1/15

11 lusFos
“l‘,i.w[f
il
MODELLING OF
LARGE DIAMETER PILES
IN
USFoSs

Modeling of Large Diameter Piles 2019-11-01



— 215
~lusFos

Reality Engineering

LI
\ \

Contents

1 INTRODUCTION ..cciiiiiireinnnicssansssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssss 3
2  THEORETICAL BASIS ..iiiiiininnnicnsnissnnessssssssssssssssssssssssssssssssssssssssssssssssssssssssass 4
2.1 (€121 0021 37N SO 4
2.2 GLOBAL BENDING RESISTANCE ......ceouttiiiiiitiiieniteeie ettt 5
2.2.1 ClasSical SOIULION...............c..cccooeveeiieiieee e 5
2.2.2 Discrete (integration) POINLS..............ccccueeieueeeiieeeiiieeeee e 6

2.3 ENDBEARING (Q-Z0). ceoeuiuiieeeeeeeeeeeeeeeeeeee ettt 7

3 MONOPILE INPUT ...ccioiiinrinniesseicsnesssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass 9
3.1 IDESCRIPTION ....covvvvivvvireeeereereerreeeereeeeeseeesessssssssssssssssssssssssssssssssrsrsrsrsssrsrrrsrr.r... 9
3.2 COMPARISON WITH ORDINARY (SINGLE) PILE ....cccevouvieeeeiriieeeeiiieeeeeiveeeesaveeens 12
3.2.1 P-Y and T-Z only (no end-bearing)...................cccccccovevevceenoeencnanieanannnn. 12
322 P-Y, T-Z AGNA Q-7 ..ot 13

3.3 GROUND MOTION (“SOILDISP”) ....coeuiiieeieeeiteeeeeeeeeseeeeeeee e 14

4 DISCUSSIONS . ..uoiiciirninnnicsssisssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssss 15

Modeling of Large Diameter Piles 2019-11-01



3/15

T lusFos

Reality Engineering

1 Introduction

Offshore wind turbines located on moderate water depths are often using a mono pile
foundation. The “pile” diameter could be in the order of 5-10m and having lengths in the
order of 15-40m.

USFoOs is a tool tailor made for jacket structures, where the foundation normally consists
of a series of slender single piles connected to the legs. Each single pile gives axial
resistance (T-Z and Q-Z) and horizontal resistance (P-Y) and the large distance between
the piles gives the global bending resistance (overturning moment resistance).

When only one, relatively short (with huge diameter) “pile” is used to describe a “mono-
pile foundation™ a single pile in USFOS cannot describe the global bending moment
resistance correctly.

The skin friction of a large diameter “pile” will provide additional bending resistance,
which is not included in the conventional pile model in USFOS.

This document describes an extended pile model, which simulates the monopile by use of
several standard single piles located along the circumferential of the large diameter pile.

Figure 1-1 - MonoPile foundation of an offshore wind turbine
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2 Theoretical Basis

2.1 General

The large diameter pile with diameter D and length L shown in Figure 2-1 is exposed to a
global bending moment, M. This bending moment will introduce shear stresses T on the
pile surface (“skin friction”), which will balance the external bending moment. (Other
effects also exist, here the effects from the skin friction is discussed)

The shear stress is defined as follows:

t =T-Z/Dn ,where T-Z is the force per unit length in the T-Z curves.

/
P

Global Bend
Moment M

Shear Stress, T

D

Figure 2-1 - Large Diameter Pile exposed to Global Bending, M.
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2.2 Global Bending Resistance

2.2.1 Classical solution

The axial stresses ¢ multiplied with the wall thickness t are equal to the accumulated
shear forces along the entire pile: T x L:

txo=1txL
Where 7 is the mobilized skin friction “T-Z”, (here for simplicity assumed to be constant

over the entire pile length L. In a real case, the shear will vary, and the small length dL is
used instead.)

/ t

Figure 2-2 - Upper Section of the Large Pile

The bending capacities of a pipe section are:

o Elastic : Me = Wexo
o Plastic : Mp = Wpxo
Where
We = nR2t
Wp = 4R?t

The bending resistance provided by the skin friction then becomes:

Me = TR toy = TRty xL

Mp = 4R%toy = 4R?1yx L
Where

Ty . 1s the maximum (yield) shear stress

R . is the pipe radius.
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2.2.2 Discrete (integration) points

Instead of using the classical expressions to find the bending resistance, it is possible to
use a limited number of “integration points”. Each point represents a certain arc of the
pipe, where the integration point area becomes:

dA=aRt, o=2n/n, n is number of integration points.
Each integration point’s contribution, dM to the total bending resistance is:

dM = dA o x r, where r is the distance to the actual rotation axis.

The product of dA and stress o is the actual integration point force, dF, and the moment
could then be written as:

dM=dF xr

Figure 2-3 — Pipe with 8 integration points along the circumferential

This “integration point” technique will be used when a number of piles are placed along
the circumferential of the real large diameter pile.
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2.3 End Bearing (Q-2).

A large diameter pile will, (in addition to the skin friction along the pile), mobilize the
end-bearing.

For the normal small diameter pile (length is many times larger than the diameter) only
the axial resistance is of interest. The pile tip resistance is either “plugged” or “not
plugged”. The plugged tip gives assumes contact area = & r2, while the “not plugged” has
a contact area of ~2 m r t. The “not-plugged” is the most relevant for mono piles.

Until the contact stress on caused by the bending becomes zero (the vertical force gives
compressions stresses under the pile), and/or on exceeds the “yield” the linear elastic

bending resistances are:

o Plugged : M=oxWe=0onnR3/4 (massive pipe cross section)
o No Plug : M=onx We=onnR?*t (thin walled pipe section)

If a plugged case should be simplified, the equivalent thickness could be set as: t” = R/4.
in connection with use of “integration points”.

3
ﬁ
CLT]

Figure 2-4 - Pressure on the end of the pile: "Q-Z"

ON
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The end bearing stress on could be expressed as follows:

o Plugged : on= Q/nR?
o UnPlugged : on= Q/2nRt

where Q is the force in the Q-Z curve.

M = on We = on © R? t, where t is either the pipe thickness (un-plugged) or the equivalent
thickness (plugged, t" = R/4).

If the discrete point approximation is used (as shown above for the skin friction), each
point’s area becomes:

dA=aRt, o=2n/n, n is number of integration points.
o Plugged : dA=aRt = aRR/M4 = a R?%/4
o UnPlugged : dA = aRt

The peak resistance per integration point would then become:

dF = ondA
o Plugged :dF = ondA = on a R%/4
o UnPlugged :dF= ondA = ona Rt

Total end bearing (vertical force) becomes for the plugged alternative:

F=ndF=nonxaR%»4=non (2n/n)R?4 =1 R?*2 on
F=nRY2(Q/nR?)=0Q/2

L.e.: 50% of the actual
The un-plugged alternative:

F=ndF=nonaRt=noxn(2n/n)Rt=2nRton
F=2nRtQ/2xRt=Q

I.e.: 100% of the actual

This means that the “plugged” alternative will under estimate the total end bearing if the
bending is computed accurately. However, in a normal case for large diameter piles, the
foundation is not governed by failure due to vertical loads. The bending resistance is the
most important. Mono piles are not “plugged”.

Modeling of Large Diameter Piles 2019-11-01
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3 MonoPile Input

3.1 Description

The input for a mono-pile is identical to the input for a single pile, except for the keyword
“MonoPile” given under PILEGEO. The user may specify the number of “integration
points” using the parameter next to the pile thickness. If the number is not given the

default number of 8 is used.

The actual pile has a diameter of 10m and a length of 40m. 16 auxiliary piles
(“integration points”) located at the circumferential of the large (real) pile represent the
mono-pile resistance. The forces going into each integration point is transferred to the

(real) monopile.

! Node ID X

NODE 2 0.000

NODE 2000 0.000

! Mat 1ID E-mod Poiss
MISOIEP 2 210000E6 0.3
! Pile_id Nodel Node2 Soil_id
PILE 1001 2 2000 1000
! Pile_geo type Do T
PILEGEO 1000 MonoPile 10 .050
! ID Type Z mud D_ref F_Fac
SOILCHAR 1000 Curve 0.0 10 1.0

Y 4 Boundary code
0.000 0.000
0.000 -40.000

Yield Density

340E6 7850

Pile mat Pile geo

2

1000

Z_top Z bott PY TZ QZ
0.0 -1.0 101 201 ©
-1.0 -2.0 101 201 O
-2.0 -3.0 101 201 O

Figure 3-1 — Pile/Soil definition in USFOS

Pile model

Plastic utilization

Axial Stress

Figure 3-2 - Generated Monopile model.
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Soil utilization for
turbine thrust force.

Pile and Aux Piles

Pile, Aux Piles and

soil discs

=40m

Figure 3-3 - Foundation model. Length
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Figure 3-4 shows a 30 m long monopile supporting a “real” wind turbine.

Turbine + Foundation

Monopile Wind Turbine
Plastic Utization
,

Monopile Wind Turbine

Forces rY
1.86436e+008

1.6e+008

| [ 1.4e+008

1.2e+008

1e+008

8e+007

6e+007

4e+007

2e+007

Soil Utilization

Monopile Wind Turbine

Stress Axial
5e+007

404007

304007

204007

1e4007

1007

264007

-3e+007

-4e+007

B ser007

Axial Stress in Mono Pile

Figure 3-4 - Illustration of possible analysis results. Pile Length = 30m
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3.2 Comparison with ordinary (single) pile

3.2.1 P-Y and T-Z only (no end-bearing)

The conventional pile (“single”) and the modified (“monopile”) are compared for varying
L/D ratios (from 1 to 4). No end bearing is accounted for. For L/D ~4, the bending
resistance is dominated by P-Y, and the conventional “single” pile gives approx same
resistance as the monopile, which accounts for skin friction.
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Figure 3-5 - Moment vs. Rotation for L/D 1 to 4. Ordinary (“single”) vs. MonoPile. “No Plug”
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3.2.2 P-Y, T-Z and Q-2

If end bearing were accounted for (not relevant for most monopile designs), the bending
resistance increases substantially for the short piles (L/D=1). For L/D > 3, the end
bearing has no practical impact on the bending resistance of the monopile.

L/D=3

USFOS global history USFOS global history
80 . 400
‘'sand_L=10_Mono_plug=1.plot' using 2211 ——— ‘sand_L=20_Mono_plug=1.plot using 2:1 ——
70 L /sand7L=1Oislngiplug=1ApIot using2:1 ——— | 350 | 'sand_L=20_Sing_plug=1.plot' using 21 —
P
60 300 | of.
// b
/ 7
50 | / 250 | e
el b=
@ I @ 14
o [ K=} /
5 40 5 200 - -
a | Q /
° o /
© 30 ( © 150 | /
/
‘ /
20 | { 100 f
’l" =
10 50 -
!/
0 ’ L L L L 0 ¥ L L L L L
-0.005 0 0.005 0.01 0.015 0.02 0.025 -0.002 0 0.002 0.004 0.006 0.008 0.01 0.012
Global displacement Global displacement
USFOS global history USFOS global history
600 - 800 -
‘sand_L=30_Mono_plug=1.plot' using 2:1 —=— 'sand_L=40_Mono_plug=1.plot' using 2:1 —<—
'sand_L:30_Sing_plug:/1/plot' using 2:%"—— 700 ‘'sand_L=40_Sing_plug=1.plot' us/ing/zy:if' —
500 s o “ >
' pat 600 |
400 | b
A 9% 500
B 7 4 B
o / S
3 300 A 5 400 |
=] / e
° / o
© V' O 300
200 | -
200
100 +
100
0 2 0
-0.0005 0 0.00050.0010.00150.0020.0025 0.003 0.0035 0.004 0.0045 0.005 -0.0005 0 0.00050.0010.00150.0020.0025 0.003 0.0035 0.004 0.0045 0.005
Global displacement Global displacement

Figure 3-6 - Comparison Modified Pile. Impact from Q-Z
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3.3 Ground Motion (“SoilDisp”)

The soil is moving according to a certain TimeHist, and these soil movements will be
transferred to the monopile through the soil elements. The stronger/stiffer soil, the more
efficient will the motions be transferred to the monopile. The usual results, such as time

histories of forces are extracted from XACT.

! Ildcs Tim Hist

LOADHIST 4 4 ! Earthquake

Al

! 1lCase Type z_Top z_Bot iCode Value
SoilDisp 4 1 0.0 -30 1 0.1

Figure 3-7 - Definition of soil motion.

ile Wind Turbine. Marin Discon 04. U=12 m/s

/\
A K I AAA f\ 1l
AR LN LYY R I
! ‘];/ N' W 'hlf‘ M{ PRI VW\/’V Monopile Wind Turbine. Marin Discon 04. U=12 m/s

* ‘ i | -
. Aot AT A A b A A
Motion history ) A A R A A L
| I '

H
Bending history

Figure 3-8 - Motion history applied on the soil.

Soil Utilization Pile Stress
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4 Discussions

Using a single (jacket) pile to represent a large diameter mono-pile will always
underestimate the global bending resistance (overturn moment).

The smaller Pile-Length to Pile-Diameter ratio (L/D), the more will a single standard pile
underestimate the bending.

For a L/D ratio in the order of 3-4, the under prediction could be in the order of 20%.
(Depends on the soil data).

For L/D around 1, the single pile could under-predict in the order of 50%.
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