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Abstract: Offshore wind power is rapidly developing as a source of clean energy. However, as local
scour of the foundation of an offshore wind turbine can create serious safety risks to the normal
operation of the turbine, it is necessary to protect the foundation from scour. In this paper, a new scour
protection countermeasure using solidified soil has been investigated via an updated apparatus for a
simplified scour resistance test (SSRT). Two types of tests were carried out: an unconfined compressive
test to determine geotechnical parameters and an SSRT test to reflect the scour resistance of the soil
samples. The results show that unconfined strength is approximately related to the critical flow
velocity of the scour resistance as a power function. Soil samples having an unconfined compressive
strength of 300 kPa can resist erosion under flow conditions above 3.14 m/s after solidification. In
addition, the solidification state of the solidified soil has a great impact on the scour resistance of
the soil sample, and the critical scour velocity of the final solidified soil is increased by 80–150% as
compared to an initial solidified soil having the same final unconfined strength. These results suggest
that attention should be paid to the state of the solidified soil during the construction process. The
engineers should control the ratio of cement, water, and soil of the solidified soil according to the
hydraulic parameters at the time of construction so that no great loss of solidified soil will occur
during the construction process.

Keywords: scour protection; solidified soil; scour resistance; offshore wind turbine

1. Introduction

Rapid growth in economic conditions will generally lead to a rise in the demand
for energy, and the use of fossil energy sources (including oil, coal, and natural gas)
results in environmental pollution issues, such as smog, acid rain, and the greenhouse
effect. Nowadays, more attention has been paid to clean renewable energy due to issues
with traditional fossil energy sources and their environmental effects. In this context, the
number of constructed offshore wind turbines (OWTs) has grown significantly during
recent decades, as shown in Figure 1 [1,2]. Offshore wind farm projects originated in
Europe and have been built on a large scale in China since 2016. The Compound Annual
Growth Rate (CAGR) of offshore wind power in use has increased by 47.4% from 2017 to
2021. It should be noted that since the cost of the foundation usually accounts for 20–35%
of the total investment in OWTs [3], the safety and long-term service of the foundations
play an important role in the development of offshore wind turbine farms.

Marine structures as well as their supportive systems will be inevitably confronted
with the risk of failure due to scour, which is a natural phenomenon where sediments
are removed and transported around obstructions due to the flow of water [4]. With the
development of this process, scour holes form around the underwater foundations that can
compromise the integrity of the superstructures and may cause failures [5]. Investigations
of the scour process were first conducted in the field of bridge engineering, and significant
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studies have been carried out to evaluate the influence of scour on the bearing capacity
of bridge support systems [6–10]. Scour countermeasures are usually adopted to protect
bridge foundations, and these protection methods can be divided into two broad categories:
passive countermeasures and active countermeasures [4]. Passive countermeasures enable
scour reduction by improving the scour resistance of bed materials through the use of a
physical barrier, such as riprap, gabions, and blocks. In contrast, active scour countermea-
sures are designed to decrease the strength of the oncoming flow to reduce the erosive force
generated in the local flow field, including the utilization of sacrificial piles, slots, collars,
and other structures.
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Figure 1. Annual installed offshore wind capacity (left axis) and cumulative capacity in GW (right
axis) by country from 2010 to 2021.

Riprap protection and its derivative methods are the most widely used in bridge
engineering because of their convenience during construction. However, changing hy-
draulic conditions (especially floods) may destroy riprap systems and necessitate costly
repairs. Chiew [11] summarized the mechanisms of shear damage, subsidence damage,
and edge damage to riprap protection systems under clear water scour conditions based
on experiments; some scholars have also conducted relevant studies around this protec-
tion technology and have proposed various design formulas [12,13]. Esteban et al. [14]
compared the applicability of the formulations proposed by Isbash [15], Soulsby [13], and
De Vos [12] for the design of riprap protection with field data from several offshore wind
farms, and they noted that the design of riprap protection should be based more on the
results from laboratory studies.

The situation for OWTs confronted with scour may be quite different than those for
bridges, as their superstructures are different from bridges in ways that can result in a
system that will be more sensitive to scour. As scour can change the buried depth of
the foundation, it not only has a great effect on the bearing capacity of an OWT but also
its natural frequency. Moreover, a scoured foundation tends to cause tilting of the wind
turbine superstructure, which will lead to the shutdown of an OWT once the incline reaches
5◦ [3]. A tilt angle tolerance value of 0.5◦to 0.75◦ for normal operation of fans is included
in DNV specifications [16]. As OWTs are located in more complex marine environments
that expose them to currents as well as the action of waves, Sumer et al. [17], Myrhaug and
Ong [18], and Corvaro et al. [19] explored the mechanism of scour under wave conditions
and proposed or modified the corresponding scour prediction equations. The results of
flume tests by Sumer and Fredsøe [20] and Chen et al. [21] showed that the combined
effect of waves and currents can significantly accelerate the development of scour. Qi and
Gao [22] found that the scour depth when the foundation reaches equilibrium under the
combined action of waves and currents is greater than the linear sum of the two when
considered separately. Hence, the selection of a proper protective method is important
for structural safety and cost savings, otherwise the final price of the generated power
will be uncompetitive. Furthermore, to avoid changing the natural frequency of the entire
structure, it is not recommended to install countermeasures directly on the foundation.
Thus, improving the scour resistance of the bed materials can be a good alternative. In
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the early years of offshore wind farm construction, special considerations were not made
for scour protection of the foundations of OWTs, and the solutions were mainly based on
those used in bridge engineering: riprap protection, concrete chain row, sandbags (sand
quilts), and so on. However, due to differences in the conditions and influences of scour for
OWTs and bridges, deficiencies have been shown in practice when using these methods
for OWTs [17,23]. For this reason, engineers and researchers are making efforts to find a
protective method that is reliable for OWTs.

Soil reinforcement technology has been widely used in slope and bank protection to
improve the soil properties and increase the soil strength and water stability, which can
effectively enhance the ability of the slope or bank to resist external loads and environmental
changes. Zhang et al. [24] investigated the strength characteristics of clay soils with high
water content that were solidified by low-dosage cement, and they proposed an empirical
formula for strength versus water content, soil-to-cement ratio, and maintenance pressure.
Li [25] studied the solidified formulation for Hangzhou marine soils and established a
strength change model as well as an elastic–plastic damage model for the solidified soils.
In the study of solidified soil materials, the combination of cement and silty clay has
been of interest to many researchers [24,26–28]. With the increase in restrictions due to
environmental protection policies, the mining of sand and gravel materials for riprap and
sandbag protection has been limited; in contrast, the concept of soil reinforcement shows
great potential in scour protection.

Considering the convenience of using this technology during construction, attempts
have been made to use cement-solidified soils for scour protection around offshore wind
turbines. However, the specifications for soil solidification in marine engineering are
not as sophisticated as those for projects on land [29]. Research on the mechanism of
solidified soils used for scour protection is still limited, and it cannot meet the requirements
of engineering practice. During the service life of constructed OWTs, inspections must
be conducted frequently by personnel on engineering vessels, especially after extreme
conditions, such as windstorms. This brings a heavy economic burden when unnecessary
checks must be made (resulting in costs in the range of hundreds of thousands of dollars
each time a farm must be checked) or creates a potential risk when a critical check is missed.
Therefore, investigations on the use of cement-solidified soils as scour countermeasures are
in significant demand by OWTs designers.

The research on scour can be divided into macroscopic and microscopic mechanisms
based on the different emphases and testing methods [4]. The former mainly simulates the
development of scour around foundation models under different flow conditions, compares
the development of scour depth over time by large- or field-scale experiments, and analyses
the influence of macroscopic parameters (including flow speed, wavelength, period, and
other factors) on the scour results. In contrast, microscopic study primarily treats the
samples as a small unit, focuses on the process of water–soil interaction, and compares
the factors affecting the initiation of soil surface erosion [30,31]. At a microscopic level,
the development of scour can be regarded as the continuous erosion of the bed materials.
Scour initiates when the soils are eroded due to the local flow field, including horseshoe
vortices and downward flow. The critical shear stress, τc, is an important parameter that
can be used to judge the occurrence of erosion. When the shear stress caused by the flow
is lower than the critical shear stress, erosion will not occur. Briaud [30] tested the scour
resistance of sand using an erosion function apparatus (EFA) and suggested that the critical
shear stress of the sand is related to and numerically equal to the median grain size of
the sand. In a flume experiment, Maniatis et al. [32] investigated the pebble transport
mechanism at a fine scale by implanting a micro-electromechanical system in the pebbles
to monitor the acceleration and the force to which the pebbles are subjected during erosion.
Li et al. [33] used a computational fluid dynamics/discrete element method (CFD-DEM)
coupled numerical model to analyze the erosion forces and trajectories of soil particles
around the foundation in the local scour of a bridge. The authors have proposed using the
simplified scour resistance test (SSRT) to evaluate the scour resistance of the soil samples.
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From an engineering perspective, however, it is still not easy to use these test methods
due to their complicated operation and high costs. At the same time, an unconfined
compression test is relatively simple and is commonly used in engineering practice. Once
the relationship between the geotechnical indices (namely the unconfined compressive
strength, UCS), and the scour resistance of the materials has been established, it can be
convenient for engineers to evaluate the scour characteristics of cement-solidified soils for
the purpose of using them as scour countermeasures.

The purpose of this study is to explore the microscopic mechanisms of cement-
solidified soils and to establish the relationship between the scour characteristics of the
solidified soil and its unconfined compressive strength. Based on the results of laboratory
tests, recommendations for the design of scour countermeasures using cement-solidified
soils are provided. The relationship between the UCS of cemented solidified soil and the
soil-to-cement ratio was first established by using the unconfined compression test. After
determining the soil-to-cement ratio and the water-to-cement ratio, the critical scour flow
velocity, equilibrium erosion depth, and equilibrium erosion volume of the solidified soil
with different unconfined compressive strengths were tested by SSRT to measure the scour
resistance of the solidified soil. An analysis of the test results and some recommendations
based on the test results are also provided.

2. Mechanism of Scour and Scour Protection
2.1. Scour around Underwater Foundations

As shown in Figure 2, the scour around an offshore wind power foundation is a
result of the interaction between the current, the soil, and the structure. When the current
reaches the vicinity of the foundation, a more complex local flow field is generated around
the foundation (see Figure 2) that can be roughly divided into a downflow, a horseshoe
vortex, and a wake vortex [31]. When subjected to these flow patterns, sand particles
exhibit two typical erosion processes, sliding and rolling, with three possible outcomes for
the eroded particles: (1) particles are carried by the flow of water and are deposited at a
location downstream once the flow velocity becomes low enough; (2) particles will roll on
the soil bed from their starting position until they become stabilized at a point downstream;
and (3) particles slide into an adjacent scour pit. For clay, the erosion of particles tends to
occur in clusters [34].
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When exposed to the combined effects of water flow, foundation, and soil, scour
will occur when the scour effect on the soil around the foundation is greater than its
scour resistance. The scour effect is usually characterized by the flow velocity (V) or the
shear force (τ) generated by the flow of water on the soil, which is influenced by the flow
parameters (flow velocity vw) and the foundation parameters (pile radius D), while the
scour resistance of the soil (critical flow velocity Vc or critical shear stress τc) is influenced
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by the geotechnical parameters of the soil itself (the median particle size d50, cohesion c, etc.).
The occurrence of the scour phenomenon can be determined using the following equation:

τ(vw, D) > τc(d50, c, . . .) or V(vw, D) > Vc(d50, c, . . .) (1)

Because the foundation of the wind turbine is located in a marine environment, the
shear stress acting on the protective layer should usually consider the combined effect
of currents and waves. Equation (2), which is provided by Soulsby [12], is a method for
calculating shear stress considering the combined action of current and waves.

τwcmax =
[
(τm + τw cos φ)2 + (τw sin φ)2

]1/2

τm = τc

[
1 + 1.2

(
τw

τc+τw

)3.2
] (2)

where τm is the mean combined bed shear stress, τw is the wave-induced bed shear
stress, τc is the current-induced bed shear stress, and φ is the angle between the wave and
the current.

In the DNV specification [16], an equation to calculate the maximum flow velocity
at the bottom of the approaching water under the combined action of wave flow is also
proposed as shown in Equation (3)

a = umaxT
2π

umax = πH
Tsh(kh)

( 2π
T )

2
= g · k · th(kh)

(3)

where T is the period of the wave, H is the height of the wave, h is the depth of the water, k
is the number of waves, and g is the acceleration due to gravity.

For the scenario with combined wave–current interaction, the shear stress or flow
velocity can be calculated by Equations (2) and (3) to preliminarily judge the scour initiation.

Another important aspect when investigating scour is the study of the scour resistance
of soils, which are characterized by the critical flow velocity Vc or critical shear stress τc.
Briaud [35] analyzed the results of EFA tests on sand and combined several tests with
field data [36–38] to calculate critical shear stress based on the median grain size of sand.
For cohesive soils, Briaud [30] recommended using the critical shear stress and the scour
velocity obtained from EFA tests to predict the depth of erosion. However, the discrete
nature of the soil parameters leads to different scour phenomena at different locations, and
the above equation is empirical in nature.

2.2. Use of Solidified Soils as Scour Countermeasure

It is important to improve the scour resistance of the soil around the foundation to
reduce scour. In recent years, engineers have been actively exploring more suitable means
for scour protection [39], drawing on the experience of slope and shore protection projects to
improve the composition structure, engineering performance, and scour resistance of scour
protection measures through soil solidification technology [40,41]. In offshore wind turbine
scour protection projects, soil solidification methods can be mainly divided into in situ
solidification methods and ex situ solidification methods, depending on the construction
techniques used. In situ solidification is designed to improve the scour resistance of the
original soil by mixing the original soil with a solidifying material in the area to be protected
and using a mixer to form a solidifying pile; this method requires no additional material
input and has a low cost, but the soil around the fan foundation is required to react well
with the solidifying agent. In ex situ solidification, a pre-configured solidified soil slurry
is used; pumping equipment is needed to pump the slurry into the protection area, and
the protective layer will be formed after slurry solidification to achieve the effect of scour
protection. The advantage of using this method is that there are no additional requirements
based on the nature of the site soil, and existing scour pits around the foundation can be
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filled to restore the seabed elevation around the foundation to the design level to achieve
the effect of scour pit repair (but this requires a certain amount of soil suitable for the
reaction of the solidifying agent as raw material). A schematic diagram of the solidified
soil protection model is shown in Figure 3.

J. Mar. Sci. Eng. 2022, 10, 1317 6 of 23 
 

 

scour protection measures through soil solidification technology [40,41]. In offshore wind 

turbine scour protection projects, soil solidification methods can be mainly divided into 

in situ solidification methods and ex situ solidification methods, depending on the con-

struction techniques used. In situ solidification is designed to improve the scour resistance 

of the original soil by mixing the original soil with a solidifying material in the area to be 

protected and using a mixer to form a solidifying pile; this method requires no additional 

material input and has a low cost, but the soil around the fan foundation is required to 

react well with the solidifying agent. In ex situ solidification, a pre-configured solidified 

soil slurry is used; pumping equipment is needed to pump the slurry into the protection 

area, and the protective layer will be formed after slurry solidification to achieve the effect 

of scour protection. The advantage of using this method is that there are no additional 

requirements based on the nature of the site soil, and existing scour pits around the foun-

dation can be filled to restore the seabed elevation around the foundation to the design 

level to achieve the effect of scour pit repair (but this requires a certain amount of soil 

suitable for the reaction of the solidifying agent as raw material). A schematic diagram of 

the solidified soil protection model is shown in Figure 3. 

 

(a) (b) 

Figure 3. Schematic diagram of solidified soil protection. (a) In situ solidification (b) Ex situ solidi-

fication. 

Soil solidification technology is a new form of scour protection for offshore wind tur-

bine foundations. With its easy construction, good quality control, and good environmen-

tal protection, this technology has shown great potential for application in offshore wind 

turbine projects. However, there is no unified design standard for solidified soil as a scour 

protection technology for wind turbine foundations. As the design relies heavily on tests 

conducted in indoor laboratories and on engineering experience, the relevant theory for 

soil solidification for OWTs lags behind that for other applications, and the reliability dur-

ing the entire service period of the OWT has to be demonstrated. This paper aims to es-

tablish the relationship between the UCS of the solidified soil and its scour resistance 

through the unconfined compression test and simplified scour resistance test in order to 

provide a reference for engineering design optimization of OWT scour protection 

measures. 

3. Experimental Setup and Procedure 

3.1. Soil Samples and Testing Groups 

Soil samples retrieved from the construction site of a project were used for the exper-

iment, and the soil sample type was gray silty clay of Shanghai layer ④ [42]. Through 

indoor geotechnical tests, the basic physical and mechanical parameters were determined 

as shown in Table 1. The soil retrieved from the construction site was dried in a dry and 

Figure 3. Schematic diagram of solidified soil protection. (a) In situ solidification (b) Ex situ solidification.

Soil solidification technology is a new form of scour protection for offshore wind
turbine foundations. With its easy construction, good quality control, and good environ-
mental protection, this technology has shown great potential for application in offshore
wind turbine projects. However, there is no unified design standard for solidified soil as a
scour protection technology for wind turbine foundations. As the design relies heavily on
tests conducted in indoor laboratories and on engineering experience, the relevant theory
for soil solidification for OWTs lags behind that for other applications, and the reliability
during the entire service period of the OWT has to be demonstrated. This paper aims to
establish the relationship between the UCS of the solidified soil and its scour resistance
through the unconfined compression test and simplified scour resistance test in order to
provide a reference for engineering design optimization of OWT scour protection measures.

3. Experimental Setup and Procedure
3.1. Soil Samples and Testing Groups

Soil samples retrieved from the construction site of a project were used for the exper-
iment, and the soil sample type was gray silty clay of Shanghai layer 4© [42]. Through
indoor geotechnical tests, the basic physical and mechanical parameters were determined
as shown in Table 1. The soil retrieved from the construction site was dried in a dry and
ventilated location for natural air-drying, as shown in Figure 4. In order to evenly mix the
soil sample with cement powder and reduce the dispersion in the test results, the test soil
sample was crushed using a crusher, and the crushed, air-dried soil powder was sealed
and stored in a bucket for subsequent testing.

Table 1. Basic properties of silty clay in the 4© layer in Shanghai [33].

Moisture Content
(%)

Density
(g/cm3)

Pore-Solid
Ratio Liquid Limit Plastic Limit UCS (kPa)

36.0~49.7 1.64~1.79 1.12~1.67 34.4~50.2 19.0~26.0 42~77

Cement is the main cementing component of the common solidification agent; through
a reaction between the cement and soil, cement forms between soil pores to achieve a
solidified soil. The appropriate type of cement should be selected based on the project.
Sulphate aluminum cement has excellent characteristics, such as early strength, high
strength, and resistance to sulfate erosion, as compared to ordinary silicate cement. The
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early strength characteristic can effectively reduce the solidification time under the premise
of guaranteeing the strength and, thus, the test time can be shortened. Sulphate aluminum
cement’s resistance to sulfate erosion can reduce the chemical erosion of the solidified soil
in a marine environment. At the same time, the CO2 generated during the production
of sulfate aluminate is 40% less than that for ordinary silicate cement [43], which is more
advantageous under current carbon emission policies. Considering the above factors,
No. 425 sulphate aluminum cement was selected as the solidification material for the tests
in the present study; the basic parameters of this cement are shown in Table 2. The cement
was kept in a cool and dry place to prevent moisture from affecting the performance of
the cement.
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Table 2. Parameters for the No. 425 sulphate aluminate cement used for testing.

Main Components Rank
Specific Surface Area

(m2/kg)
UCS (MPa) Solidified Age (min.)

1-Day 3-Day Initial Final

Sulphate, aluminate 425 ≥350 30 42.5 15 30

In this paper, two types of tests were carried out: an unconfined compressive test
to determine the geotechnical parameters of the soil and a SSRT test to reflect the scour
resistance of the soil. The UCS is a common measure of the strength of solidified soil
in engineering, as its testing principle is simple and the cost of testing is low. However,
for offshore wind turbine scour protection projects, it is more important to test the scour
resistance of the solidified soils. Soil scour resistance testing is not currently popular in
engineering practice and is a complex and costly process. If the scour resistance can be
estimated by the UCS, it can make the design optimization of the solidified soil scour
protection project more convenient. At the same time, establishing the relationship between
the UCS and the scour resistance of solidified soil can lay the foundation for studying the
micro-scale mechanical mechanism that determines the scour resistance of the solidified
soil. Therefore, in this paper, the unconfined compressive strength of the solidified soil
was first determined by unconfined compression tests using soils with different cement
contents. Next, the scour resistance performance, such as the scour critical flow velocity
of the solidified soil under the corresponding UCS, was measured according to the ratio
relationship obtained from the test. Finally, the relationship between the UCS and the scour
resistance performance of the solidified soil was established.

Engineering practice shows that solidified soil that has a UCS above 400 kPa is able to
achieve a better scour protection effect; therefore, in this test, the strength range of solidified
soil is selected as 50~400 kPa. A silt soil with a high moisture content (70–80%) was selected
for this test. In engineering practice, the water–cement ratio used to configure the solidified
soil is generally determined based on the water content of the soil before solidification to
ensure the final strength and compatibility of the solidified soil. If the water content of the
soil itself is high, no additional water is added. Thus, the water content of the solidified soil
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after solidification was controlled to 75% in this study, which is close to the water content
of the raw soil itself. Based on the measurements made prior to the experiment, it was
determined that the UCS of the solidified soil was 400 kPa at a moisture content of 75% and
a cement admixture of approximately 30%. Therefore, the admixture of the solidified soil
for this test was varied from 5% to 30%. Table 3 shows the test conditions for each group in
the testing scheme for UCT.

Table 3. UCT testing scheme for the solidified soil.

Group * Soil-to-Cement Ratio Moisture Content of Solidified Soil Solidified Age

U1 5% 75% 7 days
U2 10% 75% 7 days
U3 15% 75% 7 days
U4 20% 75% 7 days
U5 25% 75% 7 days
U6 30% 75% 7 days

* Three parallel tests, namely, T1, T2 and T3, for each group.

In order to establish a link between the UCS and the scour resistance, the strength of
the solidified soil was selected to range between 50 kPa and 400 kPa to establish a link with
the unconfined compression test. At the same time, the solidification time of the solidified
soil has a great influence on its scour protection effect; thus, two states of solidification
(initial setting and final setting) were considered in the test. The test conditions are shown
in Table 4.

Table 4. SSRT testing scheme for the solidified soil.

Group Targeted UCS (kPa) Solidification States

S0 control group no curing
S1, S2 50 initial setting, final setting
S3, S4 100 initial setting, final setting
S5, S6 150 initial setting, final setting
S7, S8 200 initial setting, final setting

S9, S10 300 initial setting, final setting
S11, S12 400 initial setting, final setting

3.2. Unconfined Compression Test

The unconfined compression test (UCT) is a special case of the triaxial compression
test where no confining pressure is applied to a cylindrical soil sample, but only vertical
axial pressure is applied, and the lateral direction is not restricted during the test, making it
suitable for cohesive soils, especially saturated soft cohesive soils. The UCS of cohesive
soils can be calculated using the UCT results. For cohesive soils or cohesive materials,
the unconsolidated undrained strength is equal to half of the UCS. The UCT is widely
used in engineering practice because it requires only simple equipment, it is easy to
conduct, and the test can be conducted under controlled conditions. The UCS test in
this study was carried out according to the “Specification for mix proportion design of
cement soil” (JGJ/T 233-2011) [44] and the “Standard for geotechnical testing method”
(GB/T 50123-2019) [45].

The UCT is divided into the following steps: (1) soil, cement, and water are mixed
together to obtain a solidified soil slurry according to the ratio designed according to the
working conditions. (2) The configured slurry is poured into cylindrical moulds with a
height of 100 mm and a diameter of 50 mm in two to three layers, and the slurry is pounded
with a pounding stick after pouring each layer to ensure that the specimen is uniform and
free of air bubbles (as shown in Figure 5). The mould is then sealed with plastic film and
is maintained at room temperature for 1 day. After the specimen has been removed from
the mould, it is maintained in a standard maintenance room until Day 7. (3) The solidified
soil samples are placed on the loading table for loading, and the corresponding axial stress
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is recorded every 0.5% of the axial strain and the peak stress is recorded. The average for
three specimens of each type is reported for each group of tests.

J. Mar. Sci. Eng. 2022, 10, 1317 9 of 23 
 

 

3.2. Unconfined Compression Test 
The unconfined compression test (UCT) is a special case of the triaxial compression 

test where no confining pressure is applied to a cylindrical soil sample, but only vertical 

axial pressure is applied, and the lateral direction is not restricted during the test, making 

it suitable for cohesive soils, especially saturated soft cohesive soils. The UCS of cohesive 

soils can be calculated using the UCT results. For cohesive soils or cohesive materials, the 

unconsolidated undrained strength is equal to half of the UCS. The UCT is widely used 

in engineering practice because it requires only simple equipment, it is easy to conduct, 

and the test can be conducted under controlled conditions. The UCS test in this study was 

carried out according to the “Specification for mix proportion design of cement soil” 

(JGJ/T 233-2011) [44] and the “Standard for geotechnical testing method” (GB/T 50123-

2019) [45]. 

The UCT is divided into the following steps: (1) soil, cement, and water are mixed 

together to obtain a solidified soil slurry according to the ratio designed according to the 

working conditions. (2) The configured slurry is poured into cylindrical moulds with a 

height of 100 mm and a diameter of 50 mm in two to three layers, and the slurry is 

pounded with a pounding stick after pouring each layer to ensure that the specimen is 

uniform and free of air bubbles (as shown in Figure 5). The mould is then sealed with 

plastic film and is maintained at room temperature for 1 day. After the specimen has been 

removed from the mould, it is maintained in a standard maintenance room until Day 7. 

(3) The solidified soil samples are placed on the loading table for loading, and the corre-

sponding axial stress is recorded every 0.5% of the axial strain and the peak stress is rec-

orded. The average for three specimens of each type is reported for each group of tests. 

  

(a) (b) 

Figure 5. Preparation of specimens for unconfined compression tests. (a) Cylindrical moulds (b) 

Specimens in the curing room. 

3.3. Simplified Scour Resistance Test 

In this study, the critical scour resistance velocity of solidified soil samples was de-

termined using an SSRT device proposed by Wang et al. [31], and the corresponding crit-

ical shear stress was calculated. In a previous study, the authors investigated the scour 

resistance of sand with different individual and mixed grain sizes using the SSRT test 

equipment to analyze the effect of grain size and grading on the scour resistance of sand, 

and the test results obtained in that study were used to propose a method for calculating 

the scour critical flow velocity considering the grain size and grading. At the same time, 

Wang et al. [31] tested the scour resistance of Toyoura sample using SSRT equipment and 

compared the results with those of other researches to verify the reliability of the SSRT. 

However, the study was only conducted for sand, not for solidified soils. 

Figure 5. Preparation of specimens for unconfined compression tests. (a) Cylindrical moulds (b) Spec-
imens in the curing room.

3.3. Simplified Scour Resistance Test

In this study, the critical scour resistance velocity of solidified soil samples was de-
termined using an SSRT device proposed by Wang et al. [31], and the corresponding
critical shear stress was calculated. In a previous study, the authors investigated the scour
resistance of sand with different individual and mixed grain sizes using the SSRT test
equipment to analyze the effect of grain size and grading on the scour resistance of sand,
and the test results obtained in that study were used to propose a method for calculating
the scour critical flow velocity considering the grain size and grading. At the same time,
Wang et al. [31] tested the scour resistance of Toyoura sample using SSRT equipment and
compared the results with those of other researches to verify the reliability of the SSRT.
However, the study was only conducted for sand, not for solidified soils.

During the SSRT test, the flow velocity at the soil–water interface at the axis of the
cylindrical soil sample is less than that at the edge of the soil, and the erosion produced by
the soil at different distances from the axis is different because the soil sample was uniform
and the scour resistance was consistent [31]. As shown in Figure 6, point C is the observed
dividing point between the non-erosion area and the erosion area; areas AC’ and CB are
the erosion zones, while C’OC is the non-erosion area. According to the correspondence
between the critical shear velocity and the speed of the blade in the test device, it is known
that at point C, the critical shear velocity is equal to the tangential blade velocity. Thus,
by observing the non-erosion area, the critical shear velocity can be calculated using the
following expression:

Vc =
nπl
30

(4)

where Vc is the critical shear velocity, l is the radius of the non-erosion area, and n is the
rotation speed. It is worth noting that SSRT does not involve the simulation of complex
hydraulic conditions (e.g., currents, waves, tides or their combinations) as is usually
considered in macroscopic studies. The generated flow field is used to create a linear
distribution of the flow velocity at the water–soil interface as well as to evaluate the scour
resistance of soil samples when considering different stabilization conditions.
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Engineering practice shows that the critical flow velocity for solidified soil is much
larger than that for sand, and the velocity of water flow generated by the original equipment
is not sufficient for the erosion of solidified soil. Therefore, certain modifications were
made to the original equipment to increase the simulated flow velocity and enhance the
stability of the equipment. The erosion flow field simulation portion of the improved SSRT
equipment mainly includes the motor, speed control system, aluminum frame, and mixing
head. The aluminum frame ensures the device will remain stable during operation, and the
speed control system is used to adjust the flow velocity for different flow fields. A stirring
head is designed to ensure that the fluid velocity field at the water–soil interface is linearly
distributed with the radius range, the edge effect is reduced, and the stiffness is increased.
The water tank and soil sample box are detachable to allow the soil samples to be prepared
and replaced more easily, and graduation marks on the inner and outer surfaces of the tank
are used to observe the liquid level and soil sample erosion during the test. A schematic
diagram of the device is shown in Figure 7.
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The simplified scour resistance tests in this study were conducted according to the
following steps: (1) Prepare a test soil sample that is 20 mm height for each soil sample to
be tested and place it in a test container with an outer diameter of 200 mm (as shown in
Figure 8a,b), and slowly fill the container with water to saturate the sample; (2) adjust the
power and control device of the instrument to simulate the erosion process of the soil under
a certain flow range and vortex conditions (as shown in Figure 8c); (3) record the beginning
of erosion, the maximum erosion depth of the soil sample, and the time required to reach
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equilibrium; and (4) repeat the above process to complete the test of scour resistance under
different unconfined compressive conditions.
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4. Results and Discussion
4.1. Unconfined Compression Test Results

Figure 9 presents images of typical damaged specimens from the unconfined compres-
sion tests. When the UCS is below 200 kPa, the damage presents in the form of a large main
crack. When the UCS of the specimen is reached, a large main crack forms in the specimen,
with a crack angle that is usually between 45◦ and 60◦. When the UCS is above 200 kPa, a
damage cone with an angle of approximately 45◦ typically forms at the top of the specimen;
as the loading continues, an obvious crack forms under the action of the damage cone once
the specimen reaches its limit.
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Figure 9. Failure modes for UCT specimens. (a) Triangular damage cone (b) Major crack.

A summary of the UCT test results is shown in Figure 10. It is noted that the UCT
results for the 10% cement admixture group are smaller than those of the 5% cement
admixture group, but the difference in the results is not significant. The reason for this
may be that when the cement admixture is small, the reinforcement effect is not obvious;
moreover, the range of the dynamometer used for measuring the force per unit area is
less accurate for specimens with lower strength. On balance, the effect of the 10% cement
admixture should be retained when fitting the results to a group of test results.



J. Mar. Sci. Eng. 2022, 10, 1317 12 of 22

J. Mar. Sci. Eng. 2022, 10, 1317 12 of 23 
 

 

  

(a) (b) 

Figure 9. Failure modes for UCT specimens. (a) Triangular damage cone (b) Major crack. 

A summary of the UCT test results is shown in Figure 10. It is noted that the UCT 

results for the 10% cement admixture group are smaller than those of the 5% cement ad-

mixture group, but the difference in the results is not significant. The reason for this may 

be that when the cement admixture is small, the reinforcement effect is not obvious; more-

over, the range of the dynamometer used for measuring the force per unit area is less 

accurate for specimens with lower strength. On balance, the effect of the 10% cement ad-

mixture should be retained when fitting the results to a group of test results. 

 

Figure 10. Summary of results of the unconfined compression tests. 

If the error of the results of three parallel tests relative to the mean is within three 

times the standard deviation, the mean of the three tests is taken as the final result of the 

group of tests; otherwise, the group of tests is conducted again. The average UCS at each 

cement admixture was plotted in Figure 11. From this figure, it can be seen that the UCS 

grows slowly when the cement dosing is less than or equal to 15%; when the cement dos-

ing exceeds 15%, the UCS of the solidified soil has an obvious rising trend with the in-

crease in cement dosing. The UCS increases with the growth of cement admixture, and 

presents the characteristics of a slow growth in the early stage and a fast one in the late 

stage. The power function curve was used to fit the test results as shown in Figure 11. 

Damage 

cone

Large 

crack

45°

45° crack

45°

0 5 10 15 20 25 30 35
0

100

200

300

400

Group-T1

Group-T2

Group-T3

U
C

S
 q

u
 (

k
P

a
)

Cement ratio (%)

Figure 10. Summary of results of the unconfined compression tests.

If the error of the results of three parallel tests relative to the mean is within three
times the standard deviation, the mean of the three tests is taken as the final result of the
group of tests; otherwise, the group of tests is conducted again. The average UCS at each
cement admixture was plotted in Figure 11. From this figure, it can be seen that the UCS
grows slowly when the cement dosing is less than or equal to 15%; when the cement dosing
exceeds 15%, the UCS of the solidified soil has an obvious rising trend with the increase
in cement dosing. The UCS increases with the growth of cement admixture, and presents
the characteristics of a slow growth in the early stage and a fast one in the late stage. The
power function curve was used to fit the test results as shown in Figure 11.
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Figure 11. Relationship between the UCS of the solidified soil and the cement content.

Regression analysis of the test results was performed using a power function, and the
strength-doping equation was obtained as shown in Equation (5).

qu = 1.049w1.673
c (kPa) (5)

where wc is the cement content (%). The calculated coefficient of determination R2 is 0.9670;
as this coefficient is greater than 0.95, the reliability of the regression results is considered
to be high.

Jia [46] defined the integrated water content of the solidified soil as the ratio of water
mass to solid mass (soil and cement) in the configuration of the solidified soil, and his
research results showed that the integrated water content of the solidified soil has a great
influence on the strength of the solidified soil at the same admixture dosage. The research
in Jia’s thesis was conducted for saturated soft clay soils in Shanghai, and the strength of
solidified soil was found to reach the highest level when the integrated water content was
approximately 30%. A water content that is too low will not meet the water requirement
for a hydration reaction, and the strength will be reduced; a water content that is too high
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will affect the crystallization reaction, making the content of cementitious material in the
solidified soil lower and, thus, reducing the strength. At this stage of the study [37], the
consideration of water content is mainly based on the natural moisture content of the
actual topsoil and the fluidity of the solidified soil, which is high (thus, the strength is low).
Consideration should be given to reducing the overall moisture content of the solidified
soil without changing the fluidity in order to reduce the amount of cement needed. In
particular, it is recommended to reduce the water content before mixing the solidified soil
in order to more efficiently and economically improve the strength of the solidified soil
during actual engineering operations.

4.2. Simplified Scour Resistance Test Results

After the solidified soil sample reaches erosion equilibrium, the water tank sample box
is lowered from the platform, drained, and removed. Photographs were taken to record
the surface morphology of the solidified soil after erosion, and the final erosion radius of
the solidified soil and the erosion depth at each representative location were measured.
Figure 12 shows the results of two typical post-erosion tests. During the tests, the water
velocity at the surface of the soil sample is greater at locations farther away from the axis,
so the erosion of the soil sample decreases as the distance from the axis decreases until it is
less than the scour resistance of the soil sample and no further erosion occurs, forming a
dividing line between areas with erosion and no erosion. The eroded soil and the water
mixed with the water in the tank form a suspension due to the small size of the particles,
which cannot accumulate at the axis where the flow velocity is low and is lost with the
renewal of the test water; this process is different from the study for sand [31].
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Figure 12. Typical test results obtained from simplified scour resistance tests. (a) Low strength
solidified soil (b) High strength solidified soil.

As can be seen in Figure 12, the erosion of solidified soils is more obvious for solidified
soils with a shorter setting time and a lower strength. As the bond between soil particles has
not yet developed completely, the erosion is deep. When the flow velocity becomes greater
than the critical flow velocity, the erosion of the soil develops violently and the erosion
rate is high, but it can typically reach equilibrium within a very short period of time. Low
strength and a short solidification time for the solidified soil due to the degree of intense
erosion causes the eroded soil particles to mix with water to form a high concentration
of suspension. This increases the shear stress between the water and soil surface, thus
intensifying the erosion phenomenon and increasing the depth and volume of erosion,
which causes an area of the soil to become completely eroded. The unflushed soil does not
collapse to the edge due to the balance of turbidity and soil pressure but rather forms an
upright boundary between the flushed and non-flushed areas. For the solidified soil with a
long solidification time and high strength, even though the flow velocity is greater than
the critical flow velocity, the erosion rate is small, the rate of development of the erosion
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depth is slow during the test, and it takes a long time for the system to reach the erosion
equilibrium. At this time, the bond between soil particles has already formed (unlike the
suspension that forms when a low-intensity, short-time solidified soil is eroded vigorously),
the concentration of suspension in the test is low, the exacerbating effect on erosion is
smaller, and the surface of the soil sample transitions gently from the non-erosion area to
the erosion area. The results for each test group are plotted in the cloud diagrams shown in
Figures 13 and 14.

J. Mar. Sci. Eng. 2022, 10, 1317 15 of 23 
 

 

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 13. Erosion topography map for each test condition (initial setting). (a) 50 kPa (w = 60 rad/s) 

(b) 100 kPa (w = 50 rad/s) (c) 150 kPa (w = 90 rad/s) (d) 200 kPa (w = 100 rad/s) (e) 300 kPa (w = 131 

rad/s) (f) 400 kPa (w = 153 rad/s). 

0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

5.0

10.0

15.0

20.0

Erosion depth/cm

Non-erosion area

Erosion area

0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

5.0

10.0

15.0

20.0

Erosion depth/cm

0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

2.5

5.0

7.5

10.0

Erosion depth/cm
0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

2.5

5.0

7.5

10.0

Erosion depth/cm

0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

1.3

2.5

3.8

5.0

Erosion depth/cm 0

90

180

270
2
4
6
8

10

2
4
6
8

10

h

0.0

0.3

0.5

0.8

1.0

Erosion depth/cm

Figure 13. Erosion topography map for each test condition (initial setting). (a) 50 kPa (w = 60 rad/s)
(b) 100 kPa (w = 50 rad/s) (c) 150 kPa (w = 90 rad/s) (d) 200 kPa (w = 100 rad/s) (e) 300 kPa
(w = 131 rad/s) (f) 400 kPa (w = 153 rad/s).
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Figure 14. Erosion topography map for each test condition (final setting). (a) 50 kPa (w = 124 rad/s)
(b) 100 kPa (w = 123 rad/s) (c) 150 kPa (w = 156 rad/s) (d) 200 kPa (w = 201 rad/s).

By observing the surface changes of the solidified soil samples during erosion, the
process of solidified soil erosion development can be roughly divided into the following
stages: initial formation of the cracks (Figure 15a), gradual development and extension of
the cracks (Figure 15b) and, after the final formation of the erosion line, the rapid erosion of
the local solidified soil mass at the corresponding location within a relatively short period
of time (Figure 15c). This phenomenon is obviously different from the “uniform” erosion
of sand. When the partially solidified soil is separated from the rest of the soil sample,
it will be rapidly broken into fine particles that become suspended in the water to form
turbidity, resulting in the gradual increase in turbidity of the water in the tank. As the
erosion depth becomes greater, the hydraulic action on the deep soil decreases, and the
erosion eventually reaches equilibrium, as shown in Figure 15d. For solidified soil in the
initial setting, the water flow can push the solidified soil at the soil surface from one side
to the other (Figure 15a), making it easier to create cracks and thus make the soil more
susceptible to erosion. In contrast, the final consolidated soil cannot be pushed, so erosion
is difficult.
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4.3. Relationship between Scour Resistance and Solidified Soil UCS

Unlike sand, where individual particles are scoured, solidified soil is eroded mostly in
the form of clusters or flakes, showing the process of cracking→ expansion→ penetration
→ destruction. Thus, the scour resistance of solidified soil should include the cohesion
between soil particles in addition to the self-weight of the particles and the forces due
to friction, which are related to geotechnical properties, such as the stress history, shear
strength indices (c, ϕ), and the plasticity index of the soil. The critical shear stress τcr of the
scour resistance of the solidified soil should be generated by gravity W and the cohesion F
between solidified soil clumps, as shown in Figure 16. According to the force analysis, the
following equation can be obtained:

τR ∼ f [c, ϕ] (6)

τcr A =
√

F2 + W2 ∼
√
(τR A)2 + W2 (7)

where τR is the shear stress of the soil, c is the cohesion, ϕ is the internal angle of friction, W
is the gravity of the soil clump, F is the cohesion between soil clumps, and A is the effective
surface area of the soil cluster.

The shear strength index can be obtained by conducting triaxial tests, and the relation-
ship between the positive stress σ1, confining pressure σ3, and the shear strength index in
triaxial test can be expressed by Equation (8). For the UCT, the ultimate positive stress qu is
σ1 and σ3 is equal to 0. Therefore, Equation (8) can be converted to Equation (9).

σ1 = σ3 tan2(45
◦
+

ϕ

2
) + 2c tan(45

◦
+

ϕ

2
) (8)

c =
qu

2 tan(45◦ + ϕ
2 )

= Kqu (9)

where σ1 is the positive stress, σ3 is the confining pressure, c is the cohesion, ϕ is the internal
angle of friction, and qu is the UCS.



J. Mar. Sci. Eng. 2022, 10, 1317 17 of 22

J. Mar. Sci. Eng. 2022, 10, 1317 18 of 23 
 

 

Since erosion always occurs at the surface of the soil, the positive stress can be con-

sidered as 0, and the shear strength is only related to the cohesion; thus, the relationship 

between the UCS and the critical shear stress can be established, as shown in Equation 

(10): 

2 2~ ( )cr uA Kq A W +  (10) 

Since many calibration parameters are still needed to calculate the critical shear in 

Equation (10) and the critical scour flow velocity in SSRT is a direct test result, the rela-

tionship between the UCS and the critical flow velocity can be established first to prepare 

for further fine-scale analysis. 

 

Figure 16. Schematic diagram of the water flow and the scour resistance of solidified soil during 

erosion. 

The relationship between UCS and the critical scour flow velocity is shown in Figure 

17. The dashed line represents the experimental results for pure clay without any solidi-

fying treatment (the same with Figures 18 and 19). Between 50 kPa and 400 kPa, the critical 

flow velocity of the solidified soil in the initial setting gradually tends to level off with the 

increase in strength; when the solidified soil is in the final setting, the critical flow velocity 

of the solidified soil continues to increase with the increase in strength. The power func-

tion model was used to fit the relationship between the UCS and the critical flow velocity. 

 

Figure 17. Relationship between the UCS and the critical flow velocity. 

0 100 200 300 400 500
0

60

120

180

Clay

Initial setting

Final setting

C
ri

ti
ca

l 
v

el
o
ci

ty
 (

cm
/s

)

UCS qu (kPa)

Figure 16. Schematic diagram of the water flow and the scour resistance of solidified soil during erosion.

Since erosion always occurs at the surface of the soil, the positive stress can be con-
sidered as 0, and the shear strength is only related to the cohesion; thus, the relationship
between the UCS and the critical shear stress can be established, as shown in Equation (10):

τcr A ∼
√
(Kqu A)2 + W2 (10)

Since many calibration parameters are still needed to calculate the critical shear in
Equation (10) and the critical scour flow velocity in SSRT is a direct test result, the relation-
ship between the UCS and the critical flow velocity can be established first to prepare for
further fine-scale analysis.

The relationship between UCS and the critical scour flow velocity is shown in Figure 17.
The dashed line represents the experimental results for pure clay without any solidifying
treatment (the same with Figures 18 and 19). Between 50 kPa and 400 kPa, the critical
flow velocity of the solidified soil in the initial setting gradually tends to level off with the
increase in strength; when the solidified soil is in the final setting, the critical flow velocity
of the solidified soil continues to increase with the increase in strength. The power function
model was used to fit the relationship between the UCS and the critical flow velocity.
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Figure 17. Relationship between the UCS and the critical flow velocity.

The relationship between the UCS and the equilibrium erosion depth is shown in
Figure 18. The equilibrium erosion depth decreases with the increase of solidified soil
strength. However, when the strength of solidified soil is greater than 150 kPa, the equilib-
rium erosion depth is already very small, the effect of increasing strength on decreasing
depth is no longer obvious, and the equilibrium erosion depth gradually approaches a small
value. A hyperbolic model was used to fit the relationship between the unconfined strength
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and the equilibrium erosion depth. From Figure 18, it can be seen that for the solidified soil
in the initial setting, the equilibrium erosion depth decreases significantly with the increase
of strength; however, when the strength exceeds 200 kPa, the equilibrium erosion depth of
the solidified soil is already below 5 mm, and the decrease in the equilibrium erosion depth
of the solidified soil tends to level off gradually when the strength continues to increase.
For the solidified soil in the final setting, even when the strength is 50 kPa, the equilibrium
erosion depth is already below 5 mm. The erosion depth is less obvious with the change of
strength in the later stages. When the strength reaches 300 kPa or more, no further erosion
occurs under the conditions provided by the test.
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Figure 18. Relationship between the UCS and equilibrium erosion depth.
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Figure 19. Relationship between the UCS and the volume of erosion.

In order to further investigate the loss of solidified soil during erosion, the volume of
erosion during erosion for solidified soils of different strengths is calculated. The volume of
solidified soil being eroded can be calculated by using the integral of the surface function of
the terrain after erosion, as shown in Equation (11). According to the test, it is assumed that
no accumulation occurs and that the solidified soil is discharged together with the turbidity.
Further, to simplify the calculation, because the viscous material has a certain uprightness,
the erosion area of the solidified soil is assumed to be a regular circle, the erosion depth is
estimated according to the maximum value in the erosion range, and the estimated erosion
volume of the solidified soil can be obtained as shown in Equation (12):

V =
πD2

4
−

x

S

h(x, y)dσ (11)

V =
π

4
(D2 − D2

cr)hmax (12)

where V is the volume of erosion (cm3), h(x,y) is the topographic function after erosion
(cm), S is the erosion area (cm2), D is the soil sample box radius (cm), Dcr is the erosion
critical radius (cm), and hmax is the maximum erosion depth (cm).
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The relationship between the UCS and the erosion volume calculated using
Equation (12) is shown in Figure 19. From Equation (12), it can be noticed that the erosion
volume of the solidified soil is a combination of the effects of the erosion radius and the
erosion depth, reflecting a comprehensive law for solidified soil erosion. Similar to the vari-
ation rule of equilibrium erosion depth with strength, the effect of an increase in strength
on the amount of solidified soil loss is greater in the early stages of erosion, and it gradually
becomes stabilized in the later stages. Therefore, the selection of solidified soil strength
should take into account the material cost of high strength and the loss cost of low strength.
The fitting relationship of strength vs. the volume of erosion is similar to that for strength
vs. equilibrium erosion depth, which shows a hyperbolic relationship (see the fitting curve
in Figure 19). As the strength increases, the decrease in the curve tends to level off, and the
amount of solidified soil that is eroded approaches or even reaches zero.

The above fitting results are summarized in Table 5. The coefficients of determination
of the regression analysis, R2, are all above 0.95, indicating that the fitted formulas have
high reliability for the experimental results.

Table 5. Relationship between the UCS and each soil scour resistance performance index.

Relationship Solidified State Formula (Units) R2 Value

UCS vs. critical flow
velocity

Initial vc = 4.359qu
0.5407 (cm/s) 0.9822

Final vt
c = 0.0003qu

2.37 + 65.72 (cm/s) 0.9991

UCS vs. equilibrium
erosion depth

Initial d = 618.8qu
−0.9489 (mm) 0.9854

Final dt = −0.1775qu
0.5428 + 4.334 (mm) 0.9504

UCS vs. erosion
volume

Initial V = 5526qu
−1.097 (cm3) 0.9842

Final Vt = −1934qu
−0.0040 + 1981 (cm3) 0.9770

5. Conclusions

With the rapid development of offshore wind power farms, the problem of local scour
of the OWT foundation has received increasing attention from engineers and researchers.
Most wind power foundations adopt a large diameter monopile foundation, which is
more likely to cause a greater degree of local scour, resulting in turbine instability, a
drop in self-oscillation frequency, and other problems. Therefore, it is necessary to adopt
local scour protection measures. Solidified soil scour protection has the advantages of
environmental protection, good integrity, and strong scour resistance, and it is being applied
in an increasing number of scour protection projects for offshore wind turbine foundations.
However, there are few relevant studies to support the design of the solidified soils as scour
countermeasures of OWTs. In this paper, an SSRT device developed by the authors was
used to study the scour resistance of solidified soil. First, a UCT was carried out to test the
UCS of the solidified soil with different cement admixtures at natural water content. After
obtaining the development pattern for the UCS of solidified soil with a cement admixture,
the critical flow velocity of the solidified soil against erosion at different UCS levels was
tested. Based on the test results, the following conclusions can be made:

• The development pattern for the UCS of solidified soil containing a cement admixture
can be approximated by fitting a power function. The fitted results can be used to
estimate the UCS of solidified soils at the corresponding admixture levels;

• The direct solidification of natural soil with a high moisture content can ensure com-
patibility during construction, but the UCS is small. In engineering practice, for the
solidification of silt with a high moisture content, water reduction measures should be
considered to reduce the moisture content of the silt soil and to reduce the required
amount of cement;

• The critical flow velocity, equilibrium erosion depth, and equilibrium erosion volume
of the solidified soil are several parameters used to measure the scour resistance of
the solidified soil, and these can be determined by conducting SSRTs. The fitted
relationship between the parameters for scour resistance and the UCS can be obtained
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as shown in Table 5. In the initial setting state, the critical scour velocity of the solidified
soil grows with the UCS, and the growth slows when the UCS is above 300 kPa. In the
final setting state, the critical flow velocity of scouring of the solidified soil increases
rapidly with the growth in UCS, and the critical flow velocity is above 3.14 m/s when
the UCS is above 300 kPa;

• In the strength range of the test design, the critical scour velocity of the initial solidified
soil tends to level off with increasing strength, while the critical scour velocity of the
final solidified soil increases significantly with increasing strength. The test results
show that the solidification state of the solidified soil has a great impact on its scour
resistance, and the critical scour velocity of the final solidified soil increases by 80% to
150% as compared to the initial solidified soil at the same strength.

Overall, the scour resistance of the solidified soil is much higher than that of natural
clay or sand. When fully set, its scour resistance can cope with the conventional and extreme
conditions faced by offshore wind power foundations, and the safety and reliability will
also be higher. It should be noted, however, that during the pumping (or curing soil mixing
pile construction)→ fill completion→ continuing to solidify after filling→ consolidation
completion, the solidified soil is susceptible to water erosion and loss, and a certain amount
of tolerance should be considered during construction. The specific law is subject to further
experimental research.
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