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ABSTRACT:  Paving materials for semi-rigid base asphalt pavements in high-grade highways have 
traditionally employed high-quality intermediate to alkaline aggregates. Due to resource depletion, 
weakly acidic aggregates like sandstone are now increasingly used. However, cement-stabilized sand-
stone gravel is prone to shrinkage cracks and exhibits insufficient strength and erosion resistance. This 
study proposes incorporating basalt fiber to enhance its overall performance. The optimal mix param-
eters were determined through mechanical and shrinkage tests, resulting in a combination of 4% 
cement content with 1% basalt fiber of 18 mm length. This optimal mixture significantly improved 
performance: it reduced the dry shrinkage coefficient by 15.2% and the temperature shrinkage coef-
ficient in the high-temperature range (40–30°C), moderate-temperature range (30–0°C), and 
low-temperature range (0 to –10°C) by 10.4%, 32.4%, and 14.1%, respectively. The fiber reinforce-
ment increased the unconfined compressive strength, flexural tensile strength, and direct tensile 
strength by 8.86%, 27.47%, and 23.52%, and improved water stability by 42.89%. This study 
provides a technically feasible solution for highway construction in sandstone-rich areas, offering 
significant potential for resource substitution and cost savings. Optimizing fiber blending process can 
reduce material and transportation costs, improve the performance of the base material, and have 
engineering promotion value.
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1 Introduction

Cement-stabilized materials have become the pre-
ferred paving material for semi-rigid base asphalt 
pavement structures in high-grade highways due 
to their high strength [1], good slab integrity [1, 2], 
low deflection [3], strong load diffusion capacity, 
and low cost [3, 4]. Aggregates represent the most 
critical component of pavement materials such as 
cement-stabilized crushed stone or asphalt mix-
tures [5–7], and their quality directly affects road 
performance. However, the scarcity and high cost 
of high-quality aggregates, such as basalt, lime-
stone, and diabase, have become increasingly 
prominent. Consequently, researchers have grad-
ually turned their attention to seeking alterna-
tive materials. To date, studies have explored the 
feasibility of using construction waste [8, 9], slag 
[10], steel slag [11], feldspar powder (FP) [12], 
and sandstone [13] as cement-stabilized crushed 
stone aggregates, yielding numerous findings. 
Among these, sandstone aggregate, a by-prod-
uct of mountain excavation, is characterized by 
dense texture, high hardness, and strong wear 

resistance. However, many studies have shown 
[14, 15] that, compared with conventional aggre-
gates such as limestone and diabase, sandstone 
exhibits significant microstructural differences: it 
possesses higher porosity, stronger water absorp-
tion, and poorer water retention capacity. These 
properties result in an unstable cement hydra-
tion environment and a relatively loose inter-
facial transition zone (ITZ) structure, which in 
turn adversely affects the shrinkage performance, 
strength development, and long-term durability 
of the base material [16]. These microstructural 
characteristics also directly influence the interac-
tion with fiber materials. The reinforcing effect 
of fibers is highly dependent on the surface char-
acteristics of the aggregate, the pore structure, 
and the bonding performance at the fiber–matrix 
interface. For instance, in dense aggregates such 
as diabase, fibers mainly serve a bridging and 
crack-resistant function; in high-porosity sand-
stone, fibers may also form a spatial network 
within the pores, influencing the formation and 
development of hydration products and thereby 
affecting macroscopic properties.
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In recent years, fiber-reinforcement technology 
has been increasingly applied in soil and cement-
based materials. Heirani et al. [17] investigated 
the mechanism of polyurethane and waste tire 
textile fibers in synergistically stabilizing highly 
expansive clay, and found that fiber incorpora-
tion not only improves the compressive and ten-
sile strength of the material, but also significantly 
enhances its toughness and crack resistance. Sim-
ilarly, Pouramin et al. [18] examined the perfor-
mance of composite-stabilized clay—comprising  
carbonized lime, electric furnace steel slag, and 
waste tire textile fibers—under freeze–thaw cycles. 
The results demonstrated that the introduction 
of fibers effectively improved the durability and 
microstructural integrity of the material. These 
studies provide important insights into the rein-
forcement mechanisms of fibers in high-porosity 
aggregates, particularly in terms of enhancing the 
interfacial transition zone and suppressing micro-
crack propagation.

Currently, many researchers focus on the use of 
external additives to enhance the overall perfor-
mance of cement-stabilized crushed stone. Guo 
et al. [19] incorporated glass fiber—which offers 
economic benefits, ready availability, and effec-
tive toughening—into cement-stabilized crushed 
stone. They evaluated the improvement in soften-
ing and crack resistance through drying shrink-
age tests, temperature shrinkage tests, flexural 
toughness tests, and fracture energy tests. The 
results demonstrate that glass fiber effectively 
reduces both the dry shrinkage and tempera-
ture shrinkage coefficients of cement-stabilized 
crushed stone, while also increasing the ultimate 
failure load. Zhao et al. [20] used polyvinyl alco-
hol fiber as an additive in cement-stabilized mac-
adam, which improved both crack resistance and 
mechanical properties. Li et al. [21] introduced 
waste cooking oil (WCO) into cement-stabilized 
macadam, effectively reducing the dry shrink-
age coefficient and enhancing fatigue crack-
ing resistance. Furthermore, relevant studies 
[22–25] have indicated that basalt fiber can not 
only improve the anti-shrinkage performance 
and resistance to thermal cycle-induced cracking 
of cement-stabilized macadam but also signifi-
cantly enhance its strength characteristics and 
erosion resistance. Therefore, the use of basalt 
fiber to improve the comprehensive performance 
of cement-stabilized macadam is of considerable 
research significance.

At present, most domestic research focuses on 
conventional aggregate systems. Studies on the 
fiber reinforcement mechanism in high-adsorption  
and high-porosity aggregates such as sand-
stone remain insufficient, particularly regarding 
the improvement of erosion resistance. Exist-
ing literature has yet to elucidate the specific 
mechanisms by which fibers enhance the sand-
stone–cement interface structure, regulate water 
migration, and improve erosion resistance. To 
address this research gap, this study proposes the 
incorporation of basalt fiber to improve its overall 
service performance. Firstly, the optimum cement 
dosage will be determined based on the 7-day 
unconfined compressive strength. Subsequently, 
the optimal fiber length and content will be iden-
tified through dry shrinkage and temperature 
shrinkage tests. Then, a series of experiments— 
including unconfined compression, direct ten-
sile, and indirect tensile strength tests, as well as 
anti-erosion tests at different curing ages—will 
be conducted to evaluate the enhancing effect of 
basalt fiber on cement-stabilized sandstone gravel 
before and after its incorporation.

2 Materials and methods

2.1 Cement, basalt fiber and sandstone  
aggregates
In this study, P·O 42.5 ordinary Portland cement 
was used, with properties conforming to the 
requirements specified in the Technical Rules for 
Construction of Highway Pavement Base (JTG/T 
F20-2015) [26]. The technical indicators are pre-
sented in Table 1. The aggregates consisted of 
sandstone obtained from the Cangzhao Express-
way in Guangxi. In accordance with the material 
classification criteria for heavy-traffic expressway 
base courses outlined in (JTG/T F20-2015) [26], 
four graded aggregates with sizes of 0–5 mm, 5–10 
mm, 10–20 mm, and 20–30 mm were prepared 
using a combination of jaw crushing, cone crushing, 
and impact crushing processes. These aggregates 
exhibited appropriate specifications and favor-
able particle morphology, as shown in Figure 1.  
The test results of their technical indicators are 
provided in Tables 2 and 3. Basalt fiber with a 
diameter of 16 μm, supplied by Jiangsu Tianlong 
Company, was selected. The fibers appear golden 
brown in color, are environmentally benign, free of 
fluff, and show minimal splitting. The correspond-
ing technical indicators are summarized in Table 4.

Table 1  Cement technical indicators

Cement Stability 
(mm)

Initial Set 
(min)

Final Set 
(min)

Compressive Strength 
(MPa)

Break off Strength (MPa)

3 d 28 d 3 d 28 d

P·O 42.5 1.5 217 392  29.8 52.5 5.8 8.4

Technical requirement ≤5.0 ≥180 360~600 ≥17.0 ≥42.5 ≥4.0 ≥6.5

ZKG 79(2) 2026   51

MATERIALS



2.2 Specimen preparation and erosion resistance
To better simulate the compaction effect of heavy 
rollers on the construction site, cylindrical and 
beam specimens of cement-stabilized sandstone 
gravel were prepared using the vibration com-
paction method. The specimens had dimensions 
of ϕ 150 mm × 150 mm and 100 mm × 100 mm × 
400 mm, respectively. The specimen preparation 
and curing process are shown in Figure 2.

In the experiment, a small amount of basalt 
fiber was incorporated using the “external mix-
ing method,” which had minimal influence on 

the optimum moisture content and maximum dry 
density of the mixture. To ensure uniform fiber 
dispersion, a staged mixing procedure commonly 
employed in engineering practice was adopted. 
The specific steps were as follows: first, the aggre-
gates and fibers were dry-mixed in a mixer for 
3 min to achieve initial fiber dispersion; then, water 
corresponding to 2% below the optimum moisture 
content was added, and wet mixing was conducted 
for 4 min. Subsequently, the mixture was sealed 
and allowed to soak for 2 h. After that, cement and 
the remaining 2% of water were added, followed 

Table 2  Technical indexes of coarse aggregate

Targets of Test 20~30 mm 10~20 mm 5~10 mm Technical Requirement Result Determination

Flat elongated particles content (%) 9.39 9.97 8.58 ≤22 Qualification

Relative density of bulk volume (g/cm3) 2.72 2.71 2.69 — —
Apparent density (g/cm3) 2.75 2.74 2.74 ≥2.5 Qualification

Water absorption (%) 0.44 0.31 0.77 ≤3.0 Qualification

Particle content below 0.075 mm (%) 1.00 0.80 0.20 ≤2.0 Qualification

Crush value (%) 10.22 ≤26 Qualification

Soft stone content (%) 1.17 ≤5 Qualification

Table 3  Technical indexes of fine aggregate

Targets of Test 0~5 mm Technical Requirement Result Determination

Apparent density (g/cm3) 2.76 ≥2.5 Qualification

Water absorption (%) 2.71 — —
Particle content below 0.075 mm (%) 5.23 — —
Plasticity index (%) 6.04 ≤17 Qualification

Oganic content (%) 0.02 <2 Qualification

Sulfate content (%) Shallow than the standard solution color ≤0.25 Qualification

Figure 1  Aggre-
gates after 
processing; (a) 
20~30 mm; (b) 
10~20 mm; (c) 
5~10 mm; (d) 
0~5 mm 

Table 4  Technical indexes of basalt fiber

Targets of Test Density 
(g/cm3)

Breaking 
Strength (MPa)

Breaking  
Elongation (%)

Elastic Modulus 
(MPa)

Water Content 
(%)

Combustible 
Matter Content 
(%)

Alkali Resistance 
(%)

Fiber properties 2.68 1723 2.70 8100 0.02 0.70 83
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by an additional 5 min of mixing. To effectively 
prevent fiber agglomeration, manual turning and 
rubbing were applied during both the wet mix-
ing and final mixing stages. Using rubber-gloved 
hands, the mixture was gently rubbed with partic-
ular attention to visible fiber clusters. The cumu-
lative rubbing time was controlled within 2 min. 
To evaluate the uniformity of fiber dispersion, 
random samples were extracted from different 
batches of the mixture after molding, and fiber 
distribution was assessed via CT scanning anal-
ysis. Fiber counts are presented in Figure 3. The 
calculated coefficients of variation were all less 
than 0.3, indicating that the process repeatabil-
ity met the requirements. During compaction, the 
compaction coefficient was set to 98%, and a 2% 
mass loss compensation value was introduced. The 
inner wall of the mold and the base were coated 
with lubricating oil. The mixture was loaded into 
the mold in three layers, and vibration compac-
tion was applied using a compaction instrument. 

Cylindrical specimens were vibrated for 120 s, 
while beam specimens were vibrated for 180 s. 
After molding, the specimens were demolded fol-
lowing a 2-h resting period, immediately sealed in 
plastic bags with the air expelled, and then placed 
in a standard curing room maintained at 20 ± 2°C 
with a relative humidity of ≥95%. Twenty-four 
hours prior to reaching the designated curing age, 
the specimens were transferred to a water tank at 
20 ± 2°C for soaking.

2.3 Optimum moisture content and maximum 
dry density
In accordance with the gradation recommended 
for cement-stabilized macadam in the Technical 
Rules for Construction of Highway Pavement Bases 
(JTG/T F20-2015) [26], the C-B-3 skeleton-dense 
gradation type was adopted for the sandstone 
gravel mixture design, as illustrated in Figure 4.

According to the vibration compaction test 
method in Test Specification for Inorganic Binder 

Figure 4  Gradation curve of cement stabilized sandstone 
gravel Figure 3  Fiber distribution map 

Figure 2  Speci-
men preparation 
and health 
preservation 
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Stabilized Materials for Highway Engineering (JTG 
3441-2024) [27], the compaction test was carried 
out on five different cement dosages, including 
4.0%, 4.5%, 5.0%, 5.5% and 6.0%. The results 
are shown in Table 5.

2.4 Test method
To investigate the effect of basalt fiber on the 
performance of cement-stabilized sandstone mac-
adam, subsequent tests were conducted in accor-
dance with the Test Methods of Materials Stabilized 
with Inorganic Binders for Highway Engineering 
(JTG 3441-2024) [27]. To evaluate the influence 
of basalt fiber length and content on the shrink-
age characteristics of cement-stabilized sand-
stone gravel and to determine the optimal fiber 
parameters for shrinkage resistance, fibers of four 
lengths (6 mm, 12 mm, 18 mm, and 24 mm) and 
four contents (0.5%, 1%, 1.5%, and 2%) were 
incorporated into the mixture at a fixed cement 
dosage of 4%. A control group without fiber was 
also prepared for comparison. Each experimental 
group consisted of six specimens: three for defor-
mation measurement and three for determining 
the water loss rate. The drying shrinkage tests were 
performed in a climate-controlled chamber main-
tained at 20 ± 2°C and 60 ± 5% relative humid-
ity. The specimen preparation and curing ages for 
the temperature shrinkage and drying shrinkage 
tests were identical. After curing, the specimens 
were oven-dried at 105 ± 1°C until constant mass 
was achieved, and their initial lengths were mea-
sured after cooling to room temperature. The test 
setup and procedures were consistent with those 
used in the drying shrinkage test. To evaluate the 
mechanical properties of the stabilized gravel, 
unconfined compressive strength tests were con-
ducted using an MTS testing system. To ensure 
the reliability of the results, 13 parallel tests 
were performed for each group, and the average 
value was taken. The coefficient of variation (Cv) 
for each group was required to be ≤20%. Addi-
tionally, flexural tensile strength tests and direct 
tensile tests were carried out on the cement-sta-
bilized sandstone gravel using the same MTS sys-
tem, during which the maximum failure load P 
(N) was recorded. To evaluate the durability of the 
pavement, with reference to the specifications on 
the curing ages of cement-stabilized materials in 
the Code for Design of Highway Asphalt Pavement 
(JTG D50-2017) [28], ϕ 150 mm × 150 mm cylin-
drical specimens with standard curing ages of 7 d, 
14 d, 28 d, 60 d, and 90 d were prepared. After  

24 h of saturation, a dynamic water scour test was 
conducted under a peak impact force of 0.5 MPa 
and a scour frequency of 10 Hz, with a total test 
duration of 30 min.

3 Results and discussion

3.1 Determination of optimum cement dosage 
and basalt fiber length and content
3.1.1 Determination of good cement content

As shown in Figure 5, to determine the optimal 
cement content, the 7-day unconfined compres-
sive strength test of cement stabilized sandstone 
gravel was carried out. The test results are shown 
in Figure 6.

Table 5  Compaction test to determine the optimum moisture content and maximum dry density

Index Cement Dosage (%)

4.0 4.5 5.0 5.5 6.0

Optimum moisture content (%) 5.38 5.55 5.76 5.83 5.91

Maximum dry density (g/cm3) 2.3693 2.3907 2.4064 2.4253 2.4369

Figure 5  Unconfined compressive strength test 

Figure 6  Effect of cement dosage on 7 d unconfined com-
pressive strength 
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According to the test results, the compressive 
strength increases with higher cement dosage, 
which can be attributed to the synergistic effects 
of cement hydration activity and structural 
densification. As the cement content increases, the 
amount of hydration products rises, forming a dense 
cemented network. Simultaneously, the increased 
cement paste more fully coats the aggregates, 
fills the voids, and improves overall compactness. 
Furthermore, higher cement content optimizes 
the mixture gradation, enhancing the interlock-
ing effect and stress transfer efficiency between 
aggregates. According to the Code for Design of 
Highway Asphalt Pavement (JTG D50-2017) [28], 
the representative value of the 7-day uncon-
fined compressive strength for cement-stabilized 
materials should be in the range of 4.0–6.0 MPa  
when used in expressway cement-stabilized mac-
adam bases under heavy traffic loads. Based on 
the test results, a cement dosage greater than 5% 
exceeds the specification limits. At a cement dos-
age of 4.5%, the compressive strength reaches 
5.89 MPa, closing to the upper limit specified. 
With reference to local engineering experience, 

and to mitigate early cracking of the cement- 
stabilized sandstone gravel base and reduce proj-
ect costs, a cement dosage of 4% was selected for 
subsequent research in this study.

3.1.2 Determination of optimum fiber length and 
dosage
The optimum fiber length and content were deter-
mined based on the dry temperature shrinkage 
coefficient. With reference to previous research 
[29] and engineering experience, a broad range 
of basalt fiber lengths (6–24 mm) and contents 
(mass fraction of 0.5%–2%) were selected. In 
accordance with the standard test methods, drying 
shrinkage and temperature shrinkage tests were 
conducted on cement-stabilized sandstone gravel 
with varying basalt fiber lengths and contents. 
The relevant calculation formulas for the drying 
shrinkage coefficient are provided in Equations 
(1)–(4). The test results are presented in Figure 7.

	 w m m
mi
i i

p

�
� �1 � (1)

Figure 7  Cumu-
lative dry 
shrinkage 
coefficient of 
basalt fiber 
cement 
stabilized 
sandstone 
gravel with 
different 
lengths; (a)  
6 mm length 
basalt fiber; (b) 
12 mm length 
basalt fiber; (c)  
18 mm length 
basalt fiber; (d) 
24 mm length 
basalt fiber. 
Note: The 
results of this 
experiment are 
the average of 
three groups of 
parallel 
experiments 
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where,wi  is the i-th water loss rate (%); mi  
is the i-th standard specimen weighing quality 
(g); mp  is the constant weight (g) of the stan-
dard specimen after drying; ε i  is the i-th drying 
shrinkage strain (10–6); δ i  is the deformation of 
the i-th drying shrinkage displacement (mm); l  
is the length of the standard specimen (mm); αdi  
is the i-th drying shrinkage coefficient (10–6/%); 
αd  is the total dry shrinkage coefficient (10–6/%).

The test results indicate that the incorporation 
of basalt fiber improves the dry shrinkage per-
formance of cement-stabilized sandstone gravel 
across various fiber lengths. Among the tested 
contents, 1.0% exhibited the most significant 
improvement, with the effectiveness of other con-
tents ranked as follows: 2.0% > 1.5% > 0.5%. In 
terms of fiber length, 18 mm fibers provided the 
most notable enhancement, followed by 24 mm > 

12 mm > 6 mm. Comprehensive analysis reveals 
that the combination of 18 mm fiber length and 
1.0% content yields the optimal improvement, 
reducing the 31-day cumulative shrinkage coef-
ficient by approximately 15% compared to the 
reference group. This enhancement is primarily 
attributed to the micro-mechanical effects gener-
ated by basalt fibers within the cement matrix. 
The strong interfacial bonding between fibers and 
aggregates effectively restrains drying shrinkage 
deformation. Meanwhile, the fibers exert a bridg-
ing effect at micro-cracks, delaying crack propaga-
tion and dispersing shrinkage stress. Compared to 
glass and Polyvinyl Alcohol (PVA) fibers [30, 31],  
basalt fiber possesses a higher elastic modulus 
and superior alkali resistance, enabling more 
durable and effective inhibition of dry shrinkage 
under the same conditions. The optimal perfor-
mance of the 18 mm fiber length can be attributed 
to its good dispersibility during mixing and the  
formation of a fully continuous spatial network 
within the matrix. Short fibers offer a limited 
restraint range, whereas long fibers are prone to 
agglomeration and uneven distribution. There-
fore, the 18 mm fiber achieves an optimal bal-
ance between crack bridging and uniform stress 
distribution.

The calculation formula of temperature shrink-
age coefficient is shown in Equations (5) and (6), 
and the test results are shown in Figure 8.

Figure 8  Temperature 
shrinkage coefficient of 
basalt fiber cement 
stabilized sandstone 
gravel with different 
lengths; (a) 6 mm 
length basalt fiber; (b) 
12 mm length basalt 
fiber; (c) 18 mm length 
basalt fiber; (d) 24 mm 
length basalt fiber. 
Note: The results of this 
experiment are the 
average of three groups 
of parallel experiments 
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where, ε i  is the average temperature shrinkage 
strain (10–6) of the specimen in the i-th tempera-
ture range; li  is the average value (mm) of the 
dial gauge reading in the i-th temperature range; 
L0  is the initial length of the specimen (mm); αi  
is the linear shrinkage coefficient of the material 
under unit temperature change (10–6/°C); ti  is the 
i-th temperature range (°C) set by the temperature 
control program.

The test results show that the tempera-
ture shrinkage coefficient of cement-stabilized 
sandstone aggregate decreases first and then 
increases with the decrease in temperature. In 
the high temperature range (40–30°C), the tem-
perature shrinkage coefficient reaches the max-
imum value, which is mainly due to the large 
internal stress caused by the differential ther-
mal expansion between the cement paste and 
the aggregate. As the temperature drops to the 
normal low temperature range (30–0°C), the 
internal structure of the material tends to stabi-
lize, the thermal stress is gradually released, and 
the temperature shrinkage coefficient decreases 
accordingly. In the negative temperature range 
(0 to −10°C), the volume expansion caused by 
the freezing of pore water and the tensile stress 
exerted by ice crystals on the pore walls leads to 
a renewed increase in the temperature shrinkage 
coefficient. The incorporation of basalt fiber can 
significantly improve the temperature shrink-
age performance of the material. The mechanism 
is mainly reflected in the three-dimensional 
network structure formed by the fibers in the 
matrix, which can effectively restrain the tem-
perature-induced shrinkage deformation and 
thus offset part of the thermal stress. The effect 
of fiber content on the improvement exhibits a 
clear trend of “first strengthening and then weak-
ening”: when the content is 1.0%, the fibers are 
uniformly dispersed, forming a continuous spa-
tial support system, and the shrinkage inhibition 
effect is the best. When the content exceeds 1.0% 
(such as 1.5% and 2.0%), the fibers are prone to 
agglomeration, resulting in local stress concen-
tration and weakening their overall restraining 
capacity, so the improvement effect tends to pla-
teau or even decrease. The fibers with a length 
of 18 mm show the best inhibition effect, and 
the mechanism is that too short fibers (such as 
6 mm) have a limited constraint range on the 
matrix and insufficient restraining ability, while 
too long fibers (such as 24 mm) are prone to 
entanglement during the mixing process, which 
affects the dispersion uniformity and interfa-
cial bonding. Medium-length fibers (such as 18 
mm) can effectively overlap in the matrix to 

εi

form a stable three-dimensional framework and 
enhance the fiber-cement interfacial interaction, 
thereby better resisting temperature-induced 
deformation. Therefore, under the condition of 
1.0% content and 18 mm fiber length, basalt fiber 
can construct a uniform and continuous three- 
dimensional network structure in cement-stabi-
lized aggregate, maximize its bridging and crack 
resistance, significantly inhibit temperature 
shrinkage deformation, and improve the thermal 
stability of the material.

3.1.3 Computed Tomography (CT) scanning 
microscopic analysis of basalt fiber with  
different lengths and contents

In order to verify the difference in the micro-
structure of the mixture with different basalt fiber 
lengths and contents, CT scanning was performed 
on the mixture specimens with 5 different lengths 
and contents. The typical cross sections of cement 
stabilized macadam CT with different fiber con-
tent are shown in the Figure 9.

CT scanning images clearly reveal the influ-
ence of fiber length and content on the internal 
microstructure of cement-stabilized sandstone 
aggregate. Under the condition of 12 mm fiber 
length and 1% content, the specimen exhib-
its high internal porosity and distinct shrink-
age cracks, indicating that this fiber parameter 
combination fails to form a continuous spatial 
network structure effectively. As a result, the 
fiber reinforcement provides limited restraint 
to the matrix, leading to the development of 
numerous microcracks during drying and tem-
perature variations. In contrast, specimens with 
18 mm fiber length and 1% content display 
a more uniform and dense microstructure, in 
which the fibers are well dispersed and form 
an effective three-dimensional supporting sys-
tem, significantly reducing porosity and inhib-
iting the initiation and propagation of cracks. 
The 6 mm short fibers, due to their insuffi-
cient length, are unable to bridge microcracks 
effectively, offering only limited constraining 
capacity. On the other hand, 24 mm long fibers 
are prone to tangling during mixing, leading 
to localized fiber accumulation and pore con-
centration, which compromises the uniformity 
of the overall structure. Furthermore, under 
the condition of 18 mm length and 2% con-
tent, fiber agglomeration occurs easily, creat-
ing stress concentration points that weaken the 
integrity and reinforcing effect of the fiber net-
work. Similarly, with 18 mm length and 0.5% 
content, the fiber distribution is insufficient to 
provide adequate stabilization, and shrinkage 
cracks remain evident. Comprehensive analysis 
confirms that basalt fibers with 18 mm length 
and 1% content construct an optimal fiber-ma-
trix composite structure in cement-stabilized 
sandstone aggregate, effectively enhancing 
compactness and crack resistance, thereby cor-
roborating the superior macroscopic mechanical 
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and shrinkage properties from a microstructural 
perspective.

3.2 Strength characteristics of basalt fiber cement 
stabilized sandstone
3.2.1 Unconfined compressive strength test
Unconfined compressive strength tests were 
conducted on cylindrical specimens at stan-
dard curing ages of 7, 14, 28, 60, and 90 days 
to analyze the influence of curing age and 
basalt fiber on the strength development of 
cement-stabilized sandstone gravel. To facil-
itate clearer observation of the strength evo-
lution trend, the maximum failure load P (in 
Newtons) was calculated using Equation (7). 
The coefficient of variation was determined in 
accordance with Equation (8). The representa-
tive value of unconfined compressive strength 
of the same group of tests is represented by Rd

0

. According to the results of strength test, the 
representative value of strength is calculated 
according to Equation (9). The test results are 
shown in Figures 10 and 11.

	 R P
Ac = � (7)

	 C S
Rv = � (8)

	 R R Z Cd
0

1� � �� �� v � (9)

Figure 10  Growth law of unconfined compressive strength 
with age 

Figure 11  Effect of fiber on unconfined compressive 
strength improvement 

Figure 9  CT 
scan results of 
specimen 
section; (a)  
6 mm, 1% 
dosage; (b)  
18 mm, 0.5% 
dosage; (c)  
18 mm, 1% 
dosage; (d)  
24 mm, 1% 
dosage; (e)  
18 mm, 2% 
dosage 
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where, Rc
 is the unconfined compressive 

strength (MPa) of the specimen; P  is the 
maximum pressure (N) when the specimen is 
destroyed; A  is the cross-sectional area (mm2)  
of the specimen. Cv  is the coefficient of varia-

tion (%); S  is the standard deviation; R  is the 
average strength (MPa). Rd

0  is the representative 
value of strength (MPa); Zα  is the coefficient that 
varies with the guarantee rate or confidence α  in 
the standard normal distribution table. Highways 
and first-class highways should take the guaran-
tee rate of 95%, that is Zα = 1 645. .

The test results indicate that the unconfined 
compressive strength of cement-stabilized 
sandstone gravel increases with curing age, 
with the most rapid growth occurring between 
7 and 14 days, followed by the period from 
14 to 28 days. The rate of strength gain slows 
from 28 to 90 days, eventually stabilizing. 
Without fiber reinforcement, the strength 
increased from 5.54 MPa at 7 days to 9.01 MPa 
at 90 days, which is attributed to the ongoing 
cement hydration leading to a denser micro-
structure and reduced porosity. At each curing 
age, the compressive strength of fiber-rein-
forced specimens exceeded that of the non- 
reinforced group, and the difference between 
the two became more pronounced over time. 
The percentage increase in strength due to 
fiber addition rose from 5.78% at 7 days to 
8.66% at 90 days, indicating that while fiber 
contributed notably to early strength enhance-
ment, its overall reinforcing effect became 
more substantial with prolonged aging. These 
results demonstrate that basalt fiber signifi-
cantly improves the unconfined compressive 
strength of cement-stabilized sandstone gravel, 
and this improvement becomes more evident 
with extended curing duration.

3.2.2 Bending tensile strength test
Flexural tensile strength tests were conducted 
on beam specimens at standard curing ages of 
7, 14, 28, 60, and 90 days. A comparison was 
made between the conventional flexural tensile 
strength and the value obtained when account-
ing for the difference in tensile and compressive 
moduli [32]. The formula for calculating flexural 
strength without considering the modulus dif-
ference is given in Equation (10), while the for-
mulas for determining the flexural strength of 
cement-stabilized sandstone gravel incorporating 
the tensile-compressive modulus difference are 
provided in Equations (11)–(13). The test results 
of flexural strength considering the modulus dif-
ference, as well as the enhancing effect of fiber 
on flexural strength, are presented in Figures 12 
and 13.

	 R PL
bhf = 2 � (10)

Bottom layer tensile modulus:

	 E
PL
bht
t c

t

�
�� �� �
�2 2 2

� (11)

Top pressure modulus:

	 E
PL
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t c

c

�
�� �� �
�2 2 2 � (12)

Bending tensile strength considering the differ-
ence between tension and compression:

	 R
PL
bhf
t c

t

' �
�� �� �
�2
2

� (13)

where, Rf  is the flexural tensile strength (MPa);  
Rf

'
 is the flexural tensile strength (MPa) considering  

the difference between tension and compression; 
P is the ultimate failure load (N); L  is the span, 
the distance between the two fulcrums (mm); 
b  is the width of the specimen (mm); h  is the 
height of the specimen (mm); Et  is the bottom 
tensile modulus; Ec  is the top pressure modulus; 

Figure 12  Growth law of flexural tensile strength with age 

Figure 13  Effect of fiber on flexural strength improvement 
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ε t  is tensile strain at the bottom of the layer; εc  
is the top compressive strain.

The analysis results indicate that the flex-
ural tensile strength of cement-stabilized sand-
stone gravel increases significantly with curing 
age, primarily due to the continuous hydration 
reaction of the cement. Without fiber reinforce-
ment, the flexural strength increased from 0.81 
MPa at 7 days to 1.82 MPa at 90 days. With 
the incorporation of fiber, the flexural tensile 
strength increased from 0.88 MPa to 2.32 MPa, 
demonstrating a more pronounced enhance-
ment. The addition of fiber resulted in an 8.64% 
increase in flexural strength at 7 days, which 
further rose to 27.47% by 90 days. The inclu-
sion of fibers markedly strengthened the mate-
rial at all ages, and this improvement became 
more substantial over time. The fundamen-
tal mechanism of basalt fiber lies in its active 
intervention in and optimization of the material 
damage process. The mechanical essence of the 
three-dimensional network structure formed by 
the fibers within the material is the construc-
tion of an efficient stress transfer and redis-
tribution system. When microcracks initiate, 
fibers bridging the cracks effectively transfer 
the locally concentrated stress to the uncracked 
regions of the matrix through interfacial bond-
ing, thereby suppressing crack propagation and 
significantly enhancing the fracture toughness 
of the material. Additionally, this network 
structure improves the mechanical interlocking 
and synergistic interaction between aggregates 
and binders. From a mechanical perspective, the 
incorporation of fibers not only optimizes the 
internal stress distribution and mitigates local 
stress concentration, but also alters the fail-
ure mode of the material. This transformation 
enables the material to evolve from a brittle 
system into a composite system with enhanced 
toughness and stress redistribution capacity 
when subjected to bending and tensile loads, 
thereby achieving an essential improvement in 
flexural strength.

3.2.3 Direct tension test
Direct tensile strength tests were conducted on 
cylindrical specimens at standard curing ages of 
7, 14, 28, 60, and 90 days to analyze the influ-
ence of curing age and basalt fiber on the direct 
tensile strength of cement-stabilized sandstone 
gravel. Fifteen parallel specimens were pre-
pared for each group, and the mean value was 
calculated with the coefficient of variation (Cv) 
required to be ≤15%. The formula used for calcu-
lating direct tensile strength is given in Equation 
(14), and the test results are presented in Figures 
14 and 15.

		  R P
dt �
4

2�
� (14)

where, Rt  is the direct tensile strength (MPa); 
d is the diameter of the specimen (mm); P  
is the pressure (N) when the specimen is 
destroyed.

The test results indicate that the direct tensile 
strength of both non-fiber and fiber-reinforced 
cement-stabilized sandstone gravel continuously 
increases from 7 to 90 days of curing. The strength 
of non-reinforced specimens increased from  
0.22 MPa to 0.51 MPa, while that of fiber- 
reinforced specimens rose from 0.24 MPa to 0.62 
MPa. As the curing age extended, the hydra-
tion reaction led to a denser material structure, 
resulting in stabilized long-term strength. The 
incorporation of fiber resulted in higher direct 
tensile strength at each curing age compared to 
the non-reinforced specimens, and this difference 
became more pronounced over time. The strength 
improvement was 9.09% at 7 days and reached 
23.52% by 90 days. The fibers form a stronger 
bond with the cement matrix, effectively restrict-
ing crack propagation, and this reinforcing effect 
becomes more significant with increasing curing 
age.

Figure 14  The growth law of direct tensile strength with 
age 

Figure 15  Effect of fiber on direct tensile strength improve-
ment 
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3.3 Study on erosion resistance characteristics 
of basalt fiber cement stabilized sandstone 
gravel
The cylindrical specimens with standard cur-
ing ages of 7 d, 14 d, 28 d, 60 d and 90 d were 
selected to carry out the dynamic water scour 
test, as shown in Figure 16. The anti-erosion 
effect index of fiber is used to characterize the 
anti-erosion effect of fiber on cement stabilized 
sandstone, see Equation (15). The test results are 
shown in Figures 17 and 18.

	 P P P
Px �
�

�1 2

1

100 � (15)

where, Px  is the erosion resistance effect of basalt 
fiber cement stabilized sandstone gravel (%); P1  
and P2  are the erosion mass loss rate (%) of 
cement stabilized sandstone gravel without and 
with fiber, respectively.

The test results demonstrate that the erosion 
resistance performance of cement-stabilized sand-
stone gravel improves significantly with increas-
ing curing age, accompanied by a decrease in the 
eroded mass loss rate. Without fiber addition, the 
eroded mass decreased from 68.73 g at 7 days to 
27.56 g at 90 days, and the mass loss rate decreased 
from 1.11% to 0.44%. With fiber incorporation, the 
eroded mass was reduced from 62.15 g to 15.74 g, 
and the mass loss rate decreased from 1.00% to 
0.25%. At each curing age, both the eroded mass 
and the mass loss rate of the fiber-reinforced spec-
imens were lower than those of the non-reinforced 
specimens. Moreover, the improvement in anti- 
erosion performance due to fiber addition became 
more pronounced with prolonged curing age.

The cement hydration reaction plays a key 
role in enhancing erosion resistance. As the cur-
ing age increases, the growing amount of cement 

Figure 18  Anti-erosion effect of fiber on cement stabilized 
macadam 

Figure 16  Dynamic water scouring test 

Figure 17  Mass loss rate of cement stabilized gravel at 
different ages 
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hydration products fills the pores, resulting in a 
denser material structure and reduced porosity. 
This decrease in pore space limits water infiltra-
tion pathways, thereby slowing down the rate 
of erosion-induced damage. Simultaneously, the 
increased hydration products improve the over-
all strength of the material. The incorporation 
of basalt fibers forms a three-dimensional rein-
forcing network within the matrix, which blocks 
the direct impact of water flow on solid particles, 
dissipates hydraulic energy, fills micro-pores, fur-
ther reduces porosity, and limits the penetration 
of water flow.

4 Conclusion

To make the sandstone graded crushed stone 
better applied to road construction, this paper 
incorporated basalt fiber into sandstone graded 
crushed stone, and carried out erosion resistance 
and strength tests. The mechanical properties of 
basalt fiber reinforced cement stabilized sand-
stone crushed stone were systematically studied. 
The main conclusions are as follows:

1.	The influence of fiber length and content on 
shrinkage performance exhibits a notable 
threshold effect and size dependence. The 
spatial network structure formed by 18 mm 
fibers in the matrix is optimal, as it ensures 
sufficient anchorage length while avoiding 
the agglomeration tendency associated with 
excessively long fibers. A content of 1.0% 
enables the formation of an effective three- 
dimensional reinforcement network without 
compromising the workability of the mix-
ture. This study elucidates the interaction 
mechanism at the fiber–aggregate–cement 
matrix multiphase interface from a micro-
mechanical perspective, revealing the syner-
gistic “bridging–force–crack resistance” effect 
of fibers in high-porosity sandstone. These 
findings provide a theoretical basis for the 
fiber-reinforced design of weakly acidic 
aggregates.

2.	Basalt fiber enhances the shrinkage perfor-
mance of cement-stabilized sandstone 
aggregate through multiple physical mecha-
nisms. The reduction in the drying shrink-
age coefficient results from the dispersive 
effect of fibers on capillary tension and 
shrinkage stress. The improvement in tem-
perature shrinkage performance is attributed 
to the constraining effect of the fiber net-
work on thermal strain, particularly in the 
ambient temperature range (30–0°C), where 
the temperature shrinkage coefficient is 
reduced by 32.4%. This confirms that the 
fiber contributes most significantly during 

the shrinkage stage dominated by the 
cement paste. These findings provide a sci-
entific basis for guiding anti-cracking 
design of pavements in different tempera-
ture zones and overcoming the technical 
limitation of traditional shrinkage control 
methods that rely solely on reducing cement 
content.

3.	 The combined effect of basalt fiber and curing 
age significantly enhances the scouring resis-
tance of cement-stabilized sandstone aggre-
gate. With the incorporation of fiber, the mass 
loss rate at 90 days of curing age decreases 
from 0.44% to 0.25%. The fiber mitigates 
overall damage in the cement-stabilized 
aggregate through a “mass–strength synergis-
tic protection mechanism.” The three-dimen-
sional network formed by the fibers not only 
directly hinders water infiltration but also 
refines the pore structure, thereby reducing 
penetration paths. Simultaneously, the fiber–
aggregate interfacial interaction enhances the 
bonding force between aggregates and the 
cementitious binder, further improving dura-
bility.

4.	The design method for basalt fiber-rein-
forced sandstone cement-stabilized gravel 
material proposed in this study offers a 
technically feasible solution for highway 
construction in sandstone-rich regions such 
as Guangxi, China, with considerable poten-
tial for resource substitution and cost reduc-
tion. By optimizing the fiber blending 
process, it is possible to significantly 
decrease material and transportation costs 
while achieving comprehensive enhance-
ment of base course performance, demon-
strating promising potential for engineering 
applications.
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