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Abstract: The interface behavior between a caisson and the surrounding soil plays an important role
in the installation of suction caissons as foundations for offshore wind turbines. A series of shear
tests were carried out using a modified direct shear apparatus to study the interface shear behavior
between sand and concrete. Sand samples with three particle size ranges (0.63–1.25 mm, 1.25–2.5 mm,
2.5–5.0 mm) and concrete plates with different relative roughness were used to explore the influence of
the relative roughness parameter (Rn) and mean particle size (D50) on shear behavior. The responses
from the pure sand shear test are also discussed for comparison. Test results show that the higher the
relative roughness (Rn), the greater the maximum shear stress (τmax) appeared. The interface shear
stress was weaker than that of the pure sand test. Furthermore, the interface friction angle (ϕ) of
sand–concrete was closely related to the relative roughness of the concrete surface. Under the same
conditions, the interface friction angle (ϕ) increased with relative roughness due to the effect of sand
particles breakage and redistribution. By contrast, the effect of the mean particle size (D50) on the
interface friction angle (ϕ) was less significant. However, for the pure sand shear test, the friction
angle (ϕ′) obtained from the traditional shear test apparently increased with D50, indicating that the
friction angle was more affected by D50 in the pure sand test than in the interface shear test.

Keywords: offshore wind turbine; suction caisson; relative roughness; particle size of sand;
interface behavior

1. Introduction

Suction caissons are widely used in offshore foundations for offshore wind turbines because of their
great cost-saving advantages, less expensive installation equipment, shorter installation periods and
being more environmentally friendly, as shown in Figure 1a [1–7]. Suction caissons are usually large,
hollow, cylindrical steel or concrete structures with an upturned bucket shape. This kind of foundation
structure is driven into sediments by suction and gravity, as shown in Figure 1b. The interaction
behavior between the caisson and the surrounding soil has a significant impact on the installation of
suction caissons [8–10]. Neglecting the interaction between the caisson and the surrounding soil or
assuming a fully rough surface will cause the design or construction to be inconsistent with reality [11].
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The work of many researchers highlights the importance of understanding the soil–structure interaction
behavior [12–15].

Figure 1. Typical foundation types for offshore wind turbines: (a) offshore wind turbines; (b) suction
caisson foundation.

The roughness of the structure’s surface, the boundary conditions, and the soil properties
are the major influential factors controlling the soil–structure interaction behavior [13,16–24].
Some researchers [25–27] also used the constant normal stiffness shear test to investigate the shear
behavior between sand and steel. For the soil–concrete interface, Potyondy [28] studied the skin friction
of the construction materials sand, clay, cohesive granular soil and silt. Clough and Duncan [12]
proposed a hyperbolic calculation model of stress displacement between soil and concrete based on
a series of direct shear tests. Wernick [29] investigated the interface friction of cylindrical anchors
in non-cohesive soils. Yin et al. [30] developed a contact element for soil–concrete interaction to
simulate the interface deformation behavior. Modified shear apparatuses were also used to explore
the shear behavior between soil and solid materials, considering surface roughness and soil type [31].
Shakir and Zhu [32] investigated the interface behavior between concrete and compacted clay by a
series of interface simple shear tests. Liu et al. [33] invented a large-scale, temperature-controlled shear
apparatus to investigate the shear mechanics between frozen soil and concrete. Chen et al. [34] used a
large-scale shear device to investigate the effect of the relative roughness of the material surface on
the interaction between red clay and concrete. Hadi et al. [35] developed a compression-to-tensile
load transforming device to determine the indirect tensile strength of concrete material. At the same
time, shear fracture tests and numerical study of concrete-like materials were conducted. Di et al. [36]
investigated the behavior of the soil–concrete interface at different temperatures with a developed
direct shear device. However, there are still few studies that explore the influence of the relative
roughness of a concrete surface and the sand particle size on suction caisson behavior in offshore
foundations in serviceability state.

In this study, a series of shear tests were performed with a modified shear apparatus to investigate
the interaction behavior between sand and concrete. The key objective was to investigate the relationship
between shear stress and horizontal displacement, and the effects of the relative roughness (Rn) of a
concrete surface and mean sand particle size (D50) on the shear characteristics of sand–concrete.

2. Materials and Methods

2.1. Test Sand

The sand used in this study was selected from a site near the east coast of Qingdao, China, where a
proposed wind farm was being built. The grain size distribution of the collected sands is shown in
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Figure 2. According to ASTM standard D6913/D6913M-17 [37], the collected sand is defined as coarse
sand. The prepared sand samples were in a loose state with a void ratio of 0.85. The roundness and the
sphericity were 0.49 and 0.65, respectively. As illustrated in Figure 3, sand samples of three different
particle size ranges (i.e., 0.63–1.25 mm, 1.25–2.50 mm, and 2.50–5.00 mm) were prepared with the aim
of exploring the influence of mean particle size (D50) on the interface behavior. The physical properties
of sand samples were obtained according to ASTM D422-63 [38], ASTM D558-11 [39], and ASTM
D 854-14 [40], as shown in Table 1. Before the test, the sand samples were dried in a drying box for
24 h and then prepared by the screening method. Note that the moisture (water) content of the sand
samples was not considered in this study.

Figure 2. Grain size distribution of the sand used in this study.Energies 2020, 13, x FOR PEER REVIEW 4 of 20 
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Table 1. Basic physical properties of sand samples with different particle size ranges.

Particle Size Range
(mm)

Mean Particle
Size (D50)

(mm)

Specific Gravity
(Gs)

Relative Density
(Dr) (%)

Maximum Dry
Density (ρdmax)

(g/cm3)

Minimum Dry
Density (ρdmin)

(g/cm3)

0.63–1.25 0.71 2.65 51.39 1.67 1.37
1.25–2.50 1.43 2.65 51.39 1.69 1.39
2.50–5.00 3.50 2.67 51.39 1.73 1.45

2.2. Concrete Plates

The concrete plates were cast with C30 concrete and the elasticity modulus was 3.0 × 104 N/mm2.
The size of the concrete plates was 100 mm (length)× 100 mm (width)× 20 mm (thickness). Three degrees
of roughness were designed for the plate surface that interacts with the sand, with the surface grooved
along the length of the plate as illustrated in Figure 4. Zero, seven, and nine grooves were fabricated in
parallel, respectively, to form different roughness. The cross section of the groove was an isosceles
triangle with the base and the height equal to 1.0 mm. The concrete plates with different roughness
were placed in the lower shear box in the test (see Figure 5). Note that this method of etching grooves on
steel plates is inconsistent with reality. The actual roughness of a concrete surface should be evaluated
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by a profilometer. In this study, the focus was to investigate the effect of surface roughness on the
concrete–sand interface behavior, so the profilometer test was not used. The surface roughness of a
structure can be evaluated by several surface roughness assessment methods, such as the sand-pouring
method, silica powder clamping method, stylus profilometer method, roughness apparatus method,
fractal dimension method, and unveiled coarse grain ratio method. According to Chen’s study [34],
the sand-pouring method, stylus touching method, and roughness apparatus method follow the same
mechanism. The sand-pouring method is straightforward and convenient to use, but it ignores basic
characteristics including the large smooth areas, the depth of individual grooves and regular groove
layout, resulting in greater roughness. The silica powder clamping method, fractal dimension method
and unveiled coarse grain ratio method are not suitable for evaluating a concrete surface with regular
roughness. By considering those features of a surface of regular roughness, a modified poured-sand
method was proposed by Chen et al. [34] as follow:

ds = (dmax/davg) (1 + k3) (vs/S) (1)

k = ng/(nc + ng) (2)

where ds is the poured sand depth; dmax is the shear slip thickness on the interface; davg is the average
depth of the designed grooves; k is a modified parameter considering the regular layout; vs is the
volume of poured sand; S is the area of poured sand; ng is the number of smooth zones; and nc is the
number of grooves. In this study, the surface roughness of concrete plates was evaluated using the
modified poured-sand method. The calculated relative roughness (Rn) of the sand–concrete interface
with zero, seven, and nine grooves was 0, 0.073, and 0.109, respectively. It was simply assumed that
the surface of the concrete plate with Rn = 0 and the parts with no grooves were completely smooth,
which was not the same as the method defined by Uesugi et al. (1986) [17].   
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Figure 4. The roughness design for the concrete plate surface (unit: mm): (a) zero grooves; (b) seven
grooves; (c) nine grooves.
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Figure 5. Modified test apparatus (unit: mm): (a) modified lower shear box; (b) schematic diagram of
sand–concrete interface test.

2.3. Testing Method

The tests were conducted using a modified shear apparatus, as shown in Figure 5. The upper part
of the shear apparatus is a hollow cylinder with 60 mm in diameter and 15 mm in height. The sand
samples were poured into the upper part. The lower part of the apparatus was modified with a
container (100 mm in length and 100 mm in width) that holds the concrete plate (see Figure 5a).
As presented in Figure 5b, the upper part of the shear apparatus was in contact with the concrete
plate. However, normal stress was not applied to the contact surface between the upper part and
the concrete plate. Normal stress was applied on the top of the sand sample for each combination of
relative roughness and particle size range, and was varied as 50, 100, and 150 kPa according to ASTM
D3080M-11 [41]. The internal shear test was also conducted using a traditional direct shear apparatus
under the same normal stress.
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For all tests, the shearing displacement was applied at a constant rate of 0.8 mm/min. The shear
stress and the horizontal displacement were recorded using a stress ring and dial gauge. It should
be noted that the vertical displacements were not measured in the tests. Furthermore, the height
of the shear apparatus was 15 mm, while the particles of the coarsest sand used in this study were
between 2.5 and 5.0 mm. This means that for this sand, the shear apparatus would be composed of 3 to
6 particles along its height. This was somewhat disconcerting as the shear band developed between
the solid surfaces and sand had a thickness equivalent to 5 to 10 D50. Thus, the results from tests on
the coarsest sand may have been influenced by this scale effect.

3. Results and Discussion

3.1. Relationship between Interface Shear Stress and Displacement

The relationship between shear stress and horizontal displacement obtained from the shear tests
under the normal stress of 100 kPa are shown in Figure 6. For comparison, the responses from the shear
test of pure sand under the same normal stress are also included. For all tests, the shear stress gradually
increased with the horizontal displacement at the beginning until it became relatively constant after a
certain amount of displacement.

Compared with the maximum shear stress (τmax) measured in the shear test on pure sand,
the values from the interface shear test on sand–concrete were much lower. For the sand–concrete
shear test with 1.25–2.50 mm particle size, the maximum shear stress (τmax) in the stress–displacement
curve for the relative roughness of Rn = 0 (65.524 kPa) was the lowest, which was about 80.4% of that
for pure sand (81.5 kPa). The τmax value for relative roughness of Rn = 0.073 (73.014 kPa) was about
89.6% of that for pure sand. Meanwhile, the τmax for the relative roughness of Rn = 0.109 (76.41 kPa)
was the highest, which was about 93.8% of that for pure sand. The higher the relative roughness,
the more the maximum shear stress was mobilized. For tests with normal stress levels of 50 and 150 kPa,
similar behaviors were observed. This phenomenon may have been caused by the redistribution and
breakage of sand particles in the shear test, which is discussed in detail in the following section.Energies 2020, 13, x FOR PEER REVIEW 9 of 20 
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3.2. Effect of Relative Roughness (Rn)

Figure 7 shows that the maximum shear stress (τmax) varies with relative roughness (Rn) under
the normal stress of 50, 100, and 150 kPa for the same sand particle size ranges of 0.63–1.25 mm,
1.25–2.50 mm, and 2.50–5.00 mm, respectively. It is obvious that the maximum shear stress was greater
at higher values of the normal stress. The shear strength between sand and solid material can be
depicted using the Mohr–Coulomb failure criterion as

τ = c + σtanϕ (3)

where τ is the shear stress at the interface; σ is the applied normal stress; ϕ is the friction angle between
sand and solid material; and c is the interface adhesion. For the interface of dry sand and concrete,
the interface adhesion value is considered to be zero. Based on Equation (3), the failure envelopes for
the shearing between sand and concrete were obtained through fitting the data of the maximum shear
stress versus the applied normal stress with a linear regression line, as shown in Figure 8. The failure
envelope for pure sand is also shown in Figure 8 for comparison. For a given sand sample, the lower
bound of the failure envelope was obtained from tests with Rn = 0, while the upper bound was from
the direct shear tests of pure sand. The failure envelopes for Rn = 0.073 and 0.109 lie between the lower
and upper bounds. This relationship indicates that the rougher interface had a stronger shear strength,
but it was still weaker than that in the pure sand test.   
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The friction angles in Equation (3) fitted from the experimental results are shown in Figure 9
as a function of the relative roughness. The corresponding values are summarized in Table 2. It is
indicated that the critical state interface friction angle (ϕ) increased with the relative roughness for the
explored values of Rn from 0 to 0.109. Taking the sand with the particle size range of 0.63–1.25 mm
for an example, the friction angle (ϕ) between sand and concrete interface with Rn = 0 had a low
value of 32.14◦, while it increased to around 35.03◦ as Rn increased to 0.109. A similar trend was also
observed for the sand samples of 1.25–2.50 mm. This can be explained by the fact that the surface of
solid material with higher relative roughness can promote the redistribution process of sand particles
and, thus, result in the fracture of the contact bond between sand particles in the shear test [42]. As a
result, more contact area between sand and concrete in the shear test will appear and cause a greater
maximum shear stress and friction angle. However, the sand with the particle size of 2.5–5.0 mm is not
very representative of the performed campaign due to the scale effect.

3.3. Effect of Mean Particle Size (D50)

Figure 10 presents the variation of the interface friction angle (ϕ) with mean particle size
(D50) = 0.71 mm, 1.43 mm, and 3.50 mm, respectively, for particle size ranges of 0.63–1.25 mm,
1.25–2.50 mm, and 2.50–5.00 mm and for different levels of relative roughness (Rn). The friction angles
(ϕ′) of pure sand derived from the direct shear test are also included in the figure for comparison.
For pure sand, it can be seen that the value of ϕ′ increased almost linearly with D50. By contrast,
the impact of mean particle size (D50) on the friction angle (ϕ) for the sand–concrete interface was
less significant. Although the friction angle for different relative roughness had an average increase
of 7.15% as D50 increased from 0.71 mm to 1.43 mm, the difference between the friction angles for
D50 = 1.43 mm and 3.5 mm was minimal.
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Figure 9. Variation of interface friction angle with different levels of relative roughness Rn.

Table 2. Friction angles from shear tests

Types of Shear Tests 0.63–1.25 mm 1.25–2.5 mm 2.5–5.0 mm

Rn = 0 32.14◦ 32.93◦ 32.83◦

Rn = 0.073 34.18◦ 35.13◦ 35.59◦

Rn = 0.109 35.03◦ 36.76◦ 40.17◦

Pure sand 36.68◦ 37.73◦ 40.41◦

1 
 

 
Figure 10. Relationships of mean particle size (D50) and friction angle (ϕ) obtained from the pure sand
shear tests and the interface shear tests with different levels of relative roughness (Rn).
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The above phenomena can be deciphered from the perspective of particle breakage. It is well
known that sand particle breakage plays an important role in shear strength [42,43]. Generally, sand with
larger particles is more likely to break during shearing, as there are more flaws and defects in the
particles. As shown in Figure 11, smaller particles produced by large particles can fill the void in sand
samples and concrete grooves under limited pressure during the shearing process. Compared with
the shearing of pure sand, particle breakage and embedded fine particles is much more significant
during the interaction between sand and solid materials, due to particle collisions and rearrangements.
However, the crushing was not measured in this study. Therefore, the impact of particle size on the
friction angle is more significant for pure sand than for the sand–concrete interface, as large particles
will eventually break into small particles due to particle breakage during the shearing process.

Figure 11. Sand with large particles on the interface: (a) before shear; (b) after shear.

Dietz and Ling [44] investigated the interface shear behavior between mild steel and sand under
large relative displacement by a ring shear apparatus. They demonstrated the ratio of relative roughness
(Rn) to mean particle size (D50) (i.e., Rn/D50), plotted against the interface friction angle (ϕ) normalized
by the friction angle (ϕ′) of pure sand (ϕ/ϕ′). This normalization brought three different trends, as shown
in Figure 12. For comparison, the data obtained in this study are also illustrated in Figure 12. Note that
in the study of Dietz and Ling [44], though the surface roughness was evaluated by a profilometer,
the obtained roughness (Rn) was similar to that in this study. This proposed reevaluated method of
relative roughness is not the same as that defined by Uesugi et al. [45]. However, this modified method
was also widely used as it is straightforward and convenient. It also can be seen that the normalized
data ϕ/ϕ′ in this study are approximately equal to that of Dietz and Ling [44], which range from around
0.9 to 1.0. The data from Dietz and Ling [44] and Han et al. [46] are also presented in this figure for
comparison. The Rn values in these two references are defined by the method of Uesign et al. [45],
which was almost the same with a modified poured-sand method [35]. This indicates that the shear
performance of the sand–concrete interface is similar to that of the sand–mild steel interface. This may
be because this study describes post-peak shear behavior; however, these two references by Dietz and
Ling [44] and Han et al. [46] describe post-peak shear behavior.
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Figure 12. The relationship between Rn/D50 and normalized angle ϕ/ϕ′.

4. Conclusions

A series of shear tests investigating the shear behavior between sand and concrete suction caissons
as foundations for offshore wind turbines were conducted. Based on the experimental results, the effects
of the relative roughness of the concrete surface and particle size of sand on the shear behavior were
discussed. The following major conclusions can be drawn:

1. The shear behavior between sand and concrete was affected by the levels of relative roughness
(Rn). The higher the relative roughness, the larger the maximum shear stress appeared. However,
the mobilized shear stress was still lower than that of the pure sand test.

2. The interface friction angle (ϕ) between sand and concrete was closely related to the surface
relative roughness (Rn). Under the same conditions, the interface friction angle (ϕ) increased with
the interface relative roughness (Rn), which resulted from the redistribution of sand grains and
fracture of the contact bond during the shearing process.

3. The effect of mean particle size (D50) on the friction angle of the sand–concrete interface was less
significant than that for pure sand. This is because particle breakage and embedded fine particles
were much more significant in sand–solid materials interaction.

4. The relationship between the normalized friction angle (ϕ/ϕ′) and the ratio of Rn to D50 for
the tested particle size ranges and roughness agreed well with that reported by Dietz and
Ling (2006) for the sand–mild steel interface. This indicates that the shear behavior of the
sand–concrete interface for the tested particle size ranges and roughness was similar to that of
the sand–mild steel interface. Hence, under the premise of the tested particle size ranges and
roughness, the shear behavior, considering the ratio of Rn to D50, should be taken into account in
practical recommendations.
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