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Abstract: A soil-rock mixture (SRM) is a type of heterogeneous geomaterial, and the particle dis-
tribution of SRM can be described by fractal theory. At present, it is difficult to quantify the fractal
dimension of a particle size distribution and understand the scale effect in SRMs. In this study, the
fractal theory and discrete element method (DEM) were introduced to solve this problem. First, the
particle gradation of SRM was dealt with by using fractal theory. The fractal structure of particle
distribution was studied, and a method of calculation of the fractal dimension is presented in this
paper. Second, based on the fractal dimension and relative threshold, the particle gradations of
SRMs at different scales were predicted. Third, numerical direct shear tests of SRM at different scales
were simulated by using the DEM. The scale effects of shear displacement, shear zone, and shear
strength parameters were revealed. Last, taking the maximum particle size of 60 mm as the standard
value, the piece-wise functional relationship between shear strength parameters and particle size was
established. The results are as follows: for SRM in a representative engineering area, by plotting the
relationship between particle cumulative mass percentage and particle size, we can judge whether
the SRM has a fractal structure; in Southwest China, the frequency of the fractal dimension of the
SRM is in the normal distribution, and the median fractal dimension is 2.62; the particle gradations of
SRMs at different scales calculated by fractal dimension and relative threshold can expand the study
scope of particle size analysis; when the particle size is less than 70 mm, the strength parameters
show a parabolic trend with the particle size increases, and if not, a nearly linear trend is found. The
proposed method can describe the fractal characteristics of SRM in a representative engineering area
and provides a quantitative estimation of shear strength parameters of SRM at different scales.

Keywords: soil-rock mixture; fractal theory; particle distribution; scale effect; discrete element model

1. Introduction

A soil-rock mixture (SRM) is a heterogeneous geomaterial that is composed of rock
blocks with different particle sizes and a soil matrix. In 1994, Medley and Goodman [1]
innovated the term “bimrocks” (block-in-matrix rocks) and pointed out that the particle
sizes in bimrocks range from centimeters to hundreds of meters [2]. Lindquist and Good-
man [3] called the mixed rock and soil embedded with fragments and rock blocks from
itself or outside a “mélange” [4]. You [5] proposed the concept of a SRM for Quaternary
loose accumulations, which considered the particularity of its material composition be-
tween rock and soil. Xu et al. [6,7] defined the SRM as an extremely heterogeneous loose
geomaterial formed since the Quaternary that is composed of rock blocks, fine-grained soil,
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and pores. According to these definitions, the particle size distribution of soil and rock
blocks in the SRM varies greatly. In the traditional soil classification system, the division
of coarse-grained and fine-grained soil can be determined according to the limit values in
specifications; however, there is no unified standard for the limiting values of particle size
divided by particle group, and different countries have different regulations. For example,
the Chinese Handbook of Engineering Geology [8] defined the mixtures of fine-grained
soil and coarse-grained soil at sizes of less than 10 mm and lacking intermediate grain sizes
as gravelly (stony) soils. Thus, to understand the particle distribution of SRM, it is essential
to find a method with which to divide the soil and rock block in SRM and determine the
threshold.

More importantly, the particle distribution of SRM is closely related to its mechanical
properties. When obtaining the mechanical parameters of SRM by mechanical tests, the
particle size of some natural SRM is much larger than the maximum size of rock block
allowed by test equipment, such as 60 mm [9,10]. Thus, for the large-size rock block in SRM
at the engineering scale, before mechanical testing, to make the scaled particle gradation
maintain similar mechanical properties to the natural particle gradation as far as possible,
the natural particle gradation needs to be treated by the scaling method. There are four
common methods of coarse aggregate scaling, namely the removal method, equivalent
substitution method, similar gradation method, and mixing method [11]. The variations in
strength parameters of SRMs obtained by different scaling methods are different [12-14].
The reason is that the change of average particle gradation and fine particle caused by
scaling methods directly affects the structural characteristics of SRM and then leads to the
change of mechanical properties. The mechanical properties of a scaled SRM are different
from those of natural SRM (the so-called scale effect).

As fractal theory is now widely used [15-23], many researchers [24-31] have found
that geomaterials exhibit fractal characteristics, and the rock joints, particle distribution,
and pores at different scales have self-similarity, which is also consistent with the evolution
of geomaterials under natural conditions. Generally, geomaterials can be regarded as an
open non-linear self-organizing system. When there are no external conditions to interfere
with its self-organizing characteristics, the evolution of internal spatial structure exhibits
certain orderliness [32-35]. The fractal structure is closely related to its composition and
natural conditions: the fractal dimension represents the spatial structure characteristics
formed by the long-term evolution of geomaterials. Sui et al. [36] discussed the devel-
opment in rock fracture network descriptions by using traditional geometry and fractal
methods and presented an analytical method for the quantitative evaluation of the irreg-
ularity and complexity of fracture networks based on the self-similarity of fractals. Xiao
et al. [37] investigated the crushing characteristics of single particles and assemblies of
rockfill materials with different nominal diameters and discussed the effects of the particle
size on the Weibull modulus, compressibility index, and ultimate fractal dimension. He
et al. [38] obtained the pore size distribution of the calcareous sand, quartz sand, and glass
beads by using nuclear magnetic resonance tests, and fractal theory was introduced to
describe the fractal properties of the pore size distribution. These studies show that the
fractal theory can describe both structural characteristics and mechanical properties of
geomaterials at different scales.

Previous studies [39—41] have shown that natural SRM exhibits a fractal structure.
Commonly, the fractal curve of particle gradation of SRM is a broken line with an obvious
turning point. According to the turning point, the particle size can be divided into fine
aggregate and coarse aggregate. For example, Xu et al. [39] pointed out that SRM had a
visible turning point at the particle size of 20 mm in its fractal dimension curve. However,
at present, it is difficult to quantify the fractal dimension of the particle distribution of
SRM, as well as the scale effect. In this study, the fractal theory was invoked to analyze the
fractal characteristics of the particle distribution of SRM, numerical simulations of direct
shear tests of SRM samples at different scales were conducted by using the discrete element
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method (DEM), and the variations in shear strength parameters of SRM at different scales
were studied.

2. Fractal Model
2.1. Fractal Mathematical Model

Given the self-similarity of the particle distribution of SRM, the fractal characteristics
under two-dimensional conditions can be quantitatively expressed by using the formula

proposed by Mandelbrot [42]:
R\2D
NN v

where R is any given particle size, r is the random particle size, A is the total area of particles
satisfying r > R, Ca represents the area shape factor, Aa is the maximum particle size under
two-dimensional conditions, and D denotes the fractal dimension of particle size.

Under three-dimensional conditions, the formula proposed by Tyler and Wheacraft [43]

is introduced:
R \3D
11— —
(3)

where V is the total volume of particles satisfying r > R, C;, is the volume shape factor,
and A, refers to the maximum particle size under three-dimensional conditions. Without
considering the variation of particle density with particle size, in Formula (2), we multiply
the density, p, on both sides at the same time, and then the total mass of particles satisfies

r>R:
NON

Furthermore, the total mass of all particles comprising an SRM sample can be calcu-
lated as follows:

V(r>R) =Cy @)

M(r > R) = pCp,

Mr = M(r > 0) = pCp, [1 - (A) ] = pCp 4)
m
The cumulative mass ratio of the SRM sample can be obtained as follows:

M(r>R):1_<R)3D

M; T ©)

where My is the total mass of all particles, and dy, is defined as the maximum particle size
of an SRM sample. According to Formula (5), when R = d;ux, the cumulative mass ratio is
zero, and Ay, = dyax. By combining the commonly used particle gradation curves of SRM
samples, Formula (5) can be converted into the following formula:

M(r<R) _ (dR >3—D ©)

M T max

In Formula (6), for a given particle size, R, the mass percentage is defined as the ratio
of the mass of particles satisfying r < R to the total mass; the particle size ratio is defined as
the ratio of R to djuay; there is a power function relationship between the mass percentage
and the particle size ratio; and the index is 3 — D.

Using the logarithmic transformation of Formula (6), in the double-logarithmic co-
ordinate system, we can plot the relationship curve between Ig (M(r < R)/Mr and Ig R,
and whether the SRM meets the fractal structure can be ascertained. If the relationship is
approximately linear, it indicates that the particle gradation of SRM within the range of
interest has strict statistical self-similarity, the particle distribution demonstrates a fractal
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structure, and the slope is a =3 — D. Otherwise, it means that the particle gradation is poor,
the pore filling is poor, and natural SRM is loose. In addition, if the relationship shows the
characteristics of a broken line, it indicates that the particle gradation has good multifractal
characteristics, and the particle distribution has self-similarity in the corresponding linear
interval. Based on the above fractal mathematical model, the particle gradation of natural
SRM can be processed to judge whether it has a fractal structure, and the corresponding
fractal dimension can be obtained.

2.2. Fractal Analysis of SRM Samples

Taking the SRM from Zhaizi village, Lijiang City, Yunnan Province, China, as an
example [44], field investigation and sampling were undertaken (Figure 1). Through
laboratory particle-size analysis of a typical SRM sample with the maximum particle size of
60 mm, the particle size distribution was obtained (Figure 2a), and its equivalent histogram
was plotted (Figure 2b). The statistical results show that the particle-size curves of SRM
in this area are bimodal, indicating that the material is well sorted. The particle size
corresponding to the trough is about 2 mm, and the threshold between the soil and the rock
block of the SRM in this area is determined to be 2 mm.

100
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Cumulative percentage (%)

@) (b)

Figure 1. SRM in Zhaizi village, Lijiang City, Yunnan Province, China. (a) Site investigation; (b) SRM
sample.
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Figure 2. Distribution of particle size of SRM samples. (a) Particle-size distribution; (b) Histogram.
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Formula (6) was used to process the particle-size-distribution data. The screening
results were brought into the fractal mathematical model, and the relationship between Ig
(M(r < R)/Mr and lg R was plotted in the double-logarithmic coordinate system (Figure 3).
The results show that the relationship curve is approximately linear, indicating that the
particle size of SRM in this area has a fractal structure. The fractal-curve-fitting formula
of the overall grading is y = 0.33x + 1.50, the slope is 0.327, and the fractal dimension D is
2.67. In addition, it should be noted that the fractal curve does not meet the strict linear
relationship within the full particle-size range. A dividing point is found at the particle size
r =2 mm; there is a scale-free interval on both sides, where the fitting formulae are y = 0.48x
+ 1.57 and y = 0.24x + 1.59 respectively; and the corresponding fractal dimensions are D1 =
2.52 and D2 = 2.76 respectively. These results imply that there is a double-fractal structure
in the SRM, with a maximum particle size of 60 mm, meaning that the particle size and
pore structure change at 2 mm. Thus, through fractal analysis of particle distribution of
this SRM, the threshold between soil and rock blocks in the SRM in this area is found to be
2 mm, which is consistent with the results of laboratory grading.

3=0.24x+1.59
D,~2.76
2.0 cm-m
;e
,,/’
BT
S 7=0.48x+1.57 et
= D,=2.52 Pl
M 15_ ’,//’/
Lh \ m .l ¥=0.33x+1.50
s pad D=2.67
B -
1.0 1 =
T T T T T T T T T T K T E 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Figure 3. Fractal analysis of SRM sample.

3. Predictive Theory
3.1. Relative Threshold between Soil and Rock Blocks

After analyzing the particle distribution characteristics of an SRM, Medley [2] and
Lindquist [4] found that the particle distribution of SRM exhibits proportion-independence.
As shown in Figure 4, even if the study area changes, when the particle size of SRM is 0.05
times the study area, the fractal dimension of particle size will always contain a turning
point. According to this understanding, it is considered that the threshold between soil and
rock blocks of SRM at the engineering scale should satisfy Formula (7):

ds gy = 0.05L, @)

where dg, g denotes the threshold between soil and rock blocks; and L. is the engineering
scale that, being the square root of the area for the plane study area, is the slope height for
a slope, and it is the height of a single shear box for the direct shear sample.
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Figure 4. Particle-size-distribution characteristics of SRM after normalization.

This threshold definition method sets the soil and rock blocks in an SRM as a relative
concept; across different research scales, the SRM from the same source may have different
thresholds of coarse and fine-particle size. Therefore, this definition is called the relative
threshold between soil and rock blocks, which is different from the limiting values of
particle size divided by particle group defined in prevailing national standards [8]. The
relative threshold links the particle gradation of SRM at different research scales by the
proportion of rock blocks, which can directly expand the mechanical properties of SRM at
test scale to engineering at full-scale.

3.2. Prediction of Particle Gradation Curves at Different Scales

Since the particle gradation of SRM has a fractal structure, using the concepts of
fractal dimension and the relative diameter threshold between soil and rock blocks, we
can calculate the distribution of particle groups after the maximum particle size increases
according to the existing gradation: the particle gradations of SRMs at different scales are
thus obtained. Taking SRM in Zhaizi village as an example (Figure 3), the fractal dimension
is 2.67. According to geological drilling data, the range of rock block sizes in the SRM
is between 30 and 90 mm. For a given maximum particle diameter (d,qx), substituting
the fractal dimension 2.67 into Formula (6), the particle gradation of the SRM sample
can be predicted. Figure 5 shows the predicted particle gradation of SRM samples with
different dy,x, including 100, 80, 70, 60, and 50 mm (labeled S1 to S5, respectively). Since
tested particle gradation with the maximum particle size of 60 mm is obtained as shown
in Figure 2a, the comparison between the tested particle gradation and predicted particle
gradation can be performed. Taking 2 mm as the threshold between soil and rock blocks,
we see that the result shows that the rock-block content of the predicted particle grading
is about 62.46%, while the rock-block content of the tested particle gradation is 55.8%, so
both are close to 60%. Therefore, the accuracy of the predicted particle grading curve is
acceptable.
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Figure 5. Predicted particle size distributions of SRM samples with different maximum particle
diameters.

Then, according to the research scale, based on the particle size distribution in Figure 5,
the gradation is modified by using the relative threshold between soil and rock blocks. In
the following section of this study, we recount the numerical simulation of direct shear
testing of SRM samples at different scales that were conducted, making it necessary to
establish numerical models with different maximum particle diameters. Taking this scale as
an example, we see that the size of the shear box used in the test is 500 mm (length) x 200
mm (height). According to Formula (7), the research scale L. is the height of the shear box
(200 mm), and the limit particle size of particles should be set to 10 mm. In addition, for a
numerical model, the influences of the minimum particle size on the test results should
also be considered [45]. Commonly, the particle size range of soil particles is 2 to 3 mm
in numerically simulated direct shear tests. If the ratio of the maximum particle size to
the minimum particle size remains unchanged at 1.5, the range of soil-particle size after
modifying the threshold should be 6.66 to 10 mm. The particle gradation of rock-block
particles larger than 10 mm remains the same (Figure 5), and the size of particles less than
10 mm should be corrected. Figure 6 shows the modified particle distributions of SRM
samples with different maximum particle diameters.

100 + —s— 1 dmax=100mm

90 | —— S2 dmax=80mm
S 30 | —4*—S3 dmax=70mm
& | =—¥— S4 dmax=60mm
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5 60
Q i
2, 50
° i
Z 40
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E 304
5 i
O 20+
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Figure 6. Modified particle distributions of SRM samples with different maximum particle diameters.
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4. Simulation Method
4.1. Simulation of Large-Scale Direct Shear Tests of SRM

During laboratory large-scale direct shear testing, the SRM sample needs to be encap-
sulated in an opaque shear box, so the movement of the particles in the sample cannot
be seen [46]. The numerical simulation using particle flow code (PFC) based on DEM
can overcome this problem [47]. The particle DEM proposed by Cundall [48] uses the
rigid particle as the basic calculation element. In the calculation process, particle DEM
continuously updates the contact characteristics between particle and particle or particle
and boundary; based on Newton’s second law;, it uses the explicit difference algorithm
for iteratively solving the motion parameters of particle elements, and finally makes each
particle element reach an equilibrium state. In this study, PFC2D [49] is used to simulate
direct shear tests.

Before the simulation, it is necessary to build the particle flow model of SRM by wall
element and particle element in PFC2D. As shown in Figure 7, keeping the same size as the
shear box as used in the laboratory, we used a simulated shear box representing 500 mm
(length) x 200 mm (height). The numerical model is divided into upper and lower halves:
the upper half is composed of Walls 4, 5, and 6, and the lower half of Walls 1, 2, and 8. To
prevent particles from escaping during shearing, Walls 3 and 7 are set on both sides of the
shear box. During simulated shear, normal stress is applied to Wall 5 and the vertical load
is kept stable, the upper shear box is fixed, and the same horizontal velocity is applied to
the lower shear box wall; in addition, Wall 7 and the lower shear box move together, and
Wall 3 remains fixed to avoid a loss of particles during shearing.

Figure 7. Numerical model of the direct shear test of an SRM sample.

When building the particle model of SRM, due to the limited shape indices pertaining
to the rock block, both rock and soil particles are simulated by traditional disk particles in
PFC2D. According to particle size distributions of SRM samples in Figure 6, the random
generation algorithm provided in the PFC2D is used for producing disk particles, and the
target number of elements is generated by setting the maximum and minimum particle
sizes and the target void ratio. To make the size of each particle group more consistent with
the fractal law of particle gradation of SRM, the volume content of the rock block of each
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particle group is determined by using Formula (8), and then the volume content provided
in PFC2D is employed to produce each particle group.

M(dy — do)/ My — <Rd1 >3—D_< dy )3—1) .

max Rmax

Figure 8 shows the particle models of SRM samples with different maximum particle
diameters. For each type of SRM sample, numerical tests under four different normal
stresses of 200, 400, 600, and 800 kPa are simulated. When the shear displacement of the
SRM sample reaches 75 mm, the test is deemed to be over. The simulations are summarized
in Table 1.

Figure 8. Particle models of SRM samples with different maximum particle diameters. (a) S1, (b) S2,
(c) S3, (d) S4, and (e) S5.

Table 1. Numerical test scheme.

Sample Number Rock Proportion/% Fine Particle/% Maximum Particle Diameter/mm Normal Stress/kPa
S1 529 471 100
S2 49.3 50.7 80
st 3 = 0 00,500
54 44.3 55.7 60 ,
S5 40.9 59.1 50

4.2. Scale Effect Analysis
4.2.1. Shear Displacement

Figure 9a displays the relationship curve between shear stress and shear displacement
as simulated. Under normal stress of 800 kPa, the shear stress increases gradually with the
increase of the maximum particle size of SRM: for sample S1 (d;y4x = 100 mm), the peak
shear strength is 492 kPa, while for sample S5 (d;5c = 50 mm), the peak shear strength is
reduced to 403 kPa. Under normal stress of 400 or 200 kPa, the change of maximum particle
size has relatively little effect on the shear strength of SRM, thus indicating that, with the



Fractal Fract. 2022, 6, 120

10 of 17

decrease of normal stress, the relationship is less affected by the maximum particle size in
the SRM sample.

Figure 9b illustrates the relationship between vertical displacement and shear displace-
ment as simulated: under normal stress of 200 kPa, the deformation of the SRM samples is
similar, and they all show the characteristics of initial shear shrinkage and dilation; with
the increase of dyy, the dilatancy at the end of the test increases. Under normal stress of
800 kPa, the shear shrinkage of sample S1 is obvious and close to that of sample S5, while
shear expansion of sample S3 occurs.

—=— S| dmax=100mm —e&— S3 dmax=70mm —&— S5 dmax=50mm

500 -

J -7
450 -~ 7~ _ _ 800kPa
400 -

] VAT T

7 -

350 4 ey
300 AN

400kPa

200kPa

Shear stress (kPa)

80
Shear displacement (mm)
(a)
—a— S| dmax=100mm —e— S3 dmax=70mm —&— S5 dmax=50mm

200kPa
g
g
; 400kPa
5}
g
3
=
o7
Z
3 _ 800kPa
A=
[
>

-5 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Shear displacement (mm)
(b)

Figure 9. Shear displacements from numerical simulation of SRM samples. (a) Relationship between
shear stress and shear displacement; (b) Relationship between vertical displacement and shear
displacement.

4.2.2. Shear Zone

Figure 10 shows the horizontal displacements of SRM samples at the end of the
simulations and marks the horizontal displacement of 0 mm as the boundary of the upper
shear zone (drawn with a red dotted line). Under different normal stresses, the shape of the
shear zone in different SRM samples fluctuates, and the shear zones are mostly distributed
in the upper shear box.
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As shown in Figure 10a-c, due to the large difference in particle size of sample
S1, the shapes of shear zone change little under different normal stresses, and this is
mainly controlled by particles with large size; in addition, compared with the case at
200 kPa, the irregularity of shear zone is reduced under normal stresses of 400 and 800 kPa.
However, compared with sample S1, the shear zone shapes of sample S5 (Figure 10g-i) are
significantly different. Under normal stress of 200 kPa, the fluctuation of the shear zone
is more obvious, and the number of soil particles therein is smaller; under normal stress
of 800 kPa, the shape of the shear zone is more regular, and the number of soil particles
therein increases.
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Figure 10. Horizontal displacements of SRM samples at the end of simulations. (a) S1-2 x 102 kPa,
(b) S1-4 x 102 kPa, (c) S1-8 x 102 kPa, (d) S3-2 x 102 kPa, (e) S3-4 x 102 kPa, (f) S3-8 x 102 kPa,
(g) S5-2 x 102 kPa, (h) S5-4 x 10? kPa, and (i) S5-8 x 10* kPa.

4.2.3. Shear Strength

Figure 11 shows the relationship between the shear strength and d,,y of SRM samples.
As shown in Figure 11a, when dy4y increases from 50 mm to 100 mm, the corresponding
peak strength of the SRM samples under each normal stress increases. Taking the shear
strength of sample S5 (d;u4x = 50 mm) as the standard, under normal stress of 800 kPa, the
peak strengths of samples S1, S2, S3, and 54 are increased by 21.97%, 15.18%, 9.87%, and
4.31%, respectively.

As shown in Figure 11b, the shear strength indices of the SRM sample, including the
cohesion and friction angle, fluctuate with the changes in the dj;;,. The cohesion of SRM
samples decreased to 17 kPa at djx = 70 mm, and then it increased to 34 kPa with the
increase of dyay. The friction angle tended to increase with the dy;4y, from 29.5° to 32.7°.
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Figure 11. Relationship between the shear strength and the maximum particle size of SRM samples.
(a) Peak shear stress; (b) Strength parameters.

5. Estimation of Shear Strength Parameters of SRM

In fact, apart from the fractal dimension calculated based on the grading curve of the
SRM from Zhaizi village in this study, the grading data of the SRM located in Southwest
China were collected from the literature [50-54]. Using these grading data, we obtained
over 100 fractal dimensions based on the fractal theory. Table 2 lists a part of representative
fractal dimensions of the SRM located in Sichuan and Yunnan province, China. Figure 12
presented the frequency histogram of the whole collected fractal dimensions. The average
fractal dimension of the SRM is 2.60, and the maximum and minimum values are 2.90
and 2.23, respectively. The results show that the largest frequency of the fractal dimension
is in the range of 2.60-2.70, and then it is the range of 2.50-2.60. The frequency of the
fractal dimension is in the normal distribution, and the median fractal dimension is 2.62.
The fractal dimension utilized in this study for the numerical simulation is 2.67, which is
near the most frequency range and the median value according to the discussions above.
Therefore, the relationships between the d,;,x and the shear-strength parameters could be
considered as the representations of the material distributed in the southwest of China.

40+

354

304

22

3

: -

2.1 22 23 24 25 2.6 2.7 28 29 3.0

Fractal dimension

Figure 12. Frequency histogram of the fractal dimensions of the SRM in Southwest China.
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Table 2. Representative fractal dimensions of the SRM in China.

Number Fractal Dimension Location of the SRM Resource
1 2.67 A deposit slope in Zhaizi village This study
2 2.52 Soil-rock mixtures in the Hutiao Gorge area Xu et al. (2007) [6]
3 2.55 Gravelly soil in Jiangjiagou Ravine in Yunnan Wei et al. (2008) [50]
2.62 Fujiapingzi, Xiluodu Reservoir
2.64 Ganhaizi, Xiluodu Reservoir
4 2.59 NiuGudang, Xiluodu Reservoir Hu (2014) [51]
2.64 Shuanglongba, Xiluodu Reservoir
2.66 Shaniwan, Xiluodu Reservoir
2.68
2.65
2.66 7h Ierock mi d it in South
5 259 .angmu soil-rock mixture deposit in Southwestern Gao et al. (2014) [52]
China
2.69
2.65
2.64
6 285 Soil-rock mixture of Nuozhadu hydropower station in Zhang et al. (2016) [46]
Yunnan
v 266 An oPen-plt limestone mine in Esheng, Sichuan Ma et al. (2019) [53]
Province
2.75
275 A lated hed il in Deqin C
8 274 ccumulated crushed stone soil in Deqin County, Tu et al. (2019) [54]
Yunnan
2.75
2.45

To establish the relationship between the d,;,x and the shear strength indices of SRM,
the particle size of sample S4 (d;.x = 60 mm) is taken as the reference particle size. The
particle size ratios of SRM samples can be calculated by using their corresponding d;ax
divided by 60 mm. The particle-size ratios of samples S1, S2, S3, 54, and S5 are 1.67, 1.33,
1.17, 1, and 0.83, respectively. Then, the cohesion and friction angle of sample 5S4 is selected
as a reference, the functional relationship between strength parameter ratio and particle
size ratio is established. As shown in Figure 13, both the cohesion and friction angle ratio
present the complex variation law as the particle-size ratio, X, increases. When x < 1.17
(dmax < 70 mm), the strength parameters show a parabolic trend with the x increases with
an obvious variation. After dy;,y larger than 70 mm, the responses of the parameters keep
increasing in a nearly linear trend. In this study, the relationships between the strength
parameters and particle size ratio were expressed by using the piece-wise functions:

—12.9x2 4+25.13x — 11.23  0.83 < x < 1.17
c/co= 9)
0.52x — 0.08 117 < x < 1.67
oy — 3.45x% — 6.78x +4.32 0.83 < x < 1.17 10)
P07 004500817 41 117 < x < 1.67

Using Formulas (9) and (10), we can estimate the cohesion and friction angle of SRM
at different scales on the basis of obtaining the shear strength parameters of SRM with the
reference particle size by large-scale direct shear test. The result provides a reference for the
quantitative evaluation of mechanical properties of geomaterials at the engineering scale.
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Figure 13. Relationship between strength-parameters ratio and particle-size ratio.

6. Conclusions

In this study, the fractal theory was invoked to explore the fractal characteristics of the
particle distribution of SRM; the particle gradation curves of SRM at different scales were
predicted by using the fractal dimension and relative threshold; the numerical large-scale
direct shear tests were simulated by using PFC2D, and the variations in shear strength
parameters of SRM with different particle sizes were studied. The main conclusions could
be drawn as follows:

(1) Based on the particle gradation data of SRM, the relationship curve between particle
cumulative mass percentage 1g (M(r < R)/MT and particle size Ig R in the double
logarithmic coordinate system can be drawn, whether the SRM has a fractal structure
can be judged and the corresponding fractal dimension can be obtained. The case
study shows that the SRM in Zhaizi village has a fractal structure, and the fractal
dimension is 2.67. In addition, there is an obvious double-fractal structure in the SRM,
with a maximum particle size of 60 mm, and the threshold between soil and rock
blocks of the SRM in this area was determined to be 2 mm.

(2) Based on the self-similarity and fractal structure of the natural SRM, the grading
curve and the particle group mass under the condition of different maximum particle
diameters could be obtained. This method not only can expand the study range of
particle size of SRM, but also overcome the deficiency of conventional direct shear
tests, which remain limited by sample size.

(38) The increase of the maximum particle size leads to a more obvious positive influence
on the shear stress. The shear contraction at the beginning of shearing then becomes
dilated under the low normal stress with the fluctuation in the shear zone. With the
increase of the particle size ratio, the friction-angle ratio increases. Meanwhile, the
cohesion ratio increases up to a particle-size ratio of 1.3 and then decreases.

(4) InSouthwest China, the frequency of the fractal dimension of the SRM is in the normal
distribution, and the median fractal dimension is 2.62. In the range of this fractal
dimension, by taking the particle diameter of 60 mm as a standard value, the piece-
wise functional relationship between the strength-parameter ratio and particle-size
ratio is established. When particle size is less than 70 mm, the strength parameters
show a parabolic trend and the particle size increases. When the particle size is larger
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than 70 mm, the responses of the strength parameters keep increasing in a nearly
linear trend.
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