)

Check for
updates

Study on Confined Compression Characteristics and
Particle Crushing Law of Phyllite Waste Slag

Yuchen Ji!', Xu Wang"??, Yanjie Zhang!, Chunxiang Guo'and Jiandong Li!

1School of Civil Engineering, Lanzhou Jiaotong University, Lanzhou, Gansu, 730070, China
National and Provincial Joint Engineering Laboratory of Road &Bridge Disaster Prevention
and Control, Lanzhou Jiaotong University, Lanzhou, Gansu, 730070, China

3Corresponding author’s e-mail: publicwang@l63.com

Abstract. The particle crushing effect of coarse-grained soil has been widely
studied. This study conducted lateral compression tests under high-pressure con-
ditions to study the compression characteristics and particle crushing laws of
waste particles from tunnel excavation of phyllite. Samples with continuous and
intermittent gradation were set up to analyze the physical parameters such as
compression deformation law, gradation curve, crushing index, and plastic work
before and after loading. The results show that the strain of each group of samples
increases rapidly with stress during the loading process and then gradually stabi-
lizes. The continuous group gradation shows good compressive bearing capacity.
As the content of phyllite particles decreases, the overall deformation of the sam-
ples can be effectively reduced. Under high stress, the grading of each intermit-
tent grading sample gradually converges to a continuous grading, with similar
physical and mechanical properties. The fragmentation indicators applicable to
the particles of waste rock in phyllite are Br and Bg. Establishing a hyperbolic
model to fit the plastic work and relative fragmentation rate B; during the com-
pression process, it was found that fitting the plastic work model can better char-
acterize the fragmentation law of waste particles in phyllite. The research results
can provide certain reference and guidance for further understanding the com-
pression characteristics and particle fragmentation laws of soft rock waste mate-
rials such as phyllite, as well as for the filling of geotechnical engineering struc-
tures.

Keywords: Confined Compression; Phyllite; Compression Deformation; Frag-
mentation Characteristics; Particle Breakage

1 INTRODUCTION

With the implementation of China's "transportation power" and "western development"
strategies, the construction of geotechnical structures in the western region has gradu-
ally moved towards mountainous areas. Phyllite particles are porous soft rock particles
with obvious joint surfaces formed by metamorphism of shale, siltstone, and other ma-
terials. Currently, a large number of geotechnical structures have used Phyllite as filling
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material [1]. The reuse of waste materials from the excavation of phyllite in the moun-
tain can reduce project costs and comply with the development concept of green envi-
ronmental protection. Due to the low particle strength and dense pore distribution of
phyllite, significant particle breakage will occur when used to fill geotechnical struc-
tures under the self-weight of the overlying soil and additional loads of the engineering
structure, leading to excessive deformation and instability of the building. As a building
filling material, it is easy to form a lateral compression state when subjected to external
loads and surrounding constraints [2]. The study of the lateral compression deformation
and particle fragmentation law of phyllite particles helps to grasp the fragmentation
deformation mechanism of soft rock particle materials, and provides theoretical refer-
ence for the construction of geotechnical engineering structures in western mountain-
ous areas.

Zeng K et al. [3] conducted triaxial compression tests on ten different gradations of
coral sand and found that under the same external energy input, as the average particle
size D50 increased and the non-uniformity coefficient Cu decreased, the relative frag-
mentation rate Br increased, while the curvature coefficient Cc had a relatively small
impact on the fragmentation rate. Zhang T et al. [4] analyzed the particle fragmentation
law of silica sand using high-pressure compression tests and found that when the con-
fining pressure/axial stress is small, fragmentation occurs under smaller axial pressure.
The yield stress decreases with the decrease of confining pressure/axial stress and the
hyperbolic plastic work model can better describe the particle fragmentation law of
silica sand. Shen J et al. [5] conducted lateral compression tests on calcareous gravel
sand (CGS), and the results showed that compared to hyperbolic and Gunary models,
the power function model can better predict the fragmentation pattern of CGS. When
the non-uniformity coefficient increases, the fragmentation of CGS first increases and
then decreases, and the degree of fragmentation decreases with the increase of relative
density Dr. Huang et al. [6] conducted compression tests and discrete element simula-
tions on spherical and angular rock particles, and the results showed that the sharper
the angle, the greater the variation in the stress-strain curve during fragmentation, the
greater the deviation between the crack propagation direction and the vertical direction,
and the easier the particles are to break into more fine particles. Long Jiao et al. [7]
measured the crushing characteristics of calcareous sand in the Nansha Islands with
Hardin model. The results showed that the compression degree of calcareous sand can
be effectively improved with the occurrence of particle crushing. The fitting effect of
power function fitting plastic work and relative crushing Br is good, which can predict
the occurrence of particle crushing. Sun Yue et al. [8] found that the plastic work and
relative fragmentation rate of calcareous sand and quartz sand during lateral compres-
sion have a hyperbolic relationship. The use of a hyperbolic model can better predict
the degree of particle fragmentation. When the pressure increases, the aspect ratio and
sphericity of particles show a hyperbolic positive correlation with fragmentation rate.
Sun Xiangjun et al. [9] studied the gradation changes of soft rock rockfill materials
under triaxial compression and confining compression tests. The results showed that
under low pressure, the particle breakage of soft rock rockfill materials gradually in-
creased and then stabilized with the increase of confining pressure. The crushed grada-
tion showed a trend towards the same gradation. Yu Bangyong et al. [10] conducted
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lateral compression tests on limestone of soft rock materials and analyzed the fragmen-
tation of samples containing only continuous graded limestone components under high
pressure. The results showed that an increase in Talbot index and particle fragmentation
would lead to a decrease in the porosity of the samples.

In Summary:

(1) The existing research results on particle breakage are relatively sufficient for the
study of calcareous sand and quartz sand, while there are few reports on the particle
breakage characteristics and mechanisms of soft rock particle materials such as phyllite.

(2) For the study of soft rock particles, the research conditions are mostly low stress
triaxial compression tests, and there is less discussion on the particle fragmentation law
under high stress compression.

(3) For soft rock materials, current research mainly focuses on continuous graded
samples with a single component, and there is relatively little research on the evolution
law of the fragmentation rate of waste mixed soil and poor grading.

By conducting research on the lateral compression deformation and particle frag-
mentation laws of waste particles in phyllite, the influence mechanism of particle frag-
mentation mechanisms on macroscopic mechanical behavior of soft rocks such as phyl-
lite can be revealed. This provides a reference for establishing a constitutive model of
soft rock coarse-grained soil considering particle fragmentation conditions, and has im-
portant scientific significance for understanding the intrinsic mechanism and quantita-
tive research of the structural mechanical behavior of soft rock particle materials. At
the same time, it can better predict the stress and deformation problems of soft rock
particles such as phyllite in practical engineering, predict the degree of soft rock particle
breakage, prevent excessive deformation and structural instability of geotechnical en-
gineering structures caused by particle breakage, and lay the foundation for further re-
search and application of deformation calculation and analysis of soft rock rockfill
dams, soft rock particle fillers, and improvement of phyllite roadbed fillers in related
engineering practices.

2 TEST METHOD

2.1 Test Materials

The phyllite waste slag sample is made of block waste materials generated during the
excavation of mountains and tunnels along the S44 Kang County to Lueyang Express-
way, and its physical and mechanical parameters are shown in Table 1.

Table 1. Physical and mechanical parameters of waste slag from phyllite.

Maximum dry density
after crushing
dimax /_g-om?
2.735 2.735 29.1 2.407 0.04

From Table 2 we know the main minerals of this phyllite sample are chlorite, seric-
ite, quartz, etc. Analyze the chemical composition of the phyllite sample using an en-
ergy spectrometer. Representative points and surfaces were selected for analysis, and

Density Specific gr  Average crushing
/ grem? avity Gs value (%)

Free swelling
rate / %
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the results are shown in the table below. The mineral crystals in the phyllite are fine,
with strong sericite luster and fine sericite visible on the bedding planes.

Table 2. Composition of Phyllite.

C‘I’l?rf’to' Fe:05  Si0>  ALOs MgO CaO NaO KO  COs
Con- 735 4828 2695 155 842 100 433 0.0
ent 19%) . . . . . . . .

The particle size of the waste slag collected on site is relatively large, with some
large particles exceeding S00mm. In order to meet the filling requirements, the natural
state of the waste slag of the shale is dried at 150 °C for 24 hours. After crushing the
large particles with a jaw crusher, preliminary screening tests are conducted. Through
preliminary screening, a total of 10 samples with a particle size range of 53-0.075mm
are obtained for backup.

Control the maximum particle size to 53mm, and prepare mixed continuous grading
group samples Al (n=0.4) and A2 (n=0.8) according to the Talbol index (n) [11]. Al is
a small particle continuous grading group with a Talbol index of 0.4, and A2 is a large
particle continuous grading group with a Talbol index of 0.8. A3 groups are equipped
as uniformly graded samples for each particle group.

The formula for calculating the Talbol index (n) is as follows:

d. n
D

In the formula (1): n is the Talbol index, and D is the maximum particle size.

The filling materials for geotechnical engineering in mountainous areas usually use
high excavation and deep filling methods for site leveling. The filling materials used
are mostly a mixture of fine-grained soil and block stone materials that can be obtained
locally, namely soil rock mixture [12].

Due to the similarity of physical and mechanical properties of calcareous sand to
sandy soil, standard sand (ISO) was used in this study to replace sand mixed in phyllite
[13]. Mixed groups B1, B2, and B3 of phyllite sand were configured according to 0%,
25%, and 50% sand content. At the same time, discontinuous mixing group C1 was set
for comparative analysis. Standard sand (ISO) was prescreened to obtain a particle size
of 0.6mm-0.3mm for later use. The grading schemes for each group of samples are
shown in Table 3.

Table 3. Design of Grading Scheme for Waste Residues of Various Groups of Phyllite.

Grad-
ing The percentage of particle size by mass in each group /%
scheme
Stand-
(mm) 0.075- 0.15- 03- 0.6- 1.18 236- 4.75- 9.50- 16.0- 31.5- ard
0.15 0.3 06 118 236 475 9.50 16.0 31.5 53.0 Sand
(ISO)
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Al 2.32 306 403 517 697 930 1217 11.66 1928 18.79 0

A2 0.39 068 1.18 199 353 622 1076 13.08 27.59 34.05 0

A3 0 0 0 0 0 25 25 25 25 0 0
B1 0 0 0 0 0 0 0 0 0 100 0
B2 0 0 0 0 0 0 0 0 0 75 25
B3 0 0 0 0 0 0 0 0 0 50 50
Cl 0 0 0 0 0 50 0 0 0 50 0

2.2 Test Steps

The experiment used a steel compression drum and a YAW4306 electro-hydraulic
servo press controlled by a motor as the loading equipment, as shown in Figure 1. The
maximum loading pressure is 3000kN, and the stress and displacement during the ex-
periment can be collected independently. The size of the loading container is 300mm
(inner diameter) x 300mm (height) x 16mm (wall thickness), and the compression de-
formation measurement accuracy is 0.0lmm. The inner diameter of the container
(300mm) is greater than 5 times the maximum particle size of the sample (265mm),
which can effectively eliminate size effects.

Fig. 1. Loading equipment and dimensions.

Before the start of the experiment, control the mass of each group of samples to be
equal, with a total mass of 28K g for each group of samples. Prepare small samples with
a total mass of 7Kg for 10 groups of phyllite waste particles and standard sand (ISO)
according to the preset grading percentage. Put the small samples into a sealed woven
bag and mix evenly. Then, layer by layer fill a single total sample of 28Kg from 4
groups of small samples into the loading container, ensure that the surface of each layer
of small samples is leveled after filling, and control the flatness of the sample end face
according to the "Soil Test Method Standard" to ensure that the end face error is less
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than the specification requirements. Use a vibrating machine to compact the sample,
and then load the samples at all levels.

In the confined compression test, the deformation of the specimen is limited by the
surrounding rigid sidewall, and the relative motion between particles is weak. To elim-
inate the influence of strain rate on compression characteristics, this study uses the
graded loading confined compression method. Before loading, Vaseline is applied to
the sidewall of the container for smoothing treatment. During the loading process, a
loading rate of 3KN/s is used, and the loading levels are divided into 0MPa, 3MPa,
6MPa, and 9MPa. Durning the loading process, read the loading pressure every 2mm
displacement.

The criteria for determining the stable state of the specimen after compression com-
pletion in the confined compression test refer to references [14]-[15], and the "Stand-
ards for Soil Test Methods". That is, when the hourly deformation of the specimen is
less than 0.01 mm, the stable pressure step can be completed, followed by unloading.
After the experiment is completed, carefully remove the specimen, screen it, and obtain
particle size distribution data to analyze the experimental results.

3 ANALYSIS OF EXPERIMENT RESULT

3.1  Analysis of Stress-Strain Curve
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Fig. 2. Stress-Strain curve.

Figure 2 shows the stress-strain curves of each group of specimens under compres-
sion. As can be seen from the figure, the overall stress-strain behavior of each group of
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specimens shows that the strain rapidly increases with stress when the strain value is
less than 0.1, and gradually flattens with loading when the strain value is greater than
0.1. When P = 9Mpa, the final strain value of B1 group is 0.35, and the final strain
values of A2 and A3 groups with continuous gradation mainly composed of large par-
ticles are 0.26 and 0.30, indicating that better gradation continuity and wider gradation
distribution can reduce the maximum strain value, when the strain value is 0.1, the
stress of B1 group is 0.43Mpa, and the stress of A2 and A3 groups is 0.92Mpa and
0.67Mpa. The B1 group specimen has undergone significant deformation under low
stress, and the strain growth rate of the continuous grading group is significantly lower
than that of the discontinuous grading group. It is due to the fact that during the initial
loading stage, only large-sized particles in the B1 group of samples bear the skeleton
role in the particle group, bearing the full load. The contact points of particles inside
the entire sample decrease, and the force transmitted by the contact points increases,
making it easy for stress concentration to occur. Large particles quickly break, and the
degree of adjustment of the position between particles due to pore space compression
is large. However, the continuous and stable bearing structure of the particle grading
inside the A2 and A3 groups has a stable bearing structure, the greater the stress re-
quired to achieve the same strain.

When P = 9Mpa, the strain value of continuous gradation Al group is 0.21. When
the strain value is 0.1, the corresponding stress value of Al group is 0.93Mpa. It can be
seen that the bearing capacity of good gradation Al and A2 is better than that of poor
gradation A3. In continuous gradation, the compression deformation of the sample with
a wider distribution range of gradation is also smaller. When the gradation is continu-
ous, the content of small particles of different sizes in A1, A2, and A3 groups gradually
increases, small particles slip and fill under pressure, exhibiting a more stable load-
bearing structure. With the increase of sand content, the strains of C1, B2, and B3
groups are 0.24, 0.18, and 0.03, respectively. The final strain values of C1, B2, and B3
groups are only 68.6%, 51.4%, and 8.6% of those of B1 group. This indicates that after
the addition of calcareous sand, the frictional interlocking and embedding effects of
carbonate sandstone in the particle group gradually increase, and the curve reaches the
peak strain earlier and the peak strain gradually decreases. Fine sand particles with high
hardness and friction angle have a certain inhibitory effect on the deformation of phyl-
lite particles. The method of adding carbonate sandstone can improve the bearing ca-
pacity of soft rock waste to a certain extent.

3.2 Analysis of Gradation Curves Before and After the Experiment

The variation curves of the gradation and relative content of each group of samples
before and after compression are shown in Figures 3 and 4:
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Fig. 3. The gradation changes of groups A2, B1, and C1 under the action of 9Mpa ((a) shows
the gradation changes, and (b) shows the relative content changes of particle size).

From Figure 3 (a), it can be seen that when P = 9Mpa, the upward shift of the A2
curve in the continuous grading group is smaller than that in the intermittent grading
group C1 and smaller than that in the single particle size grading sample B1 group. This
is because the internal structural contact points of the continuous grading group A2 are
more tightly connected, and when subjected to external loads, the force chain fully
plays its role, with less local stress concentration. The overall bearing capacity of the
particle group is good, and the amount of fragmentation is small. From Figure 3 (b), it
can be seen that the inflection points of the relative content changes of A2, B1, and C1
groups first appeared at the particle sizes of 19.9mm, 35.3mm, and 37.8mm. A2 and
B1 groups have 2 obvious inflection zones, while C1 group has 4 obvious inflection
zones. At the same time, the maximum decrease in the content of the most granular
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group in B1 group is -83.25%, which is much greater than that of A2 group's -17.71%
and C1 group's -19.22%. The range of fracture intervals in continuous group A2 is much
larger than that of B1 and C1 groups, under high pressure, a single graded soft rock
particle will experience significant fragmentation within the original grading range,
while using continuous grading can significantly reduce the sudden decrease in particle
size content within a certain range, and the overall curve of particle group content
change is smoother. When the particle size is less than 3mm, all groups of samples enter
a stable growth zone, which also indicates that the larger the particle size, the easier it
is for the particles to break. Compared with single grading and intermittent grading,
continuous grading exhibits lower crushing characteristics.
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Fig. 4. The gradation changes of groups B1, B2, and B3 under the action of 9Mpa ((a) shows
the gradation changes, and (b) shows the relative content changes of particle size).

As shown in Figure 4 (a), with the increase of sand content, the upward shift of the
particle size distribution curve of soft rock under intermittent gradation can be
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significantly reduced. The B1, B2, and B3 groups each have only one inflection point
of relative content change, with inflection points between 35-38mm. The most advan-
tageous fragmentation range for the three groups of samples is 53-31.5mm, and the
overall variation curve of particle content in B3 group is also the smoothest. The max-
imum reduction values of the maximum particle content in B2 and B3 groups are -
27.55% and -11.63%, which are much smaller than those in B1 group samples. The
range of fragmentation ranges for the three groups of samples is close. By adding other
particles to the hard sandstone, the overall gradation and strength of the particle group
can be improved. Small particles can initially fill the pores generated by compressive
volume changes, helping to construct the overall force chain of the sample. In the later
stage, it can play a good role in bearing capacity and effectively suppress the develop-
ment of particle breakage.

The continuous gradation equation proposed in reference [16] is used to fit the gra-
dation curves of each group of samples after loading, as shown in equation (2):

P= :

d @)
1_ max m+
(1=a)=2%)" +a

Where P is the percentage by mass, and a, m are the fitting parameters.

From the fitting results, it can be seen that the fitting correlation coefficients of the
continuous grading Al, A2, A3, and B1 groups are all higher than 0.99. With the in-
crease of loading pressure, the fitting degree of the grading curves of each intermittent
grading group sample also improves. The fitting results of the B2, B3, and C1 groups
are shown in Figure 5. As the pressure increases, the fitting correlation coefficients of
the continuous range also increase, indicating that the particle crushing effect causes
the particle crushing of the intermittent grading test to transition to the continuous grad-
ing sample, At the same time, make the grading tend to be stable, and the structure in
continuous grading is stable and uniformly stressed.
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Fig. 5. Variation of correlation coefficients for fitting the grading equations of groups B2, B3,
and Cl1.
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4 PARTICLE BREAKAGE RATE ANALYSIS

4.1 Particle Crushing Index Analysis
In order to better measure the degree of fragmentation of tailings particles in the com-

. . . . . : B
pression process, this study uses Hardin's relative fragmentation rate index ~ 7 [17],
which considers the fragmentation potential and has upper and lower limits (0-1), Mar-

sa's fragmentation index Bg [18], which considers the difference between particle
groups before and after, and Tyler's fractal dimension D[19], which is proposed in a
logarithmic coordinate system, to measure the degree of particle fragmentation. The
calculation formula is as follows:

B =B, /B » 3)
In equation (3): B represents the total crushing amount, which means the area be-

tween the particle size distribution curves before and after crushing; © is the crush-
ing potential, which means the initial gradation curve is related to 0 between the 0.075
particle size lines.

B, =X | AW, )

In equation (4): AW, is the difference in percentage content of each particle com-
ponent before and after particle crushing.

M(r<dA

L ’) =(3-D)L, (d,. /dmax) (5)

g
T

In equation (5), M (r >d l.) represents the mass of particles with a particle size
smaller than d,; M. is the total mass of particles; d... is the maximum particle size
within the particle group. Taking L, (d./d

M d.
L, [_ (;4 <d,)

T

) as the horizontal axis and

} as the vertical axis, the slope of the line is 3-D, thus obtaining the
fractal dimension D of samples with different gradations before and after the experi-
ment.

4.2  Changes in Particle Fragmentation Index Under Different Stresses

The relationship between the variation of particle breakage index under different
stresses is shown in Figure 6:
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Fig. 6. Relationship between Particle Crushing Index and Stress Change((a) shows the relation-
ship between P and B, (b) shows the relationship between P and B and (c) shows the relation-
ship between P and D).

From Figures 6 (a) and (b), it can be seen that as the stress increases, the crushing
rate of each gradation gradually increases. When the vertical pressure reaches its max-
imum value, the crushing rates Br of Al, A2, and A3 groups are 4.69%, 12.91%,
15.27%, and the crushing rates Bg are 10.22%, 22.39%, and 28.93%. It can be seen that
the crushing rate of the continuous grading group is A3> A2> Al, and the maximum
crushing rate of the A3 group is about 3-4 times that of the Al group. It can be seen
that the wider the distribution range of the continuous grading of the waste particles in
the phyllite rock, the smaller the particle crushing rate. This also proves that using par-
ticles with continuous and excellent grading for filling engineering structures can ef-
fectively suppress the phenomenon of particle crushing.

The A2, B1, B2, and B3 groups, which are mainly composed of large particles, still
maintain a high crushing potential. The crushing curve is concave, while the crushing
degree of A1, A3, and C1 groups, which are mainly composed of small particles, grad-
ually slows down. The crushing curve is convex, indicating that large particles are more
prone to crushing than small particles, and the crushing potential is also greater. Under
the pressure of each group, the Br and Bg of continuously graded waste particles in
Group A are both less than 35%. As the loading pressure increases, the Br and Bg of
Group B1 and Group B2 both increases. Group B1 undergoes severe crushing in the
early stage of loading, with the initial growth of Br and Bg accounting for 0.61 and 0.81
of the crushing rates under the maximum pressure. When the maximum loading
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pressure is reached, the crushing rate of Group B1 still has a high growth potential, its
maximum crushing rate is also much greater than the maximum crushing rate of the
continuous grading group sample. Profits by the uniform distribution of particles of
different sizes within the continuous grading, during the initial stress, the pores are
quickly squeezed, and the spatial position within the particle group is adjusted. Small
particles can quickly fill the pores between the particle groups, and a complete force
chain has been formed before some larger particles have undergone stress concentra-
tion. The overall compressive strength of the particle group is enhanced, and the con-
duction and distribution of overlying pressure are relatively uniform. As the pressure
gradually increases, the directional arrangement of particle groups has been completed,
forming a stable load-bearing structure. The strength and direction of the force chain
have changed, and the main reason for deformation is local particle breakage, and the
deformation is also relatively small. It can be seen that increasing the content of small
particles has a good effect on suppressing the crushing amount and crushing develop-
ment rate of waste particles in phyllite.

Comparing B3 and C1 under a stress of 9Mpa, it can be seen that the two groups of
samples have the same content of large particles. By adding sand, the pure phyllite
waste was improved into a mixed soil of phyllite. The Br and Bg of B3 group were only
0.35 and 0.33 times that of C1, indicating that through sand mixing and other means,
the structural characteristics of the particle group were indirectly changed, and the ani-
sotropy of the original single particle size waste particle group was increased. Due to
its small volume, sand can play a structural filling role in the early stage of loading,
reducing initial fragmentation. In the later stage of loading, due to its more rounded
shape compared to sheet-like phyllite waste particles and excellent friction coefficient,
it can wrap around the edges of phyllite waste particles to reduce the grinding and
crushing of waste particles, the addition of high-strength particles such as calcareous
sand through the replacement method can also effectively suppress the particle break-
age phenomenon of soft rock waste.

From Figure 6 (c), it can be seen that the variation of fractal dimension D is basically
consistent with the variation pattern of Br and Bg. There were errors in the evaluation
of some samples mainly composed of small particles, which will be discussed in the
following text.

4.3  The Variation Pattern Between Different Particle Crushing Indicators

The relationship between the variation of particle fragmentation indicators with differ-
ent gradations is shown in Figure 7:
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From Figure 7, it can be seen that there is a clear linear relationship between the
relative fragmentation rates of Br-Bg and Br-D in each group of samples, and this linear
relationship is fitted. It was found that the fitting effect between Br and Bg was good.
Combined with Figures 7 (a) and (b), it can be seen that using Br or Bg can better
predict and evaluate the particle breakage of waste particles in phyllite. However, for
the A1, B3, and C1 groups of samples, which are mainly small in size, the fitting result
between Br-D is poor. This may be due to the large variation in particle content due to
the small particle size. When calculating the breakage rate and fractal dimension, it is
assumed that the extremely small particles do not break, the change in the content of
extremely small particles has a smaller impact on Br and Bg, but a greater impact on
D. Secondly, there is a significant difference between the shape of small particles and
the shape of large particles in phyllite, which leads to a stronger influence on the fractal
dimension due to changes in the content of small particles within the particle group,
resulting in errors, and this is also consistent with the research conclusion of Liu Yang
et al. [20] on crushed stone ballast.

5 CALCULATION AND DISCUSSION OF PLASTIC WORK

In the lateral confinement compression test, plastic work is an excellent indicator for
determining the load, deformation, and fragmentation laws of rockfill materials from
the perspective of energy method. The analysis of particle group fragmentation laws
using plastic work is to explain the process of particle fragmentation evolution from the
perspective of energy dissipation. The calculation formula for plastic work is as fol-
lows:

_ €
Wp_jpdgv_-[pdgv (6)
In equation (6), d. &, represents the total volumetric strain increment; d & repre-

sents the increment of elastic volume strain. Due to the fact that the elastic work of the
waste slag of phyllite is relatively small compared to the total energy dissipation and
can be ignored, the total energy dissipation is approximately the same as the plastic
work. At the same time, there is basically no shear strain in confined compression. The
plastic work can be simplified and calculated using equation (7) [21]:

W, =1pde, o

According to equation (7), it can be seen that according to the experimental results,
the plastic work and crushing rate under different grading conditions are fitted, and it
is found that the two exhibit a hyperbolic relationship. This article uses the hyperbolic
function proposed by Jia et al. [22] to explore the relationship between the two:

w

B, =—2
' A+B-W,

In equation (8), A and B are parameters that are related to the compression mechan-
ical indicators of waste particles. Based on experimental data, corresponding fitting

®)
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relationships are established, and the relationship between relative crushing rate and
plastic work, as well as the relationship between fractal dimension and plastic work,
are plotted as shown in Figure 8.
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Fig. 8. Relationship between ), and B:.

The relative fragmentation rate under various mixing conditions shows a hyperbolic
growth with the increase of plastic attack. For samples with different gradation and
sand content of phyllite waste, the fitting correlation coefficients are all greater than
0.95, indicating that using a hyperbolic model can better estimate and predict the degree
of fragmentation of waste samples with high accuracy. At the same time, for samples
with high content of large particles and discontinuous grading of mixed soil, the fitting
error is also very small, indicating that the model has wide applicability and can widely
evaluate the particle crushing characteristics of phyllite waste under the condition of
considering strain.

The maximum plastic work of the B1 group specimen can reach 695.16kPa, which
is approximately 1.16 times that of the continuously graded A2 group specimen. At the
same time, it can be seen that under the consideration of strain conditions, the plastic
work of sand mixed groups B2 and B3 is only 377.69 kPa and 76.16 kPa, indicating
that reducing the percentage of soft rock particles in the sample through methods such
as overfilling can not only effectively reduce the particle breakage of the sample, but
also have a significant effect on improving the deformation bearing capacity of the
sample.
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6 CONCLUSION

This article conducted lateral compression tests on waste materials of phyllite with dif-
ferent gradations, and obtained their compression and deformation characteristics under
high pressure through comparative analysis. The variation range of particle group con-
tent and particle fragmentation law of single and continuous gradations were quantita-
tively obtained, and the applicability of different fragmentation indicators to waste ma-
terials of phyllite was discussed, through fitting, it was found that the hyperbolic model
using plastic work has certain advantages in predicting its degree of fragmentation. The
specific conclusions are as follows:

(1) The overall trend of stress-strain changes in the confined compression of phyllite
waste slag is that the strain increases rapidly and then tends to stabilize. Compared with
the intermittent graded sample, the continuous graded sample has better compressive
bearing capacity and smaller final deformation. Its structure is more likely to form a
stable load-bearing structure after being subjected to external forces. As the sand con-
tent increases, sand particles with higher hardness and friction angle can suppress the
overall deformation of the sample, significantly reducing the final strain value of the
sample. Under external loads, the sample is also more likely to reach a stable state.

(2) Continuous group gradation can form a good force chain transmission structure
after being subjected to force. Small particles can fill the pores generated by compres-
sive volume changes in the initial stage, which can effectively suppress the develop-
ment of particle breakage. The relative content of particle groups in the most advanta-
geous crushing interval is relatively small. Under the same pressure, using continuous
group specimens can significantly reduce the crushing rate of the specimens. With the
increase of experimental sand content, the overall grading and strength of particle
groups can be improved, Inhibiting the development of particle breakage. With the oc-
currence of particle breakage, the intermittent group gradation will transition to the
continuous group gradation.

(3) The fragmentation rates Br and Bg can accurately measure the degree of particle
fragmentation in the waste slag of phyllite. However, when using the fractal dimension
D, there is a large error. When using the plastic work considering the displacement of
the sample, the fitting results between the plastic work and the fragmentation rate Br
are good. The hyperbolic model can accurately characterize and predict the degree of
particle fragmentation in the waste slag of phyllite, reducing the content of soft rock
materials in the filling material through methods such as replacement can simultane-
ously reduce deformation and fragmentation.

Shortcomings of the paper and future prospects: Considering the significant differ-
ences in the shape of the phyllite samples, this study mainly considered the particle size
in the sample configuration process without considering the influence of shape factors.
Subsequent research can consider the different percentage of abandoned phyllite parti-
cles with different shape factors in the confined compression test for more detailed
analysis.



56

Y. Jietal

ACKNOWLEDGMENTS

Authors wishing to acknowledge:

This article is one of the phased achievements of the National Natural Science Foun-

dation project "Research on the self-organizing evolution mechanism of soft rock waste
material structure based on particle crushing" (52268058).

This article is one of the phased achievements of the Education and Technology In-

novation Project in Gansu Province, titled "Excellent Graduate Student" Innovation
Star Project: Research on the Confined Compression Characteristics and Particle Re-
construction 3D Structural Model of phyllite Waste Residue "(2023CXZX-603).

REFERENCES

11.

12.

. Chen YJ, Pan CL and Cao P, et al (2003) A New Mechanical Model for Rheology of

Soft Rock. J. Soil Mechanics, 2003(02): 209-214.

. Xiong XM, Zheng YX and Huang JY, et al (2023) The influence of particle size and

confining pressure on the lateral compression performance of coral sand. J. Silicate No-
tification, 2023, 42(06): 2037-2046.

. Zeng K and Liu H (2023) Effect of particle size distributions on the mechanical behavior

and particle breakage of coral sands. J. Granular matter, 2023(3): 25.

Zhang T, Zhang C and Luo T (2022) Effect of stress anisotropy on deformation and
particle breakage of silica sand at high-pressure compression tests. J. Construction and
Building Materials, 2022,316: 125835-.

. Shen J, Chen X and Wang X et al (2023) Compression responses and particle breakage

of calcareous granular material in reclaimed islands. J. Powder Technology, 2023, 418:
118277-.

. Huang Q, Zhou X and Liu B (2023) Effect of realistic shape on grain crushing for

rounded and angular granular materials. J. Computers and geotechnics, 2023(Oct.): 162.
Long J, Gu LL and Wang Z, et al (2022) Research on one-dimensional compression
characteristics of calcareous sand considering particle fragmentation under multiple
loading and unloading conditions. J. Hydro-Science and Engineering, 01(2022): 144-
150.

. SunY, Xiao Y and Zhou W, et al (2022) Particle fragmentation and shape evolution of

calcareous sand and quartz sand under compression. J. Chinese Journal of Geotechnical
Engineering, 2022, 44(6): 10.

Sun XJ, Pan JJ and Ding LH, et al (2023) Grading variation law of soft rock rockfill
materials before and after testing. J. Journal of Yangtze River Scientific Research Insti-
tute, 2023, 40(09): 133-138.

. Yu BY, Chen ZQ and Feng MM (2017) Microstructural evolution characteristics of

saturated fractured limestone under lateral compression based on CT scanning. J. Jour-
nal of Coal Science, 2017, 42 (02): 367-372.

Wang ML (2013) Particle flow simulation of coal gangue compression test. J. Journal
of Rock Mechanics and Engineering, 2013, 32 (07): 1350-1357.

Tu YL, Liu XR and Ren QY, et al (2020) Research on the influence of stone content
and particle fragmentation on the strength of soil rock mixtures. J. Rock Mechanics,
2020, 41 (12): 3919-3928.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Study on Confined Compression Characteristics and Particle Crushing Law 57

Li T, Zhao HY and Weng BH, et al (2023) Experimental study on the influence of fine
particle shape and content on the strength of calcareous mixed sand. J. Chinese Journal
of Geotechnical Engineering, 2023, 45 (07): 1517-1525.

Zhang JM, Wang R and Shi XF, et al (2005) Experimental study on compression and
fragmentation characteristics of calcareous sand under lateral confinement conditions.
J.  Journal of Rock Mechanics and Engineering, 2005, (18): 3327-3331.

Ji WD, Zhang YT and Pei WB, et al (2018) Experimental study on the influence of
loading methods and stress levels on the fragmentation of coral sand particles. J. Journal
of Rock Mechanics and Engineering, 2018, 37 (08): 1953-1961.

Zhu JG, Guo WL and Wang YL, et al (2015) Research on the Grading Equation and Its
Applicability of Continuously Graded Soil. J. Chinese Journal of Geotechnical Engi-
neering, 2015, 37 (10): 1931-1936.

Hardin B O (1985) Crushing of soil particles. J. Journal of geotechnical engineering,
111(10): 1177-1192.

Marsal R J (1967) Large scale testing of rockfill materials. J. Journal of the Soil Me-
chanics and Foundations Division, 1967, 93 (2): 27-43.

Tyler S W and Wheatcraft S W (1992) Fractal scaling of soil particle-size distributions:
Analysis and limitations. J. Soil Science Society of America Journal, 1992, 56 (2): 362-
369.

Liu Y, Li X and Wu Q, et al (2023) Experimental study on the fragmentation law of
single particle size group crushed stone ballast particles. J. Journal of the China Rail-
way, 2023, 45 (02): 100-107.

Xu GM, Wu 'Y, Wu YH, et al (2023) Shear and particle fragmentation characteristics of
intermittent graded blown coral sand. J. Journal of Civil and Environmental Engineering
(Chinese and English), 2023, 45 (04): 56-64.

Jia Y and Bin, et al (2017) Research on the Particle Breakage of Rockfill Materials
during Triaxial Tests. J. International Journal of Geomechanics, 2017, 17 (10).

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's

Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Study on Confined Compression Characteristics and Particle Crushing Law of Phyllite Waste Slag

