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The shear strength of the soil-rock mixture (S-RM) is the primary mechanical

factor influencing the stability of the deposit slope. The particle size range inside

the test sample, however, is not the same as that of the S-RM in the deposit

slope due to the limitations of the test device, which results in a variation in the

mechanical properties. In this study, computer simulation tests were conducted

to examine the impact of particle size on mechanical behaviors under the

uniaxial compressive condition, and the size effect was analyzed from both

macroscopic and mesoscopic perspectives. Results indicate that when the

particle size increases, the anisotropy levels of the S-RM sample also rise,

causing the particle displacement difference inside the sample to increase and

the rounding rock effect to become more pronounced. The quantitative

relationship between the uniaxial compressive strength (UCS) and the

maximum particle size (dmax) was proposed, and the accuracy of the

prediction formula for the UCS value of S-RM that takes the size effect into

account has been confirmed. The improvement of the shear strength

determination method was achieved by unifying the particle size range

corresponding to the uniaxial compressive and shear test results used in the

approach, and the determination method was used to evaluate the stability of a

typical deposit slope. The study results can be used as a guide for estimating

strength parameters of S-RM throughout the design and construction process

of the deposit slope.
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Introduction

Soil-rock mixture (S-RM), defined as the combination of the soil matrix with rock

blocks of various sizes, presents a large distribution in southwestern China (Fu et al.,

2021a; Ji et al., 2021; Zhou et al., 2022). The inclination to use S-RM, for example as the fill

material for the high-fill deposit slope and rock-fill dam, is growing in the geotechnical
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engineering projects due to the expansion of the highway and

building in the mountainous region of southwestern China

(Zhang et al., 2021; Du et al., 2022; Fu et al., 2022). The

natural S-RM can be divided into landslide deposit, collapse

deposit, residual deposit, and other categories depending on how

they formed (Xu et al., 2007; Yang et al., 2021). Each of these

categories exhibits various particle grading distribution

characteristics, particularly the particle sizes (Xu and Hu,

2009; Zhou et al., 2017; Bai et al., 2021). Long-term geological

formations and rainfall in the southwestern region of China have

resulted in the development of the shallow regions near the

deposit slope with considerable weathering impacts, whereas a

small range of the particle grading distribution between 40 and

60 mm under weathering effect is typical to be observed in the

S-RM due to landslide and residual deposit. Determining the

mechanical parameters of the geo-material and the slope stability

assessment has been made more difficult by the complex

mechanical behaviors of S-RM with different particle size

characteristics, which has been a crucial problem to be solved

urgently during design and construction of the deposit slope

engineering.

It is generally considered that particle size affects the

mechanical properties of geotechnical materials, which is

called the size effect. As a typical multi-phase material, the

threshold size of the “fine” and “coarse” grain material inside

S-RM should be determined first using the particle grading

distribution. The coarse-grained materials are consistently

categorized as rock block components, whereas fine-grained

materials are consistently categorized as soil components. The

size effect of S-RM has mostly so far been analyzed in terms of

how the rock block size affects the mechanical properties in

previous researches. The strength of the individual rock block

particle and the whole material are both impacted by the size of

the rock block (Hong et al., 2020; Ovalle and Dano, 2020). The

former changes the pressure range that the rock block can sustain

and the likelihood of breaking, while the latter involves the

propagation of cracks and the development and dispersion of

microcracks (Li, 2013; Lin et al., 2019), speeding up the

decomposition of the sample. The S-RM triaxial tests carried

out by Zhao and Liu, 2018 demonstrated that the stress-strain

curve of the sample with a greater rock size is more varied

because of the interaction between the large rock blocks.

According to Li et al. (2008), in the triaxial compressive

condition, the S-RM sample with a higher dmax value exhibits

a greater strength, friction angle, and initial tangent modulus.

Wu et al. (2020) also suggested the same conclusion in light of the

results of the rockfill material testing. Since the widespread use of

computers, numerical simulation has been extensively used to

investigate how particle size affects the mechanical properties of

S-RM from a mesoscopic perspective. Ueda et al. (2011) and

Ding et al. (2014) proposed that the bigger size of the rock block

causes a greater level of heterogeneity and exacerbates the

particle’s contribution to the structure and mechanical

properties of S-RM. The deformation of S-RM exhibits the

size effect as well in terms of crack distribution and shear

zone features. Wolinski et al. (1987) reported that the S-RM

sample with the smaller dmax value (2–4 mm) has a smoother

fracture surface than the sample with the greater dmax value

(8–32 mm). Peng et al. (2017) found that the distribution of the

S-RMmicrocracks with lower particle sizes is more clustered and

less uniform, and the formation of the microcracks is connected

to the particle size. Lv et al. (2022) and Wang et al. (2022)

discovered a strong correlation between the particle size and the

shear bandwidth of the granular sample. The characterization

quantities of the particle size in previous studies are various, such

as the maximum particle size (dmax) (Ji et al., 2011; Chaulagai

et al., 2017), average particle size (d50) (Giang et al., 2007), and

the ratio of the maximum to minimum particle size (dmax/dmin)

(Ding et al., 2014; Vahidi-Nia et al., 2020). However, there is still

a need for discussion regarding the quantitative description of the

size effect and the quantitative correlations between the

mechanical parameters and the representative characterization

quantity.

Previous studies have demonstrated the importance of

examining the size influence on the mechanical behaviors of

S-RM. The maximum allowable particle size of the sample is

constrained by the size restrictions of laboratory test apparatus,

which also changes with the apparatus size. For example, the

maximum allowable particle size of the fixed-size test apparatus

often not exceeding 10 mm in certain regular-size laboratory

tests, such as the uniaxial compressive test, Brazilian splitting,

and compaction tests. However, the maximum allowable particle

size has been raised to 40–60 mm in using the large-scale triaxial

test apparatus and direct shear test apparatus. Therefore, the

mechanical behaviors demonstrated utilizing various test

apparatus sizes represent the S-RM samples with the

corresponding particle grading properties. It is more

challenging to estimate the shear strength characteristics of

S-RM using laboratory tests because of the size effect due to

the laboratory tests even though the particle size of the S-RM

sample is within the range of the allowable size of the test

apparatus.

Numerical simulation methods are rapidly being used into

the research of the mechanical properties of geotechnical

materials as a result of the ongoing advancements in

computer technology (Guo et al., 2019; Bai et al., 2022; Bai

et al., 2019). The discrete element method based on

discontinuous mechanics theory, in contrast to the numerical

simulation method for continuous media, can simulate the

material multiphase and non-homogeneity of S-RM, providing

a tool for the discussion of the mechanical properties of S-RM at

various sizes in this paper. However, the low computational

efficiency and high computational cost presented by the discrete

element calculation method make it more challenging to use in

large-size practical engineering. Researchers have lately shown a

growing interest in the empirical formula to determine the
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strength characteristics of the geotechnical material by using the

findings of several mechanical and physical tests. On the one

hand, the availability of empirical formulae to describe the

mechanical characteristics of geotechnical materials is ensured

by the fact that the majority of the empirical formulae are given

based on the test results and an established constitutive model.

On the other hand, the using empirical formulae can effectively

lower the cost required for mechanical tests and eliminate errors

in the findings brought on by the unpredictability of the tests.

The mechanical parameters can be quickly estimated using the

empirical formulae with a small number of physical and

mechanical parameters. The theory of the coarse-grained soil

is the main source of the typical empirical formulae used to

characterize the mechanical properties of S-RM, and the pending

parameters are determined from the results of large-scale tests.

There are few descriptions of the mechanical parameter

calculation method taking the multi-phase components and

size effect of S-RM into consideration.

Based on the outcomes of numerical simulation, a method for

determining the shear strength of the S-RM taking the size effect

into account is presented in this study. The size effect on the

uniaxial compressive strength (UCS) is discussed from the

macroscopic and mesoscopic views using Particle Flow Code

in two dimensions (PFC2D), and a quantitative relationship

between the UCS value and dmax is proposed, taking into

consideration that the ranges of the particle sizes of the

required test data within the formula proposed for calculating

the shear strength of S-RM are not uniform. The modified

calculation of the UCS value taking the size effect into

account is used when determining the shear strength

parameters of the S-RM. The stability evaluation of a typical

deposit slope uses the determination method as a last step, and

thus serves as a reference for the estimating the strength

parameters of S-RM.

An approach to predicting the shear
strength of soil-rock mixture

The multi-phase compositions and structural characteristics

of natural S-RM result in complicated and varied mechanical

behaviors. The weak soil-rock interface develops as a result of the

increase of the rock content, which also damages the integrity of

the soil matrix. However, the stronger and more rigid rock blocks

can also assist in enhancing the mechanical characteristics of the

S-RM. The presence of the negative and positive effects of rock

blocks on S-RM make it extremely difficult to calculate its

strength parameters.

The relationship between the strength parameters and the

rock content, particle size, water content, and other factors has

been proposed by a number of researches. The results suggest

that the rock content has a significant impact on how the

mechanical behaviors of S-RM changes from being

comparable to those of soil to being similar to those of

broken rocks. Fu et al. (2021b) suggested a method to

estimate the strength parameters of S-RM in order to

characterize the cooperative influence of the multi-phase

compositions on the mechanical properties of the

entire material. The calculation for the prediction method is

as follows.

τ � Asσc−SRM( σn
σc−SRM

− Ts)n

(1)

where σc-SRM is the unconfined compressive strength of the soil-

rock mixture, which is used to describe the strength of the contact

surface; parameters Ts and n are material constants, which are

related to the rock block proportion, and strength of fine-grained

soil and rock blocks; parameter As is a nonlinear strength

constant of the power-law criterion.

The uniaxial compressive strength of S-RM utilized in Eq. 1 is

obtained based on the prediction formula proposed by Kalender

et al. (2014) calculated as follows.

σc−SRM/σc � A − A
VBP
100

A − 1
(2)

where σc is the UCS value of the soil matrix; VBP is volumetric

rock block proportion, %; characteristic parameter A is a

constraining variable, which represents the contact strength

between the soil and rock blocks and can be determined

based on the value diagram using σc and the internal friction

angle or the roughness of the rock blocks.

Based on Fu et al. (2021b) and Kalender et al. (2014), the

precision of the UCS and shear strength prediction methods

has been confirmed. In Eq. 1, the UCS value of the soil matrix

and the shape index of rock blocks are used to calculated the

influence of the soil-rock interface on the shear strength. The

impact of the content and mechanical properties of the soil

matrix, rock blocks, and soil-rock interface on the mechanical

characteristics of the entire material is thus shown in the

shear strength estimation method of Eq. 1. With the multi-

component and non-homogeneous characteristics fully

considered, the estimation method of S-RM provides a

theoretical basis for the following discussions.

According to the results proposed by Kalender et al.

(2014), characteristic parameter A is chosen based on the

results of previous uniaxial compressive experiments. The

limitations of the regular-size uniaxial compressive test

apparatus result in a constrained range of particle sizes

inside the S-RM sample, which typically implies that the

maximum particle size of the rock blocks is less than

10 mm. The S-RM sample under regular-size test

circumstances is substantially smaller than the typical size

of the rock blocks in the shallow region of the deposit slope,

which can reach 40–60 mm. To guarantee that the particle

size applicable to the prediction technique is fairly close to the
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real circumstances, it is vital to understand how particle size

affects mechanical behavior under the uniaxial compressive

condition.

Numerical simulations of the size
effect on the mechanical behavior of
soil-rock mixture

The discussions above indicate that particle size of the S-RM

sample is constrained by the size of the laboratory apparatus. In

this study, the maximum particle size (dmax) of the regular-size

uniaxial compressive sample is 10 mm, which is even lower than

the value of natural S-RM, and the size effect is numerically

simulated using the discrete element method in this study using

PFC2D.

Model establishment and mesoscopic
parameter calibration

The process of the PFC2D simulation test is divided into three

parts: model establishment, mesoscopic parameter calibration,

and simulation process. For the mesoscopic parameter

calibration, the S-RM particle model of the same size as the

one used in the laboratory test was constructed. The shape of the

rock blocks in the natural S-RM is angular-subangular; in

contrast, the rock blocks in this study are shown in Figure 1

FIGURE 1
Rock blocks inside the S-RM sample used in the laboratory test.

FIGURE 2
S-RM particle models for the calibration.
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as having a round-elliptical shape. Therefore, it is allowed to

imitate the rock block using a standard disk element. For the

calibration sample, the particle diameter of rock is set as

2–10 mm, and the soil particle diameter is set as 1.6–2 mm.

The S-RM particle model used in the calibration procedure is

shown in Figures 2A,B.

In PFC, the contact model is used to replace the constitutive

model to represent the contact force and moment between the

particles when an external force is present. An essential step of

computer simulation test is the calibration of the precise

mesoscopic parameters utilized in the contact models.

Different from the continuous numerical calculation method,

mesoscopic parameters are utilized to describe the mechanical

properties and deformation characteristics. The mesoscopic

parameter calibration procedure has thus so far been carried

out utilizing several groups of the mesoscopic parameters to

make the macro mechanical behaviors of the simulation, such as

the UCS, strength parameters, and secant modulus, much closer

to the test results. The uniaxial compressive test of S-RM in the

regular size was carried out in this study as the reference for

calibrating the mesoscopic parameters.

The S-RM sample was calibrated at 125 mm in height and

61.8 mm in width. The diameter range of the rock block was

specified as 2–10 mm as shown in Figure 1 in accordance with the

specification for the geotechnical test, and the dmax value of the

S-RM sample should be less than 10 mm. In order to determine

how the mechanical behaviors of S-RM are affected by the rock

block, VBP was selected as the controlling factor. Several groups

of S-RM uniaxial compressive tests were conducted with a VBP

range of 0%–30%.

Figure 3 shows the curves of the axial stress and strain of the

S-RM samples with various VBPs under the test and simulation

conditions. The results demonstrate that simulated axial stress

exhibits an increasing trend with axial strain identical to the test

results, and the peak stress and stress drop are discovered

throughout the simulation. As VBP increases, the simulated

UCS value and secant modulus fall, which is line with the

variation rule of the test findings. The calibrated mesoscopic

parameters can be employed for the S-RM numerical test in this

study, according on comparisons in the axial stress between the

simulation and test results. The calibrated mesoscopic

parameters are listed in Table 1.

Numerical uniaxial compressive
simulation test scheme

According to the earlier research, the appropriate D/dmax

value (ratio of the sample diameter to dmax) must be used to avoid

the negative effect due to the boundary effect on the simulation

and test results. In order to choose an appropriate value range of

D/dmax for the size effect simulation, the impact of the dmax value

on the mechanical characteristics of S-RM is first explored.

Seven groups of S-RM samples were constructed at a height

and width of 600 and 300 mm, with various dmax values. The

results of the uniaxial compressive simulation tests show that

when the dmax is larger than 25 mm, it appears that the variation

ofUCS value is more sensitive to particle size. The relative ratio of

UCS, denoted by the symbol ασrat, is determined in order to better

understand the variation law of the UCS under various particle

size conditions. The calculation of the relative ratio of UCS is as

follows.

ασrat � UCSdmax�10mm − UCSdmax

UCSdmax�10mm
× 100 (3)

whereUCSdmax = 10mm andUCSdmax is theUCS value of the S-RM

sample with a dmax value of 10 mm and the other value.

The lower value of ασrat indicates that the UCS value is

substantially closer to that of the S-RM sample with dmax =

10mm, which means that the particle size effect and boundary

effect area relatively less significant. The fluctuation of ασrat with

various D/dmax values under different VBP conditions is obvious.

In contrast to the wave trend of ασrat value in the sample with

60% and 90%VBP, the comparisons show that the ασrat exhibits a

FIGURE 3
Axial stress versus strain curves of the test and simulation
results.

TABLE 1 Mesoscopic parameters of the soil and rock particles.

Properties and descriptions Soil Rock

Density/(kg/m3) 1700 2,250

Normal stiffness, kn/(N/m) 1.8 × 107 3.0 × 107

Normal-to-shear stiffness ratio, krat 1.0 1.0

Shear strength, cb_strength tensile/(N/m) 4.5 × 105 5 × 104

Tensile strength, cb_strength shear/(N/m) 4.5 × 105 5 × 104

Friction coefficient, Fric 0.3 0.7
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decreasing tendency when D/dmax increases from 5 to 8 by 15%

and 10% with VBP = 20% and 40%. With the exception of the

sample with VBP = 90%, the ασrat only fluctuates within a limit

range of −2.5%–5% as D/dmax increases from 8 to 30, indicating

that the particle size only little affects theUCS value whenD/dmax

is more than 8.0. In this study, an appropriate value ofD/dmax for

the simulation test was determined to be 8, and seven S-RM

samples with the corresponding size were carried out. The

detailed numerical test scheme is listed in Table 2.

Results and discussions

Figure 4A displays the UCS values for S-RM samples with

various particle sizes (using dmax as the size description index)

under different VBP conditions. As dmax increases from 10 mm

to 25 mm, it seems that theUCS value almost maintains a value of

800 kPa, and the quick fall in UCS appears until dmax reaches

25 mm for the soil sample (VBP = 0%). In S-RM sample with

VBP = 20% and 40%, the UCS initially rises and then falls with

dmax, with the maximum UCS appearing at a dmax value of

12.5 mm. Under a 60% VBP condition, the variation range of

UCS values of the S-RM samples with various dmax values is

significantly less, and the value is in the range of

179.21–210.07 kPa. The sample with VBP = 90% exhibits the

most pronounced decreasing trend of UCS variation, with the

value decreasing from 107.45 to 86.56 kPa as dmax increases from

10 mm to 40 mm.

Previous studies indicate that the presence of rock blocks

weakens the stability of the soil matrix and reduces the UCS

value. However, little is yet known about the impact of the

different-sized rock blocks. To determine the negative impact

of tock block on the soil matrix, the relative disturbance UCS

ratio, β, is proposed. It is calculated as follows.

β � UCSsoil − UCSS−RM
UCSsoil

× 100% (4)

The β values of samples with different dmax values under different

VBP conditions are shown in Figure 4B. Under the VBP

condition of 20%, the β values of samples are sensitive to

changes in the dmax value, and are basically greater than 20%.

The detrimental effect of the rock block becomes much more

TABLE 2 Numerical simulation test scheme.

Test number Sample size H*L/(mm*mm) Maximum particle size,
dmax/mm

The ratio of
the sample diameter
to maximum particle
size, D/dmax

B-1 160*80 10 8

B-2 200*100 12.5

B-3 300*150 18.75

B-4 400*200 25

B-5 500*250 31.25

B-6 640*320 40

FIGURE 4
(A) UCS and (B) relative disturbance UCS ratio values of S-RM
samples with different dmax values.
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apparent when VBP reaches to 40% as dmax = 10 mm, whereas

the β values of samples are close to 50% with a dmax range of

12.5–40 mm. The negative influence on the UCS value of rock

blocks with various dmax values under the high VBP condition

(such as VBP = 90%) is virtually the same, and the β value is

about 85%–90%. The sample with the lower dmax value has a

considerably more pronounced detrimental impact of the rock

block on the UCS in the low VBP stage (20% and 40%). Because

there are more rock particles and soil-rock interfaces with the

same VBP due to the smaller rock size, the soil integrity and UCS

FIGURE 5
Horizontal displacement distribution of samples with different dmax values with (A) 20%; (B) 40%; (C) 90% VBP at the destruction stage.
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value are more severely damaged. The influence of size

differences on the disruption of mechanical behaviors

eventually diminishes as VBP increases.

Figure 5 depicts the horizontal displacement distribution of

the S-RM samples with various dmax values under differentVBPs at

the destruction stage, and the destruction stage refers to the stage in

which the axial stress reduces to the stress that is 0.7 times peak

stress in the post-peak stage. The result demonstrates that when

the dmax value increases from 10 to 40 mm, a boarder distribution

area of blue and red colored particle displacement appears and an

increase in the difference in the horizontal displacement as shown

in Figure 5A. The phenomenon of soil particle detachment was

FIGURE 6
Micro-crack distribution of the sample with different dmax values with (A) 20%; (B) 40%; (C) 90% VBP at the destruction stage.
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discovered as a result of the weak soil-rock contact strength, and

the increase in dmax value causes a larger degree of anisotropy. On

both sides of the sample, the evident destructions in the irregular

form were discovered.

The noteworthy region in Figure 5 is shown by a blue and red

dotted line that delineates the region of which the horizontal

displacement more or less than 0.6 times the greatest

displacement. Particularly in the sample with dmax =

25 mm–40 mm, the position of the rock blocks is connected

to the shape of the noteworthy region. The separation of the soil-

rock aggregates has become more obvious as VBP increases, and

in Figures 5B,C, the area of the noteworthy region has grown

significantly. The contact failure within the sample is caused by

an increase in both the VBP and dmax values because the contact

strength between the rock-rock and rock-soil is significantly

lower than that between the soil particles. As a result, the

local destruction within the sample usually occurs in the area

around the large size rock blocks.

The shear and tension micro-crack are indicated as black and

red line segments between particles in Figure 6, which shows the

micro-crack distribution of the sample with various dmax values

at the destruction stage. The results show that the distributions of

the tension and shear micro-crack are comparatively dispersed in

the sample with dmax = 10 mm. The micro-crack gradually

spreads parallel to the diagonal from the top or bottom of the

sample, and more micro-crack are present as the dmax value

increases as shown in Figure 6A. In Figures 6B,C the difference in

the micro-crack distribution in the samples with dmax = 10 mm

and 40 mm is more pronounced. When VBP reaches 40%, the

micro-cracks in the sample with dmax = 10 mm were primarily

found close to the larger rock blocks, and did not clearly link to

one another. The micro-cracks mostly begin in the contact region

of the sample with the wall when the dmax within the specimen is

40 mm. The micro-cracks are more widely spaced out and seem

to be clearly connected when VBP is 90%. The failure of the rock-

rock and rock-soil contact models, as discussed above, is the main

cause of the deformation and failure of the sample. The ‘rounding

rock effect’ is well presented as the extension of the micro-crack

occurs along the weak soil-rock interface, and the increasing

unevenness of the crack as the rock block size increases. The

FIGURE 7
Force chain distributions of the S-RM sample with different dmax values with (A) 20%; (B) 90% VBP at the peak stress stage.
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shear and tension micro-cracks can be found around the rock

block particles in Figure 6C, which indicates that when theVBP is

relatively large, the failure modes of the contact model inside the

sample appear to less connected to the particle size.

The force chain distributions of the S-RM sample with various

dmax values and VBPs at the peak stress stage are displayed in

Figure 7. The wider cyan and red force chains with the higher contact

force were identified between the rock-rock with a bigger size, while

the blue force chains with low contact force are extensively dispersed

between the soil-soil particles. As the dmax value increases, there are

more strong force chains, which suggests that there is a more evident

transformation of the external force between the rock blocks (Figure

7A). The anisotropy in the contact force between the particles results

in the local destruction and the decrease ofUCS value. The difference

in the contact force between rock-rock and rock-soil becomes more

noticeable as VBP increases. In Figure 7B, the red and cyan force

chains that have a reasonably strong contact force and are situated

close to rock blocks with a relatively big size have been linked

together. The rock blocks make contact with one another to form

the rock skeleton under the high VBP condition, and they play the

dominant role in transforming and bearing the external force under

this circumstance. Due to the additional external force, the sample is

more likely to be destroyed because of the poor strength of the rock-

rock and rock-soil contact models.

A method for determining the
strength parameters of soil-rock
mixture considering size effect

Researchers have also undertaken quantitative discussions

regarding the size effect, and numerous theories have been put

out to explain and predict the variance of the mechanical

properties as the sample size increases.

Băzant theory (Bažant and Oh, 1983; Bažant, 1997) is one of

the typical theories that is frequently utilized in the investigation

of the quasi-brittle material size effect. Bažant (1997) indicates

that the size effect was caused by the dissipation of strain energy

during the macro crack growth. The unified nominal strength

calculation formula function of the characteristics size D is

shown in Eq. 5.

σN � Bft�����
1 + D

D0

√ (5)

where ft is the tensile strength of the standard sample; B and D0

are empirical constants determined by test results.

Figure 8 displays the UCS simulated results and the fitting

curves using Băzant theory. The obvious inaccuracy is identified

as the S-RM sample with a VBP range of 60%–90% and greater

dmax values based on the disparities between the simulated and

fitted values. According to the simulation results above, the UCS

FIGURE 8
Comparisons between the simulation and calculation based
on Băzant theory.

FIGURE 9
(A) Normalized UCS; (B) characteristic parameter A of S-RM
with different dmax values.
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value of the sample at VBP = 40% exhibits a declining trend with

respect to the dmax value, however, it appears that at VBP = 90%

the UCS value is less impacted by particle size. The peak stress

and stress drop are no longer discernible, and the continuous

deformation can be detected once the axial stress exceeds the

yield stress, according to the axial stress-strain curves of S-RM

with various dmax values asVBP = 90%. The increases inVBP and

dmax lead to the ductility feature appearance of S-RM, and it is

improper to use the size effect theory based on the test results of

the quasi-brittle material.

Even though the connections between the sample (or particle)

size and mechanical parameters have been discussed by many

researchers in recent years, the study about the effect of particle

size on theUCS value of S-RM is still few. According to the empirical

formula of UCS with various VBPs presented by Kalender et al.

(2014) as Eq. 2, the presence of rock blocks destroys the integrity of

the soil matrix, and the occurrence of the weak soil-rock interface

increases the failure possibility of the sample, resulting in a decrease

in strength. The characteristic parameter A is utilized to describe the

role in the material strength played by the soil-rock interface, and a

larger value of A indicates a stronger strength of the interface. The

form and roughness of the rock blocks as well as theUCS value of the

soil matrix all influence the value of characteristic parameter A;

however, the size effect has not been taken into account so far. Based

on the non-linear fitting, the characteristic parameter A of the S-RM

with various dmax values is derived, and the results suggest that the

particle size has an impact on parameter A as shown in Figure 9A.

Based on the compositions of the test samples mentioned above, the

dmax value of the sample in regular-size is generally less than 10mm.

In this study, the standard dmax value of the S-RM sample is set to

10 mm, which is named d10. The normalized Am (relative to the A10

of the sample with the standard dmax) and dmax value is shown in

Figure 9B, and the result shows that when the dmax value is less than

25 mm, the normalized Am remains constant at around 1.5, and the

size effect is evident in the sample within the dmax range of

25 mm–40 mm. According to Figure 4B, the relative disturbance

UCS ratio (β) of the S-RM samples with various dmax values shows

that the β values of the samples with a dmax range of

12.5 mm–25mm under different VBPs appear to be similar and

are in a relatively narrow variation range when comparedwith that of

the sample with dmax = 10mm. However, the β value exhibits a

distinct connection with the dmax value when the dmax value is larger

than 25mm. It is suggested that the normalized Am and dmax value

have the following connection.

Am/A10 � { 1.5 10<d max < 25
−1.12(d max/d10)2 + 7.51d max/d10 − 10.42 25≤d max ≤ 40

(6)

where Am and A10 are characteristic parameters of the sample

with a certain dmax value and standard dmax (d10), and the

standard dmax value is 10 mm in this study.

The characteristic parameter A10 of the sample with the d10
can be obtained based on the parameter value table, and the

characteristic parameter Am of the sample with a certain dmax

value can be obtained using A10 and Eq. 6. The UCS value of

S-RM with dmax value smaller than 40 mm under various VBP

conditions is calculated based on characteristic parameter Am

and UCS of the soil matrix, and the following prediction formula

is suggested.

σc−SRM/σc � Am − Am
VBP
100

Am − 1
(7)

Figure 10 displays the comparisons between the predicted

and simulated UCS values. The fitting functions suggested in this

work may be used as a prediction reference for theUCS and shear

strength of the engineering S-RM material taking the size effect

into account since the error between the predicted and simulated

values is acceptable.

A prediction method to determine theUCS value of the S-RM

material with a dmax less than 10 mm, which is much smaller than

the rock block size of the natural S-RM on the deposit slope, has

been described in the existing work. As a result, the particle size

range of the mechanical parameters in the prediction method for

the shear strength of S-RM involved UCS value has not been

consistent, of which the corresponding dmax value of theUCS and

shear strength value is 10 mm and 40 mm–60 mm, respectively.

Therefore, the aforementioned discussions above offer an

empirical method to determine the UCS value of the S-RM

material with a dmax ranging from 10 to 40 mm, which can

fulfill the majority of the particle size range of the deposit slope of

weathered origin. The typical large-scale apparatus used to

determine the shear strength of natural S-RM has a maximum

allowable dmax value of less than 40 mm. It is now feasible to

utilize the same material with the same particle size range for all

the experimental data used in the shear strength prediction

formula (Eq. 1) due to the expansion of the relevant particle

FIGURE 10
Comparison of the predicted and simulated UCS values.
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size range. The flow chart for the shear strength prediction of the

S-RM with a dmax value smaller than 40 mm is shown in

Figure 11. Based on the strength envelope, it is possible to

determine the shear strength parameters of S-RM with a dmax

value less than 40 mm can be obtained, which serves as a guide

for the parameter selection during the assessment of the stability

of deposit slope and the design of reinforcement engineering.

Engineering application of the
determination method

In this study, a typical deposit slope located in Shiyan

City, Hubei Province, is chosen as the engineering application

for the shear strength determination method of S-RM to take

the size effect into consideration. The study slope is a high fill

deposit slope, and the S-RM in the shallow region is made up

of reddish brown cohesive soil and strongly weathered

maroon argillaceous siltstone rock blocks of different sizes.

The size of the rock block in the S-RM material inside the

slope ranges from 2 mm to 50 mm, and occasionally there are

even large rock blocks with a particle size of up to 100 mm.

The internally cohesive structure of the moderately

weathered glutenite strata underneath is comparatively

complete, and the strength of the moderately weathered

layer is significantly higher than that of the shallow

strongly weathered region. The results of the in-situ

sieving test used to determine the particle size distribution

of S-RM material are displayed in Figure 12. Given that the

particle size of S-RM is 5 mm, the fractal dimension clearly

displays the multiple fractal characteristic, meaning that the

properties of the particle size distribution are very distinct in

the region above and below this particle size. Therefore, the

soil-rock threshold of the S-RM in this study is chosen at

5 mm, and the rock content of S-RM is around 60%.

The shear strength parameters of the S-RM in the shallow

region of the deposit slope are obtained using the determination

method proposed in this study. The calculation steps are as

follows.

(a) The soil matrix sample was collected from the construction

site, and the UCS value of the soil matrix was determined to

be 245 kPa based on the laboratory uniaxial compressive test.

FIGURE 11
Flow chart of the shear strength determination method of S-RM considering size effect.

FIGURE 12
(A) Particle grain-size distribution and (B) fractal dimension
curve of the S-RM material.
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The friction angle of the rock block with the sub-round form

is about 27°, and the characteristic parameter A10 was

selected based on the value selection table proposed by

Kalender et al. (2014) as around 1.2.

(b) The particle size distribution as illustrated in Figure 12

indicates that the dmax value of the material is larger than

40 mm. However, the rock content of the particle larger

than 40 mm is fewer than 10%, which is only a small part

of the total. The focus of this study was on the particle size

range of 10 mm–40 mm, and a 40 mm dmax value was

chosen. The characteristic parameter Am taking into

account the size effect can be obtained using Eq. 6

as 2.304.

(c) The UCS value of S-RM with 60% rock content was obtained

using the UCS value of soil matrix and characteristic parameter

Am as 122.87 kPa based on Eq. 7. The resulting test and physical

property parameters might be used to calculate the remaining

pending parameters in Eq. 1. The cohesion of the S-RM is

72.88 kPa and the friction angle is 17.5°.

The image data of the target slope was captured using multi-

rotor UAV equipment. A typical geological profile was selected to

build a numerical model of the deposit slope in a two-

dimensional plane, as illustrated in Figure 13A. The high-

filled deposit slope was assessed for the stability under self-

weight. The surface of the slope is assigned as the free

boundary for the mechanical analysis of excavation, whereas

only vertical displacement is allowed on the left and right

boundaries, and the bottom boundary is restrained from

movements.

Figure 13B shows that potential sliding surface of the deposit

slope is mostly found in Zone G and extends to a maximum

depth of 20.29 m. The safety factor was calculated based on the

finite element-limit equilibrium method as 1.988, and no evident

plastic zone was observed. According to the Technical code for

building slope engineering, when the safety factor is larger than

1.25, the slope can be considered to be in a stable state under

normal condition. Because the smallest safety factor in this study

meets the stability criteria, the high-filled deposit slope is in a

FIGURE 13
(A) Numerical model and the (B) potential sliding surface of the deposit slope.
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stable state, which is also compatible with the field monitor data.

The shear strength determination method taking the size effect

into consideration that is proposed in this study is expected to

serve as a reference for the values of the mechanical parameters

during the deposit slope engineering design and construction

process.

Conclusion

In this study, a shear strength determination method was

presented while taking into account how size affects the

mechanical behaviors of S-RM. The uniformity of the particle

size range of the material according to the required test data

within the determination technique was attained with careful

attention paid to fluctuations in the UCS value of S-RM with

varied dmax values. The conclusion are summarized as follows.

1. The uniaxial compressive computer simulation tests of the

S-RM sample in the same size with various dmax values reveal

that the UCS value exhibits a decreasing trend as the dmax

value increases, and the influence of the size effect on the

S-RM sample in the same size decreases gradually. Based on

the simulation results, a appropriated D/dmax value of 8 was

suggested, which indicates that the particle motion inside the

sample is not limited by boundaries.

2. The size effect simulation test results show that the UCS value

decreases as the dmax value increases, and the disturbance

caused by the rock block on the soil matrix has a connection

with dmax of VBP = 20%–60%. The contact failure is more

likely to occur close to the large-size rock blocks as the particle

size increases, leading to rounding rock effect of the damaged

surface. The distributions of the particle displacement and

micro-crack are proportional to the particle size. As the dmax

value increases, the rock blocks inside the sample begin to

interact with one another and build a rock skeleton than can

bear and transform the external force, especially when the

VBP is high.

3. A modified method to estimate the UCS value taking the size

effect into account was presented following the quantitative

discussions. The relationship between the Am and dmax value

was proposed after an analysis of the characteristic parameter

Amwithin the formula under different particle size conditions.

By comparing the predicted and simulated values, it has been

demonstrated that the accuracy of the predicted equation. The

shear strength was calculated using the modified UCS and

shear strength estimation methods and the stability of a

typical deposit slope was assessed using the determination

method as the engineering application. The study results can

be used as a guide for estimating the strength parameters of

S-RM and assessing the deposit slope stability as well as for

understanding the impact of rock size on the mechanical

behaviors of the S-RM under the uniaxial compressive

condition.
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