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ABSTRACT

To improve the accuracy of predicting the bearing capacity of offshore large-diameter
monopiles, the initial high strain detection and repeated high strain detection with an interval of
10-84 days were carried out on 6 large-diameter monopiles with a diameter of 7.2m-7.4m in the
offshore wind field dominated by clay soil layer. The results show that the time-dependent
increment of tip resistance, side resistance and the total resistance of large-diameter monopiles in
the same offshore wind farm has great discreteness, and the axial force increment of monopiles has
a consistent change trend. This paper puts forward the prediction interval of 95% guarantee rate of
bearing capacity increment of the offshore large-diameter monopiles based on depth, which
provides a basis for the design of large-diameter monopiles.
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INTRODUCTION

As the most common foundation type of offshore wind turbine [1], large-diameter monopiles are
widely used in sea areas where the sea depth does not exceed 35m. Large-diameter monopiles can
only be driven by a hammer with high strike energy. The process of driving monopiles by hammer
with high strike energy will weaken the soil around the pile. The high strain detection after the
monopiles reach the design elevation can only obtain a small bearing capacity, and there is often no
effective bearing capacity near the pile head. Offshore strata often have thick weak layers, and
offshore monopiles need to be embedded at great depth in the mud to meet the requirements of
bearing capacity. They often cross several soil layers, and the calculation of bearing capacity is
cumbersome. After the rest period, the high strain detection of monopiles requires the ship to be
stationed again, which is difficult and costly. The mechanical properties of offshore monopiles from
driving to using are different from those of onshore small-size piles, and their time effect also shows
great differences [3]. Existing research results [4-8] are difficult to meet the needs of engineering
practice. In particular, the design basis for monopile bearing capacity in APl and DNV
specifications[9, 10] are derived from the test data of small-diameter pile foundation [11, 12], and
the size effect significantly affects the bearing capacity of pile foundation [13], which is not well
applicable to large-diameter monopiles.

TEST OVERVIEW

The test site is the No. 4 offshore wind farm in the south of the Shandong Peninsula, located in
the sea area in the south of Haiyang City, Shandong Province, with an offshore distance of about
30km. The seabed terrain changes gently with a water depth of 29-31m. The surface layer of
foundation soil in the site area is mainly muddy silty clay, silty clay and silty soil. The survey
conditions and static cone penetration parameters of the test pile base are shown in Table 1.
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High strain detections were carried out immediately after 6 large-diameter monopiles were
hammered and sunk, and high strain detections were carried out after a certain rest period, as
shown in Figure 1. Among them, 4 large-diameter monopiles obtained a relatively complete pile
shaft force distribution curve, and the pile shaft parameters are shown in Table 2.

Tab. 1: Geological parameters of the test site

Monopile 1 Monopile 2 Monopile 3 Monopile 4
Soil Bottom | Side Soil Bottom | Side Soil Bottom Side Soil Bottom | Side
laver height/ | frictio laver height/ | frictio laver height/ | friction laver height/ | frictio
y m n /kPa y m n /kPa y m /kPa y m n /kPa
Mud 229 Mud .30 Mud .30 Mud 31
top top top top
Muddy Mudd Muddy Muddy
silty -32 9 y silty -35 9 silty -37 9 silty -40 9
clay clay clay clay
Sty 133 | 21 | st | 38 | s0 | S | .39 21 [SWINT - 45 | 53
clay clay sand
Silt with Silty Sand Sand
sand | % | 3 Jcay | *® | 2 |withsit| O B |withsit| 47 | B
. Sand S .
Sity 45 21 | with | -50 | o9z |SHtwithi 53 Sity 1 59 | 21
clay silt sand clay
Silt with Silt Silt Silt with
-46 53 with -55 53 y -50 21 -53 53
sand clay sand
sand
. Sand .
Sity | 46 | 37 | with | 57 | 172 | Sad | 5 93 Sity 1 g9 | 37
clay silt with silt clay
Sand Silt Silt Silt with
) . -49 93 with -58 53 y -52 37 -65 124
with silt clay sand
sand
. Sand . .
Sity | g 37 | with | -62 | 171 | Medu | 5 201 Sity 1 g9 | 52
clay silt m sand clay
Sano_l 57 171 Silty 63 52 Silt with 58 124 Silt with 75 124
with silt clay sand sand
Silt Silt Silty Silty
Clay -58 52 | with | -67 | 124 | fine -61 222 clay | -80 | 50
y sand sand with silt
. Silty -
Mediu | 5o | 201 | fine | -71 | 202 [SMWith| g5 124
m sand sand
sand
. Silty
fl'gy -61 52 clay -66 50
y with silt
Silt with Silt with
sand -64 124 sand -67 125 Pile tip 3.08 MPa
Silty Pile | 2089mpa | Silty
fine -65 222 tip clay -73 50
sand with silt
Silty 67 52 Silt with 75 125
clay sand
Silty Silty
fine -68 222 fine -78 446
sand sand
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Silty
clay -72 50 o
with silt Pile tip 31.47MPa

Pile tip 3 MPa

Fig. 1 — High strain detection of large-diameter monopile

Tab. 2: Monopile parameters

Monopile No. Length/m elevl\;:gn/m eIeF\)/i;igﬁ/m Pzre]?)ttLa/trir?n ol d/irarl1meter thl?é:':e]rr':%pss e tlrr)rfarea/
1 84 -28.65 -72 43.35 7.2 70 157
2 81 -29.8 -69 39.2 7.2 70 1.57
3 88 -30.5 -76 45.5 7.4 72 1.66
4 88 -30.8 -76 45.2 7.2 70 1.57
5 92 -29.9 -80 50.1 7.4 70 1.61
6 86.5 -30.5 -74.5 44 7.2 70 157

TEST RESULTS AND ANALYSIS

After the initial driving high strain detections of No. 1-6 piles were completed, the repeated driving
high strain detections were carried out at an interval of 10d-84d. The change of monopiles bearing
capacity is shown in Table 3. The results of the literature [14] show that most of the bearing capacity
of offshore monopiles can be recovered within 24h. The bearing capacity data in Table 3 shows that
when the rest period exceeds 10d, the increase of pile tip resistance, pile side resistance and total
bearing capacity does not increase with time, which is consistent with the research results in the
literature [14].
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Tab. 3: Bearing capacity of monopiles
Pile Side Tip Total Side Tip Total
Pile side Piletip | Total | resistan |resistan | resistan | resistan | resistan | resistan | Rest
NoO Stage resistan resistan | resistan ce ce ce ce ce ce perio
' ce /kN ce/kN [ ce/kN |[increme |increme |increme | growth | growth | growth | d/d
nt /KN nt /KN nt /KN | rate /% | rate /% | rate /%
Initial 7685 10064 | 17749
1 [Repea 22807 6006 28813 297 60 162 34
ted 30492 | 16070 | 46562
Initial | 19514 | 10014 | 29528
2 | Repea 12780 6351 19131 65 63 65 31
ted 32294 | 16365 | 48659
Initial | 23047 7898 30945
3 [Repea 17073 5406 22479 74 68 73 10
ted 40120 | 13304 | 53424
Initial | 18171 3926 22097
4 [ Repea 25821 2040 27861 142 52 126 18
ted 43992 5966 49958
Initial | 19060 6527 25587
5 [Repea 38147 910 39057 200 14 153 54
ted 57207 7437 64644
Initial | 22243 6328 28571
6 | Repea 29182 923 30105 131 15 105 84
ted 51425 7251 58676

Time-dependent tip resistance

When the pile tip is in the silty fine sand layer, the growth rate of pile tip resistance is relatively
consistent. Table 3 shows that the pile tip resistance increases by 63%-68% after the 10d-31d rest
period.

Similarly, the growth rate of pile tip resistance also shows a similar law when the pile tip is in
silty clay mixed with silty, and the pile tip resistance increases by 52%-60% after the 18-34 day rest
period.

From the perspective of soil bearing capacity, silty clay, silty clay mixed with silt, and silty soil
mixed with silt are enhanced in turn. The soil layer at the pile tip of the No. 6 pile is silty soil mixed
with silt, but the pile tip resistance is only increased by 15% after the 84-day rest period, which is far
lower than the 52% increase in the 18-day rest period of No. 4 pile. According to the bearing
capacity of the soil, the restoring capacity of soil can not be well judged.

Time-dependent side resistance

It can be seen from Table 1 that more than 75% of the stratum where the test pile is located is
the clay soil layer, the side resistance of the No. 3 pile increases by 74% in 10d, and the total friction
of No. 1 pile increases by 297% in 34d. This difference in increase is not caused by time
accumulation, but due to the weakening of soil around the pile caused by heavy blows, or even the
occurrence of liguefaction. Whether the weakening range of soil around the pile is concentrated at
the pile tip, there is no definite answer for large diameter monopiles. The recovery value of the pile
side resistance can quantify the degree of weakening of the soil around the pile. The recovery value
of the side resistance of each section is shown in Table 4.
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Tab. 4: Recovery value of side resistance of each section of piles

Pile shaft |\ 1 bile/kN | No. 2 pile/kN | No. 3 pile/kN | No. 4 pile/kN
section
1/4 7978 3005 3834 3653
24 7667 2135 2713 2363
3/4 4994 2819 4608 4612
414 2167 4820 5919 7550

It can be seen from Table 4 that the peak value of side resistance recovery is uncertain in a
certain section, indicating that the impact energy during pile sinking can be dispersed in the soil
around the whole pile.

Time-dependent total resistance

It can be seen from Table 3 that the increase of total resistance after 10d-84d rest period is
65%-162%, and the soil layer in the same wind farm is relatively uniform, but the increase of total
resistance of large-diameter monopiles fluctuates greatly, which is due to the large difference in
residual bearing capacity of each pile position after initial driving. The axial force of No. 1-4 piles
during initial driving and repeated driving is shown in Figure 2. According to Table 3, the total
resistance of No. 1 pile after initial driving is 17749kN, while the total resistance of No. 3 pile is
30945kN, with a large difference. The number of hammers and the hammering energy used in the
process of pile sinking are mainly determined by factors such as the nature of the stratum, the
self-weight of the pile body, hammering equipment, etc. even if the same wind farm and different
pile positions will have the phenomenon of pile sliding and hammer refusal, which also makes it
difficult to quantify the weakening of the soil around the pile.

Pile axial force (kN)
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Fig. 2 — Initial driving and repeated driving of axial force
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Comparison of bearing capacity

The bearing capacity of large-diameter monopiles can be calculated by Equation (1) according to
the side resistance per unit area and pile tip resistance per unit area in Table 1.
Qu=0s + qu =u; X liqgy + Apru 1)

Where @, is the bearing capacity of monopile, Q, is the total side resistance, @y, is the total tip
resistance, u; is the circumference of pile in layer i, [; is the thickness of layer i, gg,; IS unit side
resistance of layer i, q,, is unittip resistance of layer i, and A, is pile tip area.

The calculation results of No. 1-4 piles are compared with the measured values as shown in Figure
3.
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Fig. 3 — Repeated driving and theoretical value of axial force
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Fig. 3 — Repeated driving and theoretical value of axial force

According to literature [15], the axial force of the pile can be recovered by more than 90% after
being driven for 6d. The rest period of this test is far beyond 6d, and the soil shear test parameters
obtained from the indoor test cannot accurately calculate the axial force. It can be seen from Figure
3 that there is a huge difference between the measured value and the calculated value. Therefore, a
more effective way is needed to predict the axial force.

Depth fitting method

Since the time-dependent increase of side resistance and tip resistance is relatively discrete, it
cannot be calculated based on the stressed area and the strength per unit area. However, the
change of the axial force increment shows a good linear relationship with the depth, as shown in
Figure 4, and the axial force increment has a relatively consistent change trend, which can be
predicted according to formula (2), with a good assurance rate.

AQ = —415h + 36315 + 1 @)

Where, AQ is the axial force increment (kN), h is the depth (m), and | is the upper and lower limit
adjustment coefficient of 95% prediction band (5460kN in this example).
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The existing large-diameter monopiles have high strain detection after the pile penetration process.
The pile shaft axial force lower limit value with a 95% assurance rate can be superimposed on the
initial driving bearing capacity to provide a good basis for the design.

Pile axial force increment (kN)
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Fig. 4 —Variation trend of axial force increment

CONCLUSION

Due to the disturbance of the soil around the pile during the driving process, the bearing
capacity of the driven pile is difficult to be calculated by the existing formula. Based on the initial
high strain detection and repeated high strain detection, this paper explores the time-dependent
increments in tip resistance, side resistance and total resistance, and believes that the bearing
capacity of monopiles cannot be accurately predicted by soil shear and compression parameters,
and the axial force increment of monopiles is closely related to depth, which can be accurately
predicted by formulas. The main conclusions are as follows:

(1) The total resistance of offshore large diameter monopiles increases by 65%-162% after the
10d-84d rest period.

(2) A method for predicting the time-dependent increment of bearing capacity of offshore
large-diameter monopiles is proposed;

(3) In this paper, the prediction is only based on 7.2m-7.4m large diameter monopiles, and the
time-dependent of another diameter monopiles still needs to be further verified.
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