,
kinematic and duality theorems) [1]. The crea-
tion of this theory allowed to developed effec-
tive methods for calculating and designing
many structures, especially reinforced concrete
(RC) structures. The provisions of the LET are
included in the main regulatory documents [2,
3] on the calculation and design of modern
structures.

In scientific literature, the concept of PZs is
used mainly in seismic construction. For the
first time, this concept was introduced by
Paulay T. and Bull I.N. [5] in the calculation of
RC earthquake-resistant frames. Experts are
long familiar with the fact that plastic defor-
mations have the ability to absorb seismic ener-
gy, transforming it into thermal energy and then
dissipating it into the environment. The ability
of loaded structural elements to absorb and
dissipate energy generally ensures a decrease in
the seismic impact on the frame. Thus, the
structure, apart from its main designation, also
works as an energy absorber. However, the
operation of the structure beyond the limit of
elasticity often leads to material degradation and
destruction in these zones [6].

These developments aroused considerable inter-
est among experts; they were consolidated in
regulatory documents (codes) of the United
States and other countries [7-9]. Studies related
to determining the length of the PZ, its location
in the structure, the number of PZs, etc. In most
cases, we are talking about the features of the
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design of the PZs in RC [10-14] and metal [15—
18] structures under cyclic loads associated with
seismic action.

In [10], a numerical analysis of the behavior of
plastic hinges using the DIANA computing
software, a calibrated FEM model was studied.
On the extent of the rebar yielding zone, con-
crete crush zone and the real plastic hinge
length a series of studies was conducted.

In [11-15] discuss issues of studying the plastic
hinge length of RC columns. Moreover, in [11]
for 4- and 7-story flat RC frames, studies were
carried out in the SAP2000 8 program with the
default (based on ATC-40 document [7]) hinges
properties at both ends of beams and columns.
In [12], based on the use of 3D FEM, it was
shown that the PZ length for cyclically loaded
columns is longer than for monotonic loading.
An empirical model of the equivalent PZ length
is proposed, which takes into account the effect
of changes in this length on changes in the
number of load cycles. In [13], the same ideas
were applied to a fiber reinforced polymer. In
[14], under the cyclic action of lateral force, the
problem of assigning the PZ length in a RC
column was studied and the role of the main
reinforcement during its deformation beyond the
limit of yielding into the hardening range was
noted.

The design features of PZs in metal structures
were considered in [15, 16], where a two-node
super-element was developed for taking into
account plastic deformations in steel frame
structures in the analysis of static, cyclic [15]
and impact [16] loads. In this case, in the super-
element uses a model with two generalized
(concentrated) plastic hinges located at the ends
of the elastic beam element. When analyzing
steel frames fabricated according to the «strong
columns — weak beams» design concept [17],
the authors proposed a composite beam-to-
column connection, including a friction damper.
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In [18], experimental and analytical studies of
seismic characteristics of the device proposed in
[17] were continued, where its resistance to
damage was noted when the length of the PZ at
the ends of the beam was Ip =12 cm.

In Russia and in the post-Soviet space, this
problem is also reflected in [19-21]. It should
be noted that both abroad and in Russian prac-
tice, the concept of PZs is considered as an
equal strength zone [20], since its based on
LET. Therefore, the stresses inside these zones
should not exceed the limit of yielding o

Figure 1. Diagram of the linearly hardening
material deformation.

This article proposes a new approach to the
calculation of statical indeterminacy frames
using the DM, based on a physically nonlinear
material deformation according to a hardening
diagram (Figure 1). According to this diagram,
when a limiting state appears in any section of
the structure, a further load increase will lead to
an increase in internal forces and stresses ex-
ceeding the limit yielding oy (Figure 2, a). As a
result, a PZ of some length I, will appear in the
vicinity of the considered section, the stresses
on the right boundary of which correspond to
the limiting plastic stress (section 1, Figure 2,
b). This boundary is determined by the level of
the plastic moment Mg = Wooy;, where Wy is the
plastic section modulus [4]. Normal stresses
Gmax > Oyl are inside this zone and in section 2
(Figure 2, c).

In order to ensure that the stresses in the PZ
section do not exceed the yield strength and
correspond to the plastic zone of equal strength
(ESPZ), it is necessary to increase the stiffness
of the element, requiring that the law of change
in the stiffness of the element in this section be
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consistent with the law of change in bending
moment.

BASIC IDEA OF THE METHOD

The solution of the problem of tranforming the
area with nonlinear deformations into an equal
strength plastic zone (ESPZ) should be integrat-
ed into the calculation algorithm of the method
and performed in parallel with the nonlinear
process of determining the limiting load for a
given length of the PZ.

a b c
Gyt Gmax
M
B e 0 F
. \ Gy[
Oy
Y
2 1
lp G
» Gmax> Oyt

Figure 2. Yielding state in the beam:
a — PZ with the length of I;
b — stress in section 1;
C — stress in section 2.

In case of a nonlinear calculation of statical
indeterminacy frames by the DM, as well as in
the classical version of this method, standard
elements are used — beams with two types of
supports: “fixed” — “pinned” and “fixed” —
“fixed”, which should be designed for different
types of unit and load impacts. However, in
these calculations, a number of additional pa-
rameters should be taken into account related to
the presence ESPZ. This is the relative length of
the zone, its location in the span of the beam,
the modulus of hardening of the material, the
law of variation of the area moment of inertia
within the length of the zone. Then, in addition
to the known coefficients, the calculated charac-
teristics will include additional dimensionless
functions fj(a),where o = I/, I — beam length,
characterizing the nonlinear operation of the
standard element.

To simplify the nonlinear calculation, we intro-
duce a new prerequisite for the modulus of elas-
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ticity of the elastoplastic section located between
the elastic and plastic stress diagrams, hereinafter
referred to as the intermediate section (IS). This
prerequisite supplements the known hypotheses
of the classical DM version, allowing us to con-
trol the deformed state of the frame model at the
IS.

Prerequisite. For all the fibers of the intermedi-
ate section of the frame design model, the modu-
lus of elasticity is assumed to be kE, where the
coefficient & is within k € [1, k].

Specifying the values of £ within k€[1, k], we
can obtain estimates for various levels of the
stress-strain state and limiting loads. At k& = 1, the
IS is in a purely elastic state, which corresponds
to the lower boundary of the limiting load. The
deformed state at k < 1 can be considered as a
consequence of an increase in the potential
energy of the system spent on the development
of plastic deformations in the IS and, as a result,
leads to an increase in the ultimate load com-
pared to its level in the elastic state of the IS.
Statement: For a given length of the PZ, the
limiting load of the design model will be lower
than the actual value of the limiting load, provid-
ed that the prerequisite condition is satisfied at &
=1

Since at k = 1 the stiffness of the rod in the IS is
higher than the real stiffness of this section, the
potential energy will be spent only on the crea-
tion of elastic deformations. They will be lower
than the costs for the deformation of the elasto-
plastic section at k < 1. Therefore, these levels
will determine the lower limits of ultimate loads.
The Statement is realized for the value of the
plastic moment

Mo = Wooy,

where Wy is the plastic section modulus. The frame
calculation consists of two independent stages
(elastic and plastic). The elastic stage of the calcu-
lation includes determining of a bending moment
diagram M and finding of a critical section with
the maximum moment Mpax and the ratio

m= MO/ Mmax. (1)
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By coefficient (1) is the ultimate elastic diagram
of moments and ultimate load

Me = mM, Fo=mF. (2

It should be noted that the diagram M is condi-
tionally elastic, since, alongside with the elastic
values of the moments, it contains the maximum
moment equal to M.

The plastic stage of the calculation is performed
at a given length |, using the method of sequen-
tial loadings. For each loading stage dF, we use
incremental ratios connecting the diagrams of
incremental moments and incremental loads.
When determining the diagram of increments of
moments, the basic system of the DM is used.
For the first loading stage, the initial length 1y,
can be taken based on the linear nature of the
distribution of forces, for example, for the dia-
gram M. multiplied by the coefficient

n=1+dFy/Fo.

Based on the calculated correction (nonlinear)
functions fj(a1) we form the coefficients (reac-
tive forces) of the system of canonical equations
and the right sides of the equations from incre-
mental loads dF,. After solving the system and
obtaining the diagram of increments of mo-
ments dMpl, the resulting diagram is deter-
mined:

from which we calculate the length I, for the
next iteration step by the maximum value of the
moment ( > Mp). We simultaneously determine
the current limiting load:

Fpp=Fo+ dFo.

The obtained length is used to determine non-
linear functions fj(az) for the second loading
stage. In each i-th iteration, the following are
calculated: the incremental moment diagram
dMy;, the resulting diagram My, the limiting
load:
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Mp| = Mp’i_l + de|, Fp| = Fp’i_]_ + dFO (3)

and the PZ length I,;. The loading process con-
tinues until the obtained value does not reach the
specified length I, according to the inequality:

(Ip — lpi+1) < eps. 4)

EQUAL STRENGTH PLASTIC ZONES

As it follows from the review, during frame
deformations caused by the seismic action, PZs
can occur in the end parts of both horizontal
(beams) or vertical (columns) frame elements.
The procedure of design an ESPZ for horizontal
frame elements is shown below (Figure 3).

gain zone

o=,/ utv=1

—y—

Column
Beam

- ——AM,
;'ul L vi-1, Moment dia-
v [ gram -
Figure 3. PZ in a beam of a seismic-resistant
frame.

So that plastic deformations do not penetrate
into the nodes of structural elements, according
to the regulatory documents, the PZs are de-
signed at a certain distance from the column. In
this area (gain zone), the load-bearing capacity
of the beam is ensured by increased rigidity.
This is a mandatory requirement for both steel
and RC structures [20, 21].

Taking into account the shape of the moment
diagram (Figure 3), we accept the linear law of
variation of the area moment of inertia

_ X
L= ey ()

which ensures, within the limits of length I, an
equal carrying capacity with stresses oy;.
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For a standard beam supported according to the
“fixed — pinned” scheme, shows all power
characteristics from unit angle of rotation ¢ = 1
are given (Figure 4). The correction nonlinear
function f; has the form:

My M,
M, (M)
_3EI 1 —_o =3SEI 1
MA - l ‘f'l QB QA l2 fl

Figure 4. Beam with ESPZ (“'fixed” —
“pinned”) at a unit angle of rotation.

fi=(1=v )/ E+30ibl v—0i/2) |k, +
+[b = (bi— bo)’Ik] + (bi— bo)’,  (6)

where

bi=(—ai), by=w1~-Ml M), (7)
aizlpill,k():Eo/E,

€ is the stiffness coefficient of the support (gain)
zone; by s the IS length.

The dimensionless function (6) contains four
terms, each of which takes into account the con-
tribution made to the overall ductility by the
corresponding bar section, including the gain zone
(1st term), the PZ (2nd term), and the IS (3 term).
In the IS length formula (7), the elastic moment
M, 1s determined on the right IS boundary.

The second term in (6) was obtained for a sec-
tion of the length I, taking into account the
variable stiffness (5):

vl vl

2
8 = J- X dx=
Vi=lpi EOIX

XI(V—a;)dx _
Vl—lpi EOI

3

|
=357 30 (v = ai)(v—au/2)/ ko
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The proposed approach is illustrated by an
example of a static calculation of a two-story
frame on the action of horizontal forces simulat-
ing the seismic impact.

EXAMPLE

The design scheme of a two-story steel frame is
shown in Figure 5, a (F =40 kN, F, =-0,3F, F,
=F,1=300 cm, h; = 1,9/, h, = 1.6]). The frame
material is C345 steel. The crossbar of the lower
story is made of a wended I-beam Ne 27 (shelf —
sheet 0,65x7,0 cm; wall — sheet 0,5x25,7 cm: I,
= 22872 cm®; W, = 169,4 cm’); the crossbar of
the top floor and the vertical elements are made
of twin channels Ne 20 (GOST 8240-72).

The strength characteristics are limits of yield-
ing and strength, respectively: ce = 345 MPa,
o = 490 MPa. The modulus of elasticity is £ =
2,1-10° MPa, the modulus of hardening is E, =
647,33 MPa. The elastic moment and the plastic
moment are, respectively: Mg = Woy = 58,45
kN-m, Mg = Wyoy = 70,14 kN-m, where Wy =
1,2W,; flexural stiffnesses of the bars — EI =
4803,08 kN-m?, E,/ = 15,92 kN-m?; the coeffi-
cient ko = 0,0033.

The preliminary calculation shows that the
maximum bending moments occur in the end
parts of the crossbar of the 1st floor. The PZ is
designed at u = 0,05 and £ = 1,5 (Figure 5, a).
The purpose of the example is to show how the
lower (at k = 1) boundaries of the limiting loads
Fp are determined for the given ESPZ lengths |,
using the DM. We consider the PZ lengths from
2 cm to 14 cm, which are multiple to the pitch
of 2 cm.

Due to the frame symmetry, the main DM sys-
tem has four unknowns Zy (Figure 5, b). The
numbering of additional bonds is shown by the
numbers in small squares. The relative length o;
of the ESPZ is formed in a nonlinear process at
each i-th loading stage.

The pattern of solving the problem according to
Statement at k = 1 is shown below. From the
preliminary frame calculation (at 7 = 40 kN),
we obtain the highest stresses in section 6 (Fig.
5a) with a bending moment Mg = 63,43 kN
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According to the elastic calculation results (at
(1) m = 1,106), we will obtain a moment dia-
gram (2)M. containing the moment My in sec-
tion 6 and the limiting load Fo= 44,229 kN (at I,
= 0). The diagram M, is shown on the right half
of the frame (Fig. 6, blue, the values are given
in brackets).

a " 1,3ET F,
4F |
i

T 1,3EI
kz :! 7

I

filss “ELEL | R
i I

Zl

B Z
kit o
z +"3]

Figure 5. Design scheme of a two-story frame
with PZs in the first-story crossbar (a);
b — main system of the DM.

In the nonlinear calculation, the system of in-

cremental canonical equations at the i-th loading
stage has the form:
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KdZ+Rir=0 &

h, hp Ny Nl ]dZ Rugr

r‘21 r22 r23 r24 d22 RZdF _ 0
Ndza [T Ry |~

r3l r32 r33 r-34 3 3dF

o T Ty Ty 02, Ragr

where: r; = (6,121 + 3%)%, rp = 1,661%,
rs= 0,906%', g = —3,115'|5—2', o = 7,31%,
F23 = —T14, V24 = 14, 33 = 6,219%,

r3q = —3,894%, Fag = T34,

Ridr = Ragr = 0, Ragr = —0,15dF, Ragr = 0,5dF.

A diagram of incremental bending moments for
the Ist loading stage

dF =0,0016 Fo=0,0708 kN
is shown on the left half of the frame (Figure 6).

F

10,25
N -
6,014(6,004)

l,1 = 0,405 cm l /.1 = 0,405 cm

| \\
: 2,776(2,772)
0.3F

4618 (4,611)

7,39(7,38)

6,06 (6,05)

Figure 6. Bending moment diagrams
at the 1st loading step at Ip1 = 0.405 cm:
to the left — incremental dM,,,;
to the right — resulting A, (elastic A7,).
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At the initial stage:
Ipr = VI(1 — Mo/Mg) = 0,145 cm,
where
Ms = 1,0005M,

we form the correction function (6) f; = 1,399.
After solving the system of the canonical equa-
tions of the DM, we obtain the diagram of incre-
mental moments dM,,; (shown on the left half of
the frame, Figure 6) and the resulting diagram

My, = M, + dM,,

(shown on the right half of the frame, Figure 6).
According to the results of the Ist iteration, the
ESPZ length was Iy, = 0,405 cm, the load was

For = Fo + dF = 44,3 kN,

At the next loading steps for a given length |, =
2 cm, the following results were obtained: I =
2,002 cm, Fpi = 44,79 kN. The final nonlinear
moment diagram M, is shown on the left half of
the frame (Figure 7).

The bending moment at the left end of the ESPZ
(section 6) was

Mg = 70,64 KNm > Mg = 70,14 kNm.
The stresses were:

o1 =-202,3 MPa, 4 =200,6 MPa;
o5 = 243,8 MPa < oy = 345 MPa.

The moment diagram M, for the length |y = 14
cm obtained at the limiting load F, = 59,8
(65,18) kN is shown on the right half of the
frame (Figure 7). The results in brackets were
obtained at the IS stiffness corresponding to the
coefficient £ = 0,5. The stresses were:

1= 306,5 (344,7) MPa,
4 =303,7 (342,4) MPa,
o5 = 305,5 (305,5) MPa.
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6’1 \ ) F

9.23(10,41)

0,
5,13(5.,25)

7.76(7.76)
7,38(7,38)

Figure 7. Bending moment diagrams A, at the
ESPZ length: Ip = 2 cm (to the left);
Ip = 14 cm (to the right; in brackets
the results are at k = 0,5).

Figure 8 gives a general picture of the change in
the lower boundary of the limiting loads de-
pending on the ESPZ lengths obtained for the
perfect elastic state of the IS (at k = 1).

60y

56
52

¢
48

e 2 s 6 s 10 12 14
Figure 8. Limiting loads for the corresponding
ESPZ: lower boundary (k = 1);
limiting load boundary at the intermediate
section stiffness coefficient k = 0,5.

Volume 15, Issue 3, 2019

When the IS stiffness decreases (at k = 0,5), the
boundary of the limiting loads increases. The
failure load Py, = 74,07 kN calculated by the
limiting equilibrium method is presented as a
black horizontal straight line.

Thus, when designing an ESPZ of a given
length, we proposed an approach to the nonline-
ar calculation of statical indeterminacy frames
based on the DM, using a one-sided assessment
in the analysis of the stress-strain state of the
design models. In addition to the limiting equi-
librium method, this approach can be used in the
design of structural systems in regions of an
increased seismic activity.

CONCLUSIONS

1. An algorithm is proposed for the elastoplastic
calculation of statical indeterminacy frames
using the DM based on Statement 1, which
allows us to determine the lower boundary of
the limiting load for a given ESPZ length;

2. The calculations according to the proposed
methodology allow us to estimate more ef-
fectively the limiting loads for the specified
zones of yielding and, thereby, to create more
cost-effective and reliable structures;

3. The calculation method when creating a PZ
of equal resistance can be recommended
when designing earthquake-resistant frames;

4. The proposed methodology can be used in
the educational process when studying the
discipline “Nonlinear Problems of Structural
Mechanics”.
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IN A VISCOELASTIC MEDIUM UNDER THE CONDITIONS
OF THE DIFFERENT COMBINATIONAL INTERNAL
RESONANCES
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Abstract: In the present paper, the force driven dynamic response of a nonlinear plate embedded in a
viscoelastic medium, damping features of which are described by the Kelvin-Voigt fractional derivative model,
is studied. The motion of the plate is described by three coupled nonlinear differential equations with due
account for the fact that the plate is being under the conditions of the internal combinational resonance
accompanied by the external resonance, resulting in the interaction of three modes corresponding to the mutually
orthogonal displacements. A comparative analysis of numerical calculations for the cases of free and forced
vibrations has been carried out.

Keywords: Nonlinear vibrations of thin plates, interaction of internal and external resonances, fractional
derivative viscoelastic surrounding medium, combinational internal resonance

YUCJEHHBINU AHAJIN3 BBIHY ) KJIEHHBIX HEJIMHEHHBIX
KOJIEBAHUM NIJIACTUHOK B BA3KOYIIPYI'ON CPEJIE
IHPU HAJIMYUHU KOMBUHALIMOHHOI'O PE3OHAHCA

M.B. Illumukoea, B.B. Kanoy

Boponexckuii rocyJapCTBEeHHbIN TeXHUYECKUH YHUBEpCcHUTET, I'. Boponexx, POCCUS

Annotauus:. MccienoBaHbl HENMHEWHBIE BBIHYXKJICHHbIE KoJeOaHWs TOHKHMX TIUIACTHHOK B BS3KOYIPYIoW cpeje,
JeMI(pUpyIOIIMe CBOWCTBa KOTOPOIl 3amatorcst ¢ momomibio mMopenn KenbBuna-dolirra ¢ ApoOHON MPOM3BOJHOM.
KonebaHus mIacTHHKM B BS3KOYNPYTroil cpele ONUCHIBAIOTCS B JEKApTOBCKOH CHCTEME KOOPIMHAT TpeMs
muddepeHInaNbHBIME - YPaBHEHUSIMH, C y4YETOM TOTO, YTO IUIACTMHKA HAXOJWTCS B YCIOBUSIX BHYTPEHHETO
KOMOMHAIIMOHHOTO PE30HAaHCa, CONPOBOXKIAEMOr0 BHEIIHMM pE30HAHCOM. [IpuBeseH CpaBHUTENBHBIA aHAIN3
YHCIICHHBIX MCCIICIOBAaHMH CBOOOJHBIX M BBIHY)KICHHBIX KOJCOAHWH TPH HAIMYUM Pa3IUYHBIX KOMOWHAIMOHHBIX
BHYTPEHHUX PE30HAHCOB ISl Pa3IMYHbIX T€OMETPUUECKHUX TapaMeTPOB IUIACTHHKH.

KaioueBble ci10Ba: HeMHEHbIC KOJIEOaHUs IUIACTUHOK, COUETaHHE BHYTPEHHETO U BHEIIHETO PE30HAHCOB,
JpOOHAs MPOU3BOIHAS, KOMOMHAIIMOHHBIN PEe30HAHC

1. INTRODUCTION

Recently the interest to nonlinear dynamic
response of viscoelastic plates or elastic plates
vibrating in a viscoelastic surrounding medium
has been greatly renewed due to the appearance
of advanced materials exhibiting nonlinear
behaviour, and a comprehensive review in the
field, including experimental results, could be

found in [1-6]. In so doing the damping forces
are usually taken into account via the
Rayleigh's hypothesis [1,7], resulting in the
modal damping [8], i.e. it is assumed that each
natural mode of vibrations possesses its own
damping coefficient dependent on its natural
frequency. For describing the viscoelastic
features of plates, the Kelvin-Voigt model [4]
or standard linear solid model [5] are of
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frequent use in  engineering  practice
considering either linear or nonlinear springs in
viscoelastic elements [9].

The analysis of free undamped [10] and damped
[4] vibrations of nonlinear systems is of great
importance for defining the dynamic system's
characteristics dependent on the amplitude-
phase relationships and modes of vibration.
Moreover, nonlinear vibrations could be
accompanied by such a phenomenon as the
internal resonance, resulting in strong coupling
between the modes of vibrations involved [10-
15] and hence in the energy exchange between
the interacting modes.

The internal resonance could be observed in the
case of some combination of natural frequencies
of one and the same type of vibrations. Thus,
nonlinear vibrations of rectangular plates,
dynamic behaviour of which is described by von
Karman equations in terms of the plate's
deflection and stress function, have been
considered in [12] by reducing the governing
equations to a set of two modal equations
applying the Galerkin procedure. The case of
the one-to-one internal resonance (when
frequencies of two modes of flexural vibration
are equal to each other) accompanied by the
external resonance (when the frequency of the
harmonic force is close to one of the natural
frequency) has been studied.

The one-to-one internal resonance has been
investigated also in [13] and [14] for nonlinear
vertical vibrations of rectangular plates under
the action of harmonic forces acting in the
plate's plane [13] and out of the plate's plane
[13,14], in so doing a set of three equations in
terms of two in-plane displacements and
deflection and a set of five equations
considering the shear deformations have been
used in [13] and [14], respectively. However,
considering the inertia forces only for vertical
vibrations and utilizing the Galerkin procedure,
in both papers a set of two nonlinear equations
has been obtained in terms of two flexural
modes, which are assumed to be coupled via the
one-to-one internal resonance.

132

Marina V. Shitikova, Vladimir V. Kandu

For the first two natural modes of flexural
vibrations, the cases of the 1:2 and 1:3 internal
resonances have been also studied in [14].
Another type of the internal resonance has been
investigated by Rossikhin and Shitikova [15-
18], when one frequency of in-plane vibrations
is equal (the 1:1 internal resonance [17,18]) or
two times larger (the 1:2 internal resonance
[15,18]) than a certain frequency of out-of-plane
vibrations. As this takes place, a set of three
nonlinear differential equations in terms of three
mutually orthogonal displacements has been
used considering inertia of all types of
vibrations, what allows the authors to study
further the combinational resonances of the
additive and difference types [16,19-20].
Combinational types of the internal resonance
result in the energy exchange between three or
more subsystems. It should be noted that
investigations in this direction were initiated by
Witt and Gorelik [21], who pioneered in the
theoretical and experimental analysis of the
energy transfer from one subsystem to another
using the simplest two-degree-of-freedom
mechanical system, as an example.

Moreover, in order to study nonlinear free
damped vibrations of a thin plate, the
viscoelastic Kelvin-Voigt model involving
fractional derivative [22] has been utilized,
since this model possesses the advantage over
the conventional Kelvin-Voigt model [10-14],
because it provides the results matching the
experimental data. Thus, for example,
experimental data on ambient vibrations study
for the Vincent-Thomas [23] and Golden Gate
[24] suspension bridges have shown that
different modes of vibrations possess different
magnitudes of damping coefficients. Besides,
the increase in the natural frequency results in
the decrease in the damping ratio. In order to
lead the theoretical investigation in the
agreement with the experiment, in 1998 it was
suggested in [25] to utilize the fractional
derivatives to describe the processes of internal
friction occurring in suspension combined
systems, what allowed the authors in a natural
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way to obtain the damping ratios, which depend
on natural frequencies.

Nowadays fractional calculus is widely used for
solving linear and nonlinear dynamic problems
of structural mechanics, what is evident from
numerous studies in the field, the overview of
which could be found in the state-of-the-art
articles by Rossikhin and Shitikova [26,27],
wherein the examples of adopting the fractional
derivative Kelvin-Voigt, Maxwell and standard
linear solid models are provided for single-mass
oscillators, rods, beams, plates, and shells.

In particular, linear vibrations of Kirchhoff-
Love plates with the Kelvin-Voigt fractional
damping were considered for rectangular and
circular plates, respectively, in [28] and [29]
using one equation for vertical vibrations, while
utilizing three equations of in-plane and
transverse vibrations in [7,30], and later
multiplate systems were analyzed in [26,31]. It
has been proved [27,32] that if viscoelastic
properties of plates are described by the Kelvin-
Voigt model assuming the Poisson’s ratio as the
time-independent value (though for real
viscoelastic materials the Poisson's ratio is
always a time-dependent function [33]), then
this case coincides with the case of the dynamic
behaviour of elastic bodies in a viscoelastic
medium. Thus, the authors of [28,29], and not
only them, replaced one problem with another,
namely: a problem of the dynamic response of
viscoelastic ~ Kirchhoff-Love plates in a
conventional medium with a problem of
dynamic response of elastic Kirchhoff-Love
plates in a viscoelastic medium, damping
features of which are governed by the fractional
derivative Kelvin-Voigt model. The vibration
suppression of fractionally damped thin
rectangular simply supported plates subjected to
a concentrated harmonic loading has been
studied recently in [34] in order to minimize the
plate deflection, in so doing the vibration
suppression is accomplished by attaching
multiple absorbers modelled as the Kelvin-
Voigt fractional oscillators, i.e. generalizing the
approach suggested in [26,31].
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As for the analysis of nonlinear vibrations of
plates, then except the above mentioned papers
[15-20], the fractional derivative Kelvin-Voigt
model was used in [35-40] and fractional
derivative standard linear solid model in
[6,41,42] but without considering the
phenomena of the internal resonance. Thus, free
and forced vertical vibrations of an orthotropic
plate have been studied in [35] considering first
four modes of flexural vibrations, and during
the analysis of force driven vibrations the
frequency of a harmonic force was assumed to
be equal to one of natural frequencies. The von
Karman plate equation with fractional derivative
damping was utilized in [36] for analyzing the
cases of  primary, subharmonic  and
superharmonic resonance conditions, when the
harmonic force frequency, respectively, is
approximately equal, three times less or larger
than the first or second natural frequency of
vertical vibrations. Nonlinear random vibrations
of the same plate was studied in [39]. Dynamic
nonlinear response to random excitation of a
simply supported rectangular plate based on a
foundation, damping features of which are
described by the fractional derivative Kelvin-
Voigt model, has been considered in [38]. The
analysis of chaotic vibrations of simply
supported nonlinear viscoelastic plate with
fractional derivative Kelvin-Voigt model has
been carried out in [40] for the case when the
plate is subjected to an in-plane harmonic force
in one direction and a transverse harmonic
force. The Galerkin decomposition has been
used to obtain the modal equation of the system,
in so doing the authors restricted themselves
only by the first mode. The fractional derivative
standard linear solid model has been utilized in
[42] for a viscoelastic layer for active damping
of geometrically nonlinear vibrations of smart
composite plates using the higher order plate
theory and finite element method with
discretizing the plate by eight-node
isoparametric quadrilateral elements.

In the present paper, the approaches suggested
in [18] for solving the problem on free nonlinear
vibrations of elastic plates in a viscoelastic

133



medium, damping features of which are
governed by the Riemann-Liouville derivatives
of the fractional order, and in [43] for studying
the dynamic response of the fractional Duffing
oscillator subjected to harmonic loading are
generalized for the case of forced vibrations of a
simply-supported nonlinear thin elastic plate
under the conditions of different combinational
internal resonances, when three natural modes
corresponding to  mutually  orthogonal
displacements are coupled.

2. PROBLEM FORMULATION

2.1. Governing equations.

Let us consider the dynamic behavior of a
simply supported nonlinear thin rectangular
plate, vibrations of which in a viscoelastic
fractional derivative medium are described by
the following three differential equations in the
dimensionless form [44, 45]:

1-v , 1+v 1+v ,
Uy, +—B Uy +—ﬂ1vXy +—B W W, +
2 2 2
oy
1-v 2 y
+W, WXXWLT,BlWyy = U+ e Dy, U,
2 1-v 1+v 1+v
ﬁlvyy+—VXX+—ﬁ1qu+—ﬂ1Wway+
2 2 2 (2)

2 1-v o ¥
+/W | frwy + TWXX =V+a&,Dp,V,
'B—ZZ(W +28°w,, + Biw, ) —
12 XXXX 1 "xxyy 1 " Tyyyy
W, (U, + VBV, ) =W, (U, + VBV, ) —
1-v
_Tﬁl I:ny (ﬂluy + Vx) + Wy (ﬂluxy + Vxx):l -
_ﬂlz |:Wyy (Vux + ﬂlvy) + Wy (Vuxy + :Blvyy)] - (3)
1-v
_Tﬂl I:ny (ﬂluy + Vx) + W, (IBluyy + ny):l -

—F (X = X%)3(y — Yp) €08(Qpt) =

=-W-—a&,D] W,

(4)
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where and

u=u(xyt), v=v(xyt),
w=w(x,y,t) are the displacements of points

located in the plate's middle surface in the x-, y-,
and z-directions, respectively, v is the Poisson's
ratioo, g =alb and p,=h/a are the

parameters defining the dimensions of the plate,
a and b are the plate's dimensions along the x-
and y-axes, respectively, h is the thickness, t is
the time,

F = FS(X—%)(y — ¥,) c0s(Qt)

is the harmonic force applied at the point with
the coordinates x,,y,, F and Q. are its

amplitude and frequency, respectively, o is the
Dirac delta function,

®, =sur] (i =1 2,3)

are damping coefficients, & is a small
dimensionless parameter of the same order of
magnitude as the amplitudes, gy are finite

values, 7. is the relaxation time of the ith

generalized displacement, D/, is the Riemann-
Liouville fractional derivative of the y-order

[46], an overdot denotes the time-derivative,
and lower indices label the derivatives with
respect to the corresponding coordinates.

For solving nonlinear governing equations of
motion (1)-(3), the procedure resulting in
decoupling linear parts of equations has been
proposed with the further utilization of the
method of multiple scales [18,44,45], in so
doing the amplitude functions are expanded into
power series in terms of the small parameter and
depend on different time scales. It has been
shown that the phenomenon of internal
resonance could be very critical, since in the
thin plate under consideration the internal
resonance is always present. Moreover, its type
depends on the order of smallness of the
viscosity involved into consideration [18]. The
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following types of the internal resonance have
been revealed:

of the order of ¢:

the two-to-one internal resonance (1:2)

o, =20, (0,#o,0,#20,),

5
w, =20, (0 #0, o #20,); ©)
the one-to-one-to-two internal resonance
(1:1:2)
W =0,=20,; (6)

of the order of &°:
the one-to-one internal resonance (1:1)

o =0, (0,#0,0,#,),
o =0, (0,#0,0,#a0,), (7

w, =0, (0 #0, 0 *a,),

the one-to-one-to-one internal resonance
(1:1:1)

W =W, = Wy, (8)

the combinational resonance of the additive-

difference type

205 = wy + w,, 9)
(10)
(11)

20, = wy — ,,

20, = @, — @y,

where @, and @, are the frequencies of certain
modes of in-plane vibrations in the x- and y-
axes, respectively, and a, is the frequency of a
certain mode of vertical vibrations.

Note that the cases of the internal resonances
(4)-(7) have been studied recently by the authors
in [44,45,47,48]. Thus, below we will examine
in detail all possible cases of the combinational
resonances (8)-(10).
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2.2. Combinational resonance of the additive
type 20, = o, + @,

Now let us consider the case of the additive
internal combinational resonance (8)
accompanied by the external resonance, i.e.,

— 2
20, = 0, + , +2¢°0C
and
_ 2
Qr =w,+ &0,

where o is the detuning parameter
characterizing the nearness between the natural

frequencies of the coupled modes, and o is the

second detuning parameter defining the
difference between the frequency of vertical
vibrations and the frequency of the external
force Q. .

Using the set of solvability equations to
eliminate secular terms similarly to the case of
free vibrations considered in [18] and adding the
external resonance, we obtain the following
solvability equations for the case of force driven
vibrations:

2icyD,A + 1 iz, Y A +24, (ks +k, ) AAA, +

+2¢ .k A, Al exp(2ioT,) =0,
(12)

2iw,D, A, + (ia’zfz )y A, +2¢, (k6 + ks)A2A3'K3 +

+2¢,k, A AY exp(2ioT,) =0,
(13)

2i,D, A + 1 (iy7,) A+

+[ Cia (K, + 2K, )+ g (kg + 2K, ) | AZA, +

+C15 (Ks + K7 ) AAA + oy (Ks + Ky ) AAA +(14)
+(&iaks + $aky ) AAA eXp(-2i0T, ) -
-2fexp(io.T,)=0,

where D, =0/0T, is the time-derivative due to
the utilization of the generalized method of

135



multiple time scales [18], A (T,) (j=12,3)
are unknown complex functions, &,,¢,, 15,85

are coefficients depending on the plate
dimensions and numbers of excited modes [18],

k,(p=12,..8) are coefficients depending on
the natural frequencies of plate, and f
finite value.

To eliminate exp(+2io;T,) from equations
(11)-(23), let us introduce the substitution

is a

A (T,)=Aexp(-ioT,). (15)

Representing the functions A(T,) in equations
(11)-(23) in the polar form

A(T,)=4a (Tz)EXpLi(Di (TZ)J (I =1,2,3)

and separating real and imaginary parts yield

(aiz ) + sla12 = _Zwl_lé/lksaiazaaz sino, (16)
(a2) +s,8; = —2m,"¢,k,a,3,a3 sin &, (17)
(aZ) +s,85 = -2f o, "a,sin B, + 8)
+a)3_1 (413k8 + §Z3k7)a1a2a§ sin g,

.1 ~

) Eﬂl+w11§1(k5+k7)a§+ (19)

+@; "¢ Ky, 8,85 COS S,
. 1 ~
§02*532+w21§2(k6+k8)a§+ (20)

+w;, ¢k aa,'a’ cos S,

@; % A +% w; ¢ (ks +k;)al +

+% @y Cp (K +Kg) a5 +

+% a)s’l[cjls (K, + 2K, )+ &g (ks + 2k4)]a32 +(21)
+% @, ($igke + sk, ) 218, COS S —

~f(@,8,) cos B, +o,
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where a dot denotes differentiation with respect
to T,, a and ¢, are amplitudes and phases,
respectively,

0=20,—p,—
is the phase difference,

s, = wr/ o siny, w=myl2,
A = pr/ o cosy, and B, = g, — (o +0)T,.

The set of Egs. (15)-(20) describes the phase-
amplitude modulations at nonlinear forced
vibrations (1)-(3) in the case of the additive
combinational resonance (8), and it is the
generalizations of the case of free vibrations
considered in detail in [19].

2.3. Combinational resonances of the
difference type 20, = @ — @,
Now let us consider the difference

combinational resonance (9) accompanied by
the external resonance, i.e. when

— 2
20, =W, —w, +28°0C
and
_ 2
Q. =w,+&0p .

Then eliminating secular terms, we obtain the
following solvability equations:

20 D,A + 1 (i) A +24 (ks +k, ) AAA +
+24, ks A A; exp(2ioT, ) =0,

(22)
2iw,D,A + 1, (ia)zrz)y A +24, (ka + ks) Az%'&s +
+24,k, A A; exp(-2ioT,) =0,

(23)
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2i,D,A, + 1 (iy7,) A+

[gls(kl + 2K, ) + S (Ky + 2k4)]A32'E‘3 +

+C13 (ks + k7) AAA + & (ke + ks) AAA; +(24)
+(&iaks + ks ) AAA eXp(=2i0T, ) -
—2fexp(io.T,)=0.

Applying to (21)-(23) the same procedure as it
has been done above for (11)—(13), as a result,
we have

(a?) +sa =20 "¢ kaaalsing, (25)
(322 ) +5,8; = 2w,'¢,k,a,8,a; sin 5, (26)
(8) +s,80 = -2f w32, sin g, + 27)
+a)3_1 (é,lske + §23k7)313-2332 Sin o,
A )

- k. +k
2! 221—"(01 é/l( 5+ 7)33+ (28)
+; "¢ 1Ke8; 8,85 C0S S,
; 1 ~
¢2*5&+a)21§2(k6+k8)a§+ (29
+w,'¢,k,a,a,'a’ cos S,
.1 1
R (ks +k;)al +
+% @, Cp(Ks+kg)al +o, +

1
5@ G (K + 2K, ) + G (kg + 2k, ) a2 +

1 4
% (isks + &oky ) aa, cOS S — (30)

—f (a)sa?))*l cos 3,
where 6 =2¢p, +@, — ¢,

is the phase difference.

The set of Eqs. (24)-(29) describes the phase-
amplitude modulations at nonlinear forced
vibrations (1)-(3) in the case of the difference
combinational resonance (9).
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2.4. Combinational resonances of the
difference type 20, = 0, — @,
Now let us consider the difference

combinational resonance (10) subjected to the
external resonance, i.e. when

— 2
20, = @, — @, +2&°C
and
. 2
Q. =w,+&0p.

In this case the solvability equations have the
form

2D, A + g (iy7y)” A +28, (ks +k, ) AAA, +

+2¢ kA A exp(-2ioT,) =0,
(31)

2i,D, A, + 11, (i,7, ) A +2, (kg + Ky ) A AR, +

+24,k A A; exp(2ioT,) =0,
(32)

2i,D, A + 1 (iy7,) A+

+ Cia (K + 2K, ) + &y (K + 2K, ) | ATA, +

+815 (Ks + K7 ) AAA + s (K + kg ) AA A, +(33)
+(&1aks + $oaks ) AA A exp(—2ioT, ) -

-2 fexp(io:T,)=0.

Applying to (29)-(31) the same procedure as it has

been done above for (11)-(13), as a result, we
have

(a) +sa = 20"¢ k;a3,a3 sin g, (34)
(a2) +s,a = —2m,"¢ k,a,8,a; sin 5, (35)
(85) +5,85 =—2f @y aysin B, + (36)
+@;" (G1aks + ks ) 8,85 sin G,

.1 _

(/’17£O-1+0)11é’1(k5+k7)a'32+ 37)

+w1_1§ 1ksai_laza§ €osd,
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. 1 _
(sza/’lz‘ka)zlé’z(ks"'ks)asz‘*' (38)

+w,'¢,Kaa,'az cos s,
. 1 1
(2 7513"'50)3 lélla(ks"'k7)a'12"'

+%a)31§23(k6 +ky)a; +o, +

+%a)3‘1[513(k1+2k2)+§23(k3+2k4)]a32 +(39)

1
"'E 23 1(4/13k8 +§23k5)a1a2 Cosd —

—f (w,a,) " cos B,
where & =2¢p, + ¢, —,

is the phase difference.

The set of Egs. (33)-(38) describes the phase-
amplitude modulations at nonlinear forced
vibrations (1)-(3) in the case of the difference
combinational resonance (10).

3. NUMERICAL CALCULATIONS

The differential equations (15)-(20), (24)-(29)
and (33)-(38) describing the phase-amplitude
modulation for the additive and difference
combinational resonances (8)-(10) have been

Marina V. Shitikova, Vladimir V. Kandu

solved numerically using the Runge-Kutta
fourth-order algorithm at different magnitudes
of the fractional parameter y. The geometrical
parameters of the plate utilized for calculations
are given in Table 1 for three types of the
combinational resonance for three types of
plates: square, rectangular and oblong.

The envelopes of the amplitudes for all nine
examples presented in Table 1 are shown in
Figures 1-9 for free ( f =0) and forced ( f #0)

vibrations, wherein solid, dotted and dashed
lines correspond to the functions a,(T,), a,(T,)

and a,(T,), respectively, allowing one to trace

the energy exchange between three interacting
modes coupled by the additive-difference
combinational resonances (8)-(10).

The time T,-dependence of the amplitude

envelopes for a rectangular plate with the
dimensions a = 0.57 m and b = 0.1425 m (cases
Ne 1, 4 and 7 in Table 1) are shown in Figures 1,
4 and 7 at f =10 for three types of the

combinational resonance. It is seen that the most
unfavorable is the difference combinational
resonance

20, = 0, — @,

Table 1. Plate parameters which satisfy the combinational resonance condition.

Ne il m, n W, m, | N Wy m, | ng | a b, h, v
m m m

Combinational resonance: 2w, = @, + @, and force amplitude level f =10

1] 157 | 3 1 929 | 3 |1 1333 |6 |1 ]057| 01425 | 0.0513 | 0.3

2 | 3783 | 9 1 44953 | 3 | 3 [41668| 3 | 3 |1.14| 0.1425 | 0.0285 | 0.3

311692 | 5 2 119 | 4 | 51425 | 4 | 3 /025| 0.25 0.05 0.3
Combinational resonance: 2w, = o, — e, and force amplitude level f =10

4 | 4215 | 6 3 14985 1 | 2 |13324| 6 | 1 |057] 0.1425 | 0.0513 | 0.3

5110058 | 1 4 114985 1 | 1 |4165 | 3 | 3 |1.14| 0.1425 | 0.0285 | 0.3

6 [32.345| 9 5 4156 | 1 | 2 |14245] 4 | 3 |0.25] 0.25 0.05 0.3
Combinational resonance: 2a, = m, — e, and force amplitude level f =1

7 126.842 | 3 2 |47639| 9 | 6 | 1051 | 5 | 1 |0.57| 0.1425 | 0.0513 | 0.3

8 125328 | 1 1 |61.783| 9 | 4| 183 | 1 | 2 |1.14| 0.1425 | 0.0285 | 0.3

97025 | 1 1 13142 5 | 5] 28 | 2 |1 ]025] 025 0.05 0.3
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a) | ;s b) | s

0 L 1 L | 1 L L |

0 0.2 0.4 0.6 T2 % 0.2 0.4 0.6 T2
Figure 1. Amplitude envelopes of (a) free and (b) forced vibrations for plate M2/ at the initial
amplitudes a, =0.5.
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Figure 2. Amplitude envelopes of (a) free and (b) forced vibrations for plate /22 at a,, =0.5.
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Figure 3. Amplitude envelopes of (a) free and (b) forced vibrations for plate /23 at a,, =0.5.
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Figure 4. Amplitude envelopes of (a) free and (b) forced vibrations for plate /24 at a, =0.5.
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Figure 5. Amplitude envelopes of (a) free and (b) forced vibrations for plate /25 at a,,=0.5.
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Figure 6. Amplitude envelopes of (a) free and (b) forced vibrations for plate /26 at a,, =0.5.
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Figure 7. Amplitude envelopes of (a) free and (b) forced vibrations for plate A27 at a,,=0.5.
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Figure 8. Amplitude envelopes of (a) free and (b) forced vibrations for plate N8 at a, =0.5.
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Figure 9. Amplitude envelopes of (a) free and (b) forced vibrations for plate /29 at a,,=0.5.
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since it provides the essential increase in
dimensionless amplitudes, resulting in high
level of stresses and strains.

The time T,-dependence of the amplitude

envelopes for an oblong plate with dimensions
a=1.14 m and b=0.1425 (cases 2, 5 and 8 in
Table 1) is presented in Figures 2, 5 and 8 at
f =10, whence it follows that the additive

combinational ~ resonance is the  most
unfavorable, while the difference resonances
result in the monotonic variation of
dimensionless amplitudes.

As for a square plate (cases 3, 6 and 9 in Table
1), then all types of the combinational resonance
influence equally on the amplitudes variation
with time.

4. CONCLUSION

In the present paper, nonlinear force driven
vibrations of thin plates in a viscoelastic
medium have been studied, when the motion of
the plate is described by a set of three coupled
nonlinear differential equations subjected to the
condition of the combinational resonance
accompanied by the external resonance.
Nonlinear sets of resolving equations in terms of
amplitudes and phase differences have been
solved numerically using the Runge-Kutta
fourth-order algorithm. The influence of
viscosity on the energy exchange mechanism
between interacting modes has been analyzed. It
has been revealed that plates of different
dimensions behave in a different manner under
the additive and difference combinational
resonances. Rectangular plates are more
sensitive to plate’s dimensions than square ones.
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CONSTRUCTION OF DEFORMATION DIAGRAMS
OF CONCRETE UNDER SHEAR BASED ON THE AUTHOR'S
THEORY OF ANISOTROPIC MATERIALS POWER
RESISTANCE TO COMPRESSION AND DEFORMATION
THEORY OF PLASTICITY
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Abstract: The Aim of this work was the construction of a concrete deformation diagrams under shear on the
basis of two approaches: the theory of anisotropic materials force resistance in compression and deformation
theory of plasticity with the use of state diagrams of concrete under tension and compression, obtained by the
authors jointly with Acad. N.I. Karpenko earlier. For this purpose, in the framework of the first approach, the
main computational expression of the author's model was written in the current deformations, which ultimately
allowed to establish a relationship between the diagrams op-ep, on-€0t and t-yp and reveal the mechanics of
destruction of concrete elements under compression. The second approach additionally takes into account the
change in the coefficient of transverse deformations, pp, and shear modulus of deformations, Gy, as the load
increases, but does not take into account the presence of normal stresses affecting the stress-strain state. This
approach recreates the conditions of pure shear, which is possible only theoretically, and in real designs is
applicable with a certain degree of error. Nevertheless, both approaches provide almost identical data in the
construction of diagrams «t,-yb», Which differ from the experiment by no more than 13-15%. In this regard, they
are recommended for implementation: the first-to perform engineering calculations «manually», the second —to
develop computer programs that allow you to automate the calculation.

Keywords: theory of anisotropic materials force resistance in compression, deformation theory of plasticity,
diagram of concrete deformation at shear, shear strength

K HIOCTPOEHHIO TUATPAMM NE®OPMHUPOBAHUSA BETOHA
MPU CABUT'E HA OCHOBE ABTOPCKOM TEOPUHU
CHUJIOBOI'O CONPOTUBJEHUA AHU3OTPOIIHBIX
MATEPHUAJIOB CKATUIO U JE®OPMAIIMOHHON TEOPUU
IHJIACTUYHOCTH

B.C. Cokonoe ', O.B. Padaiikun >

1 AO «Kaszauckuii Funponuuasuanpomy», r. Kazans, POCCHUS
2 KazaHcKuil rocy1apCTBEHHBIN apXMTEKTYpPHO-CTPOMTENbHBINA yHUBEpeHTeT, T. Kazans, POCCHUA

AnHoTanus: L{enbio 1aHHOM paboTHI CTaBUIIOCH MOCTPOCHHUE JUArpaMMBbI Ae(opMupoBaHHs OSTOHA MIPH CABUIE
Ha OCHOBE JBYX IIOJXOJOB: TEOPHH CHJIOBOTO COIPOTHBICHHA AHU3OTPONHBIX MAaTEPHAJIOB CHKATHIO H
nedopMalMoHHOM TEOPUH TIACTUYHOCTH C MCIIOJIb30BAHUEM JUArpaMM COCTOSIHUSI OSTOHA IPH PACTSHKEHHH H
C)KaTHH, TOJYYEeHHBIX aBTopamMu coBMecTHO ¢ akan. H.M. Kapmenko panee. J[ns 3TOro B paMkax IE€pBOTO
MI0/JIX0/1a OCHOBHOE PACUYETHOE BBIPAKEHHE aBTOPCKOI MOZIENTH OBUTO 3aIMCAaHO B TEKYIIHUX AehopManusix, 4To B
KOHEYHOM HTOTE€ MO3BOJIJIO YCTAaHOBUTH B3aMMOCBSI3b MEKAY ANArpaMMaMHU Gb-Ep, Opt-Ebt U Th-Yb U PACKPBITH
MEXaHUKy pa3pylICHHs OETOHHBIX 3JEMEHTOB, HAaXOSLIMXCS B YCIOBHSAX CXaTwsi. Bo BTopoM mnoaxoxe
JIOTIOJTHUTENNBEHO YYUTHIBACT M3MEHEHHE KOd(pHIUCHTA MONEePEYHBIX AeopManuii, WUy, U CABUTOBOIO MOMIYJIS
nedopmanmit, Gp, Mo Mepe yBeJMYEHHS HAarpy3Kd, HO HE YYTEHO HAJMYUE HOPMAaJbHBIX HANpSHKEHHH,
BIIMSIIOIINX Ha HANPSDKEHHO-Ie)OPMUPOBAHHOE COCTOSTHUE. DTOT IIOXO0J1 BOCCO3AET yCIOBHS YHCTOTO CIIBUTa,
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9TO BO3MOJXKHO JIMIIb TEOPSTHYCCKH, a B PEAJbHBIX KOHCTPYKIUSAX HPUMEHHMO C OINpPEIEIEHHOW moiei
norperHocTd. Tem He MeHee o0a MOAXOJA JAKOT NPAKTUYECKU COBIAJAIOIINC IaHHBIC MPH HOCTPOCHUHU
JUarpaMM «Tp-Yp», KOTOPBIE OTIMYAIOTCS OT JKCIepuMeHTa He Oonee, yem Ha 13-15%. B cBsa3u ¢ stum oHH
PEKOMEHI0BaHbI JUIsl BHEJPEHHUSI: IEPBBII — ISl BHIIIOJIHEHUST HHKEHEPHBIX PACUETOB «BPYUHYIO», BTOPOI —1JIst
pa3pabOTKH KOMITBIOTEPHBIX MPOrPaMM, MO3BOJISIIOIINX aBTOMATH3UPOBATh PACUET.

KaroueBsble ciioBa: TCOPU CUJIOBOI'O COMMPOTHUBJICHUS aHU30TPOIIHBIX MATEPHUATIOB CKATHUIO,
Z[e(bOpMaHI/IOHHaH TCOpHUHU INIACTUIHOCTH, JUarpamMmma ,He(l)OpMI/IpOBaHI/IH OeToHa Ipy CABUI'C, IPOYHOCTH Ha CPE3

The problem of reliable construction of
diagrams of concrete deformation under shear
arises when solving a number of practical and
theoretical problems. For example, this concerns
the calculations of reinforced concrete elements
under bending in the zone of couple action of
bending moments and shear forces, the adhesion
of reinforcement to concrete, and the application
of the theory of power resistance of anisotropic
materials under compression to estimate the
stress-strain state of structural elements at all
stages of loading. This theory has been known
for over 30 years, and in practice, it has shown
its viability. Its main provisions at the present
stage are set forth in the monograph [1].
However, the development potential of the
theory is far from exhausted. Therefore, if the
ultimate states of compressed concrete and
reinforced concrete elements were examined at
the stage of destruction in previous publications
mainly, then this article attempts to study the
intermediate stages of operation of these
elements under load using diagrammatic
calculation methods.

Below two approaches for constructing concrete
shear deformation diagrams are given: 1 — The
author's theory of the power resistance of
anisotropic materials to compression [1]; 2 —
Deformation theory of plasticity and design
expressions for diagrams of concrete deforming
under tension and compression, proposed in [2-
4].

Figure 1 shows the design scheme for assessing
the strength of a compressed element (prism and
cylinder), reflecting the hypothesis of the
author's theory [1] on the fracture mechanics
that occurs after overcoming the material’s
resistance to separation, shear and crushing.

The strength condition according to the theory is
written as the inequality:
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_ Ny cosa +2N,,
sina

N <N, "+ N 1)

where N,,N,,N, are ultimate internal forces

characterizing power resistance in the zones of
stretching, shear and crushing; o — wedge angle:

a=arctg(0,25R,, /R, —1,56) 2

These efforts are determined as the product of
the corresponding design resistance and area:

th = RbtA:)t’ Nsh = Rsh&h’ Nef :RbAef! (3)
where R,,R,,R, are respectively design
resistance of concrete to tension, shear and
compression, and A, A,, A, are areas of

tension, shear and crushing(compression).
Substituting (2) in (1) and accepting

=RA,

where A is area of external effort transmitting,
we obtain:

sh Kh

R A=R,A,Ctc + +R A . 4)
sin

At the same time formula (3) is the same for
prismatic and cylindrical elements (fig. 1), but
there is difference in determination of areas
A, A, A and substituting prismatic strength
by cylindrical one f, (according to Eurocode-
2), at the same time

R,

f :
YR

ckz
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Figure 1. Calculation schemes of concrete prism (a) and cylinder (b) under compression.
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Ry (A_ Ay ) RbtA)tCtga+ sin

where 5, =08, y,=075 are respectively
coefficients of transition from cylindrical
strength to cubic and from cubic to prismatic.
Let us transform expression (4) by following
way:

Ry (A=A, )=RyAltga + —2=0 S“A%“

sh A%h

I(ZRsh
sma

where k, = An/(A— Ar) K, =2A,/(A-A;).

(%)

=R, =kR,ctgar + —*

Let us note that according to expression (5), it is
possible to obtain the calculated value of
concrete shear resistance depending on its class
after the following transformation:

R,sina -k R, cosa

Rsh = k2

(6)

In addition, the same expression can be written
through stresses, which will allow us to consider
not only the stage of destruction of the concrete
element, but also the intermediate stages of its
loading:

(7)

o, =k,

sma

The resulting expression can now be written
through the corresponding deformations:

K,7,G,
sina

(8)

E, =k, E, Cctga +

According to Building standard of Russian
Federation SP 63.13330.2012, it is: E, =E,,

G, =0,4E, , and at calculation by deformations, it
IS E, ~0,5E, , then equality (8) can be written in
the form:

0,4k,y,
sinag

(9)

=0,5k ¢, Clgar + ——=—
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From equality (9), it follows: if we know the
relative deformations of concrete under
compression and tension, and their diagrams are
given in the regulatory documents (Fig. 3, a-b),
we can determine the relative deformations
under shear:

=R, =kR,ctga + k?RS“
sina

’ (&, — 0,5k g,ctger )sina
- : 10
7o 0,4k, (10)
Substituting shear deformations in the

expression
7, =G,7, 0,4E, 7,

we obtain diagram “z, -y, 7. In this case, a

significant difference in the values of ultimate
deformation of concrete under compression and
tension should be taken into account. The
consequence of this is that when testing real
samples (prisms or cylinders) for compression,
vertical cracks appear, indicating the exhaustion
of the tensile strength of concrete. In this case,
in condition (10), from a certain level of
loading, tensile deformations ¢, should be
excluded. Then the transverse expansion of the
sample occurs due to the opening of vertical
cracks, and at the moment immediately before
the formation of these cracks, condition (10)
will look like:

(&, 0,5k &,,0t9a )sina

bt = 0,4k, v Ty =04E 7y, (11)

where ¢, is ultimate deformation of concrete at
tension ( &, =0,00015);

is the boundary of elastic stage of compressed
concrete work.
Value y,,, according to (11), is the abscissa of

the first point from the parametric points in the
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diagram “z, —y,”, which corresponds reaching
value

7, #0,2R,,

by tangential stresses.
The second parametric point is determined for
conditions

R
&, = &y =E—b and g, =0
b

that means concrete in tension excluded from work,
and transverse expansion of a sample occurs due to
opening of vertical cracks. At the same time,
tangential stresses reaches maximum values:

_ &oSina

=07 12
Voo 0,4k, ( )

v Too =Ry -

The third parametric point corresponds to the
ultimate strain of compressed concrete

& =&, =0,002

and, by analogy with the previous one, we
obtain:

_&pSina

o2t 13
Vb2 0,4k, ( )

v Top =Tho =Ry -

With a further increase in load, we assume that
the concrete shear resistance is overcome and

Volume 15, Issue 3, 2019

the compressed core continues to work.
However, the friction and engagement forces
arising between concrete surfaces along inclined
platforms should also provide some resistance
up to the complete destruction of the
compressed element.

The verification of the calculated expressions
was carried out according to the results of
concrete samples of a cylindrical shape [1]. The
nature of the formation and development of
cracks for specimens of the 5.1 series (d x h =
0.1 x 0.2 m, concrete B30) is shown in Fig. 2,
from which one can see their compliance with
the design scheme and the hypothesis of the
fracture mechanism.

For the specimens of the considering series, the
results of calculating the parameters included in
formula (6), as well as their breaking load, are
given in the table below, which also shows a
comparison of theoretical and experimental data.
From table, it is seen:

Ry /Ry =2,944

that proves known relationship
Ry /Ry =y/Ry /Ry ~3,0

[5]. Besides, difference between theoretical and
experimental values of ultimate force N, is
13.5 % that can be accepted as satisfactory
result for such a material with high variability of
properties as concrete.

33 ,33 ,34

100

wd=2.0
Figure 2. The nature of the destruction of cylindrical specimens under compression [1].
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Table 1. Comparison of theoretical and experimental data for specimens series of 5.1 [1].

Parameter | R ,MPa | R, MPa a,’ k, K, R,,MPa | N,,ton
Theory - - 54° 10,14 3,43 5,01 21,0
Experiment 20,1 1,7 57° - - - 18,5
wo,. Mla Y 6,,. Mla
R,
b R]
174 /‘/ 16 /’
132 < 12 /
Gy / /
88 08 /
44 / 0.4 /
Sb gbr
a. 0 551 107 1.6x107° 3 241077 3.2x10‘18b: 4x1077 o Sjﬂ -lxlO_" 810 » 1.2)(10—4 » 1.6»<10_4 2x10_4
r,. Mla
4 /!
36| /
24 //
12
/ 75 PO

o
0 Yy 3107*

c

[l Vi

o107t ¥ 12007 1.5%107°

b3

Figure 3. Concrete deformation diagrams for a cylindrical specimen of the 5.1 series [1] made of
class B30 concrete under compression (a), tension (b) and shear (c).

In addition, fig. 3, a-b show the so-called
working (three-line) diagrams of concrete
deforming under compression and tension,
which are constructed according to the formulas
of SP 63.13330.2012. Figure 3,c shows the
diagram “z, —y,” obtained from dependencies
(11)-(13).

To identify the relationship between the
diagrams of deformation of concrete under
compression, tension and shear with each other,

154

we superimposed all three graphs in Figure 3 to
one coordinate plane. In order to do this, for
each diagram we took our scale of the stress
axis, and we expressed the tensile and shear
strains through compression strains:

& Sina
&y = HE, ~0,28,, 7, = :

0,4k,

Then we obtain diagram presented in Figure 4.
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Figure 4. Diagrams of deformation of a cylindrical specimen of a series 5.1 [1] of concrete of class
B30 under tension - 1, shear - 2 and compression - 3; 4 - section of the disclosure of vertical
cracks; 5 - plot of resistance due to friction and engagement of concrete surfaces; I, 11, 11 - areas of
the characteristic operation of the element at different stages of loading.

In this figure, for diagrams 1 and 2, parametric
points are indicated by deformations, which are
determined using the above dependencies:

_ 0,4k,

En =y Vy=—
bt C T ng P

At the same time, three characteristic areas can
be distinguished in compression diagram 3: | —
the area of joint resistance to compression of the
separation, shear and crushing zones; Il — the
area of switching off the separation zone from
work and further joint resistance to compression
of the shear and crushing zones; Il - the area of
switching off the shear zone from work and
further resistance to compression of only the
crushing zone.

Figure 4 also shows that the abscissas of the
majority of the parametric points of the three
strain diagrams practically coincide (excluding
77bo):

— &, =7, IS the condition of the beginning of
inelastic deformations in the separation zone;

— &, =&, IS condition of nucleation of vertical

cracks of transverse  separation, their

Volume 15, Issue 3, 2019

development, continuing up to deformations
z,,, after that stretched zone removing from

work (boundary between areas | and I1);
— 7., =&, — after the shear zones are completely

turned off, crushing of the concrete core begins
(the boundary between regions Il and 111).

Moreover, after the magnitude reached in the
stretched zone of deformations ¢, =¢,,, the

tensile diagram 1 continues in the form of a
dashed section 4, which characterizes the
opening of vertical cracks. In addition, for the
shear diagram 2 after reaching the deformations
7, =7 the dashed section 5 characterizes the
work of the friction forces and the engagement
of concrete surfaces on inclined platforms.

Thus, using the author’s theory, we obtained
analytical expressions for determining concrete
deformations under shear and tangential stresses
during fracture of the material, which allowed
us to finally represent the dependence “z, -y, ”
(Figure 3, c). In addition, the mechanics of
concrete deformation under compression up to
its destruction were explained on the basis of
this theory, which became possible due to the
establishment of the relationship of concrete
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deformation diagrams for tension, compression
and shear.

The second approach to constructing the
“7, -y, dependence is using the provisions of
the deformation theory of plasticity [6] and the
diagrams proposed by Acad. Karpenko N.I.
together with the authors of this article [2-4].

Boris S. Sokolov, Oleg V. Radaikin

This theory is based on the results of testing
concrete prisms for compression with the
determination of longitudinal and transverse
strains (ep and ¢€b). Using well-known
expressions [6], the desired parameters for
describing the diagrams can be obtained by the
following algorithm:

'
b

Initial experimental data: o, = f(s,), u, =—;

Solution algorithm: », =(1+ 4, )&, — E; =%

o, Mla
80
64
a8
3
16
= S8

arctgE; 6,
o - -
0 61007 12¢107%  18x107 241070 3107}

&y

E,
—2 -7 =Gy,
2(1+,Ub) b b /b

(14)

o

arctgG;”® y

L

0 :
Yo s<ae?

0 107 ex107Y 9x10”

Figure 4. Deformation diagrams for high-strength concrete of class B100:
a— experimental “ov-ev” [8]; b — “m-pp 7, constructed on the basis of algorithm (14).

where p is coefficient of transverse
deformations, which increases from initial value
4 =0,15...0,2 up to 0.5.

Figure 4b shows a curve constructed according
to the proposed algorithm (14) based on
experimental data [8] for high-strength concrete
of class B100.

When there are not experimental data, this
coefficient can be obtained analytically by the
formula proposed Acad. N.I. Karpenko [7]:

ty = Fy (1~ 1, )N1-17% (15)
where
- 0 Rbn
Hy =14 -I—l—s/—
’ ’ =N
156

is the lateral strain coefficient at the top of the
compression diagram;

&, ~0,002

is the relative compressive strains at the same
point;

Hy =02
is Poison coefficient;

O,
n=—t

bn

is current level of stresses.
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Figure 5. Change in the coefficient of transverse deformations "ub™ during loading a compressed
prism of concrete class B100: 1 — experimental data [8]; 2 — curve constructed by the formula (15).

For concrete of class B100, the experimental J. Berg [9,10], which have already become
and theoretical dependences for 4, are shown in classics and confirms the validity of the
Figure 5. proposed expressions.

The curves obtained in this figure qualitatively In the case of applying the analytical
and to some extent quantitatively coincide with ~dependence for 4, , the algorithm (14) is
the previously obtained data in the works of O. slightly modified:

Initial analytical data: o, = f (&,) [2-4], & =¢(n);

. . f
Solution algorithm: 4, :({EJ:W(‘E‘])_} 7 =(1+ 1, ) o, — E, L N
bn 8b (16)
E!
G =—2— =G/
b 2(1+,Ub)_) Hh=5 %
12
r,. Mlla

. -,
| -/
|A
Y/

0

V5= PO

0 3x107* 6e107% ox107* 1.2¢107° 1.5%107°

Figure 6. The diagram “to-y” for heavy concrete of class B100, constructed according to formulas
(8)-(11) — curve 1 - and on the basis of the algorithm (16) — curve 2.
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As a result of the implementation of this
algorithm for concrete of class B100, we obtain
the dependence “tb-yn”, presented in Figure 6
(curve 2). At the same time, for comparison,
curve 1 is shown in the same figure, constructed
according to formulas (8)-(11) of the previously
considered approach.

Unlike Figure 4b, the curves in Figure 6 were
built according to the normative strength
characteristics of concrete. Nevertheless, the
difference between the experimental and
theoretical shear strength turned out to be

> /R =14/11=1,27,

which approximately corresponds to the
material safety factor y, =1,3. And despite the

fact that, in contrast to the experimental curve,
the diagrams in Figure 6 have a horizontal
section (theoretically possible), however, in
general, the values of the parametric points of
the compared curves practically coincide.

Thus, the second approach to the construction of
shear strain diagrams is considered. This
approach is based on the provisions of the
deformation theory of plasticity and the
dependences of [2-4, 7]. It takes into account
the change in the transverse strain coefficient,
u,, and the shear strain modulus, G/ , as the

load increases. However, the presence of normal
stresses affecting the stress-strain state is not
taken into account.

CONCLUSIONS

1. Two approaches to determining the diagrams
of concrete deformation under shear are
considered:

e the author's theory of the power resistance
of anisotropic materials to compression;

e the deformation theory of plasticity and the
provisions of [2-4, 7] developed by
academician N.I. Karpenko together with
the authors of this article.

2. The peculiarity of the first approach is that it

takes into account the specifics of concrete work

158

Boris S. Sokolov, Oleg V. Radaikin

under compression, reveals the mechanics of its
destruction from overcoming the peel, shear and
crush resistance and is based on piecewise-
linear diagrams of material deformation under
compression and tension.

3. The second approach is based on the
provisions of the deformation theory of
plasticity and dependences for diagrams [2-4,
7], in addition, it takes into account the change
in the coefficient of transverse deformations,
4, and the shear modulus of deformations, G; ,

as the load increases. However, the presence of
normal stresses affecting the stress-strain state is
not taken into account, since the pure shear
conditions are recreated in the calculation model
of this approach, which is possible only
theoretically, and in real designs it is applicable
with a certain degree of error.

4. Comparing the mathematical apparatus of
both approaches, we can conclude that the first
one is more applicable for performing
engineering calculations “manually”, while the
second one can be recommended for the
development of computer programs that
automate the calculation (including programs
based on the Finite Element Method).
Nevertheless, both approaches give practically
the same data when constructing the “tp-yp”
diagrams, which differ from the experiment by
no more than 13-15%. Therefore, the proposed
approaches are recommended for
implementation in the regulatory literature on
the design of concrete and reinforced concrete
elements and structures.
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AJIEKCAHIP BUKTOPOBHY KY3bMHWH

Hayunas u TBOpueckas oOmecTBeHHOCTh Poccun monecna Tspkenyro yTpary. 26 ceHTa0ps
2019 roma Ha 69-M romy U3HUM CKOHYAJICS BBIJAIOLIMNCA COBETCKUH M POCCUICKUI
apXUTEKTOp, MNpe3uIeHT Poccuiickol axkaleMHHM apXUTEKTypbl M CTPOUTENBHBIX HaykK
(PAACH), akamemuk PAACH, akanemuk Poccuiickoit akamemun xynoxects (PAX),
Haponnsiii apxutextop Poccuiickoit ®enepaunn, 3acinyxkeHHbIH apxuTekTop Poccuiickoit
Oenepauun, [louernsiii ctpoutens Poccum, Ilouernsiii ctpoutens Mocksbl, [lodeTHbIi
cTpoutenb MockoBckoit o0nactu Anexcanap Buktoposuu Ky3pMuH.

Anexkcanap BuxkropoBuu poamincs 12 wurona 1951 B MockBe. C paHHEro aercrsa OH
yBIIeKasics pucoBaHueM. Ilo3xke 3To yBiedeHHE NEPEPOCIO B CEPbE3HOE 3aHATHE, PUCYHKH,
yepTeKd, W IUlaHupoBaHue cranu mnpodeccueil. A.B. Ky3pmMuH caMm pemmn cTath
apXUTEKTOPOM, XOTSI U3HAYAIILHO MeuTal ObITh XyI0KHUKOM-UJLTIOcTpaTopoM. Enie B mikose
OH Yy3Hal O Habope B MOATOTOBUTEIbHYIO TpyHIy HOpu MOCKOBCKOM apXHUTEKTYpHOM
MHCTUTYTE, U BCE CTapILINe KJIACChl YCHJICHHO MOcCeIan 00ydaromne Kypcehl.

O rtakux, kak Anekcanap Bukropouu Ky3bMHH, IPUHSATO TOBOPUTH — YE€IOBEK-3M0Xa. Bes
€ro u3Hb OblIa MPUMEPOM CaMOOTBEPKEHHOTO ciyxeHus mupodeccuu. B 1974 romy
Anekcanzip BuktopoBuu okoHums1 B 1974 rogy MOCKOBCKMI apXUTEKTYpPHBI HHCTUTYT. C
1974 no 1991 roxer padoran B HUulIU I'enepanbhoro miana r. MOCKBbI, MPOLIET MYTh OT
apXUTEKTOpa 110 ri1aBHOTO apxuTekTopa uHCTUTyTa. C 1991 o 1996 roaer — 3amecTuTens u
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nepBbli 3amectutenb [lpeacenarenss Komurera mo apXxuTekType W rpaJlOCTPOUTENBCTBY T.
Mockssl (Mockomapxutektypa), HauanbHUK [11aBAITY r. Mocksl. C centsiops 1996 roga
no uronb 2012 roga — npeaceaarenb MOCKOMapXUTEKTYphl, TJIaBHbIA apXHUTEKTOP ropojia
Mockssl. Cnenyer otMeTuTh, uTo A.B. Ky3pMUH HHKOTZIa HE OrpaHMYMBAJICA TOJIBKO JIUIIb
pyKOBOJISIIIEH paboToi, MHOTHE MPOEKTHl B MOCKBe M 00JaCTH OH CO37aBajl caM WU B
COABTOPCTBE C Apyrumu apxutekropamu. B 2009 rony Anekcanap BukropoBuu Obl1 n30pan
Burie-npe3nieiToM PAACH, B mapte 2014 roga Obl1 Ha3HAYEH Te€HEPATBbHBIM JTUPEKTOPOM
HayuHno-nccnenoBatenbckoro neHTpa «CTpOUTENBCTBO.

B ampene 2014 roma A.B. Ky3smun Obi1 u3bpan OOmmm cobOpanuem unenoB PAACH
npesugeHToM PAACH u yrtBepkiaeH B 3Tod gosmkHOcTH IlpaButensctBoM Poccuiickoit
®enepaunu. B anpene 2019 roga Anexcanap BukTopoBud Ob11 Takke W30paH U yTBEPXKICH B
nomkHocTu nipesuneHta PAACH Ha BTOpo# cpok.

A.B. Ky3pbMUH U3BECTEH B Halllel CTpaHe U 32 pyOEeKOM KaK PyKOBOIUTENb, aBTOP U COABTOP
JIECATKOB KPYIHBIX T'PaJOCTPOUTENIbHBIX MPOEKTOB M HAYYHBIX TPYAOB, pPEaTU30BAHHBIX
APXUTEKTYPHBIX TMPOEKTOB. B ero akTuBe OOJBIIOE KOJIMYECTBO KHUT, HAyYHBIX CTaTCH,
AHAIUTUYECKUX MyOIHKAIMI 10 pa3iuyHBIM MPoOJIeMaM apXHUTEKTYpPbl, IPaOCTPOUTEIHCTBA
Y CTPOUTEIIbHBIX HAYK.

Anekcanap BUKTOpOBHY cOBMEmall CBOKO  MPOPECCHOHATBHYIO  JCSITEIBHOCTh  C
nearornyeckoil paboroil. B TeueHme MHOTHX JI€T OH BKJIaJbIBal OONBIION TPyd B JENI0
MOJTOTOBKA  BBICOKOKBATH(DHUIIMPOBAHHBIX ~ KAJPOB B MOCKOBCKOM  apXHUTEKTYPHOM
MHCTUTYTE (rocyaapcTBeHHOW akanemun). [log ero pykoBOIACTBOM U TIPH €ro JEATEIBHOM
y4acTUU OBUIH 3aIIHINEHBI COTHH BBITYCKHBIX KBATM()UKAIMOHHBIX PabOT, Oblla BOCIIHTAHA
1esas miesiia TATaHTIUMBBIX apXUTEKTOPOB U IPaIOCTPOUTENIEH.

A.B. Ky3pmuH nonrue roasl spisiics wieHoM [Ipesnanyma npasiennsi Coro3a apXuTEKTOPOB
Poccum n Coro3a MOCKOBCKMX —apxuTekrtopoB, Ilpencemarenem CoBeTa IIaBHBIX
apXuTeKkTopoB cyOwbekToB Poccuiickoit denepauuu M MyHUIUNAIbHBIX 00pa30BaHUM,
ITpencenarenem CoBeTa IraBHBIX apXUTEKTOPOB cToauy crpad CHI'.

Anexcannp BuxropoBuu umeet 6narogapHocts [Ipesunenra Poccun, sBisiercst obnanarenem
3onotoi mMemanmu um. B.I'. Ilyxoma, 3omoteix menaneit PAACH u PAX, Jlaypearom
l'ocynapctBennoit mpemuu Poccuiickoit ®enepanuu B 00JaCTH apXUTEKTYphI, MPEMHH
[IpaBurenscTBa Poccniickoit @enepannu, 1Byx npemuil npaButeiabcTBa Mocksel, KaBanepom
opaeHa @panimu «3a 3aciyrd B 00JacTH HMCKYCCTB M JUTeparypbl» U HHkeHepHOTro
obmectBa benprun «3a 3acamyru B M300pETCHUSX», HATPaXAeH 3HAKOM OTIHYMS «3a
Oe3ynpeunyto ciayxOy ropoxy MockBe», 4YeTbIpbMsi OpJAeHaMH M Menanbio Pycckoit
IIpaBocnasnoii Llepksu.

Ceeriras maMsTh O BBIIAIOIICMCA MACTECpPE ApPXHUTCKTYPBhI, ozlapeHHeﬁmeM neagarore u
HaCTaBHHUKEC, 3aMCYaTCJIIbHOM YCJIOBCKE AneKcaH,upe BI/IKTOpOBI/I‘-Ie KYSBMI/IHG 6YII€T BCYHO
JKUTb B C€pALAx U MaMATH TEX, KTO €ro 3HaJ.

BreipaxkaeM UCKpeHHHE COOOJIC3HOBAHUS POJHBIM, OJIM3KUM U KOJUIETaM B CBS3H C
HEBOCTIOJITHUMOM yTPaTOM.

Peoaxyuonnas xonneeus u pedakyuoHuslili cosem JicypHaia
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