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AHoTaIist. Y po0oTi peACTaBICHO Pe3yIbTaTH
YHCIIOBOTO MOJICTIOBAHHS HAIPyKeHO-/1e(hopMoBa-
HOT'O CTaHy CHUCTEMH «Tpyla Iajb — IPYHTOBa OC-
HOBa» y MII[aHUX IPyHTaX Mif Ai€I0 BEPTUKAIBHOTO
CTaTHYHOT'O HaBaHTaXeHHA. J[ocIimKeHHs cripsiMo-
BaHO HAa BU3HAYEHHS BIUIMBY BiJCTaHI MIX HalIMU
Ha 0COOJHMBOCTI TEPEPO3NOAITY HAPYKEHb Y IPY-
HTOBOMY MacHBi, Xapaktep aehopmauiii Ta eeKTu-
BHICTh pOOOTH IAJIbOBOI0 1OJIs. JIJ1s1 aHami3y mody-
JIOBAHO TPUBUMIPHY CKIHUYCHO-€JICMEHTHY MOJICTIb,
IO BKJIIOYA€ I'PYHTOBHI MacHuB, HaJli Ta )KOPCTKHUH
poctBepk. IloBeniHKy IpyHTY onmcaHo Moau}iko-
BaHOIO KOBMNa4KoBOI0 Mojeno J{pykepa—IIparepa,
sIKa JJO3BOJISIE BpaxyBaTH SIK 3CYBHI IUIACTHUYHI J1e-
(dopmMartii, Tak i 00’€MHE YITiIIBHEHHS, 110 € KPUTH-
YHO BaYKJIUBUM ISl a[JleKBaTHOTO BiATBOPEHHS PO-
0ot mane y mimaHux cepenosumiax. [lapamerpu
MILHOCTI Ta JAe()OPMATUBHOCTI IPYHTY BH3HAYCHO
Ha ocHoBi manux CPT-TectyBanHs.

PosrnsiHyTO 1Ba BapiaHTH MIPOCTOPOBOTO PO3Ta-
LIyBaHHA Nauib y rpymi: 3 kpokom L =3d ta L = 6d
(me d — miametp masmi). [TokaszaHo, 110 ITPH MEHIIIIH
BIICTaHI MK TaJIIMA yTBOPIOETHCS CITIIbHA 30HA
VIIITBHEHHS IPYHTY, siKa 3a0e3neuye cyMicHy po-
00Ty eJIeMEeHTIB Ta IiABHUIIYE HECYTy 31aTHICTh CH-
cremu. IIpu 30inpmenHi Biactadi no L = 6d 3081
HaTpy)XeHb HE MepPeKPHUBAIOTHCA, TaJll MPAIIOI0Th
(haKTUYIHO SIK OJTUHOYHI, 110 3MEHIITY€E TPYIOBY ede-
KTUBHICTD 1 MPU3BOAMTH 10 HIDKYOI HECYHOi 34aT-
HOCTi. AHaJI3 PO3MOAUTY ITOB3I0BXKHIX 3yCHIIb y3-
OB CTOBOypa IIOKa3aB, IO YacTKa HaBaHTa-
KEHHSI, KA TIepeIaEThCs O1YHOIO TOBEPXHEIO KyTO-
BUX Manb, cTaHoBUTH 73% mpu L = 3d Ta 3HMKY-
€Tbest 10 62% npu L = 6d, o miaTBepaKye 3amex-
HICTBh pOOOTH Taji BiJl CTyICHS B3aEMOJIIT 3 YIIiIh-
HEHHUM TPYHTOM.
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OTpuMaHi pe3yNbTaTH y3TOKYIOTCS 3 €KcIle-
puMeHTansHUME nanuMu F. Lizzi (1985) Ta miaTe-
PIUKYIOTh, IO ONTUMAJIBHUH KPOK PO3MILICHHS
nayp 3a0e3neuye OajaHc MK B3aEMOJIEI0 B TPyMi
Ta eEeKTUBHICTIO POOOTH CHCTEMH.

BucHOBKH MmiIKpecIIOI0Th HEOOXITHICTD ypaxy-
BaHHSI IUIACTHYHUX JMedopMarliii IpyHTY Ta ONTUMa-
JBHOTO KPOKY PO3MIIIEHHS Maib I PalioHaIb-
HOT'O MPOEKTYBaHHS NalbOBUX (PyHIAMEHTIB y IIi-
IIaHUX OCHOBAX.

[TpoBenene MoaeMIOBaHHS MOXKe OyTH BUKOpHC-
TAHO Il YTOYHEHHS NapaMmeTpiB MPH TMPOEKTY-
BaHHI MANbOBUX (PYHAAMEHTIB Y MIIIAaHUX IPYHTAX.

Karouosi ciioBa. HucaoBe MoIeIOBaHHS,
rpyIa naib, MIaHi IPyHTH, BiACTaHh MK MTaJISIMH,
Hecyua 37aTHICTh, HallPYKeHO-1e(hOpMOBaHUIA
CTaH, KoBIaukoBa Monenb pykepa-Ilparepa, me-
TOJI CKIHUCHHUX CJICMEHTIB.
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[TOCTAHOBKA ITPOBJIEMUA

[Ipu B3aemoxii manpoBUX (yHIAAMEHTIB 13
IPYHTOBOIO OCHOBOIO HABKOJIO KOXKHOT 1aji (o-
PMYEThCS XapaKTepHa 30Ha 3MiHU HaIlpyKeHO-
nedopmoBadoro crany rpyHTy (Puc.l), mo
BKJIIOYAE JUISHKA YIIUTBHCHHS, PO3YIIUIb-
HEHHsI, PO3TATY Ta 3CYBIB. Y BHIMAJKYy PO3Mi-
LIEHH [1aJIb Ha MaJI{ BiICTaHl OAHA BiJ OIHOIL
Il 30HM YaCTKOBO a00 TOBHICTIO MEPEKpPUBa-
I0THCS1, YTBOPIOIOYH CITIJIbHY 30HY HAlpyKeHb,
y MeXax KO B3a€MOJIis MK TaJIsIMH iCTOTHO
BIUIMBAE€ HAa PO3IMOIIT HABAHTAKEHHS Ta OCI-
nanHs  (GyHaamenty. Hanmipue 30mmkeHHS
najb TPU3BOIUTH 10 3HUKEHHS €(DEKTUBHOCTI
poOOTH OKpPEMHX €JIEMEHTIB Yepe3 B3a€MHE Ha-
KJIQJJaHHS HaMPYXEHUX 30H, 10 BUKJIMKAE HE-
PIBHOMIpHICTB Aedopmaliiii Ta 3SMEHIICHHS He-
cyd4oi 3maTHOCTI cuctemu B 1inomy (Yadong
Chen ta in. 2019).

lpyna nane
Benuka sigcranb

OauHoOYHa
nana

|

lpyna nans
Mana sigcranb

HaNpyxexa
30Ha

rpynu

Bigoxkpemneni
HanNpyxeHi 30Hu

NopagivHa 30Ha
BNAMBY HANPYKEHD

Puc. 1. B3aemomist masb 3 IpyHTOM
Fig.1. Piles soil interaction.

Boanouvac, mpu HaaTO BENMKii BiACTaH1 MiX
MajsiMU iXHI HAIMIPY>KEeH1 30HH HE B3a€MOJIIIOTh,
1 KOKHa Tassl aKTHUYHO MPAIIOE K OAMHOYHA,
110 3HWXKY€E €(hEeKTHBHICTH BAKOPUCTAHHS MaTe-
plany Ta Hecydy 37aTHICTh YMOBHOTO (yHaa-
MEHTY B IijioMy. TakuM YWHOM, IOCTa€ 3a-
BIAaHHSA BHW3HAUEHHS OITUMAaJIbHOI BiICTaHL
MDK MMaJIIMH, 32 K01 3a0€31evy€eThCs palioHa-
JIbHA B3a€EMOJIisI €JIEMEHTIB T'PYIH 3 IPYHTOM
OCHOBH, MIHIMI3YIOThCS Aedopmariii Ta gocsra-
€TbCS MaKCHMallbHA €()EeKTUBHICTH POOOTH Ma-
JTBOBOTO TOJIS i AI€F0 BEPTUKAIBHOTO CTaTH-
YHOT'O HABAHTAKCHHSI.

META POBOTU

MeTtor naHoi poOoTH OyJ0 MPOTHO3 HECy-
401 37JaTHOCTI I'PYyINH Majb, PO3MOJILT 3yCHIIb 32
JOBKMHOIO Ta MK TIAJISIMH. OIlIHKA BIUIMBY Bi-
ncTaHl Mk nansimu Ha Hanpyskeno-/ledhopmo-
Baanii Cran (HJIC) cuctemun “rpyma nanb-oc-
HOBa”.

OCHOBHE JIOCJI/KEHHS

Ha ocHOBiI momepenHb0 NPUHHATOI CXEMHU
eKCIIEpUMEHTAJILHOTO KyIa Oyjia moOyaoBaHa
CKIHYEHO-EJIEMEHTHA MOJENIb CUCTEMU «IPYH-
TOBa OCHOBA — IpyMna Majb — POCTBEpK». Mo-
JIeTb CKIIAIA€ThCA 3 IPYHTOBOTO MacHUBY, IpyNu
HaJib Ta )KOPCTKOT'O POCTBEPKY, SKI MOJIETIOBA-
JUcs TPUBUMIpHUMH (00’€MHUMH) CKiHUEH-
HUMH eJIeMEHTaMu. [ eoMeTpuyIHI po3MipH po3-
paxyHKOBOi 00JylacTi OOpaHO TaKUM YHHOM,
1100 MiHIMI3yBaTH BITUB TPAaHUYHUX YMOB 1 3a-
0e3neuYnTH yMOBH, MaKCHMaJbHO HAOJMKEHI
70 poOOTH 130JIbOBAHOT TPYITH MAJIb.

[Timanuii r(pyHTOBUI MAacHB MOJICITIOBABCS Y
BUIJISIAI  KyOIYHOTO ~ OJIOKY  pO3MipoM
6.9%6.9x8.0 M, 10 3abe3nedye AOCTaTHIN 00-
CST JJI pO3BUTKY 30HM HamNpyXKeHo-aepopmo-
BAaHOTO CTaHy 0€3 BIUMBY MEX MOJEI Ha pe-
3ynbTaTH gociikenns. [lami giamerpom 0.133
M Ta IOBXKHUHOIO 4 M 00’ €THaHI POCTBEPKOM TO-
BmuHOIO 0.3 M, KM pIBHOMIPHO Tepeae Ha-
BaHTA)XEHHA HaA naii. Bincrane MDK HaiaMu
BHU3HAYEHA 3T1IHO 3 €KCIIEPUMEHTAIbHOIO CXe-
MOIO 3 METOI0 JOCHTIJKEHHS eeKTy B3aeMOoii
nanh y Tpymi. 3araibHUN BUTISA TPYNH THallb
IIPUMHATOI 10 pO3paxyHKy IIoKa3zaHo Ha Puc. 2.

Jl1st oriicy mOBEAIHKY pOOOTH IPYHTY ICHY€E
pizai marematnuni Mmoxenm (Kok Sien Ti,
Bujang B.K Ta in. 2009). Haitnpocrimi e npy-
KHI MOJIeN, ajleé BOHU HE JO3BOJISIOTH BPaXy-
BAaTH TaKi MPOLIECH K 30HU 3CYBY, YIIUIbHEHHS,
pO3yHIUIbHEHHS. TaKoXX ICHYIOTh 1 TPYXKHO-
macTu4Hi Mojeni. Halmommupenima npysxHo-
IJIACTUYHA MOJIEIb 3 KpuTepieM MirHocTi KM.
Bona BpaxoBye TiNbKH IUIACTHYHI Jedopmarii
IIPU 3CYBi, TOMY Ul OIIUCY MOBEIIHKU IPYHTY
Oysa BUKOpHCTaHa MOJIENb 13 TPyNH Tak 3Ba-
HUX, "KOBIMAYKOBUX'" Mojemel — 11e MoauQiko-
BaHa J[lpykepa-Ilparepa wmopens, ska Ha
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JOJATOK 0 KPUTEPII0 PpyHHYBAHHS MPHU 3pY-
IIICHHI J03BOJISiE BpaXyBaTH YIIUTbHEHHS IPY-
HTY o0'eMHOMY cTHCHEHHI. BoHa

npu

69

m

a)

Puc.2. Ky masb 1o npuiHATHHA JJIs TOCTIJDKSHHS: a) CKIHYCHO-EJIEeMEHTHA MOJICIb,

BaHHA NAJIb Y Ky1].[1

BUKOPUCTOBY€E HE acOIiHOBaHUI 3aKOH Tedii B
paifoHi MOBepxHi pyHHYBaHHS MiJ Yac 3CyBY.
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Fig.2. A group of piles accepted for research: a) finite-element model; b) pile arrangement scheme in the

group.

Transition
surface, F,

S ————— e
{ ce{d+p,tanf)

_Cap, F.
i d+p tanfi

!
e - N

ra R(d+p_,tanﬁ].pu
Puc. 3. MoaucdikoBana koBmaukoBa Mojeins JIpy-
kepa—IIparepa, mOBepXHS TEKy4OCTi B OCIX
p 1t (wapoBuii TEH30p-AEBIATOP HANPY-
JKEHB)
Modified cap Drucker—Prager model, yield
surface in the p—t axes (hydrostatic pressure
— deviator stress).
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Fig.3.

MoaudikoBana koBmaukoBa Jlpykepa-Ilpa-
repa MOJIeJb CKJIQIa€ThCS 3 IBOX OCHOBHUX I10-
BepxoHp pyiHyBaHHS (ABAQUS Analysis

User’s Manual, Version 6.12): moBepxHIO pyii-
HyBaHHs 1ipu 3cyBi ( Fs) Ta moBepxni "mramo-
gyku" mpu ctucky (Fc) mo 3minHoeThes
(Puc.3)

Jlnst GyHKITIOHAIBHOTO OTHCY YIIUTBHEHHS
B IIMPIIOMY Jiana3oHi TUCKIB OyB BUKOpHC-
TaHa 3akoHoMipHicTh K.Tepmaru, mapamerpu
Kol OyJIM OTpUMaHi HAa OCHOBI KOMITPECIHHUX
BHUNPOOYBaHb IPYHTIB y J1aboparopii (JIuTeuH,
2024).

Jlist aHanmizy mapameTpiB MIITHOCTI BUKOPH-
crano pesynbratid CPT Tecty (craTHuHOTO 30-
HIyBaHHs). BuU3Ha4YeHHS KyTa BHYTPINTHBOTO
TepTs Oysia BUKOPUCTaHA HACTYITHA 3aJIKHICTh
(Paul W. Mayne, 2007):

@ =17.16°+ 11.0° = log (,L>
vV Ovo * Oatm
B sixi BX014TH OT1ip KOHYCA - g, €PEKTUBHUI
- Oy Ta aTMOCHEPHUI THUCK - Ogpm -
[ToyarkoBe 3HaueHHS MOAYJs Aedopmarii
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BU3HAYECHO 3 BUKOPHCTAHHAM (YHKII1OHAIBHOT
3anexxHocTi Bim omopy komyca (E = f(q.)
(Paul W. Mayne, 2007). 3a pesynsratamu CPT
TECTy 3 BUKOPHCTAHHSIM HABEICHHUX 3AJICKHO-
cTi moOyaoBaHi rpadiky 3MiHM KyTa BHYTpIIII-
HBOT'O TEPTS Ta MOIYJIA AedopMallii 3a rIou-
HOIO Ta BU3HAYEHO CepeJiHi 3HaYCHHS Ha HaBe-
JEHUX JUITHKAX B 00JacTi Je pO3MIIIeHI mai

(puc.4).

friction angle from CPT tests

Young’s modulus

14 X
20 30 40 50 60 70 80 90
E, MPa

10 15 20 25 30 35 40
¢°,angle of friction

Puc. 4. [puiinsaTi napameTrpu MinHOCTI Ta aedop-
MaTHBHOCTI 3a pe3yabratamu CPT-TecTiB.

Taken parameters of strength and
deformability according to the results of CPT
tests.

Fig.4.

Jlnst mocipKeHHs BIUTMBY B1JICTaHI MiX Ta-
nsmu Ha HJIC cucremu “rpyna nanab-ocHOBA”
nasiIMA OyJI0 BUKOHAHO PO3pPaxyHKH B JBOX
ITOCTAaHOBKAX 3 BificTaHHIO MK naasmu 3d (d —
JiaMeTp Taji) Ta 31 301JbIICHO0 BIBIYI BiJIC-
TaHHIO Mk mansmu 3d (puc.S)

PesysbTaTi UMCII0BOTO MOJICITIOBAHHS ITOBE-
JIHKY TPYIH MaJb y MIIIAHOMY IPYHTI TIpU

Puc. 5. Tlpuiiasara 11t po3paxyHKiB BIACTaHb MiXK
IENCIY

Fig.5. The distance between piles adopted for
calculations.

PI3HUX BiICTAHSAX MiX MMaJIsIMU IMOJAHO Y BH-
sl TpadikiB «HaBaHTAXKEHHS — OCITAaHHS Ta
MOJIB IUIACTUYHUX JedopMaliidi CTUCHEHHS
(Puc. 6, Puc. 7).

[ToOynoBaHi 3aJIeKHOCTI «HABAHTAKECHHS —
ocimanss» ais BapiantiB L = 3d ta L = 6d cBi-
J9aTh, 110 3MiHa BiICTaHI M MaISIMU CYTTEBO
BIUIMBA€ SIK HA 3arajibHy HeCydy 3JaTHICTb
IpymnH, TaK 1 Ha XapakTep PO3MOALTY 3yCHIb
MDK OKpeMUMU eeMeHTamu (puc.6). [Ipu meH-
it Bincrani (L = 3d) HaBaHTa)XeHHs mepena-
€ThCS ORI PIBHOMIPHO, TIPH I[bOMY IIEHTpA-
JIbHA Tajsl CpUiiMae OUTbIYy YacTHHY BEPTH-
KaJIBbHOI cwin. [3 30UIBIIEHHSM BIICTaHI MIXK
nansimu 10 L = 6d B3aeMHWMIA BIUTUB €IEMEHTIB
3MEHIIYETHCS, 30HA CYMICHOI pOOOTH CKOPOTY-
€THCSl, & OCHOBHE HABAHTAXKEHHSI MEPEXOIUTh
Ha KyToBI majui. I{e mpu3BoauTh 10 3HMKEHHS
rpynoBoi e(peKTUBHOCTI Ta MEHIIOI cyMapHOi
HEeCY4YO0i 3/IaTHOCTI CUCTEMH.

OTpumaHni 3aKOHOMIPHOCTI Y3TOKYIOThCS 3
eKCTICpUMCHTAIBHUMU JIaHUMH, HAaBEICHUMH Y
po6oti ®@. JIi33i (F. Lizzi, 1985), sxuii mokasas,
110 €(heKTUBHICTh TPYIHU MaJlb JOCITA€ MaKCH-
MyMYy IIpH IEBHOMY 1HTEpBaJIi BiIcTaHEH (TIpH-
0y3HO 3—5 miamMeTpiB Majk), MiCIs Y0ro 301Tb-
IICHHS] KPOKY PO3MIIICHHS CHPUYHHSIE 3HU-
YKEHHS 3arajibHO1 HECYUO1 3/TaTHOCTI.

JletanbHUN aHai3 MPOCTOPOBOIO HATPY-
XKeHOo-nepopMoBaHOTO cTaHy (puc.7) 103BOJIsIE
nosicHuTH i TeHnaeHwii. [Ipu mamiii BimcraHi
Mk nassimu (L = 3d) cnoctepiraeTbest 3HaUHE
NEPEeKPUTTS 1HIUBITYaTbHUX 30H Hampy>KEHb,
YTBOPEHHUX HABKOJIO KOXKHOT maumi. Y pe3yJbTarti
dbopMyeTbCsl €auHA CYILUJIbHA 30HA YIIUIb-
HEHHsI, 5IKa OXOILUTIOE BCIO TPYIy Haiib 1 (yHK-
IIOHY€E SIK CHUJIBHUN “yMOBHUU (yHIaMEHT’
(puc.7) 13 epeKTUBHOIO TUIOMICIO, 10 TEePEBU-
IIy€e CyMapHy TUIOINLY OKPeMHX 30H. Taka KOH-
¢irypauis 3abe3neuye OB PIBHOMIpHUN
PO3MOALT HANIPYXKEHb Y ITPYHTI W CYMICHY poO-
00Ty €JIeMEHTIB CUCTEMHU «IPYHT — IaJIi — POCT-
BEPK».

Hartomicte npu Benmukiit Bifcrani (L = 6d)
HaIpy>keH1 30HA HE B3aEMOJIIIOTh MK CO0010, 1
KOXHa naJist popMye BIIACHY JIOKAJIbHY 00JIaCTh
VIIUTbHEHHST TPYHTY, TOOTO TpAIIOE SIK OKpe-
muil “ymoBHUE ¢yHmamenT (puc.7). Biacyt-
HICTh CITUJIBHOI 30HU Jedopmariiii mpu3BOIUTh
710 3HM)KEHHS €(PEeKTUBHOCTI BUKOPUCTAHHS
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lpadik "HaBaHTa)kKeHHA-NepemMilleHHA" EdeKTUBHICTb NPOTH BigcTaHi

0 (F. Lizzi 1985).

: EFFICIENCY" for difisrant depths
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Kytosa nans (L=3d) —— UeHTtpanbHa nana (L=3d)
————— KyTosa nans(L=6d) ----- UeHTpanbHa nana (L=6d)

Puc. 6. I'padiku «HaBaHTaXEHHS — MEPEMIILCHH» ISl MIPUWHATHX BiACTaHEH MK MaJsIMU Ta 3aJEXKHICTh
eexruBHOCTI Bix BincTawi 3rixuo 3 nanumu (F. Lizzi, 1985).

Fig.6. Load-displacement graphs for the adopted distances between piles and the dependence of efficiency on
distance according to data (F. Lizzi, 1985).

Section b-b Sectiona-a
23 Mana sigcTaHb

L=3d

Double stressed
—_— influence

Section b-b

Sectiona-a

Benuka eipgctaHb

L=6d

Separated stressed
one

Puc. 7. Ilnactuuna nedopMaliis CTHCHEHH: B MOAM(]iKOBaHii KoBIaukoBii Moneii Jpykepa-IIparepa.
Fig.7. Plastic strain from compression/hardening Modified cap Drucker—Prager model.

MaTepialy Ta MEHIIOi 3arajbHOi Hecydoi 3aHAATO BEJIMKIN BIICTaHI — BTPAYAETHCS CIi-
3IaTHOCTI YMOBHOTO (yHIAaMEHTY. Takum 4u- npHa pobota cucreMu. ONTUMAIBLHOIO € TIPO-
HOM, NPH HaJMIpHOMY 30JMKEHHI Majib 30HU MDXKHA BIJICTaHb, 32 SIKOI JOCSTAEThCs OanmaHC
HaIpy>XeHb HAKJIAJalOThCs HAAMIPHO, a MpHU MDK B3a€EMOJIIEI0 Ta aBTOHOMHICTIO POOOTH
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Mab.

AHaJi3 po3MoALTy 3yCHIb Y30BXK JOBKUHI
Mah y 3aJI€KHOCTI BiJl BICTaHI MiXK IIEHTpaMU
Majb MOKa3aB CyTTEBI BIAMIHHOCTI y poOOTI SIK
KyTOBHX, TaK 1 IIEHTpaJbHUX E€JIEMEHTIB KyIla
najib. [Ipy 3MeHIIIeHH] BiICTaHl MK TaJISIMH 3
L = 6d no L = 3d cnocrepiraeTbcsi moMiTHA
3MiHA XapakTepy TMepepo3NoAiTy HaBaHTa-
KEHHSI MDK O1YHOIO MOBEPXHEIO Ta MiJOIIBOIO
TaJi, o MOB’A3aHO 31 3pOCTAaHHSAM B3aEMHOTO
BITMBY 30H YIIUILHEHHS Ta 3CYBY IPYHTY Ha-
BKOJIO CYCi/IHIX majb (puc.8).

0

-0.5

JosxuHa nani, m
("J 1 "\" ' "i ]
%] w N n =Y

ES

-4.5

2 4 6 .8 10
Sycunna s nani, T

KytoBa nans (L=3d)

KyToBa nans(L=6d)

LeHTpanbHa nansa (L=3d)

_____ LleHTpanbHa nans (L=6d)

Puc. 8. Po3mofiny MoOB30BKHIX CHIT Y3JIOBXK JOB-
JKWHU TIaJTh Y 3aJICKHOCTI BiJT BIICTAHI MIXK
IEHTPaMU T1aJlb.

Fig.8. Distribution of longitudinal forces along the
length of the piles depending on the distance
between the pile centers.

JInst KyTOBHX Maib Ipu MeHIomy kpori (L
= 3d) ¢ikcyeTbes 30UTBIIEHHS 3YCHITb, IO TIe-
penaloThCsl Ha IPYHT OIYHOIO MOBEPXHEIO MO
BCii momxkuHI mam. KpuBa posmoniny Mae
OUTBII KPYTHH I'paJi€HT, 10 BKa3y€e HA MiJABH-
IIEHUH PIBEHb B3a€EMOJII Majli 3 YHIUTbHEHUM
IPYHTOM, CPOPMOBAHUM YHACIHIJOK IPOCTOPO-
BOTrO «edekty rpynu». Lle moscHoeTbes TUM,
10 KyTOBI MaJli MPAIOIOTh Y 30HI 00MEXEHOT
00KoBOi Aedopmariii, e yIUIbHEHHH IPYHT BiT
CYMDKHUX Tajib JOJATKOBO MiJBUIIYE TOPU30-
HTaJbHI HANpPYXKEHHS B TPYHTI, 30UIbIIyIOUN
poboTy 619HOT MOBEPXHi.

[Ipu Oinpmniit Biactani L = 6d B3aemHwmii
BIUTMB  Majb  3HAYHO  MEHIIWH, IO

NPOSIBIISIETHCS Y 3HMDKEHHI OIYHOTO Omopy Ta
OJIHAKOBOMY PO3IOALT 3yCHJIb Y3J0BX CTOB-
Oypa SK Ui LEHTpaIbHOI TaK 1 JUIsl KyTOBOT
nasni.

[Tpu 6inpmriii Bigcrani (L = 6d) mami mparigio-
I0Th y OUIBII HAOMIKEHUX 10 «OJMHOYHHX)
YMOB.

3arajgoM MOKHa CTBEPIKYBaTH, IO 3MEH-
IICHHS BIJICTaHI MK MalsiMU TPU3BOAUTH JI0
30UIBIICHHS JI0JII HaBaHTAKEHHS, CIpUHMa-
HOro OIYHOIO MOBEPXHEI0 KYyTOBUX Mallb 3a pa-
XYHOK TOTO III0 TEPTsI 10 O14HIM MOBEPXHI MaJb
PO3MIILIIEHUX B mepu]epiiiHuX 30HaX peasizy-
€ThCS OUNIbIIIE UMM B IIEHTP1 PyHIAMEHTY BHa-
CIIIZIOK PI3KOTO 3MEHIICHHS nedopmauiil Ipy-
HTY 3a MEeKaMUu (yHJIaMEHTY.

3a yMOBH pO3TallyBaHHS Malb y Tpymi 3
kpokoM L = 3d vactka 3ycwiis, 1o nepena-
€THCS HA IPYHT uepe3 O19YHy MOBEPXHIO KYTOBOT
mamni, cTaHoBUTH 73% Bix Ti 3arajbHOTO HaBaH-
taxeHds: (tab.1). [Ipu 30inbmIeHH] BiACTaHI
MDK najssMu 1o L = 6d BIiZmOBIAHUI ITOKa3HUK
3MEHINY€EThCS 10 62%, M0 CBIAYUTH MPO TOC-
JTa0JICHHS POCTOPOBOT B3a€MOI11 Ta 3HUIKEHHS
IHTEHCUBHOCTI POOOTH OIYHOI MOBEPXHI KyTO-
BOT MaJi.

Tabm. 1. Po3noin moB3A0OBKHBOT CHITA MiXK TT1IOTII-
BOIO 1 01YHOIO OBEPXHEIO MAJIi.

Table 1. Distribution of longitudinal force between
the base and the lateral surface of the pile

L=3d L=6d
Hentpa- | Ky- | Hentpa- | Ky-
JIbHA TOBa | JIbHAa | TOBa
nasst nanst | mans | mans
Cymaprie 9.02 | 811 | 7.11 | 689
3YCHILIS, T.
},})‘H"ma’ 32% | 27% | 37% |38%
biana no- 68% | 73% | 63% | 62%
BepxH1, %o
I'pannune
HaBaHTa-
JKEHHS IS
KyIIa Majib 41 35
TIpH OCi-
nanni 20
MM
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BHUCHOBKM TA PEKOMEH/IAIIIT

VY mporeci B3aeMozii naji 3 IpyHTOM BUHH-
KaroTh TUIACTUYHI 3CYBHI Ta 00'eMH1 aedopma-
uii. Lle ciig BpaxoByBaTH mija 4ac BUOOpPY BHU-
3HAYaIIbHUX MOJEIEH I YHCIOBOTO MOJIEITIO-
BaHHS.

3aie’)XHO Bij CIIBBIJHOIICHHS JlaMeTpa Ta
BIJICTaHI MIX MaJIIMH MOBEAIHKA TPYIH MaJb y
IPYHT1 ICTOTHO PI3HHUTHCS. Y OCHIPKYBaHHX
YMOBax II€ TaKO BILTUHYJIO po3moAin aedop-
Malliif TpyHTY T10 TJIUOUHI.

[Toka3zaHo, 110 TpyIa Majb 3 BiICTAHHIO MiX
nansmu L = 3d no3Bossie BKIIO9aTu B poOOTH
IpyNy Najab IPYHT MK HUMHU Ta 30UTBIIUTH He-
Cy4y 371aTHOCTI TPYTIH.

301UTBIIICHHAS BIICTaHI MK TMAalsiMU CHPUSE
3MEHIICHHIO B3a€EMOii MDK TaJIsIMH dYepe3
IPYHT, YTBOPEHHIO OKpPEMHUX 30H Aedopmarii
rpyHTy. Lle mpu3BOIUTH 10 3HUKEHHS TPYIIOBOi
e(EeKTUBHOCTI Ta MEHIIOi CyMapHOi HEeCydoi
3aTHOCTI CUCTEMHU.

OTpumaHni 3aKOHOMIPHOCTI Y3TOKYIOThCA 3
EKCTICpUMCHTAIBHUMU IAaHUMH, HAaBEICHUMH Y
po6oti ®@. JIi33i (F. Lizzi, 1985), sxuii mokasas,
110 €(hEeKTUBHICTh TPYIH MaJlb JOCITA€ MAKCH-
MyMY IIpH IEBHOMY 1HTEpBaJIi BiIcTaHEH (TIpH-
0s13HO 3—5 miamMeTpiB Majk), MiCIs Y0ro 301Tb-
IICHHS] KPOKY PO3MIIICHHS CHPUYHHSIE 3HU-
JKEHHs 3araJibHOi Hecy4oi 3matHocTi. Lls po-
6ota Bianosigae nocmipkenusam F. Lizzi. I Tyt
PO3MOILT 3yCHIIb MK TAJISIMU 3HAYHOIO MIPOO
3aJISKUTh BiJl )KOPCTKOCTI POCTBEPKY.

[Tpu Bincrani mix nansmu L = 3d  uenTpa-
JIbHA TTaJIs 3a3Ha€ O1IBIITOro HaBaHTa)KeHHS. e
MOB’SI3aHO 3 YIIUIBHEHHSM IPYHTY HAaBKOJO
HBOTO T/ BIUITMBOM TOPU30HTAIBHOTO THCKY,
CTBOPIOBAHOTO KyTOBHMH IAJISIMHU.

31 30UTbIIEHHSAM BiJICTAHI MDK MaJIIMH Pi3-
HUIlS y CIIBBIAHOIICHHI 3yCUJIb, IO TEpeaa-
I0OThCSl OIYHOIO TIOBEPXHEIO Ta IOIIBOIO Ha
IPYHT JIJIS IGHTPATLHUX Ta KyTOBUX Malb, 3Me-
Hiyetbes. [Ipu BigcTani M mayisiMu B Tpymi L
=3d 3ycwuis, U0 nepenaeThesi 619HOI0 TOBE-
PXHEIO Ha IPYHT JUI KYyTOBOI IMajli, CTAHOBHIIO
73% BiA 3arajbHOTO 3yCUILIS B Hil, a IPH Bij-
ctanl Mk namsimu L = 6d B rpymi 3ycuinis,
110 MepeNAEThCsl O1YHOIO ITOBEPXHEIO HA TPYHT,
CTaHOBMJIO 62% Bij] 3aTAJIbBHOTO 3yCHJIJIS B Hil.
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Numerical modeling of the behavior of a pile
group in sandy soils under vertical static load-
ing

Oleksandr LYTVYN
Vitalii RUCHKIVSKYI

Summary. This paper presents a comprehensive
numerical study of the stress—strain behavior of a
pile group embedded in sandy soils and subjected to
vertical static loading. The research focuses on un-
derstanding how variations in the spacing between
piles influence the development of deformation pat-
terns, stress redistribution within the soil mass, and
the overall load-bearing performance of the pile
group. The problem is highly relevant for geotech-
nical engineering practice, as the spatial arrange-
ment of piles significantly affects the efficiency, re-
liability, and cost of foundation systems, particu-
larly in granular soils where interaction effects are
pronounced.

A detailed three-dimensional finite-element
model was developed to simulate the complex soil—
structure interaction. The model incorporates a real-
istically sized soil domain, a group of displacement
piles, and a rigid grillage transferring the load to the
pile heads. To ensure a physically correct represen-
tation of sandy soil behavior, the modified Drucker—
Prager cap model was used. This constitutive model
makes it possible to capture both shear plasticity and
volumetric hardening associated with compac-
tion—phenomena that cannot be reproduced by
simpler elastic or purely frictional models. The soil
stiffness and strength parameters were derived from
CPT data, and additional compressibility character-
istics were obtained using a Terzaghi-based formu-
lation calibrated from laboratory compression tests.

Two pile spacing configurations were investi-
gated: L =3d and L = 6d (where d is the pile diam-
eter). The simulations revealed substantial differ-
ences in the stress—strain state depending on the
spacing. At L = 3d, the individual stress zones gen-
erated around each pile overlap, forming a continu-
ous zone of densified soil. This results in enhanced
confinement, increased lateral stress, and a more ef-
fective mobilization of shaft resistance. In this

configuration, the pile group behaves as a unified
foundation system, and a significant portion of the
load is redistributed to corner piles due to spatial
constraints. Conversely, at L = 6d, the stress influ-
ence zones are mostly isolated, causing each pile to
behave similarly to a single pile. This reduces group
interaction effects and leads to a lower overall bear-
ing capacity.

A detailed analysis of the distribution of longitu-
dinal forces along pile shafts showed that the share
ofload resisted by the shaft of corner piles decreases
from 73% at L = 3d to 62% at L = 6d. The central
pile exhibits the opposite trend: its contribution be-
comes less dominant as the spacing increases. These
results are consistent with the classical experimental
findings of F. Lizzi (1985), who identified an opti-
mal spacing range for maximizing group efficiency
in granular soils.

The extended numerical results emphasize the
importance of accounting for plastic deformations,
soil compaction effects, and interaction-induced
stress redistribution when designing pile groups.
The study demonstrates that inadequate considera-
tion of these factors may lead to overly conservative
or unsafe foundation designs. The numerical model
developed herein provides a reliable framework for
optimizing pile spacing and improving the accuracy
of bearing capacity predictions in sandy soils. It can
serve as a valuable tool for refining design method-
ologies and supporting engineering decision-mak-
ing under similar geotechnical conditions.

Key words. Numerical modeling, pile group,
sandy soils, pile spacing, bearing capacity, stress-
strain state, modified cap Drucker—Prager model, fi-
nite element method.
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