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AHHOTALUMUA

BBepeHune. ApMupoBaHue rpyHTOB LUMPOKO NMPUMEHSIETCH NMPU CTPOUTENBLCTBE 3[aHWUN Y COOPYXEHWIN B CMOXHbIX reorno-
TMYECKMX YCIOBUSAX, OCODEHHO C MOMOLLBIO BEPTUKANbHbIX 3NIeMEHTOB. PacyeTbl apMUPOBAHHBIX OCHOBaHWI Ha MpaKkTyu-
Ke NpoBOAATCH MO Pa3nMyHbIM METOAaM, B TOM YWCIE YMCMEHHOMY. BbINONHEHO MHOIO MCCNeaoBaHU NOBEAEHUS TPYH-
Ta Npy apMMpOBaHWN CBasiMM U €ro BINSIHWUSA Ha OcafKy, OAHAKO B3aMMOAENCTBME FPYHTOB U apMUPYIOLLMX SrEMEHTOB
He [0 KOHUa M3y4eHo. Bbibop pacnonoXeHus 3MeMeHTOB U OLEHKa BIVSAHUS Pa3XKEHUs TPYHTOB Ha 3dEeKTUBHOCTb
apM1pOoBaHUS NPU CENCMUYECKNX BO3AENCTBUAX OCTAIOTCS akTyarnbHbIMY 3agad4amu.

MaTepumansl u meToabl. Viccneayercs BNMAHNE Pa3fnUYHbIX CXEM PACMONOXEHUS apMUPYHOLLMX CBall Ha MOBEAEHUE TPYH-
TOBOrO MaccuBa M ocafKy pyHaameHTa npu cermcmmyeckmx Harpyskax. C nmomolbtio nporpammel PLAXIS 2D paccmatpu-
BalOTCS TPU BapvaHTa pacrnorioX)XeHns cBaW, BKIodas TpaauLMOHHbIE U anbTepHaTuBHbIe cxeMbl. [1pu pacyeTe Takke npu-
MeHSATCA pa3nuyHble Mofenu rpyHToB — UBC3D-PLM 1 HS Small ans MmogenmpoBaHus HUKHETO U BEPXHETO CIosi FpyHTa
B 3aBVICUMOCTY OT €ro XapakTepUCTUK.

Pesynbrathbl. [MonyyeHHble pesynbraThl MOKa3blBaloT, YTO BCE TPW BblIOpaHHbIE pacyeTHbIe CXeMbl MOMy4atoT CyLEeCTBEH-
HbIA MPUPOCT OCafoK B MpoLiecce NPOXOXAEHUS 3eMreTpsiceHns. PasnuyHble cnocobbl pacnonoXeHns cBan 3HauuTerNb-
HO BMMAOT Ha Aedopmauuy U ocafgkv OyHOAMEHTHOW NMWTbI, @ Takke Ha PacroriokeHNe TOYEK Pa3XKEHUs TPYHTOB
npu CENCMUYECKUX HarpysKkax.

BbiBoAbl. VI3MeHsAs napameTpbl CBaiHOrO apMUPOBAaHUS, €CTb BO3MOXHOCTb YNPaBATb pa3MepamMu U MeCTOMNONoXeHneM
30H pa3XWkeHus, a Npu HeobxoAMMOCTU 3aLUMTUTL HEKOTOPbIe 30HbI OT peanusauumn 3Toro npouecca. lNpeacraBneHHble
pe3ynbTaTbl MOTYT CMnOcoOCTBOBaThb pa3paboTke n pas3BuTUO 3 MEKTVBHBIX METOAOB CTPOUTENBLCTBA B CEMCMOOMAaCHbIX
pavioHax.

KIMKOYEBBIE CIIOBA: apmupoBaHue rpyHToB, PLAXIS 2D, cBaviHble anemMeHTbl, pacrnonoXeHne ceawvi, MogenupoBaHue
cBau, mogens UBC3D-PLM, pasxuxeHne rpyHToB
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ABSTRACT

Introduction. Soil reinforcement is widely used in the construction of buildings and structures in complex geological con-
ditions, especially with the help of vertical elements. Calculations of reinforced foundations in practice are carried out by
various methods, including numerical methods. Many studies were carried out on soil behaviour during pile reinforcement
and its effect on settlement, but the interaction between soils and reinforcing elements is not fully understood. The choice
of element location and assessment of the influence of soil liquefaction on the reinforcement efficiency under seismic effects
remain topical tasks.

Materials and methods. The effects of different reinforcing pile arrangements on the behaviour of the soil mass and founda-
tion settlement under seismic loads are studied. Three pile arrangements, including conventional and alternative arrange-
ments are considered using the PLAXIS 2D programme. Different soil models are also used in the calculation — UBC3D-PLM
and HS Small for modelling the bottom and top layer of the soil depending on its characteristics.

Results. The results show that all three selected design schemes obtain a significant increase in settlement during earth-
quake passage. The different pile arrangements significantly affect the deformation and settlement of the foundation slab, as
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well as the location of soil liqguefaction points under seismic loads.

Conclusions. By changing the parameters of pile reinforcement, it is possible to control the size and location of liquefaction
zones and, if necessary, to protect some zones from the realization of this process. The presented results can contribute to
the design and development of effective methods of construction in earthquake-prone areas.
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tion
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BBEJIEHUE

OO0ecrieueHne yCTOMYMBOCTH U HAJEKHOCTH 371a-
HUI U COOPY>KECHUU SIBIIIETCS BaXKHOU 3a1a4eil B COBpe-
MEHHOH CTPOUTEIHHOMH NMPAaKTHUKE, 0COOEHHO B palioHax
C BBICOKOH celicMHuecKOll akTUBHOCThIO. OmgHOBpE-
MEHHO HEOOXOIMMO PEIINTh 3334y 0 ONTUMH3AINN
pacxo/10B Ha BO3BeZCHNE (DYHIAMEHTOB 3[JaHUH U CO-
OpYKEHHH, KOTOpast MOXKET MPUBECTH K 3HAUUTEIHHO-
MYy TIOBBIIICHUIO YSKOHOMHYECKOH A(PPEKTUBHOCTH. DTH
pOOJIeMbl aKTyaJbHbI, TOCKOJIbKY BO MHOTHX PEruo-
Hax Poccum mpeoOnanarT CI0XHBIE Me0JI0rHYeCKHue
YCIIOBHUS U CYIIECTBYET BEPOSTHOCTH 3eMIICTPSICEHUM
C MHTCHCHBHOCTBIO Oosiee 7 GamnoB. [Ipumenenune
apMUPOBAHMS I'PYHTA, KaK MU3BECTHO, CIYXKHT OTHUM
13 3P PEKTUBHBIX METOIOB YKPEIUICHHS TPYHTOB H T10-
BBINIICHUSI CTa0MIBHOCTH coopyxenwmii! [1-10]. B pa-
6otax [1, 2] paccMOTpeHO BJIUSHHEC apMHPOBAHUS
Ha IPOYHOCTH IPYHTA, 00CYKAAIOTCS Pa3INnYHbIE METO-
JIbl apMUpOBaHMsl. PacueTsl apMUpPOBaHHBIX OCHOBAHUH
MPOBOJAATCA C MOMOILBIO MHKEHEPHBIX MeTo0B. Tak,
B mmyOnmukammsx [11-13] mpuBeneHs! pacueTsl IO METO-
Iy TIPUBECHHOTO MOy, a B [14—17] — mo meTtoxy
ycnoBHOTo (pyHIameHTa. B HacTosmee Bpems mpume-
HAIOTCS Y YrcleHHbIe MeToanl [11, 18-22].

Uccnenoanus 3¢ (GEKTUBHOCTH U MOBEACHUS
IPYHTOB TIOCJI€ ApMHUPOBAHUS C UCTIOIB30BAaHUEM CBai
MpeACTaBIEHbl BO MHOTHX Hay4HBIX Tpyaax [19, 20,
23-27]. OcBemaeTcs NPUMEHEHHE BEPTUKAIBHOIO
ApPMUPOBAHNS TPYHTOBBIX OCHOBAHUII BBICOTHBIX 371a-
HUH U ymyqIneHns uX AeGOopMarMOHHBIX CBOMCTB,
0COOCHHO B CEHCMHYECKH aKTHBHBIX paiioHax [24].
PaccmarpuBaioTcs pe3yabTaTsl YUCICHHOTO MOJICITHPO-
BaHMs PA3JINYHBIX THITOB (DYHJAaMEHTOB, BKITIOUAst KOM-

' Mupcaanos U.T. DpdexTUBHBIE apMUPOBAHHBIE TPYHTOBBIE
ocnoBanus. 38 ¢. URL: https://minstroy.tatarstan.ru/file/old/
structure/1(1).pdf

OMHMPOBAaHHBIC CBAHHO-IUINTHBIC U IUTUTHBIE (QyHIa-
MEHTHI Ha aPMUPOBAHHOM TpyHTE. M3ydaeTcs BIUsHNIE
apMHUPOBaHMs CBasIMHU Ha OCaJIKH TUIMTHBIX (QyHIaMeH-
ToB [20] ¢ MOMOIIBIO MOAEIH JINHEHHO-ehopMHUpYe-
Moro TBepaoro tena 1 Mopa — Kynona.

B nmammoii paboTe mocTaBieHa 3amada Cpas-
HUTH TOBEJEHHE IPYHTOBOTO MaccuBa U (yHIaMeH-
Ta MNPU PaA3IMYHOM PACIOJOKEHUH APMUPYIOIIHUX
CBall B TPyHTE C MPUMEHEHUEM COBPEMEHHOW MOJENH
UBC3D-PLM nns MomenupoBaHUs TPYHTA, C TIOMO-
B0 KOTOPOK MOXKHO 3(PPEKTUBHO OTpakaTh CEHCMHU-
YECKUE BO3ACUCTBYSI HA TPYHT.

MATEPHUAJIBI U METO/bI

Jis ccnenoBaHus BIMSHUS PACTIONIOKCHHS ap-
MUPYIOLLMX CBail HA BOCIPUITHE OCHOBAHUEM CEHCMHU-
YeCKHMX Harpy3oK pacdyeTHas CHCTeMa MOACIUPYEeTCs
¢ noMombto nporpammel PLAXIS 2D. C nensto mMo-
JICIIMPOBAHMS TPYHTA MPH JIEHCTBUU CEHCMHUYECKUX
BO3ACHCTBUIM NMPUMEHSIOTCS TaKue MOJEJIM TPYHTa,
kak Hardening Soil Small (HSS), PM4Sand, UBC3D-
PLM. bnarogaps psay npeuMyllecTB, OIHO U3 KOTO-
PBIX — BO3MOXHOCTb MOJIEIUPOBATh Pa3KUKEHUS
MeCYaHbIX W TIIMHUCTBIX TPYHTOB I0J] BO3JCHCTBHEM
CelCMUYECKUX HArpy30K, B KAUE€CTBE PACUETHON MoJe-
mu ucnonb3yercst UBC3D-PLM. [Ing npyrux rpyHTOB
npumensiercst moaens HS Small.

B pacuete paccMaTpuBaeTcs IOBEIEHUE CUCTEMBI
B oOmacTu rpyHTa pasmepamu B 1urane 400 x 400 m
u Tiyounoi 50 M. ['pyHTOBOE OCHOBaHME B pacyeTe —
JIByXCIIOIfHOE, B HETO BXOJUT JIBa CIIOA TPYHTA: BepX-
HUM — WUIKCTast MHUHA ¢ MOIHOCTBIO 14 M 1 mecyaHsli
TPYHT ¢ MOIIHOCTBIO 36 M. MnucTast muHa Moaenupy-
ercs ¢ noMotieso Moaenn UBC3D-PLM, HmkHUi niec-
yaHbIi rpyHT — HS Small. Xapakrepuctuxu 3Tux cio-
€B NPe/ICTaBJICHbI B Ta0M. 1, 2. YpOBEHb IPyHTOBBIX BOJ
HaXOAUTCS HA IUIAHUPOBOYHOM OTMETKE.

Taou. 1. XapakTepuCTUKU BEPXHETO CIOS IPYHTA JUI €r0 MOACIUPOBAHUS

[Tapamerp Bepxuuii cinoit
Mopnens marepuana UBC3D-PLM
Tun noBeeHus MaTepuana Undrained A
VIemnbHbIH Bec BHIIIE YPOBH TPYHTOBBIX BOA Y, , KH/M’ 15
ViienbHbIH BeC HUKE yPOBHS TPYHTOBBIX BOA Y, ., KH/M® 15,2
KosduiuenT MoTyist ynpyroro 06beMHOTO CKaTHst K 519,5
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Oxkonuanue mabn. 1

[Tapamerp Bepxuuii cnoit

Kosdduiment Moztysnst ynpyroro cisura k.. 7421
Kosdduument Mojtysist miiacTudeckoro capura k,? 155,7
Koodduuuent 3aBucumMocTi MOJLylist yIpyroro 00beMHOTO CKaTHsl OT HaNPsKEHUH m, 0,5
Kos(duimeHT 3aBUCHMOCTH MOYIIsl YIIPYTOTO CIBUIa OT HANPSKEHUH 71, 0,5
Koo duument 3aBucumMocTd MOJLyIIsl IUIACTUYECKOTO CJIBUTA OT HANPSIKEHUH 1 0,4
VroJ TpeHus IIPH MOCTOSTHHOM 00BeMe ¢, TPl 23
MaxkcuMasbHBIH yron TpEHus ¢ , Tpa. 23,5
Cuenuenue ¢, KH/m? 4
OtkoppektuposanHoe 3Hadenue SPT (V) 5
Koadduument paspymenns R, 0,86
Koappunment ynnornenns f, 1,0
KoaddunmeHT mocineacTBus paz3kmKeHus prm 0,5

Taou. 2. XapaKTepUCTUKU HUKHETO CJIOS TPYHTA AJIS €0 MOJCIMPOBaHUS

ITapamerp Hwxuuit necuanslii ciaoi
Mopens marepuana HS small
Tun noBeneHus MaTepuana Undrained A
ViienbHEIH Bec BBIIE YPOBHs IPYHTOBBIX BOA ¥, , KH/M® 20
T 3

Ve HBIH BeC HIDKE yPOBHS TPYHTOBBIX BO Y, ., KH/M 20
Cekymuit MOTy;Tb fie)opMaIiy IpH CTAHIAPTHOM TPEXOCHOM HcnbITanuu rpynTa ELY, kH/m? 3-10°
KacarenbHblii onomMeTpuueckuii Motyns ipy nepsudHoM Harpyxkennu E/7, kH/m? 3,610

of 2 . S
XKecrtkocts npu pasrpyske E. 7, kH/m 1,1-10
[Noka3arens CTENeHH A 3aBUCHMOCTH KECTKOCTH OT YPOBHS HAIPSDKEHUH m 0,5
Cuennenwe c,,,, kKH/M* 5
Yroa BHYTpEeHHETro TpeHus @', rpaf. 28
VYron nqunataHcuu , rpaf. 0
Hedopmarms cnsura, npu koropoit G = 0,722G,, v, , 0,110
Moztynb caiBura npu ceepxmaibix aedopmanusax G, kH/m> 100 - 10°

0,2

’
Koaddunuent Ilyaccona v/,

dyHIaMeHTHas [UIMTA PACIIONOKEHA B LIGHTPaIb- € maroM 2 M. [Ipu MozenupoBaHuu IUTUTHL M CBay IIPH-
HOM JacTH, ee pa3Mepbl — 18 Mo mHe 1 | Mo Ton-  MeHsieTcs moaens Elastic ¢ XxapakTepucTukaMu, KOTO-

mmHe. B xkauecTBe cBall MPUMEHEHBI KPYIJble OypoBBIE  pBIe IPUBEICHEI B Ta0M. 3, 4.

cBau ¢ nuametrpom 0,6 M, IIHHOM 17 M, pacmoI0KeHBI Jlnst pelieHust OCTABIEHHON 3a/1aul paccMaTpH-

Ta6a. 3. OcHOBHBIE XapaKTepUCTUKH JUIsl MojenupoBanuss  Tabua. 4. OCHOBHBIE XapaKTePUCTUKHU NIl MOJCIUPOBAHUS

(yHIaMEHTHOH ITHTHI cBaii

[Tapamerp [lmnra ITapamerp Csau
Mogens marepuana Linear Elastic " Embedded
Tun noBeeHus MaTepuana Undrained A OICJI> MaTepnalia beam row
VIenbHbII BEC BBIIIE YPOBHS )

A P s Tun noseneHns MaTepuana Elastic

TPYHTOBBIX BOX Y, KH/M 24
VnenpHblil Bec HUXKE YPOBHS IPYHTOBBIX Monyns [Oura £, kH/M? 3107

3
BOA Y, KH/M 24 VaenbHblil Bec Marepuana y, KH/m? 15
Mopuyins FOnra E', kH/m? 3107 06

UaMeTp, M ,

Koadpunuent [Tyaccona v’ 0,2 A P
Monyis casura G, kH/m? 1,25 - 107 Paccrosinue mexxay cBasmu LWC, M 2
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Puc. 1. PaccmarpuBaeMblie BapHaHTHI PACTIONOKEHIS apMUPYIOIINX CBai: @ — BapHuaHT 1; b — BapuaHT 2; ¢ — BapHaHT 3
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Puc. 2. AKceneporpaMMa 3EMJICTPACCHUSA NJIs1 MOACITIMPOBAHUS CEUCMHYCCKUX BOB)IefICTBHfI

BaIOTCS CJIEAYIOUINE BApUAHTBI PACIOIOKEHUS apMUPY-
IOIINX BEPTHKAIBHBIX CBaif (puc. 1):

1-it — cBau pacIoNoKeHbI KIIACCHYECKUM 00pa3zoMm,
T.€. HEMOCPEACTBEHHO 10/] (PYH/IaMEHTHOH TUIUTOIA;

2-11 — cBaM pacIoyIoKEHbl HE TOJIBKO MO IUTUTOH,
HO U 3a €€ IpeAeIaMu;

3-ii — pacnoloXeHue cBall HETPaJAUIMOHHOE.
CBau eCTh TOJIBKO 3a peenaMu (GyHIaMEHTHOH TUTHTHL

MopgenupoBaHue CEHCMUUYECKUX BO3JEHCTBUM
3eMJICTPSICEHNS OCYILISCTBIACTCS MPUIOKECHHEM 3a-
JIAHHOTO TICPEMEIICHHS 10 HIKHEW TPaHUIle TPYHTO-
BOTO MacCHBa C IOATPY3KOW aKCeIeporpaMMEl. 3amuch
BO BPEMEHH OTHOKOMITOHEHTHOTO MPOIeCCca H3MEHEHHS

Deformed mesh |u| (scaled up 500 times)
Maximum value = 0.03608 m (Element 129 at Node 1521)

a

yckopenus anures 20 cexynn. Ha puc. 2 nokazana ak-
ceneporpamMma 3eMIICTPSICCHUS.

PE3VIBTATHBI HCCIEJOBAHUA

B pesynbrare pacuera paccmarpuBaroTcs gedop-
MHUPOBaHHbIE CETKH B TPEX BapHaHTax Paclojoxke-
HUs CBall 10 M MOCIIE TMPOXOXKICHHS 3eMJICTPSICCHUS
npu ucnoib3oBannn Mopenn UBC3D-PLM. Ilpumep-
HBIE M30I10J151 1e()OPMHUPOBAHHON CETKHU NPEICTABICHBI
Ha puc. 3.

B Tabn. 5 npuBeneH cpaBHUTEIbHBIA aHATIN3 MaK-
CHMAJIBHOTO 3HAYCHUS 1e(OPMUPOBAHHON CETKH.

Ha puc. 4 npencrapieHbl H30M0JIS OJHBIX BEPTH-
KaJIbHBIX IIepEeMELIeHHH CUCTEMBI BO BCEX paccMarpu-

Deformed mesh |u| (scaled up 100 times) (Time 20.00 s)
Maximum value = 0.1149 m (Element 292 at Node 3044)

b

Puc. 3. JlepopmupoBanHasi ceTka CHCTEMbI IIPH IEPBOM BapHAHTE PACTIONIOKEHHS CBal: ¢ — J10 3eMJIETPSICEHHS; b — rociie

3EMIICTPACCHUA
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Tabu1. 5. CpaBHUTENBHBINH aHAIN3 MAKCUMAJIBHOTO 3HaUCHUsI 1e()OPMUPOBAHHOI CETKU
MakcumainbHoe 3HaueHue 1e()OPMUPOBAHHOI CETKH, MM
BapuanT pacnonoxenus cait Pazanma, %
JI0 3eMIIETPSICEHHS MOCIIE 3eMIIETPSICEHUS

36,08 114,9 +218

2 28,07 (22 %) 95,41 (17 %) +240

94,65 (+162 %) 273,2 (+138 %) +188

e

Puc. 4. [TonHbie BEPTUKAJIbHBIC IICPEMCILICHUS CUCTEMBI IIPU: [IEPBOM BaApUAHTE PACIIOJIOKECHUS cBail: a — 10 3EMJICTPSACCHUS,
b — mocine 3EMIICTPACCHUSI; BTOPOM BapUaHTE PACIIOJIOKCHUS cBail: ¢ — 110 3EMIJICTPACCHUS, d — mocne 3EMIICTPSACCHUS; TPE-
THEM BAPUAHTC PACIIOIO0KCHHUA CBaii: e — 10 SGMJ'IGTpHCGHI/ISI;f— TI0CJIC 3EMJICTPSACCHUS

Tabu. 6. CpaBHUTENBHBIH aHAIN3 0CA0K (yHIAMEHTHOHN IIINTHI

MaxkcumMalibHOE 3HaueHHe J1e()OPMUPOBAHHOI CETKU, MM
Bapuant pacnonoxenus cait Pazanma, %
JI0 3eMJIETPSICEHHS TOCIIe 3eMIIETPSICEHUS
31,53 89,90 +185
2 27,09 (14 %) 76,35 (15 %) +182
3 94,63 (+200 %) 271,89 (+202 %) +187

Y Vv

Ny

a b

(1G] | HOALIGY "L WO Ssavseiae wexnen

Puc. 5. Touku pazxmkeHUs TPYHTOB: @ — B IIEPBOM BapHaHTe; b — BO BTOPOM BapHaHTe; ¢ — B TPEThEM BapHaHTE
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Puc. 5. Touxn pazKiKeHHs TPyHTOB: ¢ — B TIEPBOM BapHaHTE; b — BO BTOPOM BapHAHTE; ¢ — B TPETHEM BapHaHTE (OKOHIAHHUE)

BaeMbIX BapHAHTaX PACHOIOKEHUS ApMHUPYIOLINX CBAl
JIO Y IOCJIE MPOXOKICHUS 3€MIIETPICEHUSL.

B Tabn. 6 nmpuBeneH cpaBHUTEIBHBINA aHAIHU3 OCa-
JIOK pyHIaMEHTHOH TUTUTHI (B TOUKE CEPEMHBI HUKHEH
TPAHMIIBI [IJTUTHI) [0 BapHAHTaM PACIIONIOKEHUS CBal
JIO Y TIOCJIE 3€MIIETPSICEHUSI.

B PLAXIS 2D mpu HCHONB30BAHUU MOJCITH
UBC3D-PLM B03M0*KHO MOKa3aThk TOUKH 30H Pa3Ku-
JKaeMBIX TPYHTOB, B KOTOPBIX KO3(p(UIIHMEHT TOPOBOTO
nasierust Ru > 0,95. Bepxuuii cioit — wincras mivHa,
OTHOCHTCS K TUITYy TPYHTA, KOTOPBII NMEeT TeHCHIINIO
pazKImKaThCS U3-3a CEHCMIUYECKUX Bo3aenHcTBHA. OTO-
OpakeHne TOUEK 30H Pa3KMKAaeMbIX TPYHTOB IIPH TPH-
MEHEHUH PA3IUYHBIX MOJIETIEH B JAHHOM pacdeTe Mpe-
CTaBJICHO Ha puC. 5.

SAKJIIOYUEHHUE U OBCYXAEHUE

TomyueHHbIC pe3ybTaThl TIOKA3bIBAIOT, YTO BCE TPU
BBIOpAHHbIE PACUETHBIE CXEMbI MOYUYatOT CYILECTBEHHbIN
MPUPOCT OCAIOK B MPOLECCE MPOXOMKICHUS 3eMIIeTpsice-
Hust. [IpOLICHT MpUpaIeHust OCaIKH 10 CXEMaM MPAKTH-
YeCKH MJICHTUYHBINA 1 cocTaBiieT oT 182 mo 187 %.

Cxema 3 mpearosaraeT ycTpoiCTBO HAMMEHBbIIIE-
TO KOJIMYECTBA CBAWHBIX MJIEMEHTOB apMHUPOBAHUS, T.C.
HanOoJIee SKOHOMUYHA, OJJHAKO IIPH ITOM HMEET MECTO
YBEIIMYCHHOE 3HAYEHHE OCAJKH OCHOBAHMS 3a CUET
CTAaTHYECKOTO HArpy>KeHUSA. DTO HEYAUBHUTEIbHO, TaK
KaK HHMKE NPOMEXKYTOUHOH MeCUaHOil MOAYIIKHY 3aje-
TafoT €CTECTBEHHBIE TPYHTHI 03 apMUPOBAHUS CBAsIMU.

AHa3 POTrHO3a MOSBICHNS TOUKU PAKIKCHHS
B OCHOBaHHH I10 TPEM CXEMaM YCTpOMCTBa (yHIaMeH-
TOB MMOKA3bIBACT, YTO HANOOJBILASI UX TIOTHOCTH MMe-
€T MECTO NMPHU OTCYTCTBUHU apMUpPOBaHMs (ciydait 3).
B cnygasx | u 2 oTmMedaeTcs TOKaIu3aIis TOYeK pa3Ki-
JKCHHUST B HEKOTOPBIX 00beMax BOIU3M OOKOBOM ITOBEPX-
HOCTH CBail. BMecTe ¢ 3TUM B MeKCBaliHOM MPOCTpaH-
CTBE pa3KIKEHHE HE TIPOMCXOIUT. DTO 0OCTOSTEIILCTBO
MO3BOJISICT MPEAMNONOKUTh, YTO, U3MEHAS MapaMeTphl
CBafHOTO apMHUPOBAHU, MOKHO YTIPABIATH pa3MepaMu
U MECTOIOJIOKEHUEM 30H PAKIKEHHS, & IPH HEOOXO-
JUMOCTH 3alUTUTh HEKOTOPbHIE 30HBI OT peasn3aIiy
9TOro nporecca. Bo3MoKHOCTb 1 FpaHUIbI TPUMEHEHHUS
TaKOI'0 METO/Ia YIIPABJICHHUS JIOJDKHBI OBITh NCCIIEIOBAHBI
OTJIENTLHO B MOCIIEYIOINX padoTax.

CIIMCOK UCTOYHHUKOB

1. Khazaleh M.A. The effect of soil reinforcement
on strength of the soil // Sustainable Energy and Envi-
ronment Review. 2023. Vol. 1. Issue 1. Pp. 68-79. DOI:
10.59762/3¢er924712041120231103144956

2. Tulebekova A., Tanyrbergenova G., Zhanki-
na A., Baizakova G. Effectiveness of reinforcement on
soil subsidence // Bulletin of L.N. Gumilyov Eurasian
National University. Technical Science and Technology
Series. 2023. Vol. 142. Issue 1. Pp. 107-115. DOI: 10.
32523/2616-7263-2023-142-1-107-115

3. Damians I.P., Rimoldi P., Miyata Y., Detert O.,
Uelzmann S., Hoelzel M. et al. Summary of the Soil
Reinforcement Technical Committee Special Session
(IGS TC-R) // E3S Web of Conferences. 2023. Vol. 368.
P. 03010. DOI: 10.1051/e3sconf/202336803010

4. Iman M., Harwadi F. The sand column utilizing
for clay soil reinforcement // IOP Conference Series: Earth
and Environmental Science. 2022. Vol. 1083. Issue 1.
P. 012033. DOI: 10.1088/1755-1315/1083/1/012033

100

5. Zhang D.-W., Liu S.-C., Lin W.-F., Shi H.-B.,
Mao Z.-L. Field test on soft ground with liquefiable
silt interlayer reinforced by jet-grouted mixing piles //
Journal of Traffic and Transportation Engineering. 2022.
Vol. 22. Pp. 103-111. DOI: 10.19818/j.cnki.1671-
1637.2022.01.008

6. Budianto E., Pamuttu D., Hairulla H., Pasalli D.
Geotextile reinforcement model laboratory test on silt
soil // Technium: Romanian Journal of Applied Sci-
ences and Technology. 2023. Vol. 17. Pp. 46-51. DOI:
10.47577/technium.v17i.10045

7. Basar E.E. Effects of microgrid reinforcement
on soil strength // Engineering and Technology Journal.
2023. Vol. 08. Issue 10. DOI: 10.47191/etj/v8i10.02

8. Ouria A., Heidarli E., Karamzadegan S. A labo-
ratory study of the influence of reinforcement stiffness
and the size of soil particles on soil pull-out strength.
2023. DOI: 10.22060/CEEJ.2023.21922.7853

9. LiuW.,ZhanY., ZhengS., LiJ., Qiu Y., Wei D. et al.
Deformation characteristics and control methods of deep



M3yueHue BAUSHUST PacrioAOXEHMS apMUPYIOLLMX JKene3006eTOHHbIX INEMEHTOB Ha Bocripusatne

o C. 95-107
0CHOBaHWEM CEHCMUYECKMUX Harpy30K

foundation pit excavation in watery sandy soil area //
Advances in Frontier Research on Engineering Struc-
tures. 2023. DOI: 10.3233/ATDE230196

10. Shalchian M .M., Arabani M. A review of soil
reinforcement with planetary fibers // Journal of Soil
Science and Plant Nutrition. 2022. Vol. 22. Issue 4.
Pp. 4496-4532. DOI: 10.1007/s42729-022-01052-y

11. Tep-Mapmupocan 3.I"., Cmpynun I1.B. Ycu-
JieHHe cabbIX TPYHTOB B OCHOBAaHHHU (hYyHIa-MEHTHBIX
IUTAT C MCIIOJIb30BAaHHEM TEXHOJIOTUH CTPYHHOH Ie-
MeHTaIuu TpyHToB // BectHuk MI'CVY. 2010. Ne 4-2.
C.310-315. EDN RTSQULI.

12. Desai C.S. Effects of driving and subsequent
consolidation on behaviour of driven piles // Interna-
tional Journal for Numerical and Analytical Methods
in Geomechanics. 1978. Vol. 2. Issue 3. Pp. 283-301.
DOI: 10.1002/nag.1610020307

13. Hegg U., Jammilkowski M.B., Parvis E. Be-
havior of oil tanks on soft cohesive ground improved by
vertical drains // Proceedings of 8-th ECSMFE. 1983.
Issue 2. Pp. 627-632.

14. Kawasaki T. Deep mixing method using ce-
ment hardening agent // Proc. 8-th ECSMFE. Stock-
holm, 1981. Pp. 721-724.

15. Hyowcoun JI.B., Ky3neyos A.A. ApmupoBanue
TPYHTOB OCHOBAHHS BEPTHKAJIbHBIMH CTEPXKHIMHU //
TpyIbl MEXKIYHAPOAHOTO CEMUHAPA 110 MEXAHHUKE TPYH-
TOB, (PyHIAMEHTOCTPOCHHIO U TPAHCIIOPTHBIM COOPYIKe-
HusM. 2000. C. 204-206. EDN UPNJAM.

16. Hyowcoun JI.B., Cxeopyos E.I1. iccnenoBanue
JMHAMHYIECKOTO HAMPSHKEHHO-Ie(hOPMHUPOBAHHOTO COC-
TOSIHHSI J)KECTKUX BEPTHKAIBHBIX apMOAIIEMEHTOB //
Bectnux TTACY. 2003. Ne 1. C. 225-230.

17. Jones D.R.V., Dixon N. A comparison of
geomebranes/geotextiles interface shear stregth by di-
rect shear and ring shear // Proceeding of the Second
European Geosynthetics Conference. Bologna, Italy,
2000. Vol. 2. Pp. 929-932.

18. Kapaynoe A.M. Metoauka pacuera BepTH-
KaJIbHO apMUPOBAHHOTO OCHOBAHUSI IUTUTHOTO (yH/Ia-
MeHTa // MaTepuansl MexayHap. Hayd.-TIpakT. KOH(.
III'ACA. Ilen3sa : U3n-Bo III'ACA, 2002. C. 66—69.

Hocmynuna 6 peoaxyuro 9 auneaps 2024 a.
Ipunama é oopabomannom sude 16 aunsapsa 2024 a.
Ooobpena ona nyoruxayuu 2 gpespans 2024 .

19. Kapaynos A.M. IIpakTuuecKkuii METOJ] pacdyera
BEPTUKAIBHO apMHPOBAHHOT'O OCHOBAHUS JIEGHTOYHBIX
W OTJENBHO CTOAIMUX (DYHAAMEHTOB TPAaHCIIOPTHBIX
coopyxennii // Bectnuk TTACY. 2012. Ne 2 (35).
C. 183-190.

20. Ecunoe A.B., [{emun B.A., E¢pumos A.A. Yuc-
JICHHBIE UCCJICIOBAHMS OCA/IOK TUIMTHBIX (DYHIAMEHTOB
Ha IPYHTOBOM M a@pMHUPOBAHHOM CBastMu OcHOBaHwMsix // Co-
BpEMEHHbIE NPOoOIIeMBbI HayKH 1 0OpasoBanwst. 2014. Ne 6.

21. Chen Y., Cao W., Chen R.P. An experimental
investigation of soil arching within basal reinforced and
unreinforced piled embankments // Geotextiles and Geo-
membranes. 2008. Vol. 26. Issue 2. Pp. 164-174. DOI:
10.1016/j.geotexmem.2007.05.004

22. HanJ., Gabr M.A. Numerical analysis of geo-
synthetic-reinforced and pile-supported earth platforms
over soft soil // Journal of Geotechnical and Geoenviron-
mental Engineering. 2002. Vol. 128. Issue 1. Pp. 44-53.
DOI: 10.1061/(asce)1090-0241(2002)128:1(44)

23. Cagun J].P. ViccnenoBanue nehopMaTuBHO-
CTH BOZOHACHIIEHHBIX TJIHHUCTBIX TPYHTOB, apMHUPO-
BAaHHBIX BEPTHUKAJIbHBIMU apMHUPYIOMIMNMHU 3JIEMEHTA-
mu // U3Bectus Kas[TACY. 2008. Ne 2. C. 81-84.

24. Mapunuues M.b., Tkaues U.I", IlInee FO. ITpak-
THYECKas peaii3alis MEeTo/Ia BEPTUKAILHOTO apMUPO-
BaHUs HEOJAHOPOJHOTO0 OCHOBAHUS /ISl KOMIICHCAIMU
HepaBHOMEpPHOHU epOpMUPYyEMOCTH TPYHTOBOTO Mac-
CHBAa ¥ CHIDKCHUSI CEHCMHUYECKHUX BO3JICHCTBHI HA HAJI-
3eMHOe coopyxeHue // Hayunsrit sxypHan Kyol'AY.
2013. Ne 94 (10).

25. Ecunoe A.B., /lemun B.A., E¢humos A.A. Unc-
JICHHBIE UCCJIEIOBAHMS OCA/IOK IUIMTHBIX (DYHIAMEHTOB
Ha TPYHTOBOM M apMHUPOBAHHOM CBastMu OcHOBaHMsIX // Co-
BpEMEHHBIE IPoOIIeMBbI HayKH 1 oOpasosanwst. 2014. Ne 6.

26. Ilonog A.O. Pacder KOHEYHOW OCAIKU TIIHU-
HHUCTBIX OCHOBaHMH, apMHUPOBAHHBIX BEPTUKAIBHBIMU
anementamu // Magazine of Civil Engineering. 2015.
Ne 4. C. 19-27. DOI: 10.5862/MCE.56.3

27. Mupcasanoe U.T., Ilonos A.O. DxcuepuMeH-
TaJIbHO-TEOPETHUECKUE UCCIIEI0BAHMS PaOOTHl apMHUPO-
BaHHBIX TPYHTOBBIX MaccuBoB // M3Bectus Kas['ACY.
2008. Ne 2 (10).

Op ABTOPAX: Jle Ipik AHb — acriupaHT Kad)eApbl MEXaHUKH I'PYHTOB U reoTeXHUKY; HauuoHaabHbli uccie-
aoBaTeabckuii MoCKOBCKHIi rocyiapcTBeHHbIH cTpouTebHblil yausepeuteT (HUY MI'CY); 129337, . Mocksa,

SIpocnasckoe mocce, 1. 26; ducanh.st22@gmail.com;

Buranmii BasentunoBu4 Cua1opoB — KaHANIAT TEXHUYECKUX HAYK, JIOLEHT Kadepbl MEXaHHKH IPYHTOB U T€0-

TexHuky; HanmonanbHbIN HccaeoBaTe/ bkl MOCKOBCKHI rOCy1apCTBEeHHBIH CTPOUTEIbHbINH YHHBEPCUTET
(HIY MI'CY); 129337, . Mockaa, SIpocnasckoe mocce, 1. 26; vitsid@mail.ru.

Bkrao asmopos: éce asmopul coenanu K6UBAIEHMHbIL BKIAO 8 NOO20MOBKY NYOIUKAYUU.

Asmopul 3as61510m 06 OMcymcmeuu KOHGIUKmMa uHmepecos.

101

(1G] L HOALIGG ‘bl NOL §oatecaqteuken



scionco o ruction: o) 14, Issue 1(51)

Le Duc Anh, Vitaliy V. Sidorov

INTRODUCTION

Ensuring stability and reliability of buildings
and structures is an important task in modern
construction practice, especially in areas with high
seismic activity. At the same time, it is necessary to
solve the problem of optimizing the costs of erecting
foundations of buildings and structures, which can
lead to a significant increase in economic efficiency.
These problems are relevant, because in many Russian
regions, complex geological conditions prevail and
there is a probability of earthquakes with an intensity
of more than seven points. The application of soil
reinforcement is known to serve as one of the effective
methods of strengthening soils and increasing
the stability of structures' [1-10]. In [1, 2], the effect
of reinforcement on the strength of soil is considered
and various methods of reinforcement are discussed.
Calculations of reinforced foundations are carried out
using engineering methods. Thus, publications [11-13]
present calculations using the reduced modulus method,
and [14-17] — using the conditional foundation
method. At present, numerical methods are also used
[11, 18-22].

Studies of the efficiency and behaviour of soils af-
ter reinforcement using piles are presented in many sci-
entific works [19, 20, 23-27]. The application of vertical
reinforcement of soil foundations of high-rise buildings
to improve their deformation properties, especially in
seismically active areas, is highlighted [24]. The results
of numerical modelling of various types of foundations,

! Mirsayapov 1.T. Effective reinforced soil bases. 38. URL:
https://minstroy.tatarstan.ru/file/old/structure/1 a(1).pdf

Table 1. Characteristics of the topsoil layer for its modelling

including combined pile-slab and slab foundations
on reinforced soil, are considered. The influence of pile
reinforcement on the settlement of slab foundations is
studied [20] using the linearly deformed solid model
and the Mohr-Coulomb model.

In this paper, the objective is to compare the be-
haviour of the soil mass and foundation at different loca-
tions of reinforcing piles in the soibil using the advanced
UBC3D-PLM soil simulation model, which can be used to
represent seismic ground motions effectively.

MATERIALS AND METHODS

To investigate the influence of the reinforcing pile
location on the seismic load absorption by the foundation,
the design system is modelled using PLAXIS 2D
software. For the purpose of modelling the soil under
seismic action, soil models such as Hardening Soil
Small (HSS), PM4Sand, UBC3D-PLM are used. Due
to a number of advantages, one of which is the ability
to model liquefaction of sandy and clayey soils under
seismic loads, UBC3D-PLM is used as a computational
model. For other soils, the HS Small model is used.

The calculation considers the behaviour of the sys-
tem in an area of soil with plan dimensions of 400 x
x 400 m and a depth of 50 m. The soil basement in
the calculation is a two-layer one, comprising two soil
layers: the upper one is silty clay with a thickness of 14 m
and sandy soil with a thickness of 36 m. The silty
clay is modelled using the UBC3D-PLM model and
the lower sandy soil is modelled using HS Small.
The characteristics of these layers are presented in
Table 1, 2. The groundwater level is at the planning level.

Parameter Top layer
Material model UBC3D-PLM
Type of material behaviour Undrained A
Specific gravity above groundwater level y_, kN/m’ 15
Specific gravity below groundwater level y ., kN/m’ 15.2
Elastic bulk compression modulus coefficient k;e 519.5
Elastic shear modulus coefficient k,° 742.1
Plastic shear modulus coefficient k.7 155.7
Coeflicient of stress dependence of elastic bulk compression modulus 2, 0.5
Coefficient of dependence of elastic shear modulus on stress 7, 0.5
Coeflicient of dependence of plastic shear modulus on stress 1 0.4
Angle of friction at constant volume ¢_, deg. 23
Maximum friction angle ¢ , deg. 235
Cohesion with, kKN/m? 4
Adjusted SPT value (N)),, 5
Fracture factor R, 0.86
Compaction factor f, - 1.0
Liquefaction Impact Factor prm 0.5
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Table 2. Characteristics of the bottom soil layer for its modelling

Parameter Lower sandy layer
Material model HS small
Type of material behaviour Undrained A
Specific gravity above groundwater level y_, kN/m? 20
Specific gravity below groundwater level v, , kN/m’ 20
Secant modulus of deformation at standard triaxial soil test £, kN/m? 3-10*
Tangential odometric modulus under primary loading £/, kN/m? 3.6 -10*
Unloading stiffness E/¢, kN/m? 1.1-10°
Degree index for the stress level dependence of stiffness m 0.5
Clutch ¢/ of kN/m? 5
Internal friction angle ¢’, deg. 28
Dilatancy angle v, deg. 0
Shear strain at which G = 0.722G,, v, , 0.1-103
Shear modulus at ultra-low strain G, kN/m? 100 - 10°
Poisson’s ratio v/, 0.2

The foundation slab is located in the central
part, its dimensions are 18 m in length and 1 m in
thickness. The piles used are round bored piles with
a diameter of 0.6 m, 17 m long, spaced 2 m apart. When
modelling the slab and piles, the Elastic model with
the characteristics given in Table 3, 4 is used.

To solve the task, the following options for
the arrangement of reinforcing vertical piles are
considered (Fig. 1):

 1st — the piles are located in the classical way,
i.e. directly under the foundation slab;

* 2nd — piles are located not only under the slab,
but also outside the slab;

Table 3. Main characteristics for modelling the foundation slab

* 3rd — the location of piles is unconventional.
There are piles only outside the foundation slab.

Modelling of seismic effects of an earthquake is
carried out by applying a given displacement along
the lower boundary of the soil massif with accelerogram
loading. Recording in time of one-component process
of acceleration change lasts for 20 seconds. Fig. 2
shows the accelerogram of the earthquake.

RESEARCH RESULTS

As a result of the calculation, deformed meshes
are considered in three variants of pile locations before

Table 4. Main characteristics for pile modelling

Parameter Slab
Material model Linear Elastic
Type of material behaviour Undrained A
Specific gravity above groundwater 24
level y_, kN/m’
Specific gravity below groundwater 24
levely, . kN/m’
Young’s modulus E’, kKN/m? 3107
Poisson’s ratio v’ 0.2
Shear modulus G, kN/m? 1.25 - 107

Parameter Piles
Material model Embedded
beam row
Type of material behaviour Elastic
Young’s modulus E, kN/m? 3107
Specific material weight y, KN/m? 15
Diameter, m 0.6
Distance between piles L, m 2

— T

a b

TTITITITITITIT il i

c

Fig. 1. Considered variants of reinforcement pile arrangement: ¢ — variant 1; » — variant 2; ¢ — variant 3

103

(1G) L BNSS] YL O] Loneonsapuesausps



scionco o ruction: o) 14, Issue 1(51)

Le Duc Anh, Vitaliy V. Sidorov

Dynamic multiplier (acceleration)

0.00 200 400 6.00 8.00 100 120 140 16.0 180 200
Time [s]

Deformed mesh |u| (scaled up 500 times) Deformed mesh |u| (scaled up 100 times) (Time 20.00 s)
Maximum value = 0.03608 m (Element 129 at Node 1521) ‘Maximum value = 0.1149 m (Element 292 at Node 3044)
a b

Fig. 3. Deformed grid of the system at the first variant of pile arrangement: a — before the earthquake; b — after the earthquake

and after earthquake passage using the UBC3D-PLM Fig. 4 shows isopoles of total vertical displa-cements
model. The approximate isopoles of the deformed mesh  of the system in all considered variants of reinforcing piles
are shown in Fig. 3. location before and after the earth-quake passage.

Table 5 shows a comparative analysis of the maxi- Table 6 shows a comparative analysis of the foun-
mum value of the deformed mesh. dation slab settlement (at the midpoint of the bottom

Table 5. Comparative analysis of the maximum value of the deformed mesh

. . Maximum value of deformed mesh, mm )
Pile arrangement option Difference, %
before the earthquake after the earthquake
36.08 114.9 +218
2 28.07 (—22 %) 95.41 (=17 %) +240
94.65 (+162 %) 273.2 (+138 %) +188

U

a

Fig. 4. Total vertical displacements of the system at: first pile arrangement: ¢ — before the earthquake; b — after
the earthquake; second pile arrangement: ¢ — before the earthquake; d — after the earthquake; third pile arrangement: e —
before the earthquake; f'— after the earthquake

104



The effect of arrangement of reinforced concrete elements on perception

of seismic loads by the foundation P. 95-107

e

Fig. 4. Total vertical displacements of the system at: first pile arrangement: a — before the earthquake; b — after
the earthquake; second pile arrangement: ¢ — before the earthquake; d — after the earthquake; third pile arrangement: e —

before the earthquake; f— after the earthquake (ending)

Table 6. Comparative analysis of foundation slab settlements

Maximum value of deformed mesh, mm
Pile arrangement option Difference, %
before the earthquake after the earthquake
1 31.53 89.90 +185
2 27.09 (—14 %) 76.35 (—15 %) +182
3 94.63 (+200 %) 271.89 (+202 %) +187

4

Fig. 5. Soil liquefaction points: ¢ — in the first variant; b — in the second variant; ¢ — in the third variant

edge of the slab) for the pile locations before and after
the earthquake.

In PLAXIS 2D, using the UBC3D-PLM model,
it is possible to show the points of liquefiable soil
zones where the pore pressure coefficient is Ru > 0.95.
The upper layer, silty clay, is a type of soil that tends to
liquefy due to seismic effects. The mapping of liquefiable

soil zone points when different models are applied in
this calculation is shown in Fig. 5.

CONCLUSION AND DISCUSSION

The results show that all three selected design
schemes obtain a significant increase in settlement during
the earthquake passage. The percentage of settlement
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increment for the schemes is almost identical and ranges
from 182 to 187 %.

Scheme 3 involves the smallest number of pile
reinforcement elements, i.e. it is the most economical,
but there is an increased value of foundation settlement
due to static loading. This is not surprising, as below
the intermediate sand cushion there are natural soils
without pile reinforcement.

An analysis of the prediction of liquefaction point
occurrence in the foundation for the three foundation
schemes shows that the highest liquefaction point

density occurs in the absence of reinforcement (case 3).
Cases | and 2 show localization of liquefaction points
in some volumes near the lateral surface of the piles.
At the same time, no liquefaction occurs in the inter-
pile space. This circumstance suggests that by changing
the parameters of pile reinforcement it is possible to
control the size and location of liquefaction zones and,
if necessary, to protect some zones from the realization
of this process. The possibility and limits of application
of such a control method should be investigated
separately in subsequent works.
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