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Coarse-grained soil is a common material for earth-rock dams and soft-
ground projects. However, such soil particles are prone to breakage under load,
thus affecting project safety. Accurately understanding the particle breakage
characteristics is crucial to the safety design of related projects. Due to the
scale effect, the indoor test results of scaled soil materials often fail to effectively
reflect the breakage of coarse-grained soil particles with the original gradation.
According to previous studies, the scale effect of scaled soil materials is mainly
affected by the maximum particle diameter Dmax and the gradation structure.
Among them, the gradation structure can be represented by the gradation
area S. By changing the gradation area S and the maximum particle diameter
Dmax, 39 coarse-grained soil specimens with the same relative compaction
were prepared for loading tests on a large-scale triaxial coarse-grained soil
test system. The indices Bw and Bg were developed to quantitatively analyze
the scale effect’s influence on coarse-grained soil particle breakage, with a
focus on identifying strategies to mitigate this scale effect. The test results show
the following findings: Maintaining a constant maximum particle diameter, the
indices Bw and Bg for particle breakage show a decrease as the gradation area
enlarges, revealing a logarithmic correlation. Conversely, with a stable gradation
area, these indices, Bw and Bg, rise as the maximum particle diameter increases,
indicating an exponential relationship. The experimental findings led to the
development of a scale effect-based calculation model for Bw and Bg using the
similar gradation approach, whose accuracy has been confirmed. Furthermore,
a prediction technique for the breakage degree of original-gradation coarse-
grained soil under specific confining pressure was formulated using indoor test
data, potentially enhancing project design safety. In the design of earth-rock
dams, the research results can be used to more accurately predict the degree
of particle breakage of coarse-grained soil with the original gradation. This
can optimize the design of the dam body structure and improve the safety of
the project.
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1 Introduction

Recent progress in soil mechanics and geotechnical
engineering has deepened our understanding of coarse-grained
soil properties and behaviors in various projects. Known for its
superior engineering qualities, including high strength, minimal
deformation, and notable water permeability, coarse-grained soil is
a vital component in earth-rock dam construction. The tendency
of these soil particles to break under stress significantly impacts
their strength, permeability, and deformation characteristics, posing
potential safety risks in earth-rock dam projects (Cai et al., 2016;
Li et al., 2022; Xu et al., 2017; Shi et al., 2025; Shi et al., 2024; Shi et al.,
2023; Wu et al., 2025; Wu et al., 2024; Wu et al., 2022; Wu et al.,
2020a). Therefore, elucidating the mechanism of particle breakage
and its evolutionary pattern is crucial for the safe design of
such projects.

Currently, research into the breakage of coarse-grained soil
particles predominantly employs experimental methods. While
acquiring test data is relatively straightforward, the restriction
of testing equipment size necessitates the scaling of the original
gradation to create testable specimens. This scaling is essential
to fit the limitations of the test instruments. However, as scaling
changes the pore size and connectivity between the soil particles,
the test results of scaled specimens often cannot accurately reflect
the true engineering properties of the materials with the original
gradation, i.e., the scale effect (Wu et al., 202b; Wang et al., 2013).
The scale effect also influences the breakage indexes of coarse-
grained soil particles, which could impact the safety of earth-rock
dam projects. Research indicates that changes in the gradation
of coarse-grained soil are the primary reason for the scale effect
(Wu et al., 2019; Wu et al., 2020c). Hence, it is vital to investigate
how the gradation of coarse-grained soil affects its particle breakage
indexes. This understanding is crucial for addressing the impact of
the scale effect on these indexes and developing strategies tomitigate
this effect.

The breakage phenomenon of coarse-grained soil particles
has long been a focal point of concern among experts and
scholars in the geotechnical engineering domain. To conduct in-
depth investigations, researchers have employed a combination of
experimental and simulation techniques to establish and identify
various particle breakage indexes. These methods have enabled
a comprehensive understanding of the complex mechanisms
underlying particle breakage, facilitating the development of more
accurate theoretical models and practical engineering applications.
Currently, a wide array of quantitative indexes for describing the
gradation changes in particle breakage has been introduced. These
can be broadly categorized into three types. The first type centers
around specific particle sizes or characteristic indexes. For example,
the breakage index proposed by Lee and Farhoomand (1976) is
based on the changes in particle size d15 before and after breakage,
and the breakage index proposed by Biarez and Hicher (1997)
describes the changes in the non-uniform coefficient Cu.The second
category is based on the different soil particle fractions, represented
by Bg defined by Marsal (1967), and the third category is based
on the energy changes before and after the breakage, represented
by Br defined by Hardin (1985). The common breakage indexes
are listed in Table 1.

In recent years, scholars have carried out numerous
experimental studies on the relationship between the characteristic
parameters of coarse-grained soil gradation and particle breakage
indices. These studies have yielded many important scientific
research achievements, providing valuable insights for geotechnical
engineering. Bo and Cui (1997) found that the compressive
deformation of the rockfill depends mainly on the frictional
resistance of the particles against displacement and the breakage
quantity of the rocks. In the case of rocks with high hardness, good
gradation, and small porosity, the frictional resistance between
the particles is large, and the compressive deformation is small.
Using super-large and large triaxial test systems, Ling et al.
(2011) tested rockfill materials with different maximum particle
diameters after gradation scaling and found that under the same
stress conditions, the particle breakage rate increased with the
maximum particle diameter. They also found that under small
stress conditions, the breakage rate of rockfill materials with
different maximum particle diameters was similar. Cai et al.
(2016) found through large-scale triaxial tests that the gradation
significantly affected the particle size distribution of the specimen
after shearing, and the breakage was more intensive when
the particles were more coarse. Consequently, quantifying the
scale effect’s impact on these indexes remains a complex task.
Additionally, understanding the variation patterns in coarse-
grained soil particle breakage indexes after gradation scaling is
still in a qualitative research phase. Thus, developing a formula to
calculate particle breakage influenced by scale effect is of significant
importance.

To investigate the scale effect’s influence on coarse-grained soil
particle breakage indexes, experimental studies were conducted,
focusing on the soil’s breakage and evolution under varying
gradations and maximum particle sizes. Based on the gradation
equation for coarse-grained soil proposed by Zhu et al. (2017),
39 coarse-grained soil specimens were prepared by controlling
the relative compaction constant and changing the gradation
area and maximum particle diameter. Large-scale triaxial
consolidation drained tests were conducted under known
confining pressure, and appropriate breakage indexes were
selected to quantify the test results. This study examined how
gradation area S and maximum particle diameter Dmax affect
these indexes and developed a model to quantitatively relate
scale effect to particle breakage indexes. The research aimed
to predict the breakage indexes of original-gradation materials
accurately and mitigate scale effect impact, providing insights
for safer earth-rock dam designs. In terms of methodology,
by precisely controlling the specimen gradation based on the
continuous gradation equation, it is possible to conduct a
more in-depth investigation into the influence of gradation
changes on particle breakage compared to traditional methods.
Regarding the research findings, this study quantitatively reveals,
for the first time, the logarithmic and exponential relationships
between the gradation area, the maximum particle diameter,
and the particle breakage indices. In practical applications,
the proposed prediction technique can accurately estimate
the degree of particle breakage of in-situ coarse-grained soil
using indoor test data, providing a more reliable basis for
engineering design.
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TABLE 1 Summary of test soil sample gradation parameters and sample preparation density.

Author Year Definition of breakage indexes Scope Remarks

Lee and Farhoomand (1976) 1976 B15 = d15i/d15f >1 d15 represents the particle size at a percentage of 15%,
similarly hereinafter; suffixes i and f represent the

original gradation curve and the gradation curve after
particle breakage, respectively, similarly hereinafter

Marsal (1967) 1967 R =max{Pdi-Pdf} 0–1 Pd, the percentage corresponding to any particle size on
the gradation curve

Lade et al. (1996) 1996 B10 = 1-d10f/d10i 0–1

Lade et al. (1996) 1997 △Cu=Cuf-Cui >0 Cu is the uniformity coefficient, i.e., Cu = d60/d10

Nakata et al. (1999) 1999 Bf = 1-R0/100 0–1 R0 is the percentage corresponding to the minimum
particle size d0 on the f-gradation curve

Bo and Cui (1997) 1997 B60 = d60i-d60f >0

Marsal (1967) 1967 Bg = Σ△Wk 0–1 Wk represents the positive value of the change in the
percentage content of a certain particle fraction before

and after breakage

Hardin (1985) 1985 Br=Bt/Bp 0–1 Bp is the breakage potential, that is, the area enclosed by
the gradation curve and d = 0.074 mm; Bt is the

breakage quantity, the change of the breakage potential
before and after the test

Einav (2007) 2004 BE=(S1-S0)/(S2-S0) 0–1 S0 is the area enclosed by the original gradation curve
and the maximum particle diameter line; S1 is the area
enclosed by the gradation curve after breakage and the
maximum particle diameter line; S2 is the area enclosed
by the limit gradation curve and the maximum particle

diameter line
Among them, the limit gradation curve is determined
by a fractal function, i.e., P=(d/dmax)

3−D, and D is the
fractal dimension

Wood and Maeda (2008) 2008 BM = S1/S2 0–1

2 Theoretical basis

2.1 Determination of gradation indexes

In order to reflect the effect of particle gradation on particle
breakage, the gradation equation proposed by Zhu et al. (2017)
was used to quantitatively describe the soil gradation, which can be
expressed as Equation 1:

P = 1
(1− b)(dmax/d)

m + b
× 100% (1)

P signifies the percentage of soil particles smaller than a given
size, and d represents the size of the soil particles inmillimeters. dmax
is the maximum diameter of the soil particles, also in millimeters.
The parameters b and m in the equation are crucial as they define
the shape and slope of the gradation curve, thereby influencing the
gradation characteristics of the soil.This equation is fundamental in
quantifying how gradation affects particle breakage.

The maximum value of P is 100%, and its minimum value is
infinitely close to but not equal to 0. Therefore, it is impossible to
integrate P over the range of 0–1 when using integral to calculate the
area. Guo et al. (2019) divided the area S enclosed by the gradation
curve and the maximum particle diameter line into two parts, SA

and SB, as shown in Figure 1. Among them, SA is enclosed by the
gradation curve, the maximum particle diameter line, and the P = k
line, which can be calculated by integrating P over the range of k to 1;
SB is rectangular with the length of (logDmax - logdk) and the height
of k, whose area can be calculated directly; if k tends to 0, then SA +
SB can be regarded as the total area S.

The gradation area S is enclosed by the gradation equation
curve, the horizontal axis of the coordinates, the maximum particle
diameter line d = Dmax and the d = Dmax0 line. Its calculation is as
Equations 2, 3:

S =
ln (1− kb) − ln (1− b)

mb ln 10
(2)

where

k = 1
(1− b)(dmax/dmax 0)

m + b
(3)

According to the above equation, the area of the gradation
curve can be calculated by substituting the parameters m, b, and
Dmax/Dmax0 into the equation. If Dmax/Dmax0 can be determined
as a constant, the area S of the gradation curve is determined by
m and b, and the gradation structure is only related to m and b.
Therefore, the gradation area can serve as a characteristic parameter
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FIGURE 1
Schematic of S.

FIGURE 2
Types of rock and soil particle breakage. (a) Fracturing, (b) Breakage,
(c) Grinding.

to represent the gradation structure changes. Guo (Guo, 2003)
suggested using 5 mm as the boundary particle size between sand
and gravel. Therefore, when calculating the gradation area S in this
study, Dmax was set to 60 mm, and Dmax0 was set to 5 mm.

2.2 Particle breakage index

Rock and soil particle breakage is generally divided into three
types (Lade et al., 1996), namely, fracturing, breakage, and grinding,
as shown in Figure 2.

Geotechnical particles breaking into multiple irregular particles
is due to the defects in their structure, as shown in Figure 2a.
Geotechnical particles with multiple angles contact each other,
leading to stress concentration and causing the angles to fall off,
as shown in Figure 2b. In addition, geotechnical particles with a
more uniform shape and a lower surface roughness experience

FIGURE 3
Schematic of Bg calculated by gradation equation.

FIGURE 4
Schematic of Bw.

friction against each other, rendering the shape more uniform and
the surface smoother, as shown in Figure 2c.

In the context of particle breakage measurement, the multi-
particle size index Bg, conceptualized by Marsal (1967), serves as a
vital metric. This index is calculated by summing up the absolute
values of the differences in the percentage of particle composition
before and after the test, thereby reflecting the degree of particle
breakage. The Bg as Equation 4 Bg’s methodological simplicity and
comprehensive consideration of gradation changes have made it
a popular choice among researchers. As part of the model, Bg
is determined by summing the positive differences (ΔWk-ΔW0k)
in particle fraction content before and after testing. This process
involves calculating changes in each particle fraction’s content and
then summing half of these changes to arrive at Bg’s value, offering a
balanced and nuanced measure of particle breakage.

Bg = 0.5∑|ΔWk −ΔW0k| (4)

ΔW0k represents the quantity of a specific particle size in the
gradation curve prior to breakage, whereas ΔWk indicates the
quantity of a particle size in the gradation curve following breakage.
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FIGURE 5
DJSZ-150 coarse-grained soil dynamic and static triaxial compression testing machine. (a,b) correspond schematic diagram and object pictures.

As shown in Figure 3, ΔW0k and ΔWk can be expressed with
gradation parameters as Equation 5:

{
{
{

ΔWk = f(b,m,di) − f(b,m,di−1)

ΔW0k = f(b0,m0,di) − f(b0,m0,di−1)
(5)

where di and di-1 are the maximum and minimum particle sizes
in a particle fraction. According to the Standard for Geotechnical
Testing Method (Liu et al., 2020), di is usually the pore size used
for particle analysis tests, that is, 60, 40, 20, 10, 5, 2, 1, 0.500, 0.250,
and 0.075 mm.

In the research conducted by Hardin (1985) and Bo and Cui
(1997), the breakage quantity was determined by measuring the
area enclosed by the gradation curves before and after particle
breakage.They then divided this by their defined breakage potential
to calculate the rates of breakage. Specifically, Hardin used the
area enclosed by d = 0.074 mm and the original gradation curve
as the breakage potential. Einav believed that particles with the

same original gradation eventually break into the same limit
gradation. Consequently, the decision was made to disregard the d
= 0.074 mm measurement. Instead, the area between the original
gradation curve and the limit gradation curve was utilized to
define the breakage potential, a choice that theoretically held
more validity.

Based on the research of Hardin and Einav, Guo et al. (2019)
proposed and defined a new breakage rate Bw. Bw is defined as the
ratio of the difference between two areas, the one enclosed by the
gradation curve after loading and the original gradation curve and
the one enclosed by the gradation curve after loading and d = Dmax,
and the area enclosed by the original gradation curve and d = Dmax,
as shown in Figure 4.

S0 is the notation used to represent the area enclosed between
the original gradation curve and the gradation curve following the
test, while S1 denotes the area enclosed by the limit gradation curve
and the line representing the maximum particle diameter, d =Dmax.
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FIGURE 6
The characteristics of each particle group of test soil material.

This can be expressed as Equation 6:

Bw =
S1 − S2
S0

(6)

If the original gradation curve is represented by gradation
parameters b0 and m0, and the gradation curve after particle
breakage is represented by b and m, the areas S0 and S1 can
be derived by integration, and the breakage index Bw can be
expressed as Equation 7:

Bw =
ln (1− b1) − ln (1− kb1)
ln(1− b0) − ln(1− kb0)

m0b0
m1b1
− 1 (7)

where k is a constant, 0.01.
Bw reflects the overall changes in gradation and is simple and

practical. Therefore, Bw was identified as another breakage index
required in the test.

3 Triaxial compression test of
coarse-grained soil

3.1 Test equipment

Experiments were performed using the DJSZ-150 dynamic
and static triaxial compression testing machine for coarse-grained
soil (refer to Figure 5) at the Kunming Institute’s Geotechnical
Engineering Experiment Center. This system is capable of dynamic
and static loading on soil samples measuring Φ300 mm × 600 mm
and accommodates various stress path conditions. The testing
apparatus comprises several key components: systems for axial
loading and confining pressure loading, along with systems for
measuring volume change and porosity, and a servo control system
for managing the loading process. The testing machine can provide
a maximum confining pressure of 3.0 MPa, static loading of
0–1,500 kN, a volume change measurement range of 0–8,000 mL,
and a pore water pressure measurement accuracy of 0.1% F·S. The
test data were automatically acquired by computer. Prior to each

experiment, a standard pressure source is utilized to calibrate the
axial loading system and the confining pressure loading system,
ensuring that the pressure measurement error is within ±0.05 MPa.
Additionally, standard volume blocks are employed regularly to
calibrate the volume changemeasurement system, guaranteeing that
the measurement accuracy remains within the range of ±50 mL.

According to the Standard for Geotechnical Testing Method,
the particle size of the test soil should be less than 1/5 to 1/6
of the instrument size, that is, the testing machine can shear
specimens with a maximum particle diameter of 60 mm. The
confining pressures in this experiment were 0.4, 0.8, and 1.2 MPa,
and the loading rate was 1 mm/min.

3.2 Test materials

For the experiment, the test material was sourced from the
rockfill used in the Lincang Daqiaopo Reservoir’s dam in Yunnan
Province.Thismaterial, a granular gravel soil, was produced through
blasting and subsequent processing. Its particles are mostly angular
with rough surfaces.Themainminerals are quartz and feldspar, with
a small amount of mica. Its originating rock is weakly weathered
granite, characterized by an average saturated uniaxial compressive
strength of 50 MPa, a softening coefficient of 0.79, and a specific
gravity of 2.70. In weakly weathered granite, quartz has a relatively
high hardness. During the process of particle breakage, it is relatively
resistant to breakage and can enhance the skeletal support effect
between particles. Conversely, feldspar has a relatively low hardness
and is more prone to breakage under the action of load, which
affects the overall strength of the particles and their breakage
patterns. Meanwhile, the presence of a small amount of mica
reduces the friction between particles, making it easier for particles
to slide relative to each other when subjected to force. This, in
turn, influences the degree and manner of particle breakage. The
combined effects of the characteristics of these mineral components
have an impact on the particle breakage results of the coarse -
grained soil in this experiment.The properties of the various particle
fractions of this test soil, post-screening, are depicted in Figure 6.

3.3 Test protocol

Prior research indicates that factors such as the maximum
particle diameter and the gradation area significantly influence
the strength of coarse-grained soil. In the current study, nine sets
of specimens, each with varying gradation areas, S1-40 to S9-40,
were designed by keeping the maximum particle diameter constant,
with 3 specimens per group. In addition, 4 groups of specimens
with different maximum particle diameters, D1-60 to D1-10, were
designed by keeping the gradation area constant, with 3 specimens
per group. In total, 39 specimens were designed according to the
above test gradation configuration.

In practical engineering projects, coarse-grained soils are
often subjected to different confining pressure environments.
Investigating the particle breakage laws under the combined action
of confining pressure, gradation, and maximum particle size is
more in line with the actual engineering situation. This can provide
more comprehensive data support for engineering design. Thus,
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TABLE 2 Summary of gradation parameters and densities of samples.

Test number dmax (mm) m S σ3 (MPa) ρmin (g·cm
-3) ρmax (g·cm

-3) ρ0 (g·cm-3)

S1-40-1 40 1.2 0.272 0.4 1.56 1.78 1.74

S1-40-2 40 1.2 0.272 0.8 1.56 1.78 1.74

S1-40-3 40 1.2 0.272 1.2 1.56 1.78 1.74

S2-40-1 40 1.2 0.381 0.4 1.67 1.85 1.82

S2-40-2 40 1.2 0.381 0.8 1.67 1.85 1.82

S2-40-3 40 1.2 0.381 1.2 1.67 1.85 1.82

S3-40-1 40 0.9 0.475 0.4 1.75 1.9 1.88

S3-40-2 40 0.9 0.475 0.8 1.75 1.9 1.88

S3-40-3 40 0.9 0.475 1.2 1.75 1.9 1.88

S4-40-1 40 0.9 0.533 0.4 1.78 1.95 1.92

S4-40-2 40 0.9 0.533 0.8 1.78 1.95 1.92

S4-40-3 40 0.9 0.533 1.2 1.78 1.95 1.92

S5-40-1 40 0.9 0.617 0.4 1.69 1.97 1.92

S5-40-2 40 0.9 0.617 0.8 1.69 1.97 1.92

S5-40-3 40 0.9 0.617 1.2 1.69 1.97 1.92

S6-40-1 40 1.2 0.645 0.4 1.66 1.95 1.92

S6-40-2 40 1.2 0.645 0.8 1.66 1.95 1.92

S6-40-3 40 1.2 0.645 1.2 1.66 1.95 1.92

S7-40-1 40 0.6 0.671 0.4 1.72 2.00 1.95

S7-40-2 40 0.6 0.671 0.8 1.72 2.00 1.95

S7-40-3 40 0.6 0.671 1.2 1.72 2.00 1.95

S8-40-1 40 0.6 0.754 0.4 1.80 2.00 1.97

S8-40-2 40 0.6 0.754 0.8 1.80 2.00 1.97

S8-40-3 40 0.6 0.754 1.2 1.80 2.00 1.97

S9-40-1 40 0.6 0.875 0.4 1.84 2.17 2.11

S9-40-2 40 0.6 0.875 0.8 1.84 2.17 2.11

S9-40-3 40 0.6 0.875 1.2 1.84 2.17 2.11

D1-60-1 60 0.6 0.671 0.4 1.72 2.02 1.97

D1-60-2 60 0.6 0.671 0.8 1.72 2.02 1.97

D1-60-3 60 0.6 0.671 1.2 1.72 2.02 1.97

D1-40-1 40 0.6 0.671 0.4 1.72 2.00 1.95

D1-40-2 40 0.6 0.671 0.8 1.72 2.00 1.95

(Continued on the following page)
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TABLE 2 (Continued) Summary of gradation parameters and densities of samples.

Test number dmax (mm) m S σ3 (MPa) ρmin (g·cm
-3) ρmax (g·cm

-3) ρ0 (g·cm-3)

D1-40-3 40 0.6 0.671 1.2 1.72 2.00 1.95

D1-20-1 20 0.6 0.671 0.4 1.73 2.04 1.99

D1-20-2 20 0.6 0.671 0.8 1.73 2.04 1.99

D1-20-3 20 0.6 0.671 1.2 1.73 2.04 1.99

D1-10-1 10 0.6 0.671 0.4 1.76 2.03 1.98

D1-10-2 10 0.6 0.671 0.8 1.76 2.03 1.98

D1-10-3 10 0.6 0.671 1.2 1.76 2.03 1.98

FIGURE 7
Experimental coarse aggregate gradation curve. (a) The gradation area is different and (b) The maximum particle size is different.

FIGURE 8
Relationship between area of gradation curve and breakage indicator. (a–c) correspond to confining pressure 0.4 MPa, 0.8 MPa, 1.2 MPa.

the 3 specimens in each group were tested at confining pressures
of 0.4 MPa, 0.8 MPa, and 1.2 MPa, respectively, and were recorded
as Sn-40–1, Sn-40–2, and Sn-40–3 (n represents any integer from

1 to 9) and D1-m-1, D1-m-2, and D1-m-3 (m represents 60,
40, 20, and 10). Control that all specimens are subjected to the
same vertical stress. During the test, apply 50 kN vertical stress

Frontiers in Materials 08 frontiersin.org

https://doi.org/10.3389/fmats.2025.1593845
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Li et al. 10.3389/fmats.2025.1593845

TABLE 3 Fitting results of Equation 8 for gravel soils.

Confining pressure/MPa Bw Bg

a1 b1 c1 R2 a2 b2 c2 R2

0.4 0.079 0.215 0.522 0.841 0.026 0.050 0.075 0.741

0.8 −0.078 0.323 0.026 0.946 −0.023 0.089 −0.171 0.945

1.2 −0.060 0.173 −0.230 0.966 0.018 0.059 −0.258 0.943

FIGURE 9
Relationship between maximum particle and breakage indicator. (a–c) Correspond to confining pressure 0.4 MPa, 0.8 MPa, 1.2 MPa.

TABLE 4 Fitting results of Equation 8 for gravel soils.

Confining pressure/MPa Bw Bg

a1 b1 R2 a2 b2 R2

0.4 0.013 1.033 0.992 0.016 1.024 0.978

0.8 0.022 1.026 0.967 0.024 1.018 0.972

1.2 0.036 1.020 0.986 0.043 1.012 0.873

to the specimens using a triaxial apparatus. The corresponding
gradation parameters and specimen preparation density are listed
in Table 2.

Briefly, the test soil material was dried and screened into particle
sizes of 60, 40, 20, 10, 5, and 2 mm. The mass of the specimen was
calculated based on the dry density and specimen barrel size, and the
required soil material was weighed according to the gradations in
Table 2. The prepared specimen was mixed until the coarse and fine
particles were homogeneous, which was transferred layer by layer
into a molding barrel with a rubber film and vibration compacted to
prevent the coarse and fine particles from separating. The vibration
compaction frequency is 30 Hz, the amplitude is 0.8 mm, and the
duration is 5 min. The interlayer contact surfaces were chiseled to
reduce the impact of the interlayer effect on the shear test. Through
the above procedures, the specimens were prepared. The specimen
gradation curves are shown in Figure 7.

4 Test results and analysis

4.1 Relationship between breakage indexes
and gradation area

The triaxial test outcomes for specimens with varying gradation
areas (S1-40 to S9-40) provided insights into the relationship
between particle breakage indexes Bw and Bg and the gradation area
S under three different confining pressures. These relationships are
illustrated as scatter points in Figure 8.The fitting curves in Figure 8
reflect the influence trend of the change in the proportion of
coarse and fine particles on the degree of particle breakage
when the gradation area varies. Notably, as the gradation area
S increases, both Bw and Bg indexes exhibit a gradual decline.
Upon further expansion of the gradation area, the variation in
these breakage indexes tends to stabilize. This phenomenon can
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FIGURE 10
The coarse-grained soil particle breakage mechanical response
mechanism.

be attributed to the following explanation: with the maximum
particle diameter constant, an enlarged gradation area increases
the proportion of fine particles (d < 5 mm) from 0.5% to 66.8%,
simultaneously reducing the relative content of larger particles.
Given that finer particles are less prone to breakage compared to
coarser ones, specimens with larger gradation areas show lower
breakage indexes.

Additionally, when the gradation area ranges between 0.2 and
0.6, significant reductions in particle breakage indexes are observed
with increasing gradation area. Beyond a gradation area of 0.6,
although the breakage indexes continue to decrease as the gradation
area grows, the rate of decrease noticeably diminishes.This suggests
that once the content of fine particles reaches a certain threshold,
further increments in fine particles minimally impact particle
breakage, indicating that the primary cause of particle breakage
is the fracture of coarser particles. This is consistent with the
conclusions of Cai et al. (2016).

Analysis of the gradation area S and the particle breakage
indexes Bw and Bg indicates that the effect of S on Bw and Bg can
be quantitatively expressed by the following equation:

{
{
{

Bg = a1 − b1 ln (S+ c1)

Bw = a2 − b2 ln (S+ c2)
(8)

where a1, b1, c1, a2, b2, and c2 are the fitting parameters of Bw and Bg
Specimens sharing the same maximum particle diameter were

analyzed using Equation 8, and their fitting curves are displayed
in Figure 8, with the corresponding results detailed in Table 3.
Observations from Figure 8 reveal that these fitting curves align
closely with the data points. The fitted particle breakage indexes
Bw and Bg show determination coefficients exceeding 0.74 when
compared to the measured values. Consequently, Equation 8 is
shown to be capable of quantitatively capturing the impact of the
gradation area S on the particle breakage indexes Bw and Bg in
coarse-grained soil with considerable precision.

4.2 Relationship between breakage indexes
and maximum particle diameter

Based on the triaxial test results of specimens with different
maximum particle diameters (D1-60 to D1-10), the relationships

of the particle breakage indexes Bw and Bg with the maximum
particle diameter Dmax under three confining pressures were
summarized. The results are presented as scatter points in Figure 9.
The fitting curves in Figure 9 embody the comprehensive effect
of stress concentration and the change in particle content on
the degree of particle breakage when the maximum particle
diameter increases. With the same gradation area S, the increase
in the maximum particle diameter Dmax causes the particle
breakage indexes Bw and Bg of the specimens to gradually
increase, and further increasing the maximum particle diameter
increases the magnitude of the changes in the particle breakage
indexes Bw and Bg. The reason is as follows. With larger
maximum particle diameters, the large coarse-grained soil
particles form more pores among them. As a result, the stress
concentration increases the stress on the particles, causing
large particles to break up more easily. Therefore, the particle
breakage indexes increase with the increase of the maximum
particle diameter.

When the maximum particle size increases, the number
of inter-particle contact points decreases, yet the contact force
intensifies. Among large-sized particles, point-contacts or
edge-contacts prevail, giving rise to more pronounced stress
concentration, which renders particles more susceptible to
breakage. Additionally, the increase in the number of pores
among large particles allows small particles to fill in. Under
loading conditions, the relative displacement and friction between
large and small particles are exacerbated, and the contact
mode undergoes continuous alterations, further contributing
to particle breakage. Concurrently, it was observed that when
the ratio of the maximum particle diameter to the initial
particle size D0 exceeds 40, there is a substantial increase in the
particle breakage index correlating with the rise of this ratio.
The reason is as follows. With the gradation area remaining
unchanged, larger maximum particle diameters mean higher large
particle contents. As a result, the number of broken particles
in the specimen increases under certain confining pressure,
leading to significant magnitudes of increases in the particle
breakage indexes.

Further analysis of the relationship between Dmax and the
breakage indexes Bw and Bg can be expressed with Equation 9:

{
{
{

Bg = a1(Dmax/D0)
b1

Bw = a2(Dmax/D0)
b2

(9)

where D0 = 5 mm; a1, b1, a2, and b2 are the fitting parameters of Bw
and Bg

Theassociation between themaximumparticle diameter and the
breakage indexes Bw and Bg for specimens with identical gradation
areas was determined using Equation 9. The corresponding fitting
curves are showcased in Figure 9, with statistical results detailed
in Table 4. Analysis of these curves indicates a strong correlation
between the breakage indexes Bw and Bg, as predicted by Equation 9,
and the measured values, with determination coefficients all
exceeding 0.87. This suggests that Equation 9 is highly effective
in accurately delineating the relationship between the maximum
particle diameter Dmax in coarse-grained soil and the breakage
indexes Bw and Bg.
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FIGURE 11
The fitting effects of breakage indicator.(a–c) correspond to Bw with confining pressure 0.4 MPa, 0.8 MPa, 1.2 MPa. (e,f) and (d) correspond to Bw with
confining pressure 0.4 MPa, 0.8 MPa, 1.2 MPa.

FIGURE 12
Actual and calculated values of breakage indicators (%).

4.3 Particle breakage mechanism analysis

Coarse-grained soil comprises a heterogeneous mix of
soil particles, diverse in size and shape. When subjected to
loading, the larger particles interact, forming the soil’s structural
skeleton, while the smaller particles, through a cementing
action, occupy the spaces between these larger particles. This

intermingling of coarse and fine particles results in a structure
that enhances the soil’s resistance to deformation. The mechanical
response mechanism of particle breakage in coarse-grained soil is
depicted in Figure 10.

According to Figure 10, the coarse-grained soil particle breakage
response mechanism in the triaxial compression tests is divided
into two aspects. For one thing, the coarse particles have certain
gaps or contact surfaces among them, and external forces can
cause friction and collisions between them. Position and spatial
changes of the soil particles, such as mutual extrusion, rolling,
and rotation, cause coarse particle breakage. With the continuous
increase of the load in the test, the mutual extrusion and biting
between the soil particles increase continuously. In addition,
the significant edges and angles of the soil particles sharply
increase the stress concentration between soil particles. When
the inter-particle stress exceeds the strength threshold of soil
particles, they will experience fracture or breakage, significantly
influencing the soil’s physical and mechanical properties crucial
in geotechnical engineering. With continuous breakage, the edges
and angles of coarse particles are gradually flattened and rounded,
gradually weakening the biting and extrusion between the soil
particles. For another, themaximumparticle diameter and confining
pressure of coarse-grained soil are key factors affecting soil particle
breakage. Larger soil particles have rougher surfaces and more
significant edges and angles. The stress concentration between
such particles in contact is easily induced by the external load.
The significantly increased particle contact force intensifies the
biting and tumbling of the particles, which gradually break and
sustain grinding failure in a series of movements. Secondly, the
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confining pressure borne by the soil also limits the free movement
of the particles. With the increase of confining pressure, the pores
between the particles are gradually compacted and closed, the
free particle movements caused by external load disturbance are
more difficult to occur, and the particles mostly exhibit extrusion,
biting, and frictional rotation. Meanwhile, with the increasing
contact force between the particles, the particles break continuously
as the stress between them increases sharply and exceeds their
ultimate strength.

5 Establishment of particle breakage
empirical formula

According to the analysis of the coarse-grained soil triaxial
compression test results, the effects of soil mass gradation area
and maximum particle diameter on the particle breakage can
be quantitatively described with Equations 8, 9, respectively.
Based on Equations 8, 9, the coupling effect of maximum
particle size and grading structure on breakage indexes of
coarse-grained soils can also be quantitatively described by the
following equation:

{
{
{

Bg = a1(Dmax/D0)
b1 + c1 ln (S+ d1)

Bw = a2(Dmax/D0)
b2 + c2 ln (S+ d2)

(10)

Where a1, a2, b1, b2, c1, c2,d1 and d2 are the fitting parameters of
Bw and Bg.

Using Equation 10, the test data of 39 groups were fitted.
As shown in Figure 11, the coefficient of determinations of Bw are
more than 0.710 andThe coefficient of determinations ofBg aremore
than 0.754, which is within the acceptable range.

In order to verify the reliability of the empirical formulas
for predicting the breakage indexes of coarse-grained soils under
arbitrary gradations, the test results of 13 groups of graded coarse-
grained soil samples from reference (Qin et al., 2023) were fitted.
As shown in Figure 12, the fitting value of Bw derived from
Equation 10 has a deviation of less than 2% from the corresponding
experimental points, with a maximum error of 3.369% and the
coefficient of determinations are more than 0.763, which is within
the acceptable range. Thus, the impact of the scaling effect on
the breakage indexes of coarse-grained soils can be quantitatively
described using Equation 10.

Using Equation 10 to reflect the impact of the scale effect on
the particle breakage indexes has important application value. The
breakage indexes of original-gradation coarse-grained soil on site
can be derived using Equation 9 after determining its parameters
through triaxial consolidation drained tests on scaled soil materials
using the similar gradation method. In turn, the influence of scale
effect on the breakage indexes of coarse-grained soil particles can be
eliminated, and the safety and reliability of geotechnical engineering
designs can be improved.

6 Summary and conclusions

In this study, 13 groups of specimens with varying
gradations were designed based on the continuous gradation

equation for coarse-grained soil. Each group was subjected to
three distinct confining pressures, resulting in a total of 39
specimens for comprehensive analysis of relevant soil properties.
Employing a large-scale triaxial testing machine for coarse-
grained soil, the study investigated the breakage patterns of
coarse-grained soil particles across different gradation structures
and maximum particle diameters, all prepared at the same
relative density. Subsequently, a formula to quantify the degree
of particle breakage was proposed. The key findings of the study
are as follows.

(1) With constant confining pressure and maximum particle
diameter, the breakage indexesBw andBg of the coarse-grained
soil were larger under larger gradation areas, and the particle
breakage of the soil specimen was more significant, exhibiting
logarithmical relationships.

(2) With constant confining pressure and gradation area S, the
breakage indexes of the coarse-grained soil were larger under
larger maximum particle diameters, and the two showed an
exponential relationship.

(3) Utilizing the continuous gradation equation, this research
delved into the correlation between particle breakage
indexes and factors like gradation area and maximum
particle diameter. Based on the research results, a prediction
model of particle breakage index for coarse-grained soil
samples scaled by similar grading method is proposed. The
effectiveness of the prediction model is verified by previous
research results.

(4) Building on these findings, a technique was proposed for
estimating the particle breakage indexes of in-situ coarse-
grained soil under specific confining pressures, based on
indoor test data from specimens scaled via the similar
gradation method.

It is noteworthy that this study is solely focused on coarse-
grained soil materials composed of granite. The applicability of the
research findings to soils composed of other minerals remains to be
verified through further investigations.
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