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Abstract: Offshore wind power is a new trend in renewable energy development. However, during
the operation of offshore wind turbines, the rock-socketed monopile foundation is subjected to long-
term cyclic loads, which will cause the seawater to erode the rock around the monopile foundation
and reduce the ultimate end-bearing capacity. There is no suitable rock mass classification for
evaluating the quality of marine bedrock and no theoretical method for accurately calculating the
ultimate end-bearing capacity of the monopile foundation. Therefore, based on the existing rock
mass classification, an ocean rock mass classification (OMR) that is applicable to marine bedrock
is proposed. The ratings of four geological indices (R1, R2, R3, and R4) in the OMR classification
are reset by the analysis hierarchy process and modified according to the geological conditions of
marine bedrock. Then, an accelerated test of seawater erosion is used over 60 days to simulate
seawater erosion for up to 12 years to determine the adjustment factor for the effect of time, Ft, in
the OMR classification. Based on the OMR classification, a theoretical calculation method of the
ultimate end-bearing capacity of the offshore wind monopile foundation under the overall sliding
failure mode of rock mass is proposed. The theoretical calculation method was employed for offshore
wind engineering, and the reliability of the theoretical calculation and three-dimensional numerical
simulation was validated. The results show that the theoretical and numerical results for the ultimate
end-bearing capacity without seawater erosion are similar to the measured results, with a relative
error of less than 9%. The theoretical results are always larger than the numerical results, with a
relative error of less than 7%. Finally, the theoretical and numerical results were used to guide the
design and construction of an offshore wind turbine. The offshore wind turbine has been operating
for 8 years, and its displacement is 15.3 mm, which is less than the numerical result of 16.94 mm.

Keywords: ocean rock mass (OMR) classification; ultimate end-bearing capacity; offshore wind
turbine; monopile foundation; accelerated test of seawater erosion

1. Introduction

With the prominence of social and environmental issues, such as energy scarcity,
environmental pollution, and climate warming, clean energy, such as hydropower, nuclear
power, wind power, and solar power, is developing rapidly. Among them, wind power, as
a clean and renewable energy, is part of the focus of renewable energy development, and
its proportion in the energy structure represents a rising trend. It is estimated that wind
power will meet more than 20% of global electricity demands by 2050 [1,2]. Wind power
can be categorized into onshore and offshore wind power. Compared with onshore wind
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power, offshore wind power has the advantages of higher power generation, more stable
operation, and a lower land occupation rate. According to statistics, the developable and
utilizable reserves of offshore wind energy in China have reached 750 million KW [3–8],
with huge development potential.

The research data show that the foundation investment accounts for 20–30% of the
cost of an offshore wind turbine, which results in higher costs for offshore wind power
than onshore wind power [9]. Therefore, selecting the suitable type of foundation for the
offshore wind turbine is the key to the development of offshore wind power. Currently, the
main foundation forms used for offshore wind turbines include gravity base foundations,
monopile foundations, tripod foundations, jacket (lattice structure) foundations, and float-
ing foundations [2,10,11]. Among them, the monopile foundation has a simple structure,
convenient construction, and strong foundation adaptability, which is especially suitable
for shallow and medium water depths and ocean areas with good holding layers. For
the monopile foundations, rock-socketed pile foundations are commonly employed, in
which the monopile foundations are buried in the rock to utilize the bedrock to increase the
bearing capacity.

However, offshore wind turbines encounter some problems when using monopile
foundations. In the operation phase of offshore wind turbines, the monopile foundation is
subjected to the long-term action of cyclic dynamic loads, such as wind turbine loads, wave
loads, and wind loads [4,5,12]. The pile-rock contact surface is damaged and continuously
separated, and the seawater further erodes the rock around the monopile foundation. This
has a significant impact on the safety and long-term stability of the foundation for an
offshore wind turbine, as illustrated in Figure 1.
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Figure 1. Schematic diagram of seawater erosion of the rock around a monopile foundation in the
operation phase.

The seawater erosion will degrade the quality of the marine bedrock. However, the
commonly used engineering rock mass classifications in rock engineering consider the
influence of groundwater but cannot reflect the deterioration effect of rocks by seawater
erosion. Some researchers attempted to propose rock mass classifications applicable to
marine bedrock [13,14]. Zhang et al. [13] established a comprehensive index to reflect the
rock mass quality in sea reefs by taking into account the mechanical properties of rocks, the
structural types of rock masses, the developmental characteristics of structural surfaces,
the weathering conditions, and groundwater. Liu and Dang [14] proposed M-IRMR for
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undersea deposits based on the RMR. They modified four rating indices according to
the characteristics of undersea deposits and added two engineering rating indices for the
M-IRMR. Cheng et al. [15] used two rock mass classifications to evaluate the load-bearing
behavior of the offshore wind monopile foundations. These original rock mass classifica-
tions are unsuitable for evaluating the quality of the marine bedrock because the effect of
time of seawater erosion on the deterioration of rock properties is not considered. Zhang
et al. [16] pointed out that in recent offshore wind turbine foundation designs, the evalua-
tion is typically assessed without considering seawater erosion. It is recommended to adjust
the original rock mass classification and consider the effect of time of the seawater erosion.

Meanwhile, the calculation of the ultimate bearing capacity of the monopile foundation
only considers the uniaxial compressive strength of the rock in a pure water saturation
state, ignoring the effect of time of environmental elements (seawater) on the deterioration
of the physical and mechanical properties of rocks. However, researchers indicated that the
weakening effect of environmental elements, especially water, on the structural surfaces
and mechanical properties of rocks is significant [12,17–19]. Hu et al. [19] analyzed the
mechanical properties of rocks in different moisture states through physical property tests,
uniaxial compression tests, and triaxial compression tests. It was noted that water has a
effect of time on the strength of rocks. Zhang et al. [12] comprehensively investigated the
deterioration effects of pressurized seawater on three types of rocks. The experimental
results suggested that the seawater had negligible deterioration on the granite specimens
and had a greater effect on the mechanical properties of the sandstone and tuff.

To sum up, the existing rock mass classifications cannot accurately reflect the quality
of the marine bedrock and its deterioration pattern with time. The existing methods for
calculating the ultimate bearing capacity of a monopile foundation also neglect the effect
of time of seawater on the deterioration of the rock’s physico-mechanical properties. The
inapplicable rock mass classification and inaccurate calculation method of ultimate bearing
capacity lead to large deviations in the design of the bearing capacity of the monopile
foundation, which causes large safety hazards in the construction and operation of offshore
wind turbines.

Therefore, based on the existing rock mass classification, the rating of each classifica-
tion index is modified by considering the geological conditions of offshore wind monopile
foundations. According to the accelerated test of seawater erosion, the influence of time on
rock mass quality after seawater erosion is analyzed. The rock mass classification applicable
to the marine bedrock at the end of the monopile foundations for offshore wind turbines
is proposed, which is defined as the ocean rock mass rating (OMR). Based on the OMR
classification, the theoretical calculation method of the ultimate end-bearing capacity of
the offshore wind monopile foundation is proposed. Finally, the proposed calculation
method of the ultimate end-bearing capacity is applied to offshore wind engineering, and
the reliability of the proposed method was validated by three-dimensional (3D) numer-
ical simulation. The theoretical and numerical results are used to guide the design and
construction of the offshore wind engineering.

2. Ocean Rock Mass Rating System

Rock mass classification plays an important role in evaluating rock quality. There
are many rock mass classifications, such as the rock mass rating (RMR) [20,21], rock mass
quality Q-system (Q) [22], geological strength index (GSI) [23,24], and the basic quality
system (BQ) [25,26]. These classifications assess the rock mass quality by obtaining the
parameters of rocks and engineered rock masses by using rock mechanical tests and engi-
neering geological field investigations [27]. However, the existing rock mass classifications
cannot reflect the influence of seawater on the rock mass quality, and the effect of time of
seawater erosion is ignored. The existing rock mass classification requires modification to
make it applicable to the evaluation of the marine bedrock.
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2.1. Determination of Evaluation Indexes

As a comprehensive rock mass classification that considers multiple factors, the RMR
classification is the most widely used due to its reliability and practicality in rock quality
evaluation [28–32]. Celada et al. [33] modified the RMR classification and proposed the
RMR14 classification. RMR14 refines the rating of the structural surface conditions and
introduces the alterability index, Id2, which characterizes the resistance of the rock to
softening and disintegration when in contact with water. The Id2 index is helpful for
the RMR14 classification to evaluate the rock mass quality in water-rich subsurface rock
engineering, especially for marine rock engineering. However, RMR14 is mainly used
to focus on underground rock tunneling engineering, and the environmental medium
of the marine bedrock is different from the tunnel surrounding rock, resulting in the
considerations and rating of the classification indices of RMR14 not being applicable to
the quality evaluation of marine bedrock. Therefore, an ocean rock mass rating (OMR)
classification applicable to the marine bedrock at the end of monopile foundations for
offshore wind turbines is proposed by modifying the RMR14 classification.

The OMR classification includes five rating indices: the strength of intact rock (R1),
the structural integrity of rock mass (R2), the discontinuities condition (R3), intact rock
alterability (R4), and an adjustment factor for the effect of time (Ft). Since the OMR
classification is used to evaluate the quality of the marine bedrock, the groundwater
conditions are not considered.

2.2. Modification of Geological Indices

The five rating indices in the OMR classification from R1 to R4 are geological indices,
and Ft is the adjustment factor for the effect of time. In order to adapt to the requirements
of the OMR classification, it is necessary to modify the R1, R2, R3, and R4 indices and reset
the ratings of the four indices based on the RMR14 classification and the conditions of the
marine bedrock.

2.2.1. Resetting Ratings of Geological Indices in OMR Classification

The four geological indices considered in the OMR classification accounted for 15,
40, 20, and 10 points in the RMR14 classification, respectively. However, the impact of
these four geological indices on the quality of the marine bedrock is quite different from
that of tunnel rock. Long-term seawater–rock interactions are prevalent in marine rock
engineering, and rock strength and disintegration resistance are more important to the
quality of the marine bedrock. The structural integrity of the rock mass and discontinuities
condition mainly influence the efficiency of seawater erosion. Therefore, the ratings of R1
and R4 should be higher than those of R2 and R3. Besides, the OMR classification neglects
groundwater conditions, making the sum of the four geological indices less than 100 points.
In summary, the rating of the four geological indices is reset according to the characteristics
of marine rock engineering based on the analysis hierarchy process (AHP).

The AHP can be used to deal with complex problems by categorizing the decision-
relevant elements into a structure of the goal, criteria, and options [34,35]. It is easy
to employ, integrates the contributions of multiple factors, does not require additional
quantitative information, and has been widely used in the design and modification of rock
mass classifications. For the determination of the weights of the four geological indices
for OMR classification, an AHP structure is established, as shown in Figure 2. The AHP
structure can be divided into three layers: the goal layer, the criteria layer, and the options
layer. In this study, the AHP is used to assess the quality of marine bedrock, which is the
goal layer. The four geologic indicators included in the OMR classification, which comprise
the criteria layer, are used to determine judgment matrix A based on the importance
of each criterion in the goal layer. Finally, the synthetic weight of each criterion on the
goal is calculated based on judgment matrix A and is used to select the best result in the
options layer.
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Each criterion in the criteria layer has a different weight for the goal layer. In other
words, R1, R2, R3, and R4 have different impacts on the quality of the marine bedrock.
Judgment matrix A [Equation (1)] can be constructed by citing the nine-point rating scale
proposed by Sttay [36,37] (Table 1). In the OMR classification, the ratings of the strength
of intact rock, R1, and the ratings of intact rock alterability, R4, are considered equally
important. R1 and R4 are slightly more important than the ratings of the structural integrity
of rock mass, R2, and moderately more important than the ratings of the discontinuities
condition, R3. The weights of the R1~R4 indices are computed based on matrix A, as listed
in Table 2. By modifying the obtained weights, it can be found that R1, R2, R3, and R4
account for 35, 20, 10, and 35 points in OMR classification, respectively.

A =


1 2 3 1

0.5 1 2 0.5
1/3 0.5 1 1/3

1 2 3 1

 (1)

Table 1. Modified Saaty’s nine-point rating scale [36,37].

Importance Level Scale

Equal 1
Weak or slightly considerable 2

Moderate 3–4
Strong 5–6

Very Strong 7–8
Extreme 9

Importance of comparing two elements after exchanging order Inverse of 1–9

Table 2. AHP analytical results of OMR classification.

Rating Index in OMR Classification Weight
(%) One Hundred Percent System

Ratings of the strength of intact rock R1 35.071 35
Ratings of the structural integrity of rock mass R2 18.925 20
Ratings of discontinuities condition R3 10.933 10
Ratings of intact rock alterability R4 35.071 35

The statistical validation of the AHP analysis for the OMR classification is performed,
and the consistency index (CI) and consistency ratio (CR) are calculated as follows [37]:

CI =
λmax − n

n − 1
(2)
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CR =
CI
RI

(3)

where λmax is the largest eigenvalue of judgment matrix A, n is the size of matrix A, and RI
is the random consistency index based on the size of comparison matrix A [37]. If CR is less
than 0.10, the AHP analysis is reasonable, and the results can be accepted.

The results of the statistical validation of the above AHP analysis are presented in
Table 3. It can be found that the CR is less than 0.10, which implies the AHP analysis of
the OMR classification is acceptable. The ratings of the four geological indices in the OMR
classification are 35, 20, 10, and 35 points, respectively.

Table 3. Statistical validation of AHP analysis for the OMR classification.

Consistency Test Results
Maximum Eigenvalue λmax CI RI CR Consistency Test

4.01 0.003 0.882 0.004 0.004 < 0.10 (pass)

The ratings of the four geological indices in the OMR classification are reset according
to the impact on the quality of the marine bedrock. However, the ratings of these four
geological indices are determined by the parameters that are easily accessible for tunnel
engineering but difficult in offshore wind engineering. Therefore, the four geological
indices are further modified to enable convenient utilization in offshore wind engineering.

2.2.2. Rating Modification of the Strength of Intact Rock R1

According to the RMR14 classification, there is a stepwise correspondence between the
saturated uniaxial compressive strength, σc, and the rating index, R1. The rating method
jumps, which will cause changes in the score. In practice, linear interpolation is usually
used to determine the R1. Therefore, the correspondence between σc and R1 can be refined
by the continuum regression approach [38]. It is worth noting that the rating for R1 in the
OMR classification has increased from 15 to 35 points. The regression results are presented
in Equation (4) and Figure 3.

R1 = 0.98σ0.65
c (4)
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When it is inconvenient to obtain the saturated uniaxial compressive strength in
offshore wind engineering, the point load test can be used to determine the point load
strength index of the rock, Is(50), which can be converted to σc. The conversion relationship
between the two is as follows [25]:

σc = 22.82I0.75
s(50) (5)

where Is(50) is the point load strength index of a standard specimen with a diameter of
50 mm.

The R1 indices modified for continuity refinement are listed in Table 4. In engineering
practice, if Table 4 does not include the obtained σc and Is(50), Equations (4) and (5) can be
utilized for the determination of R1.

Table 4. Modified evaluation of R1 in OMR classification.

σc (MPa) >250 175 100 75 50 37.5 25 15 1 <1

R1 rating 35 28 19.5 16 12 10 8 5.5 1 0

2.2.3. Rating Modification of Structural Integrity of Rock Mass R2

The RMR14 classification determines the structural integrity of rock mass based on
the number of discontinuities, dn, but in some rock engineering (especially offshore wind
engineering), the acquisition of the dn of the excavation surface is extremely difficult.
Since the construction of offshore wind turbines requires drilling holes to investigate the
geological conditions of the marine bedrock, the RQD is the most accessible index for the
structural integrity of the rock mass, which does not require additional experimental tests.
The original RMR classification applies the RQD to evaluate the structural integrity of rock
mass. In RMR classification, the rating of RQD is divided into five intervals, showing a
jumping characteristic similar to the strength index described above. According to the
quality evaluation of the marine bedrock, the R2 index accounts for 20 points in the OMR
classification. Therefore, the continuous regression approach is adopted to modify the
rating of R2 in the OMR classification based on the RQD, as shown in Figure 4. The
continuity equation between RQD and R2 index is as follows:

R2 = 0.187RQD + 1.298 (6)
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In order to express the relationship between RQD and R2 in terms of a simple linear
relationship, the detailed modification values of the R2 index are listed in Table 5. The
ratings of the R2 of RQD not covered in Table 5 can be calculated using Equation (6).

Table 5. Modified evaluation of R2 in OMR classification.

RQD (%) 100 95 90 82.5 75 62.5 50 37.5 25 0

R2 rating 20 19 18 16.5 15 13 10.5 8 6 1

2.2.4. Rating Modification of Discontinuities Condition R3

Zhang et al. [12] demonstrated (experimentally) that seawater erosion in the discon-
tinuities of the rock mass is significant. In the OMR classification, strength deterioration
caused by seawater erosion is usually expressed by R1 and R5, and the effect of time
regarding seawater erosion on the discontinuities is represented by Ft. Therefore, the
discontinuous condition R3 has a relatively low percentage of 10 points in the OMR classifi-
cation. The RMR14 classification refines the rating of the discontinuities with four factors,
including continuity, roughness, infilling, and weathering, each of which is rated by five
points. For the marine bedrock, the continuity of the discontinuities is difficult to access
due to the limitations of drilling investigations. Therefore, a modified evaluation of the
ratings of the discontinuities, R3, is presented in Table 6.

Table 6. Modified evaluation of R3 in OMR classification.

Parameters Ratings

R3

Roughness Very Rough Rough Smooth Slickensided
4 2.5 1 0

Infilling
Hard infilling Soft infilling

<5 mm >5 mm <5 mm >5 mm
3 1 1 0

Weathering Unweathered Moderately
weathered

Highly
weathered Decomposed

3 2 0.5 0

2.2.5. Rating Modification of Intact Rock Alterability R4

The RMR14 classification introduces an index for evaluating intact rock alterability,
which matches the characteristics of the marine bedrock. This index is represented by
R4 in the OMR classification, which highlights the fact that the rock is heavily softened
and disintegrated by seawater. For offshore wind engineering with aggressive media
(seawater), the rating of R4 is taken as 35 points and is as important as rock strength, R4.
The rating of R4 is based on a stepwise rating, and a continuity refinement equation is used
instead of a stepwise rating approach to obtain Figure 5 and Equation (7). The results of
the modified evaluation of the ratings of intact rock alterability, R4, are presented in Table 7.
The ratings of R4 corresponding to Id2 that are not listed in Table 7 can be calculated by
using Equation (7).

R4 = 0.35Id2 (7)

Table 7. Modified evaluation of R4 in OMR classification.

Id2 (%) 100 90 80 70 60 50 40 30 20 10

R4 rating 35 31.5 28 24.5 21 17.5 14 10.5 7 3.5
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Figure 5. Continuity modification of the ratings of intact rock alterability, R4, in OMR classification.

2.3. Determination of Adjustment Factor for the Effect of Time Ft

The monopile foundations for offshore wind turbines must be able to resist the cycling
loads of wind and water to which the offshore wind turbine is subjected over a typical
design life of at least 25 years [39]. Such a long period of continuous action will make the
pile-rock contact surface continuously separate. The seawater will gradually erode the
rock around the monopile foundation, which will have a significant impact on the safety
and long-term stability of the offshore wind turbine. Therefore, the deterioration of the
marine bedrock during the long-term operation phase should be sufficiently considered at
the design stage. The adjustment factor for the effect of time, Ft, in the OMR classification
can reflect the deterioration pattern of the marine bedrock over time.

However, the erosion time of the offshore wind monopile foundation is usually more
than decades, and it is impractical to perform seawater erosion tests under the same
environmental conditions due to the huge time and economic costs. Thus, it is necessary to
conduct accelerated tests for seawater erosion. The accelerated test shortens the test period
by enhancing the test conditions while keeping the failure mechanism unchanged. This test
method improves efficiency and reduces cost, which has been widely used in geological
engineering [40–44].

In order to rationally design the accelerated test of seawater erosion, mechanical
analysis of the marine bedrock for an offshore wind monopile foundation is required.
Figure 6 simulates the force condition of the monopile foundation. The seawater depth
in the offshore wind engineering area is generally less than 40 m, so the seawater depth
is considered to be 40 m. The depth of the monopile foundation is 10 m, of which 8 m is
the permeable layer and 2 m is the bedrock layer. The 8 m permeable layer consists of
submarine sediments, silt, and highly weathered rock layers, which can transmit a water
pressure of 0.4 MPa. The 2 m bedrock layer is a weakly weathered rock layer, and its water
pressure decreases linearly from 0.4 MPa to 0 MPa.
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Figure 6. Schematic diagram of the force on marine bedrock for offshore wind monopile foundations.

The rock specimen, seawater, and equipment for the accelerated test of seawater
erosion are shown in Figure 7. Three common types of seabed bedrock represented by
granite, tuff, and sandstone were tested (namely plutonic, volcanic, and sedimentary
rocks). These rocks are manufactured into specimens with a height of 100 mm and a
diameter of 50 mm. From Figure 6, it can be calculated that the pressure exerted on
the rock specimen decreases linearly from 1/75 MPa to 0 MPa, which corresponds to a
uniform load of 1/150 MPa. The seawater was taken from Fujian, China, and there was no
inland freshwater or domestic sewage injection in the area, which is relatively close to the
quality of the water under offshore conditions, totaling about 27 L of seawater. Seawater
environments at different depths can be simulated using a deep-water simulation system
(Figure 7c), which can apply pressures from 0 to 0.7 MPa. Considering that the offshore
wind turbine is usually operated for decades and taking into account the test conditions,
experimental time, and geological conditions of the marine bedrock, the test pressure was
set to be 0.5 MPa. Therefore, the acceleration factor is 75, which is calculated by 0.5/(1/150).
Rock specimens are immersed for 3, 7, 15, 30, 45, and 60 days to simulate seawater erosion
for 225, 525, 1125, 2250, 3375, and 4500 days. This implies that the accelerated test can
simulate up to more than 12 years of seawater erosion. After the preset time has been
reached, the rock specimens are removed immediately to test the physico-mechanical
parameters and evaluate the discontinuity conditions. Finally, the OMR ratings of the rock
specimens after different erosion times are determined, as listed in Table 8. The Ft rating is
determined by the difference between the OMR rating after seawater erosion and the OMR
in the natural state. Deviation indicates the variation between the OMR after the seawater
erosion and the natural state.
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Table 8. OMR ratings and adjustment factors for the effect of time, Ft, for three rock types after
accelerated tests for seawater erosion.

Rock Types Rating Item Natural State
3 d 7 d 15 d 30 d 45 d 60 d

225 d * 525 d * 1125 d * 2250 d * 3375 d * 4500 d *

Plutonic rock
(Granite)

OMR 76.5 74.5 73.1 72 71.7 70.6 70.5
Ft 0 −2.0 −3.4 −4.5 −4.8 −5.9 −6.0

Deviation 0% −2.68% −4.65% −6.25% −6.69% −8.36% −8.51%

Volcanic rock
(Tuff)

OMR 71.1 68.8 66 64.1 62.4 61.6 61.5
Ft 0 −2.3 −5.1 −7.0 −8.7 −9.5 −9.6

Deviation 0% −3.34% −7.73% −10.92% −13.94% −15.42% −15.61%

Sedimentary
rock

(Sandstone)

OMR 63 59.4 55.3 48.9 47.8 45.8 45.5
Ft 0 −3.6 −7.7 −14.1 −15.2 −17.2 −17.5

Deviation 0% −6.06% −13.92% −28.83% −31.80% −37.55% −38.46%

* Erosion time simulated by the accelerated test.

It can be found that at the initial stage of the accelerated test (3 d–15 d), the OMR ratings
of the three rock types decreased rapidly with an increase in time, whereas, at the later
stage of the accelerated test (45 d–60 d), the OMR ratings stabilized. Among the three rock
types, plutonic rock is the least affected by seawater erosion because of its dense structure.
Its OMR rating after 60 days of accelerated test simulation decreases by only 8.51%. For the
sedimentary rock, the deterioration of the rock by seawater erosion is the most significant
due to high porosity. Its OMR rating decreases by 38.46% after 60 days of the accelerated
test. The effect of seawater on volcanic rock is intermediate between the two rock types
above, with a decrease in OMR rating of 15.61% after 60 days of the accelerated test. It is
worth noting that the variation in Ft with time shows a roughly logarithmic trend, so the
quantitative correlations between Ft and time for the three rock types can be fitted with
Equation (8) based on the accelerated test results in Table 8.

Ft = k logb(t + 1) (8)

where t is the time simulated by the accelerated test in days. k and b are two fitting
parameters related to the rock types. Figure 8 presents the fitting results of Ft and time for
three rock types.
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erosion time, t, for three rock types.
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Figure 8 indicates that the logarithmic form fits the quantitative correlations between
Ft and t well, with a high R2. Moreover, this fitting correlation ensures that Ft is 0 at the
natural state and stabilizes at the end. Based on the quantitative correlations between Ft
and t, the Ft ratings of offshore wind turbines over a 15-year period are given in Table 9.
For times longer than 15 years and the times not included in the table, the corresponding Ft
ratings can be estimated using the fitted quantitative correlations in Figure 8.

Table 9. Adjustment factor for the effect of time, Ft, in OMR classification.

Erosion Time 0 Years 3 Years 6 Years 9 Years 12 Years 15 Years

Ft rating

Plutonic rock 0 −5 −5.5 −6 −6 −6

Volcanic rock 0 −8 −9 −9.5 −9.5 −10

Sedimentary rock 0 −15 −16.5 −17 −17.5 −18

There are different quantitative correlations for Ft and t for different rock types be-
cause only three typical rocks of the three rock types (plutonic rock, volcanic rock, and
sedimentary rock) were tested, and not all of the rocks of the three rock types are included.
It is not enough to construct reasonable correlations between k, b, and rock type, which
deserves further study. However, it is sufficiently competent for engineering applications.
By combining the results in Tables 4–9, the OMR classification applicable to the marine
bedrock of monopile foundations for offshore wind turbines is proposed in Table A1, which
is presented in Appendix A.

In Table 10, the rating indices in the rock mass classification and the respective ad-
vantages of the OMR, RMR14, and RMR classification are compared. It can be found that
the RMR14 and RMR classifications are more suitable for overland geological engineering,
such as for tunnels and slopes. The OMR classification applies to the marine bedrock of an
offshore wind foundation without considering the groundwater conditions. Meanwhile,
the OMR classification can reflect the effect of time regarding seawater erosion, which is
the key to its applicability to marine bedrock.

Table 10. Comparison of the OMR, RMR14, and RMR classifications.

Rock Mass Classification Rating Indices in Rock Mass Classification Advantages

OMR

Ratings of the strength of intact rock: R1 1. It is suitable for the marine bedrock of an
offshore wind foundation.

2. The effect of time of seawater erosion
is considered.

3. The rating indices are continuous.

Ratings of the structural integrity of rock mass: R2
Ratings of the discontinuities condition: R3
Ratings of intact rock alterability: R4
Adjustment factor for effect of time: Ft

RMR14

Ratings of the strength of intact rock: R1
1. It can take into account the effects of

engineering factors such as the initial
ground stress field and the
excavation method.

2. It is well suited for the quality assessment
of the surrounding rock in tunnels.

Ratings of the density of discontinuities: R2
Ratings of the discontinuities condition: R3
Ratings of the water condition: R4
Ratings of intact rock alterability: R5
Adjustment factor for tunnel axis orientation: F0
Adjustment factor for excavation method: Fe
Adjustment factor for stress-strain behavior: Fs

RMR

Ratings of the strength of intact rock: R1 1. It is simple and easy to use and has been
validated in a large number of geological
engineering projects.

2. The correlations between RMR and other
rock mass classifications have been
proposed by many researchers.

Ratings of RQD: R2
Ratings of the spacing of discontinuities: R3
Ratings of the discontinuities condition: R4
Ratings of the groundwater condition: R5
Assessment of joint orientation
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3. Ultimate End-Bearing Capacity of Offshore Wind Monopile Foundation

With the development of offshore wind engineering in open and deep oceans, the
foundation is subjected to higher loads, resulting in a larger diameter regarding the com-
monly used rock-socketed monopile foundation. The bearing capacity of the rock-socketed
monopile foundation consists of the friction around the pile and the resistance at the end.
At present, the standards have low subfactors for calculating the ultimate end-bearing
capacity of the monopile foundations. There is a considerable safety reserve in the design,
and the excessive bearing capacity surplus is unfavorable to the economy of engineering.
Therefore, a reasonable calculation of the ultimate end-bearing capacity of the monopile
foundation is of great significance to reduce the waste of resources and cost under the
premise of satisfying a safety reserve. Based on the OMR classification, the calculation of
the ultimate end-bearing capacity of the offshore wind monopile foundation is proposed,
which considers the effect of time regarding the sea on the deterioration of bedrock quality.

3.1. Theoretical Calculation of Ultimate End-Bearing Capacity for a Monopile Foundation

When the ratio of the rock-socketed depth to the diameter of the monopile foundation
is small, the failure pattern of the rock mass at the end of the monopile foundation is
overall sliding, which produces a sliding wedge, as shown in Figure 9 [5,45,46]. Zhang and
Einstein [46] proposed a method for calculating the ultimate end-bearing capacity of rock
mass based on the two-dimensional (2D) Hoek-Brown strength criterion, which considers
the effect of the self-weight of rock and permeable layers above the monopile foundation
end. The expression of the Hoek-Brown strength criterion is given in Equation (9) [23,47].

σ1 = σ3 + σc(mb
σ3

σc
+ s)

a
(9)

where σ1 and σ3 are the major and minor principal stresses. Mb, s, and a are the rock mass
parameters. The relationship between rock mass parameters and OMR classification is
discussed in Section 3.2.
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Figure 9. Overall sliding failure pattern of rock mass at the end of the monopile foundation [5,39,40].

Figure 9 shows the failure model of the bedrock at the end of the monopile foundation
based on the Hoek-Brown strength criterion. The hs and hr are the heights of the overlying
soil and bedrock, respectively; qs is the self-weight of the overlying rock and soil layer; d is
the pile diameter; and qmax is the ultimate end-bearing capacity. Considering the influence



J. Mar. Sci. Eng. 2023, 11, 2310 14 of 23

of the self-weight stress of the overlying rock and soil layer, the calculation procedure for
the ultimate end-bearing capacity of the monopile foundation is as follows.

According to the overall sliding failure analysis, wedge B is in a passive stress state, so
the minor principal stress is the self-weight of the overlying rock and soil layer qs. When
wedge B reaches the ultimate failure state, its major principal stress σ1B is horizontal and
satisfies Equation (10).

σ1B = qs + (mbσcqs + sσ2
c )

a
(10)

where wedge A is in the active stress state, the qmax is the major principal stress, and the
minor principal stress, σ3A, is in the horizontal direction. When wedge A reaches the
ultimate failure state, its major and minor principal stresses satisfy Equation (11).

qmax = σ3A + (mbσcσ3A + sσ2
c )

a
(11)

Based on the boundary continuity condition, σ3A = σ1B, the ultimate end-bearing
capacity of the monopile foundation can be calculated as per Equation (12).

qmax = qs + (mbσcqs + sσ2
c )

a
+ [mbσcqs + mbσc(mbσcqs + sσ2

c )
a
+ sσ2

c ]
a

(12)

3.2. Determination of Rock Mass Parameters based on OMR Classification

The rock mass parameters mb, s, and a are the important factors for determining the
ultimate end-bearing capacity of the monopile foundations. mb is a dimensionless empirical
parameter for the different rock masses. s reflects the degree of fragmentation of the rock
mass. Hoek et al. [48] determined the rock mass parameters mb, s, and a based on the
geological strength indicator (GSI), as expressed in Equation (13).

mb = exp(GSI−100
28−14D )mi

s = exp(GSI−100
9−3D )

a = 0.5 + 1
6 [exp(−GSI/15)− exp(−20/3)]

(13)

where mi is a parameter reflecting the softness or hardness of the rock, which can be ob-
tained from the empirical table [49–51]. D is a parameter reflecting the extent of disturbance
of the surrounding rock caused by the effects of blasting and stress relief [48,52]. The
monopile foundation is constructed by a machine, and D can be selected as 0.5 for the
marine bedrock.

The GSI classification considers only the structural conditions of rock mass and ignores
the rock strength and the effect of time regarding seawater erosion, resulting in an inaccurate
ultimate end-bearing capacity of monopile foundations calculated from the rock mass
parameters determined by GSI. It is recommended to determine the rock mass parameters
based on the OMR classification.

Zhang et al. [38] systematically proposed a quantitative correlation between RMR14
and GSI based on the studies on the correlations of basic classified indices.

RMR14 = 0.910GSI + 18.933 (14)

The OMR classification inherits the indices of the RMR14 classification except for the
groundwater condition, with a total rating of 100 points. The OMR classification modifies
the ratings of the indices based on the RMR14 classification and adds an adjustment factor
for the effect of time to make it applicable to the marine bedrock. Moreover, the quantitative
correlation [38] between RMR14 and GSI also neglects the groundwater condition, so OMR
can directly replace RMR14 in Equation (14) to obtain the following equation.{

OMR = RMR14
OMR = 0.910GSI + 18.933

(15)
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Ultimately, the rock mass parameters mb, s, and a can be determined based on the
OMR classification as follows:

mb = exp(OMR−109.933
25.48−12.74D )mi

s = exp(OMR−109.933
8.19−2.73D )

a = 0.5 + 1
6 [exp(−OMR−18.933

13.65 )− exp(− 20
3 )]

(16)

4. Application in Practical Engineering

The theoretical calculation method of the ultimate end-bearing capacity of the monopile
foundation was applied to an offshore wind farm on the southeast coast of China. The
reliability of the theoretical calculation method and the 3D numerical simulation were
validated by in situ tests. The theoretical and numerical results were used to guide the
design and construction of offshore wind engineering.

4.1. Engineering Background

The offshore wind farm is located on the southeast coast of China, with an average
water depth of about 40 m at the site. The map of the location of this site is shown in
Figure 10a. It is proposed to build 5.0~7.5 MW offshore wind turbines, the foundations of
which will adopt a rock-socketed monopile foundation with a diameter, d, of 2 m. Typical
borehole surveys show approximately 12 m of permeable layers, including 2 m of marine
sediments, 5 m of silt, and 5 m of silty clay and sandstone. The rock layers below the
permeable layer are bedrock layers, including tuff and weakly weathered granite. The
rock-socketed depth of the monopile foundation is 3 m, and the holding layer is tuff. The
tuff is evaluated according to the OMR classification, with an original rating of 65 points.
For the convenience of theoretical calculation and numerical simulation, the rock layers are
divided into permeable and bedrock layers, and their geological parameters are listed in
Table 11.
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Table 11. Parameters of geotechnical layers for offshore wind foundations.

hr (m) γ (KN/m3) σc (MPa) mi OMR E (GPa)

Permeable layer 12 19.9 10 5 30 3
Bedrock (tuff) 3 23.4 60 8 65 40

4.2. In Situ Test and 3D Numerical Simulation

The in situ test was conducted at the location of the offshore wind turbine No. 32.
The test pile was a 45 m long cast pile with a diameter of 2 m, a wall thickness of 28 mm,
and a concrete grade of C35. The ultimate bearing capacity was tested by using the
rapid load maintenance method using the CH-24000 YG270-2300×8 and CH-32000 YG270-
2300×8 load boxes, the JCQ-503C static load meter, and the CYB-10S pressure transducer.
The actual ultimate end-bearing capacity of the monopile foundation can be obtained
from the in situ tests, with the test pile shown in Figure 10b. The test result indicates that
the measured ultimate end-bearing capacity, Pm, is 58,659 KN. It is worth noting that the
measured ultimate end-bearing capacity includes both the lateral friction resistance and
the end-bearing capacity.

The numerical simulation was carried out using the 3D explicit finite difference
program FLAC3D. In order to improve the computational efficiency, the geotechnical
layers are considered semi-infinite objects, and the following assumptions are made [53,54]:

• The monopile and geotechnical layers are homogeneous, continuous isotropic materials.
• The model is fixed vertically to all nodes at the bottom, while the front, back, left, and

right sides are fixed normally to all nodes.
• The pile-permeable layer and the pile-bedrock layer contact surfaces are smooth,

which is the ideal contact surface for interfacial occlusion.
• Monopile is an elastic material, while the geotechnical layers are elastoplastic materials,

the constitutive relation of which follows the Hoek-Brown criterion.
• The effect of time on the ultimate end-bearing capacity of the monopile foundation is

expressed by the reduction in the rock mass parameters.

According to the geological conditions listed in Table 11 and the parameters of the
test pile, one-half of the semi-infinite monopile object is used to establish the numerical
model (one-to-one) for the actual situation, as shown in Figure 10c. The numerical model is
meshed with 15,000 cells and 15,300 nodes. The monopile is set in the center of the model,
and the boundary conditions are consistent with the in situ test. Based on the q-s curve
of the numerical simulation (Figure 11), the q value of the displacement plunge can be
converted into the numerical simulated ultimate bearing capacity, Pn. For this test pile, its
numerical simulated ultimate end-bearing capacity, Pn, is 53,380 KN.

4.3. Validation for the Theoretical Calculation Method and 3D Numerical Simulation

In order to validate the reliability of the theoretical calculation method and the nu-
merical simulation, the theoretical and numerical results at different times are compared,
as presented in Figure 12, where the effect of the times on the theoretical and numerical
results is reflected by the variation in the OMR ratings. The OMR ratings of the tuff for
different times are 65 (0 years), 59 (0.5 years), 57 (3 years), 56 (8 years), and 55 (15 years).
The theoretical results were obtained by using Equation (12). The differences between the
measured ultimate end-bearing capacity of the test pile and the theoretical and numerical
results were also compared at the beginning (t = 0). It can be found that the theoretical
calculation and numerical simulation results for the ultimate end-bearing capacity without
seawater erosion are very similar to the measured results, with a relative error of less than
9%. The measured results are larger than the theoretical and numerical results because
the measured ultimate end-bearing capacity includes lateral friction resistance. Moreover,
both the theoretical and numerical ultimate end-bearing capacities show a logarithmic
decrease with time. The ultimate end-bearing capacity decreases by approximately 30%
over a period of 15 years. The theoretical results are always larger than the numerical
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results, with a relative error of less than 7%. The theoretical and numerical results were
obtained by using two different methods. The average relative error of 7% between them
indicates that the theoretical and numerical results are sufficiently similar. The numerical
simulation results are biased in favor of safety. Moreover, both theoretical and numerical
results of the ultimate end-bearing capacity with time show a rapid decrease followed by a
gentle decrease, and the trends are almost the same. To sum up, Figure 12 indicates that the
theoretical calculation method and the numerical simulation of the offshore wind monopile
foundation are reliable.
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4.4. Performance of Offshore Wind Monopile Foundations after Long-Term Operation

From the above analysis, the theoretical calculation method and established numerical
model are reliable and reasonable, which can be used to reflect the variation in the ultimate
end-bearing capacity and deformation characteristics during the operation of offshore
wind engineering. Moreover, the theoretical calculation method and numerical model
consider the effect of time regarding seawater erosion, which can be used to evaluate the
performance of the offshore wind monopile foundation after long-term operation.

Figures 13 and 14 show the plastic zone and displacement of offshore wind monopile
foundations during normal operation. The numerical simulation results indicate that
plastic zones similar to sliding wedges can be found on both edges of the bottom of the
monopile foundation, which is consistent with the theoretical analysis in Figure 9. With
the increase in operation time, the plastic zone is enlarged. The displacement occurs
mainly at the bottom of the monopile foundations and increases slightly with time. The
theoretical and numerical results are used to guide the design and construction of this
offshore wind engineering. This offshore wind engineering project has been operating
normally for 8 years, and the detected displacement is 15.3 mm, which is slightly smaller
than the numerical simulation results.
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Figure 13. Plasticity zones of offshore wind monopile foundations at different times, where the
monopile diameter is 2 m, the permeable layer is 12 m, and the rock-socketed depth is 3 m: (a) original
stage; (b) after 8 years; (c) after 15 years.
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5. Conclusions

In this study, an ocean rock mass classification (OMR) system applicable to the marine
bedrock of the offshore wind monopile foundation is proposed, from which the ultimate
end-bearing capacity of an offshore wind monopile foundation is calculated. Our conclu-
sions are drawn as follows:

1. Based on the RMR14 classification, the OMR classification is proposed with full
consideration of the factors affecting the quality of marine bedrock. The ratings
of four geological indices (R1, R2, R3, and R4) in the OMR classification are reset to 35,
20, 10, and 35 points, respectively, based on the AHP analysis. R1, R2, and R4 can also
be continuously modified according to the geological conditions of the offshore wind
monopile foundation. It is worth noting that the OMR classification does not apply to
all marine bedrock. The OMR classification is only suitable for the marine bedrock of
an offshore wind foundation, where the pile socket depth is within two times the pile
diameter, with plutonic, volcanic, and sedimentary rock types.

2. The adjustment factor for the effect of time, Ft, was determined based on the decrease
in OMR ratings in the accelerated test of seawater erosion. The 60-day accelerated test
can simulate seawater erosion for up to 12 years, and the results show that seawater
erosion has the least effect on plutonic rocks and the largest effect on sedimentary
rocks. The quantitative correlation between Ft and time can be expressed uniformly
by Equation (8).
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3. Based on the overall sliding failure mode of the rock mass, the theoretical calculation
method of the ultimate end-bearing capacity of the offshore wind monopile foun-
dation is obtained. The rock mass parameters therein are determined by the OMR
classification, making the calculation method applicable to marine bedrock and can
reflect the effect of time regarding seawater erosion.

4. The theoretical calculation method for the ultimate end-bearing capacity was em-
ployed in an offshore wind engineering project. The offshore wind monopile foun-
dation was numerically modeled in 3D. The in situ test indicates that the theoretical
and numerical results are similar to the measured results, with a relative error of less
than 9%, which implies that the theoretical calculation method and numerical model
are reliable.

5. This offshore wind engineering project was constructed based on theoretical and
numerical results. The offshore wind foundation has been operating for 8 years, and
its displacement is 15.3 mm, which is less than the numerical result of 16.94 mm.

The OMR classification considers the geological conditions of marine bedrock and
the effect of time regarding seawater erosion. The theoretical calculation method based
on the OMR classification can accurately determine the ultimate end-bearing capacity of
the offshore wind power monopile foundation and guide the design and construction of
offshore wind engineering projects. However, only three rock types have been subjected to
the accelerated test of seawater erosion; thus, we did not cover all types of marine bedrock.
Accelerated tests of more rock types are expected to validate and modify the proposed OMR
classification, especially for other rocks belonging to plutonic, volcanic, and sedimentary
rock types.
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Appendix A

At the design stage of monopile foundations for offshore wind turbines, the physical
and mechanical parameters of the marine bedrock and the discontinuity conditions are
tested to determine the R1, R2, R3, and R4 indices. Based on the design life of the offshore
wind turbine and the type of the marine bedrock, the effect of time on the quality of the
marine bedrock is determined as Ft. Finally, the five indices are added together to obtain
the OMR rating, which determines the quality of the marine bedrock and guides the design
and construction of offshore wind turbines. The detailed ratings for the indices of the OMR
classification are summarized in Table A1.
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Table A1. Complete rating for OMR classification.

Parameters Ratings

R1

σc (MPa) >250 175 100 75 50 37.5 25 15 1 <1
Rating 35 28 19.5 16 12 10 8 5.5 1 0

Continuous
rating equation R1 = 0.98σ0.65

c

R2

RQD (%) 100 95 90 82.5 75 62.5 50 37.5 25 0
Rating 20 19 18 16.5 15 13 10.5 8 6 1

Continuous
rating equation R2 = 0.187RQD + 1.298

R3

Roughness Very rough Rough Smooth Slickensided
Rating 4 2.5 1 0

Infilling Hard infilling Soft infilling
<5 mm >5 mm <5 mm >5 mm

Rating 3 1 1 0
Weathering Unweathered Moderately weathered Highly weathered Decomposed

Rating 3 2 0.5 0

R4

Id2 (%) 100 90 80 70 60 50 40 30 20 10
R4 rating 35 31.5 28 24.5 21 17.5 14 10.5 7 3.5

Continuous
rating equation R4 = 0.35Id2

Ft

Erosion time 0 years 3 years 6 years 9 years 12 years 15 years
Plutonic rock 0 −5 −5.5 −6 −6 −6
Continuous

rating equation Ft = 0.69 log0.38(t + 1) *

Volcanic rock 0 −8 −9 −9.5 −9.5 −10
Continuous

rating equation Ft = 0.89 log0.46(t + 1) *

Sedimentary rock 0 −15 −16.5 −17 −17.5 −18
Continuous

rating equation Ft = 0.61 log0.75(t + 1) *

OMR rating OMR = R1 + R2 + R3 + R4 + Ft

* t in the equations denote the erosion time in days.
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