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protection, and cost. This study focused on weathered phyllite obtained from a highway expan-
sion project in the Longnan Area of Gansu Province, China. Various experiments were conducted
in a laboratory setting, including compaction, unconfined compressive strength (UCS), California
bearing ratio (CBR), permeability, and disintegration tests, to investigate the response of mixtures
with different gravel contents (GCs), ranging between 30 %-70 % by weight of weathered phyllite
filler (WPF). The test results indicate the presence of a critical GC threshold. At 55 % GC, the WPF
exhibits optimal compaction, the highest UCS and CBR values, and the lowest permeability and
disintegration rates. Upon reaching this critical GC threshold, the phyllite gravels contact each
other to form a skeletal structure, while fine grains fill the gaps within this structure to create a
denser skeleton configuration. Coarse phyllite gravels are more prone to fragmentation into finer
grains, which can effectively occupy large, medium, and small voids between particles. Conse-
quently, the WPF exhibits enhanced structural density and improved mechanical and hydraulic
properties. These findings provide a theoretical reference for the engineering application of
phyllite in mountainous projects.

1. Introduction

The reuse of waste rock blocks (WRB) is a matter of global concern and significant international interest. The urgent need to
repurpose WRB is primarily driven by environmental considerations stemming from the increasing scarcity of natural resources and
the rising costs of landfill in many countries[1-4]. The sustainable application of traditionally discarded WRB in civil engineering has
generated considerable interest in recent years. Research by various authors has explored the use of recycled WRB in road and
pavement applications. The existing literature on employing WRB as a road construction material can be categorized into four groups
[5]: (i) WRB used directly without treatment; (ii) WRB stabilized with hydraulic binders (cement/lime) with or without the presence of
soil/clay; (iii) WRB stabilized through the geopolymerization process; and (iv) WRB combined with asphalt. Table 1 summarizes the
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use of WRB as road construction materials. Key design criteria for WRB structures include mechanical strength, workability, envi-
ronmental performance, hydraulic conductivity, and durability. Various geotechnical property tests (GPTs), including proctor
compaction test (PCT), unconfined compressive strength (UCS), California bearing ratio (CBR), X-ray diffraction (XRD), mercury
intrusion porosimetry (MIP), scanning electron microscopy (SEM), and assessments of durability and leaching characteristics were
conducted.

In the central and western regions of China, substantial quantities of phyllite, a regional metamorphic soft rock, have been revealed
[20-22]. With the continuous highway construction in mountainous areas, geological disparities have increased the number of tunnels
and road cutting. Consequently, the abundant waste slags from phyllite not only incur in transportation costs during construction but
also contribute to environmental pollution and ecological damage. To control project costs while adhering to environmentally friendly
principles in highway designs that utilize locally sourced materials, extensive waste slags from soft rocks have been utilized as roadbed
filler material, resulting in significant economic and environmental benefits [23-27].

Phyllite is a low-grade metamorphic rock exhibiting a degree of metamorphism between slate and schist and is characterized by its
phyllitic structure [28]. Owing to prolonged weathering and seismic activity, phyllite possesses attributes such as diminished strength,
weak cementation, and disaggregation upon contact with water. Consequently, soft rocks such as phyllite are considered unsuitable for
use as roadbed filler in the current specifications pertaining to road engineering construction [29,30]. The engineering properties of
weathered phyllite can be enhanced by applying cement or lime, and some studies have reported successful outcomes [20,29-32].
However, these improvements are associated with significant environmental pollution [33]. It is widely acknowledged that lime and
cement production results in substantial greenhouse gas emissions [34]. According to previous studies, the production of each ton of
lime releases 1.2 tons of carbon dioxide, while for every ton of cement produced 0.8 tons of carbon dioxide are emitted [35]. Currently,
sustainable development and the conservation of natural resources are globally prioritized concerns, necessitating the exploration of
alternative approaches [36,37].

Soil and gravel mixtures (SGMs) are comprised of gravels of varying sizes and fine-grained soil [38,39]. In this context, "gravel" is

Table 1

WRB used as road construction materials.

References  Site Type of WRB Treated methods Conducted tests Properties use
[6] Melbourne, Electric arc furnace Without GPTs, organic content, Ladle furnace slag is ideal for usage as a
Australia slag, ladle furnace slag treatment pH, construction material in roadwork applications
, CBR, total and leachable  and engineering fills. Electric arc furnace slag is
heavy metal tests. suitable to use as a construction material for
pavement subbases and engineering fills.

[7] Morocco Phosphate mine waste In situ tests, double Phosphate mine waste rocks can be used for the

rocks oedometer tests, triaxial construction of dry compacted embankments. The
tests, MIP, XRD. embankment exhibited significant bearing
capacity and showed satisfactory dry density.

[8,9] Turkey Waste limestone UCS,CBR,1-D Possible use of limestone powder for different
powder consolidation geotechnical applications including road pavement

design is considered.

[10] Bechar, Coal mine tailings GPTs, PCT, leaching tests, Coal mine tailings can be used as road base

Algeria CBR, in situ tests material with a percentage of 25 % completed by
local tuff.

[11] Turkey Rounded narli gravel, CBR, UCS, PCT, Behavior of clay with gravel size aggregate
angular crushed rock 1-D consolidation mixtures depends on the grain shape and content of
gravel the gravels with same mineralogy and size.

[12] India Overburden waste rock GPTs,consolidation tests, Overburden waste rock material in base and
direct shear tests,triaxial subbase layer is significantly more sustainable than
shear tests. the use of natural aggregates.

[13] Warsaw, Washed mineral waste GPTs, permeability tests, Washed mineral waste as soil for the backfill of

Poland direct shear tests. installation trenches, abutments and retaining
structures.

[14] Nigeria Blackcotton soil Hydraulic PCT, UCS, CBR, SEM Treatment of blackcotton soil for use as sub base

treatment material in the construction of low volume roads.

[15] Brazil Gold tailings UCS, pulse velocity tests, UCS of 1.8 MPa was achieved for the mix.
durability tests.

[16] Morocco Phosphogypsum pH, PCT, SEM, CBR, UCS, Large quantities of phosphogypsum material can
direct shear test, be valorized in various layers of the road
oedometer tests. construction obviously inside the profitability

perimeter.

[17] Salem, Magnesite mine tailings UCS, CBR, XRD, SEM. 8 % ordinary Portland cement and magnesite mine

India tailings mix can be used as a subgrade.
[18] Tucson, Copper mine tailings Geopolymerization ~ UCS, SEM, XRD. By selecting appropriate moisture content and
Arizona treatment NaOH concentration, the geopolymerized copper
mine tailings can meet the strength requirements
for road base.

[19] Morocco Phosphate waste Bituminous XRD, viscous flow tests, By using 5 % of waste fillers can enhance the

treatment frequency and rutting resistance performance of the original

temperature sweep tests.

asphalt binder.
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defined solely based on particle size, referring to gravels that are coarser than the soil matrix [40]. The gravel content (GC) is a crucial
parameter that influences the physical and mechanical behavior of an SGM [41-45]. In recent years, numerous tests have been
conducted to characterize the influence of GC on strength and deformation. Vallejo [46] indicated that when the GC ranged between
40 % and 70 %, both coarse gravels and fine grains collectively contributed to supporting the mixture structure. Gao et al. [47]
revealed significant effects on the internal friction angle and cohesion before reaching a critical GC threshold of 70 %. Wang et al. [48]
suggested that geomaterials with GC of 50 % exhibited considerably higher strength those with other contents. Cen et al. [38] observed
an increase in the peak shear stress and internal friction angle of the interphase, while a decrease in cohesion was noted with an
increase in GC. Wang et al. [45] concluded that a higher GC consistently led to a more significant enhancement in the strength and
deformation parameters. Zhang et al. [43] investigated the nonlinear relationship between the SGM shear strength and GC, and
proposed an empirical formula for predicting the SGM shear strength. Zhang et al. [49] determined that SGM exhibits the highest
degree of block contact and interlocks with 60 % GC. According to the particle density theory, an ideal GC can effectively occupy the
void spaces within waste rocks, resulting in a mixture with maximum density and strength [50]. The influence of increasing GC on
strength varies at different stages, with distinct thresholds observed for variations in strength. Gravels contribute to the friction and
overall material strength. However, an increase in GC leads to a greater number of soil-gravel contact faces [43].

Despite recent advancements, previous studies have primarily focused on natural SGM, such as colluvium, eluvium, and diluvium
[44,51-54]. However, limited research has been conducted on SGM formed via artificial excavation or blasting [30,40,55]. Liu et al.
[40] proposed the use of relative fractal dimensions to evaluate the impact of initial GC on particle breakage in weathered phyllite. Xu
et al. [55] found that improved red bed subgrade fillers with 50 % GC exhibited superior mechanical performance and deformation
characteristics; this finding was supported by Zhao et al. [30]. Phyllite waste is classified as a type of SGM. Moreover, the filling process
of weathered phyllite is accompanied by a series of processes such as particle sliding, crushing, filling and rearrangement. Particle
fragments significantly change particle strength, deformation and particle size distribution (PSD) [56]. Therefore, it is imperative to
investigate the impact of GC on the physical and mechanical properties to ascertain the suitability of weathered phyllite as a potential
filler material for roadbed applications.

In summary, weathered phyllite with unfavorable engineering properties can be utilized as a roadbed filler material after
appropriate treatment. Conventional hydraulic treatment techniques may have detrimental effects on the environment. However,

== Highway under construction

Kangxian County, Longnan City

Fig. 1. Location of weathered phyllite filler being studied.
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compaction treatment can effectively address both environmental protection and engineering requirements. Previous studies have
conducted limited investigations into the engineering properties of phyllite with varying GC, while the hydraulic characteristics of
weathered phyllite filler (WPF) remain uncertain. As discussed above, this paper initially examines the basic properties of weathered
phyllite materials, including mineral and chemical compositions, microstructure, and physical properties. Subsequently, WPF speci-
mens were prepared by incorporating varying ratios of GC (30 %, 40 %, 50 %, 55 %, 60 %, and 70 % by dry weight). A comprehensive
series of laboratory experiments, encompassing standard test for laboratory compaction, UCS, CBR, permeability, and disintegration
tests, were conducted to evaluate the performance of the WPF samples. Based on this research, a critical GC threshold was determined,
indicating that WPF exhibits enhanced structural density and improved mechanical and hydraulic properties. These findings are
expected to increase the suitability of phyllite waste slags as roadbed filler materials in mountainous areas and provide valuable in-
sights for engineering applications.

2. Materials and methods
2.1. Basic properties of weathered phyllite filler

The WPF samples were collected from a highway construction project in the Longnan Area of Gansu Province, China (Fig. 1). The
raw gravel was crushed and sieved through a 75-um mesh (No. 200). In this study, following previous similar investigations [51,57,
58], a particle size threshold of 5 mm was selected to distinguish between coarse gravels and fine grains; specifically, particles larger
than 5 mm were defined as gravels (or coarse grains), while particles smaller than 5 mm were classified as fine grains.

XRD was performed to determine the mineralogy of the weathered phyllite. Following the methodology described by Garzén et al.
[59], a representative sample was crushed and sieved through a 75-um mesh. Subsequently, the powdered sample underwent drying at
110 °C for 24 h. The results are shown in Fig. 2. The WPF mineral composition was characterized by significant proportions of
muscovite (38.0 %), orthoclase (27.1 %), kaolinite (22.5 %), and quartz (12.4 %). Notably, unlike phyllites found in other regions,
weathered phyllite exhibits elevated concentrations of muscovite and orthoclase and relatively lower levels of quartz [20,21,30,40,
59].

The chemical composition of the sample, as determined via X-ray fluorescence (XRF) analysis (Table 2), was in excellent agreement
with the mineralogical composition observed via XRD analysis. The results, expressed in terms of oxide percentages, validate the
presence of silica (59.0 %) and alumina (24.1 %) originating from silicate and quartz content, alongside alkaline elements primarily
associated with kaolinite and orthoclase content, notably potassium oxide. Noteworthy constituents include iron oxide at approxi-
mately 4.8 % as well as magnesium and sodium oxides at similar levels (both approximately 5.61 %), constituting the remaining
components at a proportion of 1.77 %. Fig. 3 shows a scanning electron micrograph (SEM) capturing the layered morphologies within
weathered phyllite due to the presence of muscovite.

The moisture content and bulk density of the phyllite slag excavated from the tunnel was directly tested. The Atterberg limits of fine
particles less than 0.075 mm was measured indoors. The physical properties of weathered phyllite were determined following the
guidelines provided by ASTM D2216 [60], ASTM D7263 [61], and ASTM D4318 [62] respectively. The obtained results are presented
in Table 3.

Typical gravels were selected, and data regarding the long axis (L), intermediate axis (I), and short axis (S) of the particles were
obtained using a 3D laser scanning system. According to the classification of particle shape by Lanaro and Tolppanen [63], as illus-
trated in Fig. 4, the shapes of the gravels are classified and counted, as shown in Fig. 5. Most phyllite gravels exhibit a flat shape (S/I <
0.67, I/L > 0.67), some are classified as spherical, while a small proportion may exhibit flake and cubic shape.

3.5

® Quartz
¥ Kaolinite
3.0 & Muscovite
* Orthoclase
N Quartz
I Kaolinite
25F B Muscovite
I Orthoclase
20F

Intennsity (a.u.)

10 20 40 60 80 90
20 ()

Fig. 2. XRD and XRF analyses of phyllite.
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Table 2
Summary of chemical composition of the phyllite sample using XRF.
SiO, Al,03 Fey03 K;0 MgO NayO
59.0 24.1 4.85 4.67 291 2.70

WD= 7.3mm Mag= 5.00KX Signal A= SE2 s

Fig. 3. SEM micrograph of a phyllite sample.

Table 3
Physical properties of weathered phyllite sample.
Moisture content (%) Bulk density Liquid limit (%) Plastic limit (%) Plasticity index
(g/cm®)
3-6.7 2.71-2.83 18.4 15.2 3.2

Point-load tests were conducted on weathered phyllite gravels using a point-load testing machine in accordance with the guidelines
set by the International Society for Rock Mechanics (ISRM) [64]. The point-load strength index (Pr;) value was determined using the
method described by Singh et al. [65]. The Py; of weathered phyllite ranges between 0.94 and 6 MPa, with an average of 3.39 MPa.
Consequently, the weathered phyllite gravels is classified as a type of soft rock [22,40,66].

2.2. Sample preparation

The primary aim of this study was to investigate the influence of GC on WPF. Coarse phyllite gravels were sorted by using the

Flat shape Spherical shape
0.67

/L

Flake shape Cubic shape

0 S/ 0.67 1

Fig. 4. Particle shape classification.
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Fig. 5. Particle classification statistics.

following sieve sizes (mm): 60, 40, 20, 10, 5, 2, 1, 0.5, 0.25, and 0.075. Thus, the particle sizes ranging from 40-20, 20-10, 10-5, 5-2,
2-1, 1-0.5, 0.5-0.25, and 0.25-0.075 mm with a maximum particle size limit of 40 mm, as shown in Fig. 6.

Different GC weight percentages (30 %, 40 %, 50 %, 55 %, 60 %, and 70 %) were incorporated into the WPF samples for analysis.
The PSD analysis for each WPF sample group were conducted following the ASTM C136/C136M-19 standard [67].

For any sample with a specific GC, the PSD curve can take on numerous forms, significantly influencing the physical and me-
chanical properties of the WPF. This experiment focuses on the effect of GC on WPF. To eliminate the interference caused by particle
gradation, the particle gradation of gravel larger than 5 mm is fixed, as is the gradation of fine-grained soil smaller than 5 mm. Only the
mass ratio of coarse and fine particles is used to determine the mass fraction of coarse particles. Using this method, the gradation curves
of six groups of WPF samples with different GCs were designed, as illustrated in Fig. 7.

The gradation curve of WPF with 70 % GC is depicted at the lower end of Fig. 7., while that of WPF with 30 % GC is depicted at the
upper end. Fig. 7. demonstrates a direct correlation between the GC percentage and particle coarseness in WPF. Furthermore, most
groups exhibited coefficients of uniformity (C,) exceeding 10 and coefficients of curvature (C.) ranging from 1 to 2, indicating a well-
graded nature across all WPF groups. Notably, among these groups, WPF with 55 % GC exhibited the highest C,, value and displayed a

0.5~0.25mm Ji 0.25~0.075mm

Fig. 6. Various weathered phyllite particle sizes.
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100 L —o— 30% —o— 40% —o— 50%
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% 50 11.6 | 1.9
‘g 40 55 12 17
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& 96 | 28

20 |

0
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100 10 1 0.1 0.01

Particle size (mm)

Fig. 7. Particle size distributions for weathered phyllite filler.

broader particle distribution compared to other groups.

The mold with 100 mm diameter and 200 mm height were selected to prepare standard cylindrical specimens for UCS test. The
mold with 50 mm diameter and 50 mm height were selected to prepare cylindrical specimens for disintegration and penetration test.
The WPF was loaded into the mold in three layers. After each layer was loaded, the surface was scraped and then the next layer was
loaded. The finished mold was placed under the press, and the samples with different GC under the same compaction degree were
prepared by static pressure method, and the sample preparation process is shown in Fig. 8.

2.3. Methods

2.3.1. Standard test for laboratory compaction

The aim of the standard test for laboratory compaction was to determine the maximum dry unit density (pdmax) and optimum
moisture content (Wop), as well as to investigate the behavior of WPF during roadbed compaction. An electric compaction tester
consisting of a rammer, controller, and cylindrical mold in accordance with ASTM D1557 [68] was used as the main apparatus (Fig. 9).
Each 6-kg sample was divided into three layers for compaction, receiving 56 strikes per layer at a controlled compaction power of
2680 kJ. Five groups were established with varying moisture content: 2 %, 4 %, 6 %, 8 %, and 10 %. Water was added to the samples,
which were then placed in plastic bags to maintain a constant water content over a period of 48 h. Following the completion of the
compaction test, the samples were dried in an oven at temperatures reaching up to110 °C for at least 24 h before undergoing screening
analysis to determine their PSD.

B N Y
After peeling off mold

samples mdulding

Fig. 8. Samples preparation process.
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Controller

compaction

Compacted

Electric compaction tester
sample

Fig. 9. Testing apparatus for compaction test.

2.3.2. Unconfined compression test

Unconfined compressive tests were conducted in accordance with ASTM D2166M-16 [69] to evaluate the UCS of WPF. An electric
universal testing machine was used for specimen testing, as shown in Fig. 10. The samples were prepared at pamax and wo, for different
GCs. Cylindrical specimens 100 mm in diameter and 200 mm in height were used for the experiments. Loading was applied at a rate of
1 mm/min until failure. Three parallel tests were performed for each experimental condition and the average value was considered as
the final result [70].

2.3.3. California bearing ratio

Following the Test Methods of Soils for Highway Engineering (JTG3430-2020) [71] and ASTM D1883-16 [72], the CBR samples
were compacted at wop, using three compaction hits (56 blows). Subsequently, the compacted samples were soaked to determine the
CBR of the roadbed under extreme weather conditions. Following a soaking period of 96 h, as shown in Fig. 11, penetration tests were
conducted on the samples with a surcharge weight of 5 kg applied during soaking. The top of the perforated plate was equipped with a
dial indicator to measure the swelling properties of the samples during soaking. The CBR test machine featured a metallic grid plate
and a tripod to securely hold the gauge on the mold. The hydraulic jack of the CBR test machine was used to apply a uniform pressure of
44.5 kN to the soil specimens at a loading rate of 1.27 mm/min. The load cell measures the magnitude of the force exerted by the piston
penetration into the soil specimen.

The relationship between loads and penetration was visually represented through a graph, enabling the observation of both the
CBR value and the load required for a 12.5-mm penetration. The corresponding CBR values for 2.5- and 5.0-mm penetrations were
derived from this graphical representation using Eqs. (1a) and (1b) [73].

21
7000

CBR2_5, % = x 100 (13)

Electric universal testing machine Specimen under
pressure

Fig. 10. Testing apparatus for UCS.
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Dial
indicator

The
perforated
plate (5kg)

Metallic
grid plate

BR test machine

Sample soaked C

Fig. 11. CBR test.

p,
% = ——
CBRso,% 10500 x 100 (1b)

Where: P; is the unit pressure at penetration of 2.5 mm; Py is the unit pressure at penetration of 5.0 mm.

2.3.4. Penetration test

The permeameter depicted in Fig. 12 features a flexible wall and was used for the penetration test. The test parameters were
configured using a computer system, and control over the test was exerted using top, bottom, and confining pressure controllers. These
controllers administer seepage confining pressure and back pressure to the sample. When the desired seepage pressure was reached,
the computer control system automatically recorded the pertinent test parameters and computed the permeability coefficient of the
sample based on Darcy’s law.

2.3.5. Disintegration test

The disintegration test was performed using a disintegration testing device, as illustrated in Fig. 13, and the mass method was
employed to assess the disintegration characteristics of the WPF. A cylindrical WPF sample 5 cm in height and 5 cm in diameter was
gently positioned on a metal wire mesh and submerged in deionized water within a cylindrical plastic container. As the disintegration
progressed, gradual fragmentation of the sample occurred, leading to the detachment and deposition of certain WPF particles into the
plastic container. Consequently, this resulted in a reduction in the mass reading on the balance, which was subsequently utilized to
calculate the rate of disintegration at each time point according to Eq. (2) [51,74,75]. Three samples were simultaneously tested under
each experimental condition, and their average value was used as the final outcome.

K="0"" 100% @
my —m

Where: K is the disintegration ratio; my is the initial balance reading at the commencement of the disintegration test; m, is the balance
reading at the time note t; m; is the balance reading when immersing an empty wire mesh into water.

controller Pressure

chamber
Sample
lofting place

Top pressure
controller

Fig. 12. Testing apparatus for penetration.
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Balance

etal wire mesh

Cylindrical
plastic container
(Contains
deionized water)

h*d=5cm*5cm

Wet disintegrating sample

Fig. 13. Disintegration test.
3. Results and discussion
3.1. Compaction properties

The pdmax and wop; of the five WPF groups are shown in Fig. 14. pgmax peaked at approximately 50 %-60 % GC, with corresponding
values of 2.32 and 2.34 g/cm?, while the respective Wopt Were 5.82 % and 5.31 %. Within a GC range of 30 %-55 %, the phyllite
gravels floated discretely in the WPF samples because of the presence of a large number of fine phyllite grains. During compaction, the
phyllite gravels break, resulting in an increase in dry density. However, within a GC range of 50 %-60 %, the floating phyllite gravels
transformed into framework-forming structures as an ample amount of fine phyllite grains filled the voids, creating a skeleton-dense
structure that contributed to an increase in dry density. For specimens with GC exceeding 60 %, the WPF samples were transformed
into highly fragmented rock mass mixtures comprising angular phyllite gravels and unoccupied voids. wop exhibited a declining trend
as the GC increased. This decline can be attributed to the fact that fine grains possess greater water adsorption capacity than GC during
compaction.

Based on the WPF compaction test results, the samples exhibited a maximum dry density upon compaction at approximately 50 %—
60 % GC. Consequently, three groups were selected for parallel testing, with GC levels set at 40 %, 55 %, and 70 %. Water was added to
the samples in accordance with wop. Initial compaction was performed for each group, and the quality of the phyllite with varying
particle sizes was screened and documented. Subsequently, the samples were re-compacted using the same procedure and equipment.

The PSD of the WPF samples before and after compaction are shown in Fig. 15. Initially, the WPF gradation curve was positioned at
the lower end, while the first and second gradation curves were located in the middle and upper positions, respectively. After

6.4 2.35
‘—O—Optimum moisture content —#— Maximum dry unit density‘
62 * A F2.34 .
S 1233 5
2 6.0+ <
= F2.32 £
S <!
5.8 4 3
e 231 ©
: z
w
3 564 F230 2
g 5.6 E
g F2.29 §
E 54 g
8 F2.28 %
5.2 4 =
-2.27
5.0 T T T T T 2.26
30 40 50 60 70
GC (%)

Fig. 14. Variation of pgmax and wop with GCs.
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Fig. 15. Particle size distributions for the WPF before and after compaction. (a) GC= 40 %; (b) GC= 55 %); (c) GC= 70 %.

compaction, the PSD of the WPF samples became wider than in their initial states, accompanied by an increase in C,. According to
Hardin’s definition of particle breakage [76], relative breakage (B;) can be expressed mathematically as follows:

B, =B /B, 3)

11
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B, represents the area enclosed by the gradation curve before and after compaction, as well as the vertical line at d= 0.075 mm; B,
denotes the area enclosed by the initial state’s gradation curve and the vertical line at d= 0.075 mm.

The B, values were determined at 40 %, 55 %, and 70 % GC to assess the extent of relative breakage in coarse phyllite gravels. After
the first compaction, the average By values were recorded as 24.2 %, 31.0 %, and 27.9 % respectively. Subsequently, after the second
compaction, the average B;, values increased to 32.7 %, 39.0 %, and 38.7 %, respectively. These findings indicate that compaction led
to the fragmentation of coarse phyllite gravels, with an increase in GC resulting in a higher proportion of coarse phyllite gravels, as well
as an elevated number and degree of particle breakage during the first and second compactions. The WPF experienced further frag-
mentation during the second compaction than during the first. By; and By reached their maximum at 55 % GC, providing insight into
the underlying cause of the highest observed dry density at this GC. Coarse phyllite gravels break into finer grains, effectively filling all
interstitial voids between particles of varying sizes, resulting in a higher concentration of phyllite particles per unit volume. Conse-
quently, the samples exhibited enhanced densification, leading to improved mechanical and hydraulic properties (as supported by the
subsequent analysis of these properties).

The mass of the WPF grains varied with the compaction effort, as shown in Fig. 16. Specifically, the mass of particles larger than
2 mm exhibited a decreasing trend, while the mass of particles smaller than 2 mm increased with 40 % and 55 % GC. In comparison to
the initial state samples, after the first and second compactions, there was a reduction in the mass of coarse phyllite gravels (>5 mm) by
24.4 % and 32.9 % for 40 % GC respectively; by 33.1 % and 43.1 % for 55 % GC, respectively; and by 37.5 % and 49.4 % for 70 % GC,
respectively. The term "compaction effort" refers to the total energy input applied to the particles [40]. During compaction, the mass of
the coarse phyllite gravels decreased, while that of fine grains increased. This observation suggests that compaction leads to the
fragmentation of coarse gravels into fine grains. The underlying reason for this phenomenon lies in the higher strength exhibited by
fine grains compared to larger ones [77-79]. Previous studies also reported an increase in the mass of fine grains with an increase in GC
[80-83]. These findings imply that both the compaction effort and initial GC of the WPF influenced the extent of particle breakage.

3.2. Mechanical properties

3.2.1. Unconfined compression strength

The UCS is utilized for assessing the effectiveness and significance of various factors influencing the roadbed’s strength [84].
Previous studies have indicated that when the GC ranges from 20 % to 70 %, both rock blocks and fine grains exert control over the
UCS of SRM [41,42,45,85]. GC exhibits positive and negative effects on the UCS [43].

The strength of the WPF is determined by the synergy between the gravels, fine grains, and gravel-soil interface interactions. As
shown in Fig. 17 and Fig. 18, in low-GC cases (30 %-50 %), angularity and strength provided by phyllite gravels contribute to the
overall WPF friction, resulting in an increase in UCS. The increase in gravels replaced the fine grains, leading to a decrease in cohesion;
however, this decrease was outweighed by an increase in friction. For 55 % GC, the maximum UCS was 257 kPa. Phyllite gravels
contact each other to form a skeleton, and fine grains fill the skeleton to create a dense structure. Additionally, the coarse gravels
possess abundant edges and corners that enhance block interlocking and the internal friction angle. Consequently, both coarse and fine
grains synergistically resist external loads, effectively mitigating the stress on larger particles. The decline occurred subsequent to the
GC exceeding 55 %. Chen et al. [86] discovered that there exists a GC threshold, defined as 53 %-58.5 %, for restructuring the
permeable granular framework; this finding was corroborated by Liu et al. [40]. This decrease can be attributed to the replacement of
fine grains with phyllite gravels, which increases the number of soil-gravel contact surfaces and consequently weakens the connections
between the fine grains and gravels, resulting in reduced cohesion. Furthermore, because of the scarcity of fine grains that fill the
framework formed by the coarse gravels, these coarse gravels experience higher stress levels and are more prone to breakage [79,87].
The reduction in cohesion outweighs the increase in friction. Similar conclusions have been reported in previous studies [24,44,88].

3.2.2. California bearing ratio

CBR is a crucial parameter for assessing the bearing capacity and engineering properties of roadbed fillers under adverse conditions
[89]. As shown in Fig. 19, all CBR values satisfy the specified threshold of 8 % for highways subjected to water immersion [90]. This
indicates that the WPF exhibited a commendable roadbed-bearing capacity even after water immersion. Moreover, an increase in
compactness while maintaining a constant GC leads to an increase in CBR. The CBR values were highest for the WPF with a GC of 55 %,
reaching 25.92 %, 26.2 %, and 29.11 % at compactness degrees of 93 %, 94 %, and 96 %, respectively. At a compactness of 96 %,
compared to GC at 40 % and 70 %, the CBR increased by approximately 10.17 % and 8.85 %, respectively. A reasonable GC can
significantly enhance the bearing capacity of the WPF, while samples with 55 % GC exhibited stronger resistance to local deformation.

It has been experimentally confirmed that WPFs with a GC ranging from 50 %-60 % possess a more compact and robust structure,
which aligns with previous findings indicating a critical GC threshold [91-93]. Zhao et al. [30] concluded that the critical threshold for
SGM was set at 50 %. Similarly, Liu et al. [40] determined that the same critical threshold for WPF is established at 55 %. As the
compactness degree increased, water absorption decreased. Notably, as shown in Fig. 20, samples with 55 % GC exhibited the lowest
water absorption, indicating a decrease in internal voids that effectively prevented water infiltration. The compactness degree not only
determines the CBR but also influences the water absorption of the WPF. Therefore, it is imperative to control the filler’s compactness
degree in engineering projects to enhance the strength and bearing capacity while minimizing water infiltration into the roadbed.
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3.3. Hydraulic properties

3.3.1. Permeability

Fig. 21 illustrates the relationship between the permeability coefficient and GC. The change in permeability coefficient for WPF
samples with 30 %-60 % GC was negligible, all falling within a range of 10™® cm/s. As the GC increased, the permeability coefficient
decreased until it reached a minimum at 55 % GC. This can be attributed to the addition of fewer low-permeability phyllite gravels to
the WPF as the GC increased, resulting in an increase in the void ratio of the fine-grained fraction [94]. The presence of phyllite gravels
diluted the physicochemical potential of the WPF [52], resulting in a decrease in the permeability coefficient. When the GC exceeded
55 %, there was an increase in permeability. Beyond 70 % GC, the permeability coefficient exhibited a significant increase, more than
ten-fold. It appears that insufficient fine grains were present within the WPF, and the macro voids developed between phyllite gravels
were partially filled by these fine grains. This finding aligns with the observations regarding the compaction and strength
characteristics.

It is commonly assumed that the permeability of a geomaterial mixture is controlled by the content and nature of the fine grains.
Previous test results have indicated an increase in the permeability coefficient with an increase in GC [85]. However, the current test
results for the WPF permeability coefficient with different GCs align with the findings of previous studies [48,94-97]. Shakoor and
Cook [94] conducted tests on silty clay/gravel mixtures and observed a range of 1-2 x 10~ cm/s for the permeability coefficient at
GCs between 0 % and 50 %. Shelley and Daniel [95] concluded that for GCs below 60 %, the permeability coefficient of compacted
soil/gravel mixtures was less than 1 x 1077 cm/s. The permeability coefficient of residual soil-gravelly sand mixtures remained within
a range of 107 em/s up to the addition of 50 % gravelly sand, as indicated by Indrawan et al. [96]. Shafiee [97] and Wang et al. [48]
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observed a turning point in the variation of the permeability coefficient with increasing GC, where the minimum permeability was
achieved at 40 % GC. Zhao et al. [30] found that for WPF, the minimum permeability was attained at 50 % GC. Extensive experimental
data from previous studies on SGMs have demonstrated that the permeability of SGM does not significantly increase until reaching a
critical GC (60 %-75 %); beyond this threshold, there is a substantial increase in SGM permeability with further increases in GC [47,
86,96,971.

The fine and coarse grains in the WPF both originate from the phyllite rock formation, and their properties are primarily influenced
by the parent rock. They have identical mineral and chemical compositions. Due to the abundance of non-clay minerals (such as
orthoclase and quartz) in phyllite rock, the WPF can be considered as a non-cohesive material, resulting in low plasticity for fine grains.
Permeability is controlled by the void ratio when fine grains exhibit low plasticity [97]. The void ratio is closely associated with

compaction, where samples achieve maximum dry density and minimum void ratio after compaction when the GC ranges between
50 % and 60 %.

3.3.2. Disintegration characteristics

The disintegration characteristics are used to evaluate the resistance of geomaterials to softening and disintegration upon contact
with water [98]. The WPF disintegration ratio increased during the initial soaking stage, indicating that prolonged exposure to water
accelerated the disintegration process. Disintegration occurred within approximately 10 min. Samples with 50 % and 55 % GC
exhibited a maximum disintegration time of 10 and 11 min, respectively. Samples with 30 % and 60 % GC experienced a disintegration

time of approximately 8 min. Thus, WPF displays limited resistance to disintegration and readily undergoes softening and fragmen-
tation when exposed to water.
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Fig. 22. Disintegrating curves of samples: (a) Variation of disintegration ratio with time. (b) Variation of disintegration ratio and disintegration rate
with GCs.
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The relationship between the disintegration rate and GC is shown in Fig. 22. For WPF samples with 30 %-70 % GC, there is no
significant variation observed in the average disintegration rate, which ranges from 5.16 % to 8.38 %/min. Zhao et al. [29] reported a
disintegration rate of phyllite soil of 10.0 %-min !, suggesting that the initial decrease followed by an increase in GC leads to changes
in the disintegration rate. Notably, WPF samples with 50 %-60 % GC exhibited the lowest disintegration rate among all tested samples.
The permeability behavior exhibited a similar trend. The disintegration of geomaterials is attributed to the swelling of clay minerals
[99]. However, the XRD analysis did not detect smectite; only kaolinite (22.5 %) was identified, which exhibits limited water
sensitivity. In the case of the investigated WPF in this study, it is reasonable to anticipate that compaction plays a crucial role in
determining its disintegration behavior. As discussed previously, when the GC reaches 50 %-60 %, the samples became more compact
and exhibited enhanced resistance against disintegration. A higher compaction degree leads to a more stable disintegration behavior
[54,77].

4. Conclusion

The compaction, mechanical, and hydraulic properties of a WPF composed of coarse gravels and fine grains were comprehensively
analyzed through a series of laboratory tests, including standard test for laboratory compaction, UCS, CBR, permeability, and disin-
tegration tests. Based on the experimental results and analyses, the main conclusions of this study can be summarized as follows.

(1) The fine and coarse grains in the WPF both originate from the phyllite rock formation, and their properties are primarily
influenced by the parent rock. Unlike phyllites in other areas, the XRD, XRF, and SEM analysis results revealed that the Longnan
phyllite exhibits higher concentrations of muscovite and orthoclase, but relatively lower levels of quartz. Clay minerals consist
exclusively of kaolinite, which has a limited water absorption capacity. Consequently, it can be inferred that the WPF can be
classified as a non-cohesive material.

(2) The compaction properties of the WPF were examined, and the results revealed that the maximum dry unit density exhibited an
initial increase followed by a subsequent decrease with varying GCs, reaching its peak at approximately 50 %-60 % GC. When
the GC was below 50 %, discrete phyllite gravels were observed to float within the WPF samples. Within GC range of 50 %-
60 %, these floating phyllite blocks underwent a transformation into framework-forming structures, as a substantial amount of
fine phyllite grains effectively filled all interstitial voids between particles, resulting in a higher phyllite particle concentration
per unit volume. At 55 % GC, under compaction effort, coarse phyllite gravels experienced increased breakage, leading to a
broader particle distribution and higher values of both the relative breakage coefficient (B;) and uniformity (C.) compared to
their initial state.

(3) The UCS results for the WPF indicate that in low-GC cases (30 %-50 %), the angularity and strength provided by phyllite gravels
contribute to the overall WPF friction, resulting in an increase in UCS. For 55 % GC, the maximum UCS was recorded as 257 kPa.
The coarse phyllite gravels possess abundant edges and corners that enhance block interlocking and the internal friction angle,
synergistically resisting external loads along with fine grains, and effectively mitigating stress on larger particles. However, for
GC above 55 %, the UCS values declined because of the replacement of fine grains with phyllite gravels, increasing soil-gravel
contact surfaces, and consequently reducing cohesion. A similar pattern was observed in the CBR results; reaching its peak at
55 % GC and exhibiting stronger resistance to local deformation.

(4) The permeability and disintegration test results indicate that for WPF, its permeability coefficient ranges between 107 cm/s for
GC up to 60 %. For a GC of less than 60 %, the presence of coarse phyllite gravels had a slight beneficial effect on reducing the
WPF permeability coefficient. However, when the GC exceeds 70 %, there is a noticeable increase in the permeability coeffi-
cient. Similar trends can also be observed in the disintegration behavior; both phenomena are influenced by the void ratio when
the fine grains have low plasticity. It should be noted that the void ratio is closely associated with compaction, indicating its
significant role in determining the hydraulic characteristics. Notably, when the GC reached approximately 50 %-60 %, the
samples demonstrated improved compactness and enhanced resistance against both permeation and disintegration. Higher
compaction degrees lead to greater stability in the hydraulic behavior.

Based on the above, this study analyzes the compaction properties, mechanical properties, and hydraulic characteristics of WPF
with different ratios of GC. A critical GC threshold for WPF is identified, indicating that within the GC range of 50-60 %, the phyllite
gravels contact each other, forming a skeletal structure. Meanwhile, fine grains effectively fill the interstitial voids between particles,
resulting in a higher concentration of phyllite particles per unit volume. At 55 % GC, the WPF exhibits optimal compaction, achieving
the highest values for bulk density, compressive strength, C,, B;, UCS, and CBR, alongside the lowest permeability and disintegration
rates.

List of abbreviations

Full name Abbreviations
Waste rock block WRB
Geotechnical properties tests GPTs

Proctor compaction test PCT

(continued on next page)
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(continued)
Unconfined compressive strength ucs
California bearing ratio CBR
X-ray diffraction XRD
X-ray fluorescence XRF
Mercury intrusion porosimetry MIP
Scanning electron microscope SEM
Soil and gravel mixture SGM
Gravel content GC
Weathered phyllite filler WPF
American Society for Testing Materials ASTM
International Society for Rock Mechanics ISRM
Point-load strength index P
Particle size distribution PSD
Coefficients of uniformity Cu
Coefficients of curvature Ce
Maximum dry unit density Pdmax
Optimum moisture content Wopt
Relative breakage B;
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