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Highlights

What are the main findings?

• A 50% coarse aggregate replacement with lead-zinc mine waste rock was feasible in
cement-stabilized crushed stone under the investigated laboratory conditions.

• A 4‰ basalt fiber dosage demonstrated enhanced cracking and scouring resistance
among the investigated dosages.

• The sulfate-resistant agent reduced mass loss and improved strength retention under
sulfate wet–dry cycling.

What are the implications of the main findings?

• The results preliminarily support the use of mine waste rock as a partial substitute for
natural coarse aggregate in road base materials.

• Basalt fiber provides a potential modification strategy for improving cracking resis-
tance and durability.

• Long-term exposure, environmental stability, heavy metal release, and field perfor-
mance require further investigation before broad engineering application.

Abstract

To alleviate the shortage of high-quality natural aggregates and promote the sustainable
utilization of mining waste rock, this study employed lead–zinc mine waste rock-derived
aggregate to replace 50% of the coarse aggregate by mass in cement-stabilized crushed
stone. A series of tests, including drying shrinkage, thermal shrinkage, freeze–thaw cycling,
scouring, and sulfate attack, were conducted to investigate the cracking resistance and
durability of the resulting mixtures. The effects of basalt fiber, low-alkali cement, and
a sulfate-resistant agent were further evaluated. Although the waste rock aggregates
exhibited relatively inferior particle morphology, they could be incorporated into cement-
stabilized crushed stone through rational gradation design. Among the investigated fiber
contents, the mixture containing 4‰ basalt fiber exhibited relatively favorable shrinkage,
freeze–thaw, and scouring resistance. The sulfate-resistant agent reduced mass loss and
strength degradation under the investigated sulfate wet–dry cycling conditions. In contrast,
low-alkali cement showed limited effectiveness in improving shrinkage resistance and
freeze–thaw durability. These results provide experimental evidence for the feasibility of
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using lead–zinc mine waste rock as a partial coarse aggregate replacement in road base
materials under the investigated laboratory conditions.

Keywords: lead–zinc mine waste rock; sustainable utilization of mine waste; cement-
stabilized crushed stone; cracking resistance; durability

1. Introduction
Cement-stabilized crushed stone is widely used as a semi-rigid base or subbase mate-

rial and occupies a dominant position in high-grade highway pavement structures in China
because of its high load-bearing capacity and strong resistance to deformation [1]. However,
its extensive application relies heavily on high-quality natural aggregates, such as basalt,
diabase, and limestone [2,3]. In many regions, particularly mountainous plateau areas such
as Yunnan Province, the increasing scarcity of conventional aggregates, long transportation
distances, excessive quarrying, and ecological protection constraints have become major
factors restricting infrastructure construction and sustainable development. As the supply
of high-quality aggregates becomes increasingly limited and the environmental pressure
associated with quarrying intensifies, the development of environmentally friendly and
economically viable alternative aggregates has become an important research direction in
highway engineering [4,5].

Meanwhile, the enormous quantities of solid waste generated by mining activities,
particularly mine waste rock and tailings, impose a substantial environmental burden. In
recent years, one major pathway for the resource utilization of mine waste rock worldwide
has been its use as an alternative raw material in the production of cement, ceramics,
concrete, bricks, and other construction materials. In Morocco, several studies have in-
vestigated the use of phosphate mine waste rock from the Benguerir mining area as an
alternative aggregate in concrete [6], an embankment fill material [7], and a constituent of
cement mortar [8], as well as the use of copper mine waste rock from the Blieda mining area
as a substitute for natural sand [9]. Phosphate mine waste rock has also been combined with
phosphate washing sludge to produce compressed stabilized earth bricks [10]. Moreover,
alkali activation of phosphate mine waste rock using different alkaline activator solutions
has been reported to produce materials with relatively high load-bearing capacity [11]. In
India, more than 500 million tonnes of industrial waste, mining waste, and tailings are
generated annually, and these materials have been identified as potential secondary raw
materials for the production of cement, bricks, concrete, panels, and other construction
materials, as well as for broader infrastructure development [12]. Other studies have
similarly demonstrated the potential of iron ore waste rock and coal mining waste for the
production of concrete, ceramics, and related materials [13,14].

Another major resource utilization pathway involves the use of mine waste rock as a
filling material in mined-out voids, embankments, and other engineering applications. A
method has been proposed for preparing cemented tailings–waste-rock powder backfill by
combining mine waste rock with tailings [15]. At the Jinchuan nickel mine, a series of low-
cost backfill mining technologies have been developed using solid wastes, including the
replacement of cement with metallurgical slag to produce low-cost cementitious binders,
the use of waste rock combined with rod-mill sand or tailings as mixed aggregates, and the
incorporation of fly ash or copper beneficiation tailings into mixed aggregate systems [16].
A study on mine waste rock and tailing sand from the Kangjiawan lead–zinc–gold–silver
mine showed that tailing sand could be used to backfill underground mined-out areas,
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whereas waste rock and part of the tailing sand could be utilized in the production of
construction materials [17].

In addition, a limited number of studies have explored the application of mine waste
rock and tailings in road engineering. In the Democratic Republic of the Congo, coltan
mine waste rock was reported to exhibit cohesive-soil characteristics but relatively poor
road performance. Nevertheless, when incorporated at a proportion of 60% in a stabilized
mixture, the resulting material generally satisfied the essential performance requirements
for pavement subbases [18]. In Iran, two types of stripping waste from the Golgohar
iron mine were found to be suitable for use in cement-stabilized crushed-stone bases
after stabilization treatment [19]. A feasibility study of mine stripping materials from
the Wuhai mining area in Inner Mongolia, China, showed that the materials exhibited
relatively low frost-heave susceptibility and could be used as subgrade fill in seasonally
frozen regions. The study further recommended maintaining a coarse-particle content
of 40%–60% to improve the environmental adaptability of the subgrade under seasonal
freezing conditions [20].

Lead and zinc are among the most extensively mined nonferrous metal resources.
Previous studies have reported an average tailings generation coefficient of approximately
3.6, indicating that approximately 3.6 tonnes of tailings are generated for every tonne of
concentrate produced [21,22]. Lead–zinc mining also generates large quantities of mine
waste rock. The long-term accumulation of these wastes not only occupies substantial
land resources but also poses serious threats to the surrounding atmosphere, soil, surface
water, and broader ecological environment [23]. Lead–zinc mine waste rock and tailings
are commonly processed into fine aggregates, sand, or fillers for the production of concrete,
fired bricks, and unfired bricks, or mixed with cementitious slurry for backfilling mined-
out voids. A study conducted at the Hazine Mağara mining area in Türkiye investigated
concrete prepared by replacing limestone with lead–zinc mine waste rock at levels of 25%,
50%, and 75%. The resulting specimens exhibited reduced porosity and water absorption
and increased density, which contributed to improvements in compressive and tensile
strength [24]. Another study found that replacing conventional dolomite with lead–zinc
mine waste rock at proportions not exceeding 40% produced no evident adverse effects on
either the sintering process or the quality of the resulting sinter [25].

Nevertheless, studies directly applying lead–zinc mine waste rock in cement-stabilized
crushed-stone bases remain limited. In terms of cracking resistance, the inherent drying
and thermal shrinkage characteristics of cement-stabilized crushed stone can readily induce
cracking. Moreover, mine waste rock used as coarse aggregate may exhibit relatively low
intrinsic strength and unfavorable particle morphology, potentially resulting in insufficient
scouring resistance and poor freeze–thaw durability and thereby increasing the risk of
shrinkage cracking during service. Owing to the distinctive physical characteristics of
mine waste rock aggregates, such as potentially high fine-particle contents and complex
pore structures, as well as their chemical characteristics, including the possible presence of
sulfur-bearing compounds, these materials may undergo deterioration mechanisms under
aggressive environments that differ from those of conventional aggregates [26].

It is also noteworthy that national policies in China are actively promoting the resource
utilization of bulk solid waste. The Guiding Catalogue for Industrial Restructuring (2024
Edition), issued in 2023, explicitly encourages the environmentally responsible production
of sand and gravel aggregates from bulk wastes, including tailings, construction waste,
industrial residues, municipal sludge, and sediments from rivers, lakes, channels, and ma-
rine environments [27]. Yunnan Province is an important lead–zinc mining region in China,
and the Jinding lead–zinc mining area in western Yunnan contains enormous quantities of
waste rock and tailings that have not yet been effectively utilized. High-quality limestone
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aggregate sources are located far from the expressway projects in this region, whereas the
waste rock stockpiles distributed around the Jinding mining area represent a potentially
valuable source of road construction materials. Against this background, developing lead–
zinc mine waste rock as a road aggregate is consistent with the engineering principles of
adapting measures to local conditions and utilizing locally available materials. Such an ap-
proach could alleviate regional shortages of high-quality aggregates, consume substantial
quantities of mining waste, reduce environmental pressures, and promote coordination
between infrastructure construction and mine environmental management. It therefore
has important practical implications for advancing low-impact highway development and
contributing to China’s carbon-peaking and carbon-neutrality goals.

Accordingly, to promote the high-value utilization of lead–zinc mine waste rock and
evaluate its engineering applicability, this study investigated its use as a partial alternative
aggregate in cement-stabilized crushed stone. Drying and thermal shrinkage tests were
first conducted to characterize the cracking resistance of cement-stabilized crushed stone
incorporating lead–zinc mine waste rock aggregate. Freeze–thaw cycling, scouring, and
sulfate attack tests were subsequently performed to evaluate its durability. Specifically,
freeze–thaw testing was used to simulate deterioration under cyclic temperature variations
in cold environments and to assess frost resistance and strength loss. Scouring tests were
conducted to evaluate material stability under hydraulic impact by examining particle
loss and surface deterioration. Sulfate attack testing was used to quantify mass loss and
mechanical performance degradation under an aggressive sulfate environment. The effects
of basalt fiber, low-alkali cement, and a sulfate-resistant agent were also evaluated as
representative modification strategies. Overall, this study provides an experimental basis
for the broader utilization of lead–zinc mine waste rock in road base materials and supports
the coordinated development of mining-waste management and sustainable transportation
infrastructure in Yunnan Province.

2. Materials and Methods
2.1. Raw Materials
2.1.1. Lead–Zinc Mine Waste Rock Aggregate

The Jinding mining area, located in Lanping County, Yunnan Province, hosts one of
the major large-scale lead–zinc deposits in China and contains substantial quantities of
low-grade complex oxidized lead–zinc ores. More than 80% of the mining operations are
conducted using open-pit methods. To expose and extract the buried ore bodies, non-ore
or low-grade rock strata overlying and surrounding the ore bodies must first be stripped,
thereby generating large quantities of mine waste rock. During the 2025–2026 open-pit
stripping project, approximately 15.4285 million m3 of material was stripped, whereas only
approximately 0.50 million m3 of by-product ore was recovered, indicating that the quantity
of waste rock generated was substantially greater than the ore output. Together with the
accumulated low-grade ore stockpiles, the total quantity of waste rock and low-grade ore
residues in the mining area has reached the hundred-million-tonne scale. The lead–zinc
mine waste rock used in this study was collected from this mining area. The technical
procedure from waste-rock selection to aggregate processing and preparation is illustrated
in Figure 1.
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Figure 1. Technical process for sampling, processing, and preparation of lead–zinc mine waste
rock aggregate.

Due to the large distribution area of the waste rock accumulation site, unmanned
aerial vehicle reconnaissance was first conducted to determine representative sampling
regions. Based on visual characteristics, weathering degree, and empirical judgments such
as hammer impact observations, ten representative areas were initially selected for waste
rock sampling.

After crushing and screening, the processed waste rock aggregates exhibited two
typical appearances, namely yellowish-brown and bluish-black particles. Based on manual
separation and mass statistics, the average mass ratio of yellowish-brown to bluish-black
aggregates was approximately 4:6. Considering the difficulty of separating different types
of waste rock during practical production, the waste rock aggregates used in subsequent
laboratory experiments were prepared according to this ratio, which may better represent
the distribution characteristics of the waste rock in the field. For concise presentation,
yellow-brown waste rock aggregate (YWR), bluish-black waste rock aggregate (BWR), and
mixed waste rock aggregate (MWR) are used hereafter.

(1) Properties of Coarse Aggregate

The coarse aggregates used in the cement-stabilized crushed stone consisted of MWR
and limestone. The relevant properties were tested in accordance with the Test Methods of
Aggregates for Highway Engineering (JTG 3432-2024) [28], while the specification limits
were taken from JTG F40 [29]. The results are presented in Table 1.

All measured indices of the waste rock coarse aggregates satisfied the applicable
specification requirements. However, the crushing value and flakiness and elongation
indices of the waste rock aggregates were relatively high. Compared with the limestone
coarse aggregate produced using the same crushing and screening equipment and process,
the waste rock aggregates exhibited relatively inferior particle morphology and strength,
which may be associated with their intrinsic lithological characteristics.
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Table 1. Technical properties of coarse aggregates.

Technology Index Unit
Expressways

Method YWR BWR MWR Limestone
Surface Other

Crushing Value of Aggregate % ≤26 ≤28 T 0316 21.46 24.1 23.75 16.8
Los Angeles Abrasion Loss % ≤28 ≤30 T 0317 10.13 11.94 12.3 10.5
Apparent Relative Density - ≥2.60 ≥2.50 T 0304 2.68 2.74 2.71 2.7

Water Absorption % ≤2.0 ≤3.0 T 0304 0.47 0.45 0.47 0.43
Soundness % ≤12 ≤12 T 0314 3 2.3 2.6 2.8

Flakiness & Elongation >9.5 mm
%

≤12 ≤15
T 0312

11.7 11.1 11.78 2.3
≤9.5 mm ≤18 ≤20 15.1 14.6 14.6 2.9

<0.075 mm (Washing Method) % ≤1 ≤1 T 0310 0.19 0.26 0.23 0.8
Soft Particle Content % ≤3 ≤5 T 0320 2.49 2 2.3 1.2

(2) Properties of Fine Aggregates

Fine aggregates play a crucial role in the mixture, as they not only fill the voids
between coarse aggregates to enhance mixture compactness but also influence the overall
in-service performance of the pavement. The fine aggregates used in cement-stabilized
crushed stone are composed of limestone. Conformity tests for key indices of the fine
aggregates were conducted in strict accordance with the technical requirements specified
in the Test Methods of Aggregates for Highway Engineering (JTG 3432-2024). The results
are presented in Table 2. All indicators conform to the requirements of the specification.

Table 2. Technical properties of limestone fine aggregate.

Technology Index Unit Expressway Test Method Limestone

Apparent Relative Density - ≥2.5 T 0328 2.73
Particle Content < 0.075 mm % ≤3 T 0333 1.2

Sand Equivalent % ≥60 T 0334 73
Methylene Blue Value g/kg ≤25 T 0349 1

Angularity (Flow Time) s ≥30 T 0345 59.1

2.1.2. Cement

Cement is the principal binder in cement-stabilized crushed stone, providing cohesion
among aggregate particles and forming a mechanically stable structure after hydration.

(1) Reference Portland cement

Huaxin Portland cement (Huaxin Cement Co., Ltd., Wuhan, China) with a strength
grade of 42.5 was selected as the reference Portland cement. Its technical properties were
tested according to the Test Methods of Cement and Concrete for Highway Engineering
(JTG 3420-2020) [30]. The requirements were referenced from Common Portland Cement
(GB 175-2023) [31] and the Technical Guidelines for Construction of Highway Pavement
Base Courses (JTG/T F20-2015) [32]. The results are presented in Table 3, and all measured
properties satisfied the relevant requirements.

Table 3. Technical properties of the reference Portland cement.

Technology Index Unit Requirement Measured
Value

Test
Method

Fineness % ≤10 8 T 0502-2005
Initial setting time min ≥45 52 T 0505-2020
Final setting time h ≤10 6 T 0505-2020

Volumetric stability / ≤5.0 mm qualified T 0505-2020
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Table 3. Cont.

Technology Index Unit Requirement Measured
Value

Test
Method

Compressive Strength MPa
3 d ≥21.0 24.1 T 0506-2005

28 d ≥42.5 43.1 T 0506-2005

Flexural Strength MPa
3 d ≥4.0 5 T 0506-2005

28 d ≥6.5 8.1 T 0506-2005

(2) Low-Alkali Cement

The low-alkali cements used in this study were produced by Dali Hongshi Cement
Co., Ltd., (Dali, China). According to JTG/T F20-2015, Portland cements with strength
grades of 32.5 and 42.5 may be used in cement-stabilized base materials. In practice, the
appropriate strength grade depends on the aggregate properties, mixture proportion, and
required mechanical performance. Therefore, two low-alkali ordinary Portland cement
(P.O.) grades, P.O. 32.5 and P.O. 42.5, were investigated to evaluate their effects on cracking
resistance and durability. The available technical properties are summarized in Table 4.

Table 4. Technical properties of P.O. 32.5 and P.O. 42.5 low-alkali cements.

Technology Index Unit
P.O. 32.5 P.O. 42.5

Test Method
Requirement Measured Requirement Measured

Fineness % ≤30 13.2 ≤10 1.5 T 0502-2005
Initial setting time min ≥45 52 ≥45 50 T 0505-2020
Final setting time h ≤10 4.0 ≤10 4.08 T 0505-2020

Volumetric stability / boiling test qualified qualified ≤5.0 mm qualified T 0505-2020
Compressive

strength MPa
3 d ≥12.0 14.5 3 d ≥21.0 28.0 T 0506-2005

28 d ≥32.5 38.2 28 d ≥42.5 42.5 T 0506-2005

Flexural strength MPa
3 d ≥3.5 4.1 3 d ≥4.0 4.9 T 0506-2005

28 d ≥5.0 5.7 28 d ≥6.5 7.1 T 0506-2005

2.1.3. Additives

Three modification strategies were investigated: low-alkali cement, basalt fiber, and a
sulfate-resistant agent. Their effects on the cracking resistance and durability of waste rock
aggregate cement-stabilized crushed stone were evaluated.

(1) Basalt Fiber

Chopped basalt fiber with a nominal length of 12 mm, produced by Changsha Ningxi-
ang Building Materials Co., Ltd., (Changsha, China), was used. Basalt fiber was selected
because of its high tensile strength, chemical stability, and compatibility with cementitious
materials. Fiber bridging may restrain crack initiation and propagation and thereby im-
prove the shrinkage resistance and durability of cement-based materials. The technical
parameters are presented in Table 5.

Table 5. Technical parameters of basalt fiber.

Density Operating
Temperature

Tensile
Strength

Elastic
Modulus

Ultimate
Elongation

Alkali Resistance
Retention Rate Hygroscopicity

g/cm3 ◦C Mpa Gpa % %

2.62 369–770 1938 76.1 2.9 75 <0.1
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(2) Sulfate-Resistant Agent

An SK-D sulfate-resistant agent (SK-D is the manufacturer’s product designation)
produced by Qingdao Zhuoneng Construction Technology Co., Ltd., (Qingdao, China),
was used to improve the sulfate attack resistance of the cement-stabilized crushed stone.
The agent is intended to reduce expansion-related deterioration and improve durability
under sulfate exposure. Its technical properties are listed in Table 6.

Table 6. Technical properties of the SK-D sulfate-resistant agent.

Technology Index Unit Requirement Measured
Value Test Method

Initial setting time min ≥45 120 JC/T 1011-2021
Final setting time h ≤10 8.5 JC/T 1011-2021

Expansion ratio %
1 d ≥0.05 0.08 JC/T 1011-2021

28 d ≤0.60 0.39 JC/T 1011-2021
Erosion resistance

coefficient K / ≥0.90 0.93 JC/T 1011-2021

Expansion coefficient E / ≤1.50 1.32 JC/T 1011-2021
Chloride diffusion

coefficient ratio, 28 d / ≤0.85 0.74 JC/T 1011-2021

compressive strength ratio %
3 d ≥90 96 JC/T 1011-2021

28 d ≥100 105 JC/T 1011-2021

2.2. Mixture Design

Based on previous studies [33] and the C-B-3 gradation limits specified in JTG/T F20-
2015, the aggregate gradation adopted in this study was determined. The corresponding
gradation curve is presented in Figure 2.

Figure 2. Aggregate gradation curve.

The waste rock aggregate accounted for 50% of the total mass of the coarse aggregate
fraction. This replacement level was selected by considering the engineering feasibility of
maintaining a stable aggregate skeleton and the objective of increasing the utilization of
mine waste rock. It represents a moderate replacement level for evaluating the mixture
under practical laboratory conditions and should not be interpreted as an optimized
replacement ratio.

The heavy compaction method was used to determine the optimum moisture content
and maximum dry density. The compaction curve is shown in Figure 3. The cement content
was defined as the ratio of cement mass to the total mass of dry aggregates and was set
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at 4%. The corresponding maximum dry density and optimum moisture content were
2.32 g/cm3 and 5.2%, respectively. All subsequent specimens were prepared using this
basic mixture proportion.

 
Figure 3. Compaction curve at 4% cement content.

The basalt fiber content was defined as the mass ratio of basalt fiber to the total
aggregate mass. Fiber contents of 0‰, 2‰, 4‰, and 6‰ were investigated, with the 0‰
mixture serving as the control. The three nonzero levels were selected to represent relatively
low, moderate, and relatively high fiber contents and to evaluate the influence of fiber
dosage on cracking resistance and durability.

2.3. Cracking Resistance and Durability Tests
2.3.1. Drying Shrinkage Test

The drying shrinkage performance of waste rock aggregate cement-stabilized crushed
stone was evaluated according to Method T 0576-2020 in the Test Methods of Cement and
Concrete for Highway Engineering (JTG 3420-2020). Beam specimens with dimensions
of 100 mm × 100 mm × 400 mm were prepared following Method T 0551, with three
specimens per group and two groups for each mixture. One group was used to measure
drying shrinkage deformation, and the other was used to determine water loss. All
specimens were cured under standard conditions for 7 days at 20 ◦C and 95% relative
humidity. During the first 7 days of testing, dial-gauge readings were recorded daily at
fixed intervals, and the reference specimens were weighed simultaneously. From day 7 to
day 31, measurements were recorded every 2 days, with additional measurements on days
60 and 90. After completion of the shrinkage measurements, the reference specimens were
oven-dried to constant mass to determine their final moisture condition. The testing process
is illustrated in Figure 4, and the results were calculated according to Method T 0576-2020.

2.3.2. Temperature Shrinkage Test

The thermal shrinkage performance of waste rock aggregate cement-stabilized crushed
stone was evaluated according to Method T 0855-2024 in the Test Methods of Materials
Stabilized with Inorganic Binders for Highway Engineering (JTG 3441-2024) [34]. Beam
specimens with dimensions of 100 mm × 100 mm × 400 mm were prepared following
Method T 0551. All specimens were cured under standard conditions for 7 days and then
oven-dried at 105 ◦C. During testing, each specimen was placed vertically in the instrument
chamber, and a displacement sensor was installed. Appropriate preloading was applied to
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adjust the sensor reading to the middle of its measurement range. The testing process is
illustrated in Figure 5.

 

Figure 4. Drying shrinkage test procedure.

 

Figure 5. Thermal shrinkage test procedure.

Considering the climatic characteristics of Yunnan, six temperature control points
were established from 40 ◦C to −10 ◦C at intervals of 10 ◦C. Cooling between adjacent
temperature points lasted 30 min, and each temperature was maintained for 2 h. The
thermal shrinkage strain and thermal shrinkage coefficient were used as the principal
evaluation indices.

2.3.3. Freeze–Thaw Cycling Test

The freeze–thaw resistance of waste rock aggregate cement-stabilized crushed stone
was evaluated according to Method T 0858-2009 in JTG 3441-2024. A total of 24 cylindrical
specimens, 150 mm in diameter and 150 mm in height, were prepared according to Method
T 0845. At each curing age of 28, 60, 90, and 180 days, three specimens were assigned to
the control group and three to the freeze–thaw group. Thus, each condition at each curing
age contained three replicate specimens. When the designated curing age was reached, the
control specimens were surface-dried, their dimensions and masses were recorded, and
their unconfined compressive strengths were measured.

For the freeze–thaw group, specimens were placed in a low-temperature chamber at
−18 ◦C for 16 h, as illustrated in Figure 6. After removal, their dimensions and masses
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were measured, and the specimens were immediately transferred to a water bath at 20 ◦C
for 8 h. After surface moisture was removed, the dimensions and masses were measured
again. This procedure constituted one freeze–thaw cycle. Five cycles were applied, after
which unconfined compressive strength was measured, as shown in Figure 7. Freeze–thaw
resistance was evaluated using the strength before and after cycling and the freeze–thaw
resistance coefficient.

 

Figure 6. Freeze–thaw cycling process.

 

Figure 7. Freeze–thaw resistance test.

2.3.4. Erosion Resistance Test

A scouring test system was constructed according to the apparatus and principles
described in the literature [35]. The system consisted mainly of a water tank, scouring
platform, hoses, booster pump, and spray nozzle, as illustrated in Figure 8. A plastic tank
measuring approximately 107 cm × 107 cm × 76 cm, with a capacity of 700 L, served as
the main test area. A scouring platform was installed at the center, and three fixing blocks
were used to secure the specimen. A metal spray nozzle was installed at an appropriate
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distance above the platform and connected by hose to a booster pump and water reservoir
to provide a stable water supply.

 

Figure 8. Schematic diagram of the scouring test system.

Cylindrical specimens, 150 mm in diameter and 150 mm in height, were prepared
according to Method T 0845. Eight groups with three replicate specimens per group were
cured for 28, 60, 90, and 180 days, with two groups assigned to each curing age. The test
procedure followed Ref. [30]. The nozzle rotation speed was 1 Hz, and the booster-pump
outlet pressure was maintained at 140 kPa, corresponding to the estimated pore-water
pressure in a base layer under a standard axle load of 100 kN at a vehicle speed of 60 km/h.
Scouring was terminated after 45 min. The scoured material and water were collected
in a metal basin and allowed to settle for 12 h. After the clarified water was decanted,
the settled solids were oven-dried at 105 ◦C to constant mass. The mean scouring mass
loss was calculated, and unconfined compressive strength tests were performed on the
scoured specimens.

2.3.5. Corrosion Resistance Test

The sulfate attack resistance of waste rock aggregate cement-stabilized crushed stone
was evaluated according to Method T 0582-2020 in JTG 3420-2020. Cylindrical specimens,
150 mm in diameter and 150 mm in height, were prepared according to Method T 0845
and cured for 28, 60, 90, and 180 days. A total of 16 groups were prepared, each containing
three replicate specimens. The test matrix comprised specimens with and without the
SK-D sulfate-resistant agent at each curing age and corresponding sulfate-solution and
pure-water exposure groups. The agent dosage was 8% by mass of cement. A 5% sodium
sulfate solution (50,000 ppm) was used as the aggressive medium, and corresponding
reference specimens were exposed to pure water. The drying phase was conducted at 65 ◦C,
the immersion period was 15 h, and each wet–dry cycle lasted 24 h. Upon reaching the
designated curing age, specimens were subjected to 15 consecutive wet–dry cycles. Sulfate
attack resistance was evaluated using mass loss and the unconfined compressive strength
ratio, and the effect of the sulfate-resistant agent was assessed using these indices.

3. Results and Discussion
3.1. Drying Shrinkage Performance
3.1.1. Control Group

The control specimens of waste rock aggregate cement-stabilized crushed stone were
prepared, cured, and tested for drying shrinkage according to Section 2.3.1. The drying
shrinkage strain, water loss rate, and drying shrinkage coefficient at different ages are
presented in Figure 9.
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(a) Drying shrinkage strain (b) Water loss rate 

 
(c) Drying shrinkage coefficient 

Figure 9. Drying shrinkage test results of the control group.

As shown in Figure 9a, the drying shrinkage strain decreased markedly at early ages,
fluctuated at relatively low levels from 15 to 31 days, and increased again during the later
period from 60 to 90 days. The strain was 40.33 × 10−6 on day 1 and decreased between
days 3 and 7. From days 15 to 31, it ranged from 8.83 × 10−6 to 18.58 × 10−6. A later
increase was observed from days 60 to 90, with a minor peak at day 60. This behavior may
be associated with long-term moisture migration and microstructural evolution within the
cementitious matrix during continued hydration.

Figure 9b shows that the water loss rate was highest on day 1 (approximately 1.52%)
and then decreased rapidly, remaining at a relatively low level of 0.03–0.21% after day 3.
Most moisture loss therefore occurred during the early stage, while the evaporation rate
slowed as the internal humidity gradually approached equilibrium with the surrounding
environment.

As shown in Figure 9c, the drying shrinkage coefficient generally increased during
the early and middle stages. A marked rise occurred after day 3, and the maximum was
reached on day 13. Thereafter, despite fluctuations, the coefficient was mainly within
200 × 10−6/% to 300 × 10−6/%. This pattern indicates that deformation per unit water
loss increased with age and may reflect increased internal restraint and potential microcrack
development during drying.

3.1.2. Effect of Basalt Fiber

The drying shrinkage strain, water loss rate, and drying shrinkage coefficient of
specimens containing different basalt fiber dosages are presented in Figure 10.
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(a) Drying shrinkage strain (b) Water loss rate 

 
(c) Drying shrinkage coefficient 

Figure 10. Drying shrinkage behavior of waste rock aggregate cement-stabilized crushed stone with
basalt fibers.

Compared with the control group, basalt fiber influenced the early-age drying shrink-
age strain, as shown in Figure 10a. At fiber dosages of 2‰ and 4‰, the shrinkage strains at
most ages were lower than those of the control, particularly on days 1, 7, and 21. At 6‰,
the shrinkage strain fluctuated more markedly, and the day-1 strain was higher than that
of the control, suggesting that a relatively high fiber content may increase initial hetero-
geneity and localized stress concentration. From days 60 to 90, the shrinkage strains of all
fiber groups were lower than those of the control, indicating that basalt fiber can restrain
long-term drying shrinkage to some extent.

As shown in Figure 10b, the water loss rates of the basalt fiber groups followed the
same general pattern as the control: a high initial value followed by a rapid decrease. This
indicates that basalt fiber had a limited influence on the overall moisture evaporation path.
At several early ages, however, the water loss rates of some fiber groups were slightly
lower than that of the control, which may be related to localized obstruction of moisture
migration by the fibers.

Figure 10c shows that the drying shrinkage coefficients of the basalt fiber groups were
generally lower than that of the control, particularly from approximately days 13 to 31. On
day 13, the coefficient was 344.3 × 10−6/% for the control group, whereas the values for the
2‰, 4‰, and 6‰ groups were 201.61 × 10−6/%, 177.71 × 10−6/%, and 129.92 × 10−6/%,
respectively. These results indicate that fibers may reduce deformation per unit water
loss through bridging and crack-arresting effects, thereby improving volumetric stability.
These results suggest that fibers may reduce shrinkage deformation per unit water loss
by restraining matrix deformation and crack development, thereby improving volumetric
stability. Similar reductions in drying shrinkage have been reported for fiber-reinforced
cement-stabilized macadam [36–38].
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3.1.3. Effect of Low-Alkali Cement

The drying shrinkage strain, water loss rate, and drying shrinkage coefficient of
specimens prepared with low-alkali cement are presented in Figure 11.

  
(a) Drying shrinkage strain (b) Water loss rate 

 
(c) Drying shrinkage coefficient 

Figure 11. Drying shrinkage behavior of waste rock aggregate cement-stabilized crushed stone
incorporating low-alkali cement.

The early-age drying shrinkage strains of the low-alkali cement groups were generally
lower than that of the control, indicating that low-alkali cement can reduce early shrinkage
deformation. From days 60 to 90, the strain of the P.O. 32.5 group decreased from 62 × 10−6

to 43 × 10−6 but remained higher than that of the control. In contrast, the P.O. 42.5 group
decreased from 28 × 10−6 to 15 × 10−6 and remained lower than the control, indicating
relatively better control of long-term drying shrinkage under the investigated conditions.

The water loss rates of both low-alkali cement groups followed the same general
pattern as the control, with higher values at early ages followed by a rapid decrease, as
shown in Figure 11b. The P.O. 42.5 group exhibited slightly lower water loss rates than the
P.O. 32.5 and control groups at most ages, which may reflect slower moisture migration
within its cementitious matrix.

The drying shrinkage coefficient of the P.O. 32.5 group was comparable to or higher
than that of the control at several early ages, whereas the P.O. 42.5 group generally exhibited
lower coefficients. Thus, the two low-alkali cements did not show a uniform response, and
their effect depended on strength grade and age. Further interpretation should be made
together with the complete technical data for the two low-alkali cements.

3.2. Thermal Shrinkage Performance

According to Section 2.3.2, waste rock aggregate cement-stabilized crushed stone
specimens were prepared, cured, and tested for thermal shrinkage. The thermal shrinkage
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coefficients of the different mixtures over each temperature interval are presented in
Figure 12.

  
(a) Control group (b) Basalt fiber groups 

 
(c) Low-alkali cement groups 

Figure 12. Thermal shrinkage coefficient of different waste rock aggregate cement-stabilized crushed
stone mixtures.

3.2.1. Control Group

As shown in Figure 12a, the thermal shrinkage coefficient of the control group initially
decreased and subsequently increased as the temperature decreased from 40 ◦C to −10 ◦C.
The inflection occurred in the 20–10 ◦C interval. From 40 ◦C to 10 ◦C, the coefficient
decreased by 21.3%, indicating reduced contraction within the positive-temperature range.
As the temperature decreased further from 10 ◦C to −10 ◦C, the coefficient increased and
reached its maximum in the −10 ◦C interval. Because the specimens were oven-dried
before testing, the increase at sub-zero temperatures is more reasonably associated with
temperature-dependent deformation of the cementitious matrix and differential thermal
deformation between the aggregate and cement paste than with freezing of pore water.

3.2.2. Effect of Basalt Fiber

As shown in Figure 12b, the thermal shrinkage coefficients of all basalt fiber groups
were generally lower than or comparable to those of the control. With increasing fiber
content, the coefficient initially decreased and then increased over most temperature
intervals. The 4‰ group exhibited relatively favorable thermal shrinkage resistance among
the investigated fiber contents, particularly from 20 ◦C to 10 ◦C, where its coefficient was
22.9% lower than that of the control group. This may be attributed to fiber bridging, which
can partially restrain crack initiation and propagation within the cementitious matrix.
Although the fiber-group coefficients increased in the 0 to −10 ◦C interval, they remained
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lower than that of the control. The 6‰ group exhibited a higher coefficient than the 4‰
group, which may reflect increased difficulty in achieving uniform fiber dispersion at the
higher dosage.

Overall, basalt fiber reduced the thermal shrinkage coefficient over most temperature
intervals, with the 4‰ group showing relatively favorable behavior within the investi-
gated range. Similar reductions in temperature shrinkage strain and coefficient have been
reported for fiber-reinforced cement-stabilized macadam [37,38].

3.2.3. Effect of Low-Alkali Cement

Figure 12c presents the thermal shrinkage behavior of specimens incorporating P.O.
32.5 and P.O. 42.5 low-alkali cements. Their coefficients were generally slightly higher
than or comparable to that of the control, showing no consistent improvement in reducing
thermal shrinkage under the investigated conditions. The P.O. 32.5 group exhibited slightly
lower coefficients than the P.O. 42.5 group over most intervals, while both groups showed
relatively high coefficients in the 0 to −10 ◦C interval. These results indicate that replacing
the reference cement with low-alkali cement did not provide a clear advantage in controlling
thermal shrinkage. The differences may be related to hydration characteristics and pore-
structure development, but verification would require further microstructural investigation.

3.3. Freeze–Thaw Resistance

Following Section 2.3.3, waste rock aggregate cement-stabilized crushed stone speci-
mens were prepared, cured, and tested for freeze–thaw resistance. The unconfined com-
pressive strengths before and after cycling and the freeze–thaw resistance coefficients are
presented in Figures 13–15.

3.3.1. Control Group

As shown in Figure 13, the freeze–thaw resistance of the control group improved with
increasing curing age. At 28 days, the freeze–thaw resistance coefficient was 0.73, corre-
sponding to a 27% loss in unconfined compressive strength after five cycles. This may be
associated with incomplete early-age hydration and relatively high internal porosity, which
can increase susceptibility to damage caused by freezing and expansion of pore water. The
black error bars in the figure represent the standard deviation of parallel specimen tests at
each stage, and the same applies to the following figures. At 180 days, the coefficient in-
creased to 0.89 and the strength loss decreased to 11%. Continued hydration and structural
development during curing may therefore improve resistance to freeze–thaw cycling.

 
Figure 13. Freeze–thaw resistance of the control group at different curing ages.
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3.3.2. Effect of Basalt Fiber

Figure 14 shows that basalt fiber improved freeze–thaw resistance, with the 4‰ dosage
exhibiting relatively better performance among the investigated fiber contents. The results
indicate that an appropriate basalt fiber dosage can improve the freeze–thaw resistance of
waste rock aggregate cement-stabilized crushed stone.

  
(a) 2‰ basalt fiber group (b) 4‰ basalt fiber group 

 
(c) 6‰ basalt fiber group 

Figure 14. Freeze–thaw resistance of the basalt fiber groups at different curing ages.

At all curing ages, the unconfined compressive strengths of the fiber-reinforced speci-
mens before and after freeze–thaw cycling were generally higher than those of the control.
The response depended on fiber dosage. The 4‰ group achieved a freeze–thaw resistance
coefficient of 0.85 at 28 days and 0.92 at 180 days. Within the investigated range, this dosage
may provide a relatively suitable balance between fiber dispersion and bridging effects.
The 6‰ group exhibited a slightly lower coefficient, indicating that a higher fiber content
may increase the difficulty of uniform dispersion and potentially cause local agglomeration.
These findings are consistent with previous studies reporting progressive strength and
modulus degradation together with the development of microcracks and internal defects
in cement-stabilized crushed stone under freeze–thaw cycling [2]. Coupling freeze–thaw
action with repeated wheel loading can further accelerate structural deterioration and
deformation [39].

3.3.3. Effect of Low-Alkali Cement

The P.O. 32.5 and P.O. 42.5 low-alkali cement groups exhibited slightly lower freeze–
thaw resistance than the control under the investigated conditions, as shown in Figure 15.
This was especially evident for the P.O. 32.5 group, whose unconfined compressive strength
before cycling was 5.7 MPa at 28 days. Its post-cycle strength was correspondingly lower
than that of the control, and the larger absolute strength loss may also be associated with
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the lower cement strength grade. The freeze–thaw resistance coefficients of both low-alkali
cement groups increased with curing age, indicating continued hydration and structural
development.

(a) P.O. 32.5 low-alkali cement group (b) P.O. 42.5 low-alkali cement group 

Figure 15. Freeze–thaw resistance of the low-alkali cement groups at different curing ages.

However, the improvement with curing age was limited. This may be related to
similarities in hydration behavior and pore-structure development between the low-alkali
and reference cements, resulting in no consistent enhancement of freeze–thaw resistance.

3.4. Scouring Resistance

The waste rock aggregate cement-stabilized crushed stone specimens were prepared,
cured, and tested according to Section 2.3.4. The scouring mass loss rates of mixtures
containing different basalt fiber contents after 7 days of standard curing are shown in
Figure 16a.

  
(a) Different fiber contents (b) Different curing periods 

Figure 16. Scouring resistance test results of waste rock aggregate cement-stabilized crushed stone.

After 7 days of curing, the 2‰ and 4‰ basalt fiber groups exhibited scouring mass
loss rates of 4.1% and 3.9%, corresponding to reductions of 12.8% and 17.0% relative to
the control, respectively. At 6‰, the mass loss increased and did not show a comparable
improvement. This may be related to the greater difficulty of achieving uniform fiber
dispersion at the higher dosage, which could affect mixture homogeneity. Therefore, the
4‰ dosage was selected for the subsequent curing-age study shown in Figure 16b.
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For the 4‰ fiber group, the scouring mass loss rate decreased continuously as the
curing age increased from 28 to 180 days. The loss rate was 3.5% at 28 days and then
decreased steadily. This trend may be associated with continued cement hydration and
gradual development of the internal structure, which can improve the integrity of the
cementitious matrix and its resistance to surface particle detachment. Previous dynamic-
water scouring tests have related scouring resistance to compressive strength, cementitious
bonding, aggregate-skeleton stability, and the development of internal cracks and pores [35].

It should be noted that the present scouring test focused on mechanical degradation
under hydraulic action. The potential release of heavy metals, sulfate ions, or other chemical
components during prolonged water exposure was not evaluated in this manuscript and
requires separate investigation.

3.5. Corrosion Resistance
3.5.1. Effect of Low-Alkali Cement

According to Section 2.3.5, control specimens of waste rock aggregate cement-
stabilized crushed stone without the sulfate-resistant agent were prepared and cured.
The sulfate attack resistance results are presented in Figure 17.

  
(a) Mass loss rate (b) Corrosion resistance coefficient  

Figure 17. Sulfate attack resistance test results of the control group.

As shown in Figure 17a, the mass loss rate after 15 wet–dry cycles in 5% sodium
sulfate solution generally decreased with increasing curing age. It decreased slightly from
1.23% at 28 days to 1.19% at 60 days and then to 0.92% at 90 days, after which it remained
relatively stable up to 180 days. This indicates that specimens cured for longer periods
experienced lower material loss under the adopted exposure conditions. The reduction
may be associated with continued development of the cementitious matrix, which can
reduce surface spalling and dissolution during wet–dry cycling.

As shown in Figure 17b, the corrosion resistance coefficient did not follow the same
monotonic trend as the mass loss rate. It increased slightly from 28 to 60 days and then de-
creased at 90 and 180 days, reaching its lowest value at 180 days. Thus, although prolonged
curing reduced visible mass loss, it did not completely prevent strength degradation after
sulfate exposure. The later decrease may be associated with accumulated internal dam-
age during wet–dry cycling; confirmation of the deterioration mechanism would require
microstructural investigation.

3.5.2. The Effect of the Sulfate-Resistant Agent

The sulfate attack resistance of specimens containing 8% sulfate-resistant agent by
mass of cement was evaluated at the same curing ages. The results are presented in
Figure 18.
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(a) Corrosion resistance coefficient (b) Mass loss rate 

Figure 18. Sulfate attack resistance test results of specimens incorporating the sulfate-resistant agent.

As shown in Figure 18b, the mass loss rate of the agent-modified specimens generally
decreased with increasing curing age after 15 wet–dry cycles in 5% sodium sulfate solution.
At all investigated ages, the values were lower than those of the corresponding control
specimens. At 28 days, the mass loss rate was approximately 16.3% lower than that of the
control, and the lowest value of 0.74% was recorded at 180 days. These results indicate that
the sulfate-resistant agent reduced material loss under the exposure conditions adopted in
this study.

As shown in Figure 18a, the corrosion resistance coefficient initially increased and
subsequently decreased with curing age. It reached 0.92 at 90 days, compared with 0.83 for
the corresponding control group. Although it decreased at 180 days, it remained higher
than that of the control at the same age. The sulfate-resistant agent therefore improved
strength retention under the investigated conditions, particularly at 90 days, while the
later decrease suggests that its protective effect may attenuate as sulfate-related damage
accumulates.

Overall, specimens containing the sulfate-resistant agent exhibited lower mass loss
rates and higher corrosion resistance coefficients than the control specimens under the
investigated conditions. Previous research has shown that salt exposure can produce
either mass loss or mass gain depending on the salt type while still reducing mechanical
strength, indicating that mass variation and strength degradation may follow different
trends. Vibrational action can additionally accelerate Ca2+ leaching and dissolution damage
in cement-stabilized macadam [26].

The sulfate attack assessment was limited to 15 wet–dry cycles. Consequently, the
results primarily reflect the comparative resistance of the investigated mixtures under
the specified laboratory conditions and should not be interpreted as direct evidence of
long-term field durability. Additional exposure cycles, coupled environmental actions,
and field validation are required before long-term engineering recommendations can be
established.

4. Conclusions
This study investigated the cracking resistance and durability of cement-stabilized

crushed stone incorporating 50% lead–zinc mine waste rock aggregate and evaluated
the effects of basalt fiber, low-alkali cement, and a sulfate-resistant agent. Based on the
investigated laboratory conditions, the following conclusions were obtained:

(1) Basalt fiber reduced the drying shrinkage strain and thermal shrinkage coefficient of
waste rock aggregate cement-stabilized crushed stone. Among the investigated fiber
contents, the 4‰ group exhibited relatively favorable shrinkage resistance. In contrast,
low-alkali cement showed limited effectiveness in reducing thermal shrinkage.
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(2) Freeze–thaw resistance generally improved with increasing curing age. The specimens
containing 4‰ basalt fiber exhibited relatively better freeze–thaw resistance among
the investigated fiber contents, whereas low-alkali cement did not provide a consistent
improvement.

(3) The incorporation of 2‰ and 4‰ basalt fiber reduced scouring mass loss after 7 days
of curing, while the 6‰ fiber content did not produce a comparable improvement.
For specimens containing 4‰ basalt fiber, the scouring mass loss decreased with
increasing curing age.

(4) Under 15 wet–dry cycles in a 5% sodium sulfate solution, the sulfate-resistant agent
reduced mass loss and improved strength retention compared with the control group.
However, the corrosion resistance coefficient decreased at 180 days, indicating that
the protective effect may attenuate with continued sulfate exposure.

Overall, the results support the feasibility of using lead–zinc mine waste rock as a par-
tial coarse aggregate replacement in cement-stabilized crushed stone under the investigated
laboratory conditions. Further studies involving additional sulfate exposure cycles, chemi-
cal leaching evaluation, coupled environmental actions, and field validation are required
before long-term engineering recommendations can be established. The environmental
stability and heavy metal release potential of the waste rock material used in this study
will be investigated in the continuation of this study.
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