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Abstract. Deep water piled -clusters and
structures supported by large mono-piles are
designed to take up significant lateral and pressing
loads. In particular it relates to offshore structures
which foundations need long piled supports of high
bearing capacity. Two innovative structures and
technologies have been worked out to optimize
stress-strain ~ state of piled clusters and
mooring/fender dolphins. (1) Developed is
effective and less resource-demanding design
when connection of all pipe piles with large
diameter steel casing provides their joint work and
favorable distribution of stresses and deformations
in pile cluster. (2) To increase energy-absorbing
capacity of mooring/fender dolphins it is worked
out and researched a new design of combined
tubular mono-pile structure. It incorporates internal
flexible pile and damping element (cushion) placed
between external and internal piles’ heads. For
both innovative and patented solutions laboratory
tests and numerical modeling were fulfilled and
compared.

Study of peculiarities of two innovative struc-
tural and technological solutions of piled cluster
and mooring/fender dolphin on combined mono-
pile was fulfilled by testing on physical models in
laboratory conditions and by numerical modeling
(FEM).

The preliminary stage of tests (experiments
without soil with fixed piles’ tips) occurred to be
useful for study of structural behavior of both new
designs [3, 4].

The main stage of experiments in the sand box
with models of both proposed improved structures
and their corresponding numerical modeling gave
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interesting results due to consideration of structure-
soil interaction. It also confirmed proper selection
of the appropriate calculation program (by compar-
ison of measured and calculated data). Obtained
results demonstrated advantages of proposed solu-
tions and explained peculiarities of their innovative
structures.
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INTRODUCTION

Deep water piled clusters and structures
supported by large mono-piles are designed to
take up significant lateral and pressing loads.
In particular it relates to offshore structures
which foundations need long piled supports of
high bearing capacity [1]. Correspondingly
one meets high level of stresses and significant
deformations in such constructions. Two
improved structures and technologies have
been worked out to optimize stress-strain state
of piled clusters and mooring/fender dolphin
[2]. To study peculiarities of these innovative
design solutions model testing in laboratory
conditions have been produced in Odessa
National Maritime University (Department
“Sea, River Ports and Waterways”). Physical
modeling was provided for two stages. The
first one (preliminary experimental research)
was simplified by testing of the model without
soil media: instead of piles embedded into the
soil piles with tips fixed by special clamps
were considered (console scheme). Results of
this first (simplified) stage of the phesical
modeling were presented in the recent
international conferences and published [3, 4].
They confirmed operability of the considered
inventions and gave the possibility to
determine the most appropriate calculation
model in order to reflect innovative structural
peculiarities and to select proper software.

The second stage was aimed to test the
same models in the soil box without artificial
fixing of piles’ tips by clamps (piles were
embedded into sandy soil).

INNOVATIVE PILED CLUSTER AND ITS
MODEL TESTING

Developed is effective and less resource-
demanding design when connection of all piles
with large diameter casing provides their joint
work and favorable distribution of stresses and
deformations in pile cluster (Fig. 1) [2].

Mentioned large diameter casing (shell) is
installed both above and below sea bottom
level relieving piles and decreasing stresses in
them. Connection between casing and piles
may be provided similar to sheet piles

interlocks.

Such structure has been tested on 3-D
physical model (scale appr. 1:100). Layout of
the structure and location of the displacement
indicators are presented on the (Fig. 2).
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Puc.1. IlanpoBuii KyIl iHHOBAaIliHHOTO TU3alHY:
a - momepedHuit mepepis; b - 3D-
neperisn; 1 - Hecydi mami; 2 - cTajgeBHi
MWTHIPHYHUN KOXYX; 3 - MIKOJOKOBI
3'emHaHHs; 4 - HamOymoBa; 5 - piBeHb BO-
nu; 6 - HOKHIN piBeHb.

Piled cluster of innovative design: a —
cross-section; b — 3D view; 1 — bearing
piles; 2 — steel cylindrical casing; 3 —
interlock connections; 4 — superstructure;
5 — water level; 6 — bottom level.

Fig.1.

In the model central steel cylindrical casing
(shell) was presented by steel tube of diameter
D=50 mm (shell-wall thickness 1 mm); 4 piles
equally spaced along the shell perimeter were
modeled by steel bars of d=8 mm diameter
(Fig. 3). Total length of the model piles was
preliminary determined according to the
known recommendations of actual national
design codes (770 mm).

Sand soil main parameters are:internal
friction angle 32 degrees; Young modulus 18-
28 MPa depending on pressure interval; unit
weight 19,7 kKN/m’.

The main aims of this stage were to
investigate influence of new structural element
of the piled cluster, i.e. the central shell: its
length along the peripheral piles (size Z2 on
the Fig.2) and its embedment into the soil (Z4
on the Fig.2). Provided test series A
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corresponded to increase of the shell length Z2
due to enlargement of the embedment Z4. Test
series B considered constant value of the shell
length Z2 and increase of shell pressing depth
74,
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Puc.2. Cxema CTpPYyKTypHHX EJIEMEHTIB Ta pO3-
TamyBaHHs iHamkaropis: D1, D2 i D3 -
MiCIISI PO3TAIlyBaHHS 1HIUKATOPIB IIepe-
Minienns; F - mpukianeHa Oiuna cuna.

Fig.2. Layout of the structural elements and
location of indicators: D1, D2 and D3 —
locations of displacement indicators; F —
applied lateral force.

Puc.3. IlanpboBuii kym B MoJemi Ha JIPYroMy
eTari BUIIPOOyBaHHS.

Fig.3. Piled cluster model at the second stage of
testing.

Displacements of the model were obtained
by direct measurements during horizontal load
application; stresses in the piles and shell as
well as soil reactions were calculated by
previously tested (at the stage 1) program
Midas-Gen. Some measured and calculated
results of this experiment are presented on the
diagrams (Fig. 4-7).
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Puc.4. 3mimenHs Ha piBHI iHgukaTopa D1: a -
cepii BunpoOyBaHb A; 0O - cepil BunpooOy-
BaHb b.

Fig.4. Displacements at the level of indicator
D1: a - test series A; b - test series B.

(a)
stress, MPa

L] 50 100 153 100 250 300 350

Z4 , mm

| ]
[/

Pile F=80 N  —&—Shell F=40N ——Shell F=80N

il
N

—4—Pile F=40 N




BASES AND FOUNDATIONS. 2019.

Issue 39

(b)
displacements, mm
E 0
£

= F=40 N - t@st =——"F=B0N - test =g=F=40 N - calculation ===F=80 N - calculation

Puc.5. MakcumanesHi HanpyskeHHsS B repudepiii-
HUX MaJsgX 1 HEHTpalbHiIA 00O0JIOHIN: a -
cepii BunpoOyBaHb A; b - cepii BunpoOy-
BaHb B (mpuxnanena 6iyna cuna F =40 N
iF=80N).

Fig.5. Maximal stresses in the peripheral piles
and central shell: a - test series A; b - test
series B (applied lateral force F=40 N and
F=80N).
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Puc.6. MakcumanbHi peakuii IpyHTY: a - cepii
BunpoOyBaHb A; b - cepii BunpoOysans B
(mpukianena 6iuna cmma F =40 Ni F =
80 N).

Maximal soil reactions: a - test series A; b
- test series B (applied lateral force F=
40 N and F= 80 N).

Fig.6.

(a)

(b)

Puc.7. Ipuknagu po3paxoBaHOTrO MEPEepO3O/Ii-
Jy Hamnpy>KeHb y LEHTpalbHill 00010HII
(a) Ta mepudepiitanx namax (b) g cepii
BUIIPOOYBaHb B.

Fig.7. Examples of the calculated stresses
distribution in the central shell (a) and

peripheral piles (b) for test series B.

Obtained results and above mentioned
diagrams give us possibility to make some
important conclusions:

 measured and calculated values of
model displacements demonstrate satisfactory
precision (so applied calculation model works
good);

* considered system = “structure-soil”
shows sensitivity to the increase of the central
shell pressing into the soil starting from the
embedment depth exceeding approximately
1.5D. After reaching this driving depth we
registered essential reduction of all stress-
strain parameters: displacements, stresses in
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the piles and in the shell as well as soil
reaction along the structure’s supports;

» the better distribution of the stresses in
the system “structure-soil” corresponds to the
increase of the embedment depth by pressing
in the sand of the central shell of constant
length (size Z2 on the Fig. 2). In such case the
bearing capacity of piles, shell and sandy soil
is utilized in the optimal way. Another tested
option (increase of the embedment depth by
pressing in the sand of the central shell of
correspondingly increasing length Z2) shows
excessive safety parameters and worse
materials utilization.

INNOVATIVE STRUCTURE OF
COMBINED MOORING/FENDER
DOLPHIN AND ITS MODEL TESTING

To facilitate construction of deepwater
mooring/fender dolphins and to increase their
energy-absorbing capacity it is worked out and
researched a new design of combined tubular
mono-pile structure [3]. It incorporates internal
flexible pile and damping element (cushion)
placed at the zone of pile head (Fig. 8).

Sequences of installation operations
foresees driving of the internal pile into
bottom soil, mounting of the damping element,
driving of the external pipe into bottom soil
and assembling of fender/mooring equipment.

At the experiment the structure’s model
was tested in the san

d box (Fig. 9, soil parameters as above in
Chapter 2).

At the preliminary stage of the
experimental study [3] the most appropriate
results of the numerical vodeling were
obtained by use of program Midas-Gen when
for description of damping element work
elastic-plastic model of Druker-Prager has
been applied (discrepancy between test and
calculations reaches up to 17 %).

At the main stage of the tests to clarify
advantages of the proposed combined mono-
pile structure in comparison with usual
(without internal pile) mono-pile both models
(of the same external diameter 50 mm) were
tested by application of the same lateral forces.

Main  results of the  displacement
measurements and calculation data are
presented on the Fig. 10.
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Puc.8. IlIBapToBHO-BimOiiiHI Mmaji: a - TOIEpeY-
HU# nepepi3; b - 3D-nepernsan 1 - BHYT-
pitrHs naist; 2 - 30BHIIIHA TpyOdYacTa ma-
1T, 3 - memniyrodnii eeMeHT (TOAyIIKa);
4 - mBapToBa TyM0a; 5 - HanOyoBa; 6 -
Kpuiio; 7 - piBeHb BOAM; 8 - HWXKHIU pi-
BCHb.

Mooring/fender dolphin a — cross-section;
b — 3D view 1 — internal pile; 2 — external
tubular pile; 3 - damping element
(cushion); 4 — bollard; 5 - superstructure;
6 — fender; 7 - water level; 8 — bottom
level.

Fig.8.

Comparison of both experimental and
calculation diagrams for external tube shows
that horizontal displacements of the combined
mono-pile are up to 30% less than horizontal
displacements of the usual mono-pile in the
considered interval of applied lateral forces.

From the point of view of structure’s
operation reliability it is important to compare
horizontal displacements of external force
application point for both models: at the upper
end of the usual mono-pile model and at the
same level on the enternal pile of the
combined model).
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Puc.9. Mogens mBapTOBHO-BinOiifHOT mami st
€KCIIEPUMEHTY B JIOTKY 3 ITICKOM.
Fig.9. Mooring/fender dolphin model for the
experiment in the sand box.
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Puc.10.liarpaMn  HaBaHTa)KEHHS-TTEPEMIIICHHS:
(a) 3BMuaiiHa OJHO-TIANBOBA MOJENb; (b)
KOMOiHOBaHa O/IHO-NIAJIOBA MOETIb.

Fig.10. Load-displacement diagrams: (a) usual
mono-pile model; (b) combined mono-
pile model.

Measured horizontal displacements in the
external force application point differ up to
20% (reduction corresponds to the case of
combined model). It confirms better energy
absorbing ability of the proposed combined
mono-pile.

[llustrations to the numerical modeling
(FEM) of the considered models are presented
on the Fig. 11-13.

(a)

Puc.11.Ilepepo3nonin HampykeHb Y BHUIIAIKY
3BHYAiiHOI OAHO-TMANbOBOI MOJENi: a - B
TpyOuacTiii maii; 6 - y IpyHTi.

Fig.11. Stresses distribution in the case of usual
mono-pile structure: a — in the tubular
pile; b — in the soil.
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(b)

Puc.12.Ilepepo3niofin HampykeHb y BHUIIAIKY
KOMOIHOBaHOi OJTHO-TIaJIbOBOI MOJENi: a -
B TpyOuacTiii maxi; 0 - y IpyHTI.

Fig.12. Stresses distribution in the case of
combined mono-pile structure: a — in the
tubular pile; b — in the enternal pile.

Puc.13.Ilepepo3nonin HanpyxeHb y IPYHTI Ui
KOMOIHOBaHO{ O/THO-TTaJThbOBOT MOJIEIT.

Fig.13. Stresses  distribution in the soil for

combined mono-pile structure.

Comparison of the stresses maximal
calculated values (corresponding to maximal
applied lateral force F=180 N) in the external
tube for usual mono-pile (222 MPa) and for
combined structure (145 MPa) demonstrates
19% of stresses reduction. Correspondingly
the external pile may be produced of smaller
diameter or of smaller wall thickness, or made
of weaker steel.

In the considered situation of maximal
loading the stress in the internal pile (steel bar)
of the combined model does not exceed 91
MPa, so internal pile also may be done easer
(i.e. more flexible, at least in the interval of
investigated  displacement  disparity  in
comparison with usual mono-pile as above).
Soil reactions are less in case of combined
mono-pile due to more favorable stress-strain
state of pressed into soil external and internal
piles.

CONCLUSIONS

Study of peculiarities of two innovative
structural and technological solutions of piled
cluster and mooring/fender dolphin on
combined mono-pile was fulfilled by testing
on physical models in laboratory conditions
and by numerical modeling (FEM).

The preliminary stage of tests (experiments
without soil with fixed piles’ tips) occurred to
be useful for study of structural behavior of
both new designs [3, 4].

The main stage of experiments in the sand
box with models of both proposed improved
structures and their corresponding numerical
modeling gave interesting results due to
consideration of structure-soil interaction. It
also confirmed proper selection of the
appropriate  calculation  program  (by
comparison of measured and calculated data).
Obtained results demonstrated advantages of
proposed solutions and explained peculiarities
of their innovative structures.
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Po3poOka Ta nociigxeHHst iHoBaniiiHuX riaudo-
KOBOJHHX NAJbOBHUX CIOPY] BUCOKOI HECYy40i
31aTHOCTI

Muxaiino /[ybposcoxuii,
Anopii I'epawenko,
leop Jlobpos,
Onvea J[ybposcvka

AHHoTamia. ['MOOKOBOJHI MaNbOBI Kyl Ta
CHOPY/IH, IO ONEPTi Ha BEJIIMKI MOHO-TIAJI, TIPOEK-
TYIOTh Ha CHOPUHHATTA 3HAYHUX OOKOBHX Ta
CTHCKHUX HaBaHTa)XEHb. 30KpeMa L€ BiIHOCHUTHCA
10 mwenb($oBUX CHOPYA, PyHIAMEHTH SKHX HOTpe-
OYIOTh MOBI'MIX TaJIb BHCOKOI HECY4Oi 3IIaTHOCTI.
JIBi iHHOBAIITHUX CIIOPY/IU Ta TEXHOJIOTIi pO3p00-
JIeH1 JUI1 ONTHMI3alii Halpy>KeHO-1e(OPMOBAHOTO
CTaHy TAbOBUX KYIIIB IIBaPTOBHO-BITOIMHNX
namie. (1) Po3poOiena edexTrBHA Ta €KOHOMIUHA
KOHCTPYKLsl, B IKIili CHOJIY4EHHs YCiX TpyOuacTux
Majh i3 METaJIEeBOI0 OOOJIOHKOI BEJIMKOTO J[iaMeT-

py 3abe3meuye iX cyMicHY poOOTy Ta CIpUSTIMBUAN
pO3MOoAiN HaNpy>KeHb Ta AedopMaliil B TaJbOBOMY
kymii. (2) Jns 30inbmenHst eHepro-adcopOmiiHii
3IaTHOCTI IIBapTOBHO-BIAOIMHAUX TaJIb pO3pOo0IIcHA
Ta JOCTIHPKeHa HOBa KOHCTPYKIliST KOMOiHOBaHOL
TpyO4YacToi MOHO-TIAl, sIKA MICTHTh BHYTPILIHIO
THYYKY Mali0 Ta aMOpTHU3aTop, IO PO3MIIIeHUH
MIDXK 30BHIITHBOIO Ta BHYTPIIIHBOIO MAJISIMU Y 30HI1
ix rodmis.

Jnst 000X IHHOBAIIMHUX Ta 3amaTCHTOBAHHMX
pimeHs OyJW TPOBEIeHI J1TabopaTOpHI eKCIepH-
MEHTH Ta 4YHCelbHEe MonemoBaHHsa. OTpuMaHi
pe3ynbTaTH MiATBEpAMIM iX e(eKTUBHICTH Ta
MIPaKTUYHICTb.

BuBuennss oco0aMBOCTEH IBOX I1HHOBAI[IMHUX
CTPYKTYpHHX Ta TEXHOJOT1YHHX pillleHb CKJaje-
HUX NAIbOBUX KYIIiB IIBAPTOBHO-BIOIMHKX MaiB
Ha KOMOiHOBaHIN TpyOuacTii MoHO-mam OyIo
BUKOHAHO TECTYBaHHSM Ha (I3UUHUX MOZACTAX Y
nabopaTOPHUX YMOBAaX Ta YHCIOBUM MOJIEIIOBAaH-
vam (FEM).

ITonepenniii eran BUNpoOyBaHb (E€KCIIEPHUMEH-
TH 0e3 TPYHTY 3 HEPyXOMHUMH HaKOHEYHHUKAMH
Maib) BUSBUBCA KOPHCHUM MJIsi BUBYEHHS CTPYK-
TYPHOT MOBEIIHKH 000X HOBUX KOHCTPYKIIii.

OCHOBHHI €Tall eKCIIEPUMEHTIB B JIOTKY 3 IIicC-
KOM 3 MOJEISIMH 000X 3alpOIIOHOBAaHUX YIOCKO-
HaJICHUX MaJTbOBUX KOHCTPYKINHA Ta iX BiAMOBiTHE
YHCIOBE MOJCTIOBAaHHSA [aJId LiKaBi pe3yJbTaTH
3aBJSKH BPaxXyBaHHIO B3a€MO/Iii HaZOyA0Ba-TPYHT.
Bin Takok WiATBEpOWB  HANCXKHUH  BUOIp
BIZMOBIHOT TPOTpaMu  PO3paxyHKiB  (IUIIXOM
MOPIBHIHHS BUMIPIOBaHUX Ta OOYMCIIEHUX JaHUX).
OtpuMaHi pe3yiabTaTH MPOAEMOHCTPYBAIU Tiepe-
Bary 3amnpolOHOBAHUX PIllIeHb Ta MOSICHUINA 0CO0-
JUBOCTI X IHHOBAIIMHUX KOHCTPYKITiH.

Kurouosi caoBa. [TanboBuii Ky, BapTOBHO-
BiIOIMHUH T1aj1, MOJEbHI BUIIPOOYBaHHS, YACEITh-
HE MOJICITIOBAHHSI.
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