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Abstract: The variability in strata of foundation soil in marine environments makes it tedious to
design foundations for offshore structures. Hence, it is essential to investigate and evaluate the
strength properties of this type of soil. This study investigates the variability of the soil strata (which
is quantified by the index of the mixing degree between coarse and fine particles) and its influence
on the stability of the soil by mixing coarse and fine particles at varying proportions. A series of
discrete element method triaxial shear tests were conducted on binary geotechnical mixtures with a
varying proportion of coarse content (25%, 50% and 75%) and different mixing degrees (ranging from
0.0 to 1.0). The macroscopic results show that the peak shear strength increases with an increase in
mixing degree, and the increase is more obvious with increasing coarse content, while the critical
shear strength is independent of the mixing degree. The main evaluation of the number, mean normal
force and distribution of the coarse–fine (cf) contact helps to clarify the meso-mechanisms that result
in the variations in peak shear strength and critical shear strength with mixing degree. The increase
in the peak strength may primarily be due to the increased number and globalized distribution of
coarse–fine contact. However, the decreased contact force of coarse–fine contact counterbalances the
strength gain due to the increased number and globalized distribution, which maintain the stability
of the critical strength.

Keywords: granular mixtures; meso-mechanism; mixing degree; shear strength

1. Introduction

Binary geotechnical mixtures are ubiquitous in nature, especially in marine geotechnical
engineering. As the direct support of offshore or coastal facilities, it is important to consider the
stability of binary geotechnical mixtures during the construction and operation of offshore and
coastal installations [1]. For example, as one of the main foundation forms of marine structures,
the bearing capacity of the soil around the pile must be considered in the calculation and design
of the screw anchor [2]. However, the formation and evolution of binary geotechnical mixtures
offshore or in coastal regions is a natural morphodynamic process, predominantly affected by
currents, tides, waves, and even storm surges [3,4]. The complex formation process results in
distinct stratification of the offshore and coastal soils, i.e., uneven mixing between coarse and
fine particles. For example, the stratigraphical results from the Shetland Islands show distinct
stratification of coarse and fine particles, which is confirmed to have been caused by three
tsunamis between 8000 and 1500 years ago [5]; some artificial activities also create layered
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coastal foundations [6]. Previous studies have shown that the uniformity of mixing between
particles affects the local and even the global properties of granular materials [7,8]. However,
this effect has not been systematically studied in the aspect of foundation stability in marine
geotechnical engineering. In other fields of geotechnical engineering, some researchers have
begun to pay attention to the influence of the interparticle mixing degree on the strength of
the mixture. Azéma et al. [7] analyzed the effect of the mixing degree on shear strength using
the discrete element method (DEM). They reported that the shear strength was not affected by
the mixing degree. Although, it was observed that they considered the mixing of only disks
and rods of the same diameter in 2D, which cannot represent the actual difference in size
between rock and soil particles observed in the binary geotechnical mixtures. Dong et al. [9]
performed a strength analysis for a soil–rock mixture by preparing three specimens at different
mixing proportions. However, they did not give the quantitative description of the mixing
proportions; hence, their conclusions could not be applied to other projects.

Therefore, the variability of the soil strata was quantified by the index of mixing degree
between coarse and fine particles. And the mixing degree index proposed by Liu et al. [10],
which can be obtained by the simple analysis of borehole sampling results, was used in
this study to guide the preparation of specimens in this paper. The strength analysis of gap-
graded binary geotechnical mixtures under different mixing degrees was carried out using
a verified DEM model, which is an effective way to study the mechanical and structural
behaviors of binary geotechnical mixtures from a micromechanical perspective [11,12]. The
macroscopic trend and meso-mechanism of the variation in strength with mixing degree
was analyzed intuitively.

2. Index of Mixing Degree and DEM Model Verification Result

The calculation principle of the mixing degree index and the verification process of the
DEM model have been described in detail by the authors in [10], which is more to validate
the usefulness of mixing degree and the DEM model. The research object in [10] is for a
loose sample generated by the limitation of experimental instruments, and is completely
different from the compacted sample used to analyze the stability of subgrade in this paper.
Therefore, only these two results are concisely described here.

2.1. Index of Mixing Degree

The greatest shortcoming of the existing indices is that obtaining particle information
is difficult to realize in marine geotechnical engineering; for example, all of the particle
positions [13], the local particle concentration [14], particle number ratio [15], relative posi-
tion ratio [16], contact number ratio [17], and bed height ratio [18]. In marine geotechnical
engineering, the most common way to obtain particle information is through borehole ex-
ploration, which can indicate the distribution of different particles along the depth direction.
Thus, the most applicable mixing index for this field should be based on the information
obtained from borehole exploration.

Hence, after the improvement based on the index of Dai et al. [19], a new index
is proposed and illustrated in combination with Figure 1. Figure 1 shows the content of
particle A (A represents one kind of particle in a binary mixture) as a function of normalized
depth H/HM (H is the actual height when the content of particle A is Vf, and HM is the
binary mixture height). When the content of particle A is assumed to be Vf 0, Line 1 and
Line 2 represent the two states of complete separation (Md = 0) and homogeneous mixing
(Md = 1), respectively. Line X arbitrarily represents a mixing degree between 0 and 1.
As long as a point on Line X does not perfectly coincide with Line 2, it is in the state
of segregation, and the distance from this point to Line 2 directly reflects the degree of
segregation at its corresponding height. Based on this principle, the improved mixing
degree index adopted in this paper can be represented as follows:

Md = 1 − As

Ai+Aii
(1)



Sustainability 2022, 14, 9177 3 of 21

where As is the area enclosed by Line 2 and Line X, and Ai and Aii represent the area of
the upper left and lower right rectangles enclosed by Line 1, Line 2 and the coordinate
axes, respectively.
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Figure 1. Calculation diagram of mixing degree.

Several researchers have focused on the relationship between coarse particle content
and shear strength of binary geotechnical mixtures [20–22]. The results show that when the
coarse particles content of a binary geotechnical mixture is outside the range of 25–75%,
the physical and mechanical properties of the binary geotechnical mixture are usually
affected by only the fine or coarse particles. Therefore, the coarse content of the tested
binary geotechnical mixture specimens were 25%, 50% and 75%. In addition, combined
with the following test dimensions, the specimens tested using the numerical simulations
in this paper were divided into six layers, on average, for preparation. The coarse content
as a function of normalized depth H/HM and the prepared specimens are as shown in
Figure 2.
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(a) Vf 0 = 25%; (b) Vf 0 = 50%; and (c) Vf 0 = 75%.

2.2. DEM Model Verification Result

The reliability of the numerical simulation results were verified using PFC3D to re-
produce large-scale triaxial tests. The samples were prepared from particle packings with
different coarse particle contents (25%, 50% and 75%) and Md values (0.0, 0.2, 0.4, 0.6,
0.8 and 1.0). Both the simulation and physical experiments were carried out with the
same specimen size, which was Φ × H = 300 mm × 600 mm (where Φ is the diameter
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and H is the height). The particles in the numerical simulation (NS) were spheres, and
the particles used in the physical experiments (PE) were Yuhua pebbles, which have rela-
tively smooth surfaces. According to previous numerical simulation findings, the particle
size enlargement method has little influence on the mechanical behavior of the particle
materials [23,24]. Therefore, considering both the size effect and calculation efficiency, the
particle sizes assumed in the numerical simulations were doubled compared with those of
the physical experiments. In the process of preparing samples for the physical experiments
and numerical simulations, first, a mixture was made according to the Md index in Figure 2,
which determines the coarse and fine particle contents in each layer. Then 18 samples are
prepared from particle packings with three coarse particle contents (25%, 50% and 75%)
and six Md values (0.0, 0.2, 0.4, 0.6, 0.8 and 1.0), respectively. The sample preparation
process and quantity in Section 3 are similar. In the numerical simulation, the friction
coefficient between particles was set as 0.6, which is consistent with the real particles and
the calibration results in the physical experiment. This was also the main reason why
the samples were relatively loose. The comparison results are as shown in Figure 3. For
convenience, each sample is identified by test category and coarse content. For example,
75%-PE and 25%-NS represent physical experiment samples with a coarse content of 75%
and numerical simulation samples with a coarse content of 25%, respectively.
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Figure 3 shows that the shear strength q/p′ (where q is the deviatoric stress and p′ is
the effective mean stress) increases with an increase in the mixing degree index. It can
be observed that the increasing trends for both the physical experiment and numerical
simulation results at the same mixing degree index are highly consistent. Although the
q/p′ values in the physical experiments are higher than those in the numerical simulations
by approximately 0.6–0.8, the result is acceptable when the shape factor is taken into
account [22–26]. This is because the physical experiments used real particles, whose
shapes deviate from spherical particles, while the numerical simulations use ideal spherical
particles. Relevant studies have also proven that when the shape index of certain aggregate
particles deviate from the spherical shape, generally, its shear strength is approximately
50% higher than that of spherical particles, with a maximum of 80% [25–29]. Therefore, it
was appropriate to use these parameters in this paper to carry out numerical simulation
and analyze the meso-mechanism of the influence of mixing degree on the shear strength
of the studied binary geotechnical mixtures.
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3. Specimen’s Properties and Simulation Parameters
3.1. Specimen’s Properties

The size and other parameters of the simulated specimens were exactly the same
as those in the verification test, and the details are as follows. According to the research
results of Medley [20] and Xu et al. [30], the soil/rock threshold was divided according
to the limit of 0.05Lc (Lc is the minimum specimen size, normally 300 mm). Therefore,
particles with a diameter of more than 15 mm were defined as “rock”, which are referred
to as “coarse particles” in this paper, and particles with a diameter of less than or equal
to 15 mm were defined as “soil”, which are referred to as “fine particles” in this paper.
Therefore, considering both the size effect and calculation efficiency, the diameter of the
coarse particles was 40–60 mm, and the diameter of the fine particles was 5–15 mm.
Because the fine and coarse particle sizes were evenly distributed in their respective ranges,
the average particle size ratio of the coarse and fine particles was 5, meeting the size
requirements of crystallography. That is, when a fine particle could exactly fit in the
void formed by four tangent coarse particles of the same size, the size ratio between
them is 4.45 [31].

The preparation of a specimen was divided into three steps: (1) Six small closed
cylinders with sizes Φ × H = 300 mm × 100 mm were generated and filled with particles
according to the coarse contents listed in Figure 2. (2) All the particles were bound by an
open cylinder, a bottom disk and a top disk, and then the small cylinders were removed.
The initial contact forces and velocities were decreased to 0 for the 5 cycles before the
20000 test cycles, to eliminate the large contact forces between particles in steps (1) and (2),
respectively. (3) The specimen was subjected to isotropic compression. Meanwhile, a
servo-control mechanism acted on all the walls to ensure the required confining stress of
500 kPa. The assembly was considered to reach equilibration when the ratio of the mean
static unbalanced force to the mean contact force was less than 10−5 and the tolerance of
the stress from the walls was less than 0.5%. The details are shown in Figure 4, where
Figure 4a–c corresponds to steps (1)–(3). The friction coefficients between the particle–
particle and particle–wall contacts were set to 0 to obtain the densest assemblies [32], which
correspond to the compacted aggregates.
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The series of simulations were carried out using a simple linear force-displacement con-
tact law, which resembled the Hertz–Mindlin model, in terms of both the microscopic and
macroscopic mechanical behaviors of granular material with spherical and non-spherical
particles [25,33]. It has been used in several previous studies [34–36]. For the linear model,
the main microscopic parameters are the normal contact stiffness kn, shear contact stiffness
ks and the coefficient of friction µb between particles. The kn and ks mainly affect the
macroscopic elastic modulus of the particle aggregates and are assigned by the effective
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modulus Ec, based on the linear contact model in PFC3D (kn = π[min(Ra,Rb)]
2

Ra+Rb
Ec), where Ra

and Rb are the radii of the spheres in contact. The µb mainly affects the shear strength. The
selection of these parameters has been verified in [10], and the reliability has also been
verified, as presented in Figure 3. Specifically, the effective modulus E* was 1 ×109 Pa,
the friction coefficient µb between particles was 0.6, the friction coefficient between the
particles and wall was 0, the value of kn/ks was 4/3, the damping constant β was 0.7, and
the particle density ρ was 2650 kg/m3.

Three coarse particle contents (25%, 50% and 75%) and six Md values (0.0, 0.2, 0.4,
0.6, 0.8 and 1.0) of assemblies were prepared at their densest condition for the genera-
tion procedure. Quantitative relationships between mixing degree and strength indices,
as well as stress–strain relationships were investigated. In addition, the relationships
between mixing degree and particle-scale characteristics, such as coordination number,
fabric structure, contact types, contact numbers and forces, were studied. Moreover, the
accuracy of the stress–force–fabric based on the branch vector frame was analyzed, and
any fabric anisotropies affected by mixing degree were evaluated in the peak and critical
states. This detailed analysis of fabric anisotropies allowed us to determine the microscopic
mechanisms underlying the dependence of shear strength on mixing degree.

3.2. Simulation Parameters

In conventional triaxial tests, the effective mean stress (p′) and deviatoric stress (q) are
respectively defined as:

p′ = (σ1 + σ2 + σ3)/3 (2)

q = (σ1 − σ3) (3)

where σ1 denotes the axial stress and σ2 = σ3 denote the lateral stresses. The axial strain
(ε1) and the volumetric strain (εv) can be estimated from the boundary displacements:

ε1 = (hi − hc)/hi (4)

εv = (v− v0)/v0 (5)

where hi and hc are the initial height and current height of the specimen, respectively, and
v0 and v are the initial volume and the current volume, respectively. The dilatancy angle
(ψ) is defined in triaxial tests as follows:

sin ψ =
dεv/dε1

2 + dεv/dε1
(6)

The internal angle of friction (ϕ), which reflects the shear strength of granular materials,
in the peak or critical state, can be defined as follows:

sin ϕ =
σ1 − σ3

σ1 + σ3
=

3q/p′

q/p′ + 6
(7)

A positive correlation between the angle of internal friction (ϕ) and the effective stress
ratio (q/p′) has been established, so it is appropriate to use q/p′ to represent the shear
strength of the binary geotechnical mixtures.

4. Results and Analyses
4.1. Macroscopic Variation in Strength with Mixing Degree
4.1.1. Shear Strength

This study focused on quantifying the influence of the mixing degree on the macro-
scopic characteristics, especially the shear strength (q/p′), and identifying their relationship
to the micro-characteristics, which cannot be observed in physical experiments. Hence,
all of the assemblies were sheared to approximately 40% of ε1 to explore the macroscopic
behaviors at both the peak and critical states.
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The relationships between the shear strength ratio (q/p′) and the axial strain ε1 for the
various mixing degrees are presented in Figure 5. Since there is no quantitative analysis
presented here and there will be a considerable amount of overlap if all 18 curves in this
paper are presented, only the results of Md = 0.0 and Md = 1.0 for each tested coarse content
are presented here. It can be observed that the q/p′ value rapidly rises to the peak value
within a strain value (ε1) of 0.00–0.02, then gradually declines within ε1 = 0.02–0.15, and
eventually approaches the critical state. When ε1 is greater than 0.30, the curve is more
stable. Hence, the average value of q/p′ within the axial strain interval [0.30, 0.40] is taken
as the critical strength.
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The influence of the mixing degree on the peak shear strength (q/p′p) and the critical
shear strength (q/p′c) are as depicted in Figure 6. The q/p′p increases with an increase in
mixing degree, and the increasing trend is more obvious with increasing coarse content.
However, q/p′c fluctuates slightly within a certain range. The peak shear strength exhibits
a monotonic increase as the mixing degree increases, and the critical shear strength was
found to be independent of the mixing degree.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 22 
 

  
Figure 5. The q/p´ versus axial strain ε1, for specimens with different mixing degrees. 

The influence of the mixing degree on the peak shear strength ( pq p′ ) and the critical 
shear strength ( cq p′ ) are as depicted in Figure 6. The pq p′  increases with an increase in 
mixing degree, and the increasing trend is more obvious with increasing coarse content. 
However, cq p′ fluctuates slightly within a certain range. The peak shear strength exhibits 
a monotonic increase as the mixing degree increases, and the critical shear strength was 
found to be independent of the mixing degree. 

 
Figure 6. The peak and critical shear strengths as a function of mixing degree. 

4.1.2. Volumetric Strain and Dilatancy Angle 
As the contact between the binary geotechnical mixture particles is nonplanar, the 

particles are staggered, which leads to the behavior of particle translation and rotation on 
the shear plane during the shear process, along with the change in volumetric strain. 
Figure 7 shows the evolution of the volumetric strain εv with the axial strain ε1 and 
presents the relationship between the results of volumetric strain against the axial strain. 
It can be seen that, at the initial stage of the test, there was no significant difference in 
strain values for respective specimens until the critical state was attained. This behavior 
is inconsistent with the volumetric strain behavior of typical dense granular materials 
[27,37]. 

Figure 6. The peak and critical shear strengths as a function of mixing degree.

4.1.2. Volumetric Strain and Dilatancy Angle

As the contact between the binary geotechnical mixture particles is nonplanar, the
particles are staggered, which leads to the behavior of particle translation and rotation
on the shear plane during the shear process, along with the change in volumetric strain.
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Figure 7 shows the evolution of the volumetric strain εv with the axial strain ε1 and presents
the relationship between the results of volumetric strain against the axial strain. It can be
seen that, at the initial stage of the test, there was no significant difference in strain values
for respective specimens until the critical state was attained. This behavior is inconsistent
with the volumetric strain behavior of typical dense granular materials [27,37].
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As it is difficult to distinguish the change in volumetric strain with mixing degree in
Figure 7, the peak shrinkage value and critical dilatancy value are shown in Figure 8 in
detail. The volumetric strain (shrinkage value) of the specimen in the peak state increases
with an increase in mixing degree, while the volumetric strain (dilatancy value) at the
critical state is not affected by the change in mixing degree. In fact, both the peak strength
and critical strength of soil are closely related to volumetric strain, e.g., the critical point
from shrinkage to dilatancy corresponds to the peak shear strength of soil, while the stable
dilatancy state corresponds to the critical shear strength [38]. Therefore, it can easily be
explained why the variation trend of volumetric strain with mixing degree in the peak or
critical state is highly consistent with the variation trend of strength with mixing degree.
The volumetric strain has a significant influence on both the peak strength and critical
strength, and the quantitative analysis is carried out below.

Figure 8. The peak shrinkage and critical dilatancy as a function of Md.
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Volume expansion can be indicated in terms of the dilatancy angle (ψ). The maximum
dilatancy angle is called the peak dilatancy angle ψp, which is closely related to the peak
shear strength [39]. Figure 9 displays the variation in the peak dilatancy angle with mixing
degree. The peak dilatancy angle is not influenced by the mixing degree of the specimen,
except that it increases slightly in the specimen with Vf = 75%. This is quite different from
the trend of the peak shear strength with the mixing degree. It could be that the variation
in the peak shear strength in specimens with different mixing degrees is not directly related
to the peak dilatancy angle.
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Bolton [38] describes the relationship between the dilatancy angle and shear strength
with Equation (8), which is a simplification of an expression presented by Rowe [40]:

ϕp = ϕc + αψp (8)

where ϕp and ϕc represent the peak friction angle and critical friction angle, respectively,
and α is the dilatancy coefficient, which represents the contribution of dilatancy to the peak
shear strength and, to a certain extent, varies with different soil properties. The evolution
of the dilatancy coefficient with the mixing degree is shown in Figure 9. For all samples
with a given coarse content, the dilatancy coefficient increases significantly with an increase
in mixing degree. This implies that the contribution of shrinkage to peak shear strength is
more obvious in specimens with higher mixing degrees. It is also proven that the variation
in peak shear strength is directly related to the peak dilatancy angle.

4.2. Mesomechanism of the Variation in Strength with Mixing Degree

The macroscopic analysis shows that the coarse content only affects the variation
degree of the shear strength with mixing degree. Hence, the subsequent microscopic
analysis takes the result of the specimen with a 50% coarse content as the bench mark for
the subsequent analysis.

4.2.1. Contact Number

The coordination number is an important parameter for measuring the internal struc-
tural characteristics of granular mixtures. The coordination number depends on the type
contact between particles. The contact networks in this study were divided into three
subnetworks: (i) a coarse–coarse (cc) contact network, (ii) coarse–fine (cf) contact network,
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and (iii) fine–fine (ff) contact network. The overall coordination number can also be divided
into three partial coordination numbers Zcc, Zcf, and Zff, defined as follows [35,41]:

Zcc = 2Ccc/Nc (9)

Zcf = 2Ccf/N (10)

Zff = 2Cff/Nf (11)

where Cm indicates the contact number corresponding to the m contact type (m can be cc,
cf and ff). N is the total number of all the particles, Nc is the number of coarse particles and
Nf is the number of fine particles.

Hence, the partial coordination number represents the number of different contact
types. The coordination is used to quantify the extent to which the different contact
types contribute to the shear strength [42]. Figure 10 shows the evolution of the partial
coordination numbers and the contribution of each contact type to the shear strength with
the mixing degree, where Scc, Scf and Sff represent the contributions of the cc contacts, cf
contacts and ff contacts to the shear strength, respectively. It can be clearly observed that, in
the peak and critical state, the partial coordination number and the contribution to the shear
strength of different contact types follow the same trend. The partial coordination number
and the contribution to the shear strength of cc contacts and ff contacts monotonically
decrease with an increase in mixing degree, and those of cf contacts monotonically increase
with an increase in mixing degree. An intuitive explanation for these results is that as the
mixing degree increases, the distribution of coarse and fine particles changes from polarized
to uniform. Hence, the contacts between coarse and fine particles become more common,
accompanied by the inevitable decrease in the number of contacts between fine particles
and between coarse particles. Then, the puzzle is whether the change in the number of
contacts affects the shear strength. For example, in the case that the numbers of cc and ff
contacts decrease with increasing mixing degree, the increase in peak shear strength with
an increase in mixing degree seems to be due to the increased number of cf contacts, while
the critical shear strength is independent of these changes. The contribution of different
contacts to shear strength varies significantly; this could be attributed to the change in
contact numbers.
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4.2.2. The Fabric Structure

Gong et al. [43] divided the fabric structure of a binary mixture into four types (S1, S2,
S3 and S4) according to different coarse contents (i.e., Vf ≤ 30% in S1; 30 < Vf ≤ 48% in
S2; 48 < Vf ≤ 70% in S3; Vf > 70% in S4). And the contribution of contact type to strength
was varied in different structures (i.e., ff > cf > cc in S1; cf > ff > cc in S2; cf > cc > ff in
S3; cc > cf > ff in S4). It is worth pointing out that the results in Figure 10 do not strictly
satisfy this rule. In other words, all the samples in Figure 10 belong to the S3 structure as a
whole, but not all the contributions of contact type to shear strength meet the condition of
cf > cc > ff. This is attributed to the mixing degree. It was found that the mixing degree has
a direct influence the change of local coarse content, which leads to the differences in local
fabric structure from the whole, as shown in Figure 11.
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It can be seen from Figure 11, when the mixing degree is low (i.e., Md = 0.0 and 0.2),
the local fabric structures are only S1 and S4 in the sample. Therefore, in both peak and
critical states, cc contact plays a dominant role in contribution to the strength, followed by
ff, and finally cf. With the improvement in mixing degree (i.e., Md = 0.4 and 0.6), S2 and
S3 fabric structures gradually appeared in the middle of the sample, and the contribution
of cf contact to strength began to increase in the overall performance. When the samples
were uniformly mixed (i.e., Md = 1.0), S3 dominated the local fabric structure, and cf
contact played a dominant role in the contribution to strength; this is consistent with the
previous studies [43–45]. It should be pointed out that the analysis object is the sample with
Vf = 50%, and the value is at the junction of the S2 structure and S3 structure. Therefore, in
the peak state, the contribution of cc contact to strength is greater than that of ff contact (the
overall performance is biased to S3), while in the critical state, the contribution of ff contact
to strength is greater than that of cc contact (the overall performance is biased to S2).

In general, the analysis results of Figures 10 and 11 show that with the mixing degree
increased, the most intuitive change on the mesoscopic level is that the cf contact number
and its contribution to strength increases gradually. However, this change causes different
results in peak and critical state; the peak strength gradually increases and the critical
strength remained constant, which need further discussion.

4.2.3. Contact Force

In fact, the variation in the contributions of each contact type to the shear strength
may be caused by two factors: the contact number and the contact force. When the contact
numbers are insufficient to explain the variation in shear strength, the magnitude of the
contact force is taken into account. The mean normal contact force f n is defined as the
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average of the overall normal contact force of the contacts. Similarly, f n_m represents the
mean normal force of m contact type (m can be cc, cf and ff). Table 1 enumerates the contact
numbers and the mean normal contact forces f n_m of various specimens.

Table 1. The contact numbers and the mean normal contact forces f n _m of various specimens.

State Specimen
¯
f n_cc(N)

¯
f n_cf(N)

¯
f n_ff(N)

¯
f n(N) Ccc Ccf Cff

peak

I = 0.0 2795.68 250.28 117.78 149.95 403 756 36,211
I = 0.2 2796.66 246.22 126.88 160.88 362 2062 33,239
I = 0.4 2664.39 250.87 125.23 162.89 309 3083 30,310
I = 0.6 2936.14 248.44 127.54 164.82 227 5230 27,208
I = 0.8 2833.42 256.10 129.67 161.64 116 6714 25,614
I = 1.0 3272.87 255.50 124.99 169.73 96 7802 20,904

critical

I = 0.0 2104.77 326.81 114.41 144.26 398 1173 31,348
I = 0.2 2153.30 312.60 113.70 149.69 343 2099 27,270
I = 0.4 1997.71 302.12 113.09 154.18 312 3006 24,827
I = 0.6 1853.70 290.62 106.88 154.75 210 4627 20,895
I = 0.8 1718.37 274.28 96.98 139.63 97 5863 19,102
I = 1.0 1649.24 245.63 99.41 136.64 76 6657 18,589

It can be observed that, for all the specimens, f n_cc is the largest, followed by f n_cf,
and f n_ff is the smallest, which is consistent with previous numerical results [42,46,47].
With an increase in mixing degree, in the peak state, f n_cc, f n_cf and f n_ff all fluctuate
within a certain range, while Ccc and Cff decrease significantly and Ccf increases obviously.
Thus, the increase in contribution of cf contacts to peak shear strength is undoubtedly
determined to be caused by the increase in the cf contact number. In the critical state, f n_cc
and f n_ff decrease slightly, Ccc and Cff decrease significantly, while f n_cf decreases and
Ccf increases significantly with increasing Md. At this point, it can be revealed that the
effect of the increase in cf contact number on the critical strength is offset by the decrease
in the other five factors (e.g., f n_cc, f n_cf, f n_ff, Ccc and Cff), especially f n_cf, resulting
in the stability of the critical shear strength. However, such a simple conclusion does not
seem sufficient to explain the mechanism of the change in critical shear strength. Therefore,
further analysis needs to be carried out on the distribution of contact types.

4.2.4. Distribution of Contacts

Apart from other factors (e.g., shape and size), the most intuitive influence of mixing
degree on the specimen is the change in the distribution of coarse and fine particles,
resulting in different contact distributions. Based on the results obtained, as presented in
Table 1, the cf contact type is the most noteworthy. Therefore, the change in the distribution
of cf contacts in specimens with different mixing degrees is shown in Figure 12. In Figure 12,
the blurred green and blue spheres represent coarse and fine particles, respectively, while
the solid red bars represent cf contacts. It can be seen clearly that the distribution of cf
contacts gradually changes from a sporadic distribution at the interface when Md = 0.0 to
a global distribution at Md = 1.0. This means that with the increase in mixing degree, the
number of cf contacts in the sample increases and the distribution becomes more uniform.
The magnitudes of f n_cf and f n were compared in order to ascertain if the influence
of cf contact number on the shear strength is controlled by the contact distribution in
the specimen.

The network of contacts that are used to carry forces can be divided into two subnet-
works, using strong and weak contacts [48]. The strong contacts can carry larger forces
than the mean normal contact force f n, whereas the weak contacts carry smaller forces than
the mean normal contact force f n. In the shearing of granular materials, strong contacts can
work together to transfer force, and the weak contacts provide stability under the forces
propagating along the strong contacts. By comparing the values between the mean normal
contact forces f n and f n_m, it is not difficult to find that f n_cc and f n_cf are much larger



Sustainability 2022, 14, 9177 14 of 21

than f n, while f n_ff is less than f n. These results indicate that the cc and cf contacts are
dominated by strong contacts, whereas the ff contacts are dominated by weak contacts.
It is clear that only an increase in Ccf can offset the effect of the reduction in f n_cc, f n_cf,
f n_ff, Ccc and Cff and maintain the stability of the critical shear strength: with the increase
in mixing degree, cf contacts gradually spread through the strong contact network from
the interface throughout the specimen. At this point, the strong contacts, which can trans-
fer forces, are homogeneously distributed throughout the whole specimen. This further
confirms the claim that the increase in peak shear strength is caused by the increase in the
cf contacts, which have a similar distribution in the critical state.
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4.2.5. Force–Fabric Anisotropies

In terms of micromechanics, the force–fabric anisotropies can be regarded as the
source of the shear resistance of granular materials [25,49,50]. In order to establish the
relationship between macroscopic strength (q/p′) and microscopic force–fabric anisotropies
of cohesionless granular materials under triaxial condition, the following formula is
usually used:

q/p′ = 0.4ac + 0.4an + 0.6at (12)

where ac, an, and at indicate the normal contact anisotropy, normal contact force anisotropy,
and tangential contact force anisotropy, respectively, which can be calculated from the
generalized fabric and force tensors, and have been confirmed by previous studies [48,51].

In the three subnetworks mentioned earlier, Equation (12) can also be represented as

q/p′ =
k

∑
m=1

ξm(0.4am
c + 0.4am

n + 0.6am
t ) (13)

where ξm denotes the weighting parameter of the mth subnetwork (i.e., the cc, cf and ff
contacts); am

∗ reflects the anisotropy coefficient of contacts in the mth subnetwork and is
obtained by restricting the equations of a∗ to the mth subnetwork.

Figure 13 shows the variations in anisotropies with Md. It can be seen from Figure 13
that, in both states (the peak state and the critical state), 0.4an dominates the strength,
followed by 0.4ac, and then 0.6at. The difference is that, in the peak state, both 0.4ac and
0.6at decrease slightly with an increase in Md, while 0.4an increases significantly, which
means that the increase in peak strength is mainly caused by the increase in 0.4an. In the
critical state, both 0.4an and 0.6at increased with the increase in Md, while 0.4ac decreased
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significantly. This implies that the contributions of these two changes in the strength offset
each other and maintain the stability of the critical strength.
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Figure 13. Variations in anisotropies with respect to Md.

Considering that the force–fabric anisotropies in the binary geotechnical mixture are
determined by the three subnetworks, as quantified in Equation (13), Figure 14a–c shows
the evolution of the anisotropies for the various contact types as a function of Md. In the
cc contact network, in the peak state, 0.4ac, 0.4an and 0.6at all decrease significantly with
an increase in Md, while at the critical state, 0.4ac decreases slightly, 0.4an is relatively
stable, and 0.6at increases slightly. In the cf contact network, 0.4ac, 0.4an and 0.6at are all
significantly increased with the increase in Md in the peak state, while 0.4an is significantly
increased, 0.4ac shows a downward trend, and 0.6at is basically stable in the critical state. In
the ff contact network, all the force–fabric anisotropy coefficients show a slight downward
trend regardless of the peak or critical state.
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(b) cf contact; (c) ff contact.

It can be seen that, in the peak state on the premise, the force–fabric anisotropies in
the cc and ff contact networks decrease, and increase significantly in the cf contact network,
which results in an increase in peak strength. In the critical state, although the force–fabric
anisotropies of the sub-contact network change to some extent, the trend of these changes
is relatively gentle, and plays a role in mutual cancellation, resulting in the stability of the
critical strength. This result confirms the previous conclusion that the change in strength is
mainly caused by the changes in the cf contact number and contact force.

4.3. Influence of Coarse Content on the Increased Range of Peak Shear Strength

As shown in Figure 6, under the same mixing degree, the peak shear strength in-
creases monotonically with increasing coarse content (which is increased from 25% to
75%). This is consistent with the results of previous studies on homogeneous specimens;
that is, the maximum peak shear strength appears at a coarse content of approximately
75% [52,53]. However, another noteworthy phenomenon is that the increased range of peak
shear strength with mixing degree is not consistent under different coarse contents. This
means that the mixing degree has different influence levels on the peak shear strength of
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binary geotechnical mixtures with different coarse contents. Figure 15 shows the curve
of normalized peak shear strength changing with mixing degree, where the values of
the homogeneous specimens (Md = 1.0) are taken as the control. In order to make the
conclusion more convincing, the results of samples with 37.5% and 62.5% coarse contents
are added here. It can be clearly seen that the higher the coarse content, the more the peak
strength is affected by the mixing degree. Specifically, as the coarse and fine particles in the
specimens change from homogeneous mixing (Md = 1.0) to complete separation (Md = 0.0),
the peak shear strength of the specimens decreases by 11.7% at 25% coarse content, while it
decreases by 17.2% at 50% coarse content and decreases by 26.4% at 75% coarse content.
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Some previous studies have shown that the binary geotechnical mixture exhibits many
“optimal properties” when the coarse content is approximately 75%, and all of them show
monotonically increasing properties with coarse content range of 25–75%. For example,
the minimum void ratio results in the maximum peak shear strength [52]; in this case,
the cf contact number and mean normal force also reach the maximum, while the sliding
fraction of the cf contact is the minimum [54]. The cf contact is proven to be the main factor
affecting the peak shear strength in this paper. On the other hand, for granular materials,
the shear strength mainly depends on the interlocking effect of particle accumulation [55].
Meanwhile, a previous study shows that the average degree of interlocking of a particle
increases with increasing coarse content [43]. The above conclusions show that when the
coarse content is 75% and the specimen is homogeneously mixed (Md = 1.0), all the indices
correspond to the peak shear strength. The mixing degree changes the local coarse content
of the specimen. Regardless of the coarse content, the homogeneous specimen gradually
exhibits complete segregation with further mixing degrees; that is, coarse and fine particles
occupy separate parts of the specimen, as shown in Figure 2. Hence, there is no doubt that
the closer the homogeneous specimen is to the “optimal state”, the more obvious the loss
in strength when the mixing degree gradually changes to 0.0. That is, the closer the coarse
content is to 75%, the more the peak shear strength is affected by the mixing degree.

According to the definition of Scholtes et al. [56], the degree of interlocking of a
particle p can be estimated through the assessment of its mean internal moment mp, and
Gong et al [43] further stated that the average degree of interlocking (ADI) of a particle in
the sample can be defined as: ADI = ∑p∈N mp/N. Therefore, the evolution of ADI with
respect to Vf is illustrated in Figure 16, which can be used to quantify the interlocking effect
of samples with different coarse contents. It was clearly observed that the evolutions of ADI
in the samples of Md = 0 and Md = 1 with Vf are roughly consistent. Specifically, the ADI
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value increases with the increase in Vf, and the increased range is wide continuously. This
is in agreement with the conclusion of Gong et al [43]. It can be seen that the difference of
ADI between Md = 0 and Md = 1 increases with the increase in Vf, and the increased range
increased sharply with the increase in Vf. Thus, the higher the Vf the more the interlocking
effect of the sample is affected by the mixing degree. This result, as an example, can be used
to explain why the closer the coarse content is to 75%, the more the peak shear strength is
affected by the mixing degree.
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5. Conclusions

In this paper, the effect of the mixing degree on both the peak and critical shear
strengths of binary geotechnical mixtures was quantitatively analyzed through verified
DEM simulations. The results can guide the construction of marine geotechnical engineer-
ing, such as more accurate calculation of foundation stability and screw anchor bearing
capacity. The samples with three coarse contents (ranging from 25% to 75%) and six
mixing degrees (ranging from 0.0 to 1.0) were prepared to create specimens of binary
geotechnical mixtures. Both the macroscopic trends of the variations in strength and the
meso-mechanisms of the variations in strength were meticulously examined. The main
findings are summarized as follows:

(1) The peak shear strength increases with increasing mixing degree, while the critical
shear strength is not affected. This trend is consistent with that of volumetric strain
with increasing mixing degree, and the variation in peak shear strength is directly
related to the peak dilatancy angle.

(2) The variations in both the peak and critical shear strengths are mainly affected by
the cf contact type. Specifically, when the mixing degree increases, the mean normal
force of cf contacts does not change, while the increase in the number of cf contacts
and their global distribution contribute to the increase in peak shear strength. The
increase in the cf contact number and the changes in the distribution of cf contacts
from local to global offset the influence of the reduction in the mean normal forces
of the cc, cf and ff contacts and the cc and ff contact numbers, which results in stable
critical shear strength.

(3) The force–fabric anisotropies of the whole contact network and three subnetworks
are evaluated. The force–fabric anisotropies of the whole contact network explain
the microscopic mechanism of the strength. The increase in peak strength is mainly
caused by the increase in 0.4an. And the increase in 0.4an and 0.6at, with a decrease
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in 0.4ac, offsets each other, which maintain the stability of the critical strength. The
meticulous analysis of the force–fabric anisotropies of three subnetworks affords a way
to explain the micro-mechanisms that result in the dependency of the contributions of
different contact types to the strength on the mixing degree.

(4) The range of coarse contents conformed to the definition of binary geotechnical
mixture and the influence of the mixing degree on the peak shear strength increases
with increasing coarse content. This means that with a higher coarse content, a
greater influence of the mixing degree on the shear strength performance of binary
geotechnical mixture should be considered.
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