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Abstract: Cement-stabilized crushed stone is widely used in the construction of high-grade highways
because of its good durability and stability. However, cement-stabilized gravel is also easily affected
by temperature and humidity, resulting in a reduction in the overall strength and durability of
asphalt pavement. In response to this problem, in this study, we lay a single layer of a basalt fiber
geogrids in a cement-stabilized gravel base of a test section of the Yan-Chong Expressway. The
bonding and friction forces formed between the basalt fiber geogrids and the base as well as the
mechanical bite force, play an anti-cracking role. We conducted a comparative experimental study on
the mechanical properties of basalt fiber geogrids reinforced or not reinforced with cement-stabilized
gravel specimens of different ages. The results showed that (1) the unconfined compressive strength
of cement-stabilized gravel was slightly reduced; (2) the splitting strength was somewhat improved;
(3) the compressive elastic modulus was slightly reduced; (4) the flexural and tensile strengths were
significantly increased. An improvement in the crack resistance in semi-rigid base materials can
improve the service life of high-grade asphalt pavements.

Keywords: cement-stabilized macadam; basalt fiber geogrid; mechanical property; curing age

1. Introduction

As the most commonly used base material for advanced pavement, cement- stabilized
macadam is characterized by a high strength (which increases with curing age), good
plate and deflection properties, and a strong load diffusion abilities. As such, it is widely
used as the base of highway pavements. However, reflection cracks in asphalt pavement
caused by dry shrinkage and temperature shrinkage are a common problem in pavement
structures [1–3]. Therefore, it is of great significance to reduce crack generation in asphalt
pavements with a semi-rigid base.

In view of the above problem, scholars have proposed incorporating fiber into cement-
stabilized materials to suppress cracking of the base. Some scholars [4–7] have shown that
adding steel, polypropylene, and basalt fibers can change the mechanical strength and
toughness of cement-based materials. Basalt fiber has the advantages of a high tensile
strength, good mechanical properties, and resistances to high temperature, ultraviolet
radiation, acidity, alkalinity, salt, and aging, and does not require waste water, gas, or other
industrial wastes throughout its entire production process. In addition, basalt ore is quite
abundant, ensuring a relatively low raw material cost and a long product life. The price of
basalt fiber is also 1/8 to 1/6 that of carbon fiber, which is a new type of environmentally
friendly green fiber with high-costs and a high performance. Compared with other fibers,
basalt’s overall performance is better, and it also meets the requirements for materials in the
field of road engineering. Therefore, in recent years, increasingly more basalt fiber products
have been applied in road engineering.

Shu Li [8], from the Ocean University of China added basalt fibers with a certain
fiber length and content to cement-stabilized crushed stone. A series of mechanical and
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durability tests showed that adding basalt fibers improved the compressive and splitting
strength of cement-stabilized crushed stone, reduced its dry shrinkage and temperature
shrinkage coefficient, and improved its anti-shrinkage performance. Yingbo Bao [9] added
basalt fibers to cement-stabilized crushed stone to improve its crack resistance. According
to their experiments, this addition reduced the dry shrinkage coefficient by 11% and the
temperature shrinkage coefficient by 15%. Ming Yang [10] mixed a certain proportion
of basalt fiber and polypropylene fiber into a cement-stabilized gravel base to explore
the influence of hybrid fibers on pavement performance. Qiyi Wu et al. [11] employed a
splitting test for a 7-day-old mixture, which showed that short basalt fibers significantly
enhanced the splitting strength of cement-stabilized porous basalt gravel, with 18 mm
fibers being enhanced due to the presence of 12 mm and 24 mm fibers. Therefore, the
addition of basalt fibers can significantly improve the crack resistance of cement-stabilized
crushed stone.

Haibo Hu [12] of Chang ‘an University mixed basalt fiber strips of a certain width
into cement-stabilized gravel, and conducted mechanical and durability tests. The results
showed that the addition of basalt fiber strips of different widths reduced the compres-
sive strength of the cement-stabilized gravel to a certain extent, but its anti-shrinkage
performance was improved. The study demonstrated the strengthening effect of basalt-
strip-reinforced cement-stabilized crushed stone.

Kun Yang [13] concluded that basalt fiber geogrid paving could extend the fatigue life
of pavement structures and reduce project costs. Chuanli Deng et al. [14] added basalt fiber
geogrids to rubble walls to study their influence on the compressive properties. The results
showed that the maximum bearing capacity of the rubble walls was greatly improved
and could even reach 1.6 times that of an ordinary rubble wall. Xiaokang Yang [15] set
glass fiber gratings on top of the middle surface layer, lower layer, and base layer of a test
section and collected bending, vertical tensile, and shear stress monitoring data for the road
surface before and after laying, concluding that setting glass fiber gratings on top of the
middle surface layer had the best preventative effect on reflection cracks. Xiaobin Wu [16]
concluded that basalt fiber geogrids have certain positive effects on the reinforcement
of roadbeds and pavement and that such materials are worthy of popularization and
application. Yunpeng Li et al. [5] simulated the effect of the addition of basalt fiber nets to a
slope under working conditions, and the results showed that the addition enhanced the
stability of the slope and that the safety factor would be higher with a steeper slope within
a certain range. Minghao Jia et al. [17] added basalt fiber geogrids and chopped basalt fiber
to a cement matrix, respectively, to explore their effects on the compressive and flexural
strength of the matrix. The results showed that both basalt fiber materials improved the
mechanical properties and compressive and flexural strength of the cement matrix, but
basalt fiber geogrids performed better. Wujie Ni et al. [18] used basalt fiber geogrids to
stiffen a cement-stabilized gravel base. The geogrids were laid on top of the base and
between the upper and the lower base, without basalt fiber grilles, and temperature and
strain data were collected to analyze the influence of the different layers on the temperature
shrinkage strain under the same test conditions. The results showed that the reinforcement
effect of the basalt fiber geogrid layer between the upper and lower base was the best.

In conclusion, basalt fiber geogrids have a high fracture strength, low elongation, good
physical and chemical stability, etc. They have a certain positive effect on subgrade and
pavement engineering, slope protection, and masonry structure reinforcement. However,
their application in engineering is still at the exploratory stage. As mentioned, Wujie
Ni et al. [18] used basalt fiber geogrids to stiffen a cement-stabilized gravel base and
determined that the best effect was to be found between the upper and lower base. However,
they only compared the stiffening effect of basalt fiber geogrids between different levels on
a trial road section and did not conduct systematic research indoors. In this paper, basalt
fiber geogrids are laid between the base and the lower base of asphalt pavement, and their
influence on the mechanical properties of cement-stabilized gravel is studied. This research
has important social and economic effects in reducing the degradation of cement-stabilized
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gravel bases, ensuring road service life and maximizing traffic capacity, saving maintenance
funds, etc.

2. Materials and Methods
2.1. Test Materials
2.1.1. Basalt Fiber Geogrids

The selected geogrid material should have a high tensile strength and low elongation
to meet the application requirements [19]. Basalt fiber macadam has excellent mechanical
properties compared to all the kinds of geogrids on the market formed by high-molecular
polymers, such as glass fiber, carbon fiber, and aramid. The maximum tensile strength of
basalt fiber can be as high as 5000 MPa, which is higher than that of geosynthetic materials
made of general fibers, and its elongation at break is less than 3%, with a higher erosion
resistance than that of other fiber products. Therefore, the EGA100-100 kN basalt fiber
geogrids produced by Feicheng Lianyi Engineering Plastics Co., LTD., Feicheng, China was
selected in this study. Their performance is shown in Tables 1 and 2.

Table 1. Physical parameters of the geogrids.

Parameter Index Mean Value (n) Standard Deviation (σ) Coefficient of Variation (Cv) Final Value

Mass per Unit Area (g/m2) 596.67 20.83 3.5 596.67
Mesh Size (mm) 4.8 0.929 2.03 4.8

Width (m) 5.45 0.836 1.38 5.45
Grid Shape Rectangle

Table 2. Mechanical parameters of the geogrids.

Property Unit
Transverse Direction Longitudinal Direction

Standard Value Test Value Standard Value Test Value

Center Distance of Mesh mm --- 50.8 --- 50.8
Breaking Strength kN/m 100 ≥102.2 100 ≥103.9

Elongation at Break % ≤3 2.7 ≤3 2.8

2.1.2. Cement

As a material that can be hardened both in air and water, cement is different from other
air-hardening cementing materials in that it can maintain its strength continuously and
even further develop its strength after hardening in water [20]. Early-strength cement and
fast-hardening cement are not suitable as base materials, and ordinary Portland cement,
slag Portland cement, and volcanic Portland cement are usually used as semi-rigid base
materials. In general, grade 32.5 or 42.5 cement is used as a binding material. The cement
used in this test is P.O 42.5 ordinary Portland cement, and its technical parameters are
shown in Table 3.

Table 3. Cement-related technical parameters.

Item

Flexural Strength (MPa)
Compressive Strength Setting Time Water

Requirement for
Cement Standard
Consistency (%)

Cement
Soundness

Fineness
(%)

(MPa) min h

3 d 28 d 3 d 28 d Initial
Setting Time

Final Setting
Time

Specification Value ≥3.5 ≥6.5 ≥16 ≥42.5 ≥45 ≤10 ≤30 Qualified ≤10
Test Value 4.5 7.6 25.2 48.2 98 7 28.6 Qualified 6.8

Conclusion The cement meets the specification requirements and is a qualified cement

2.1.3. Aggregate

For semi-rigid base materials, the maximum particle size of the aggregate must be
limited to ensure the suitability of the base material construction. For high-grade asphalt
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pavements, aggregates with a smaller maximum particle size must be used because of the
higher requirements for structural layers and road smoothness. According to the relevant
specifications, the maximum particle size of aggregates in China’s high-grade asphalt
pavement bases should not exceed 31.5 mm.

2.1.4. Optimal Grading of Coarse and Fine Aggregate

The test results of the relevant aggregate are shown in Tables 4–6.

Table 4. Test results of the aggregate technical indexes.

Item Crushing
Value (%)

Apparent
Density
(g/cm3)

Needle Flake
Content (%) Void Rate (%) Liquid Limit

(%)
Shrinkage

Limit Index (%)

Specification Value <30 >2.5 <20 <47
Test Value 15 2.74 10.6 45.8 12 4

Conclusion Aggregate technical indicators meet the specification requirements

Table 5. Sieving results for each grade of the coarse aggregates (passing rate %).

Sieve Hole Size (mm) 31.5 26.5 19 16 9.5 4.75 <4.75

19–31.5 mm 100 76.3 14.2 2.8 0.8 0.8 0.8
9.5–19 mm 100 100 98.7 91.0 24.6 1.4 0.2

4.75–9.5 mm 100 100 100 100 99.4 17.2 4.5

Table 6. Sieving results for each grade of the fine aggregates (passing rate %).

Sieve Hole Size (mm) 4.75 2.36 1.18 0.6 0.075

0–4.75 mm 95.1 61.1 40.3 22.2 10.1

The test results of the coarse and fine aggregates meet the relevant technical specifi-
cations. According to the sieving results used in the base construction of the Yanchong
Expressway, the grading composition of the coarse and fine aggregates used in this test is
shown in Figure 1.
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2.2. Test Methods
2.2.1. The Compaction Test Method

The base mix ratio is determined by an indoor standard compaction test, and the
test applies a construction-site mix ratio. The standard compaction test was performed
according to T 0804-1994 in Chinese standard “Test Methods of Materials Stabilized with
Inorganic Binders for Highway Engineering” (JTG E51-2009 [20]). The compaction test
methods used in various countries are very similar and will not be described in detail here.

2.2.2. Specimen Preparation and Curing

Hydrostatic molding of the specimen was performed according to T 0844-2009 in
Chinese standard JTG E51-2009. In this paper, static pressing is adopted. With this method,
the specimen is pressed at the upper and lower part of the die to compact the mixed
material. In the process of specimen forming, the mixture is added to the mold twice;
in the first occasion, half of the mass of the mixture is added. After ramming via a
ramming rod, the basalt fiber geogrids are added to the mold, and then the other half of the
mixture is added to be compacted by the press. The size of specimens for the unconfined
compressive strength test, splitting strength test, and compressive resilience modulus test
was φ150 mm × 150 mm, and the size of specimens for the flexural tensile strength test
was 100 mm × 100 mm × 400 mm.

The specimens were all placed in a standard curing box at approximately 20 ◦C
with a humidity higher than 95% for curing. Unconfined compressive strength, splitting
strength, compressive resilience modulus, and flexural tensile strength were measured
at different ages of 7 days, 28 days, and 90 days, respectively. All the tests were divided
into two groups: PT-3.8 without geogrids and BG-3.8 with basalt geogrids. The maximum
aggregate particle size was 26.5 mm. In order to ensure the reliability and accuracy of the
test results, the number of cylindrical specimens in each group was 13, and the number of
girder specimens in each group was 15. A total of 234 cylindrical specimens and 90 beam
specimens were prepared.

2.2.3. Unconfined Compressive Strength Test

As an important index, the unconfined compressive strength of a specimen is used to
judge whether the material meets the required pavement performance of the base.

In this test, sample preparation was performed according to T 0805-1994 in Chinese
standard JTG E51-2009 [20]. The universal testing machine selected for this test has a
maximum measuring range of 400 kN and a measuring accuracy of ±1%. It can be
uniformly and continuously loaded and unloaded and can maintain a fixed load, with a
loading rate that can be effectively controlled at 1 mm/min. During the gradual loading of
the press, changes in its values can be observed, and the maximum pressure value can be
recorded when the specimen is damaged.

The unconfined compressive strength of the specimen was calculated according to
Formula (1).

Rc =
P
A

(1)

In this formula:
Rc—the unconfined compressive strength (MPa);
P—the maximum pressure of the specimen (N);
A—the height of the specimen (mm2).
In testing the same group of specimens, the outliers were removed by the 3× mean

square error method, and test specimens had 2 to 3 outliers. A test was performed again if
the number of outliers exceeded the above provisions. If the coefficient of variation (%) of a
same group of tests was less than 15%, it was considered a valid test. If the Cv of the test
results could not be guaranteed to be less than the specified value, the required number of
specimens was should be recalculated according to the allowable error probability of 10%
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and 90%, and the number of specimens was increased, and new tests were performed. The
results of new and old tests were re-evaluated until the Cv met the requirements.

The allowable Cv is calculated according to Formula (2).

Cv =
S
x

(2)

In this formula:
Cv—the allowable coefficient of variation;
x—the arithmetic mean;
S—the standard deviation.

S =

√
1

n − 1

n

∑
i=1

(xi − x)2 (3)

n is determined by Formula (4)

n =
[
t1−a/2Cv|e|]2 (4)

In this formula:
n—the test quantity;
t1−a/2—the quantile values in the T-distribution table;
|e|—the allowable error is 10% here.

2.2.4. The Test Method for Splitting Strength

Generally, splitting strength measured by a splitting test (also called an indirect tensile
test) is used to evaluate the ability of semi-rigid materials to resist tension (Chinese standard
JTG/TF20-2015 [21]).

The splitting strength test was performed according to T 0806-1994 in Chinese standard
JTG E51-2009 [20]. The instrument used in this test is a universal testing machine. A batten is
placed on the lifting platform of the press, the specimen is placed on the batten horizontally,
and a batten is placed on the top surface of the specimen (the contact line between the
upper and lower batten and the specimen must be located at both ends of the diameter of
the specimen and perpendicular to the lifting platform). A spherical support is placed on
the upper batten and located at the middle of the specimen. During the test, deformation
should be increased at the same speed, and the loading rate should be maintained at
1 mm/min, recording the maximum pressure when the specimen is broken. The indirect
tensile strength of the specimen was calculated according to Formula (5) or (6).

When the loading batten is not set:

Ri =
2P

πdH
(5)

In this formula:
Ri—the splitting strength of the specimen (MPa);
P—the maximum destructive power of the specimen (N);
H—the height of the specimen (mm);
d—diameter of the specimen (mm).
When setting up the loading batten:

Ri =
2P

πaH

(
sin2α − a

d

)
(6)

In this formula:
a—width of layering section (mm);
α—the center angle corresponding to the width of the half-layering strip.
The other symbols have the same meaning as above.
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The treatment method of the test results is the same as that of the unconfined compres-
sive strength test.

2.2.4.1. The Test Method for Modulus of Compressive Resilience

The compressive resilience modulus test was performed according to T 0807-1994 in
Chinese standard JTG E51-2009 [20]. The previous universal testing machine was used in
this test, the measurement accuracy was ±1%, and the loading rate could be effectively
controlled at 1 mm/min. A round metal plane-loading top plate and round metal plane
loading bottom plate were used: the diameter of the plates should be greater than the
diameter of the test piece and the bottom plate diameter line both sides of the column,
which is equipped with a dial gauge clip.

After the specimen was soaked in water for 24 h prior to test, it was dried and placed
on the loading base plate. A small amount of 0.25~0.5 mm fine sand was sprinkled on the
top surface of the specimen, and the loading plate was manually pressed and rotated fill
any microscopic surface irregularities with the find sand and disperse excess. This increases
the contact area between the roof and the specimen.

Preloading: The preloading and unloading test was carried out twice with half of the
maximum load applied, so that the loading roof was in close contact with the surface of
the specimen. After waiting 1 min after every two unloads, the short pointer of the dial
gauge was set to the middle position and the long pointer was set to 0 to record the original
reading of the dial gauge.

Rebound deformation measurement: The predetermined unit pressure was divided
into 5~6 equal parts as the pressure value to be applied each time. The actual load applied
was one step higher than the predetermined level. After the first-level load was applied
for 1 min, the reading of the dial meter was recorded, and the load was removed at the
same time, so that the elastic deformation of the specimen was restored. After recording the
reading of the dial meter at 0.5 min, the second-level load was applied the same as before.
After waiting 1 min the reading of the dial meter was recorded, and the load was removed.
At 0.5 min after unloading, the reading of the dial gauge was recorded, and the third-level
load was applied. This was performed step by step until the rebound deformation under
the last stage of loading was recorded.

The elastic deformation l under each stage of loading is calculated according to
Formula (7).

l = Pressurized reading − Depressurization reading (7)

With unit pressure p as the horizontal coordinate (to the right) and rebound defor-
mation l as the longitudinal coordinate (down), the relationship curve between p and
l is drawn, and the false deformation at the beginning of the curve is corrected. When
correcting, under normal circumstances, the first and second test points are taken as a
straight line, and the line is extended to intersect the vertical axis, and the intersection point
is the new origin.

The resilience modulus is calculated according to Formula (8)

EC =
Ph
l

(8)

In the formula:
EC—compressive resilience modulus (MPa);
P—unit pressure (MPa);
h—specimen height (mm);
l—rebound deformation of the specimen (mm)
The treatment method of test results is the same as that of unconfined compressive strength.

2.2.4.2. The Test Method for Flexural Tensile Strength

The flexural tensile strength test was performed according to T 0851-2009 in Chinese
standard JTG E51-2009. The test was carried out using a three-point pressure method, and
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the three-point position was marked on the side of the specimen (parallel to the direction
of pressure when the specimen was formed). The specimen was placed on the test rack,
with the load direction being consistent with the pressure direction when the specimen was
formed, and the upper and lower pressing blocks were located at the three-point position
of the specimen. According to the test requirements, a displacement sensor was placed
in the beam span to measure the mid-span displacement under the ultimate load. The
loading rate was 50 mm/min until the specimen was damaged, and the failure limit load
was recorded. Then, the flexural tensile strength was calculated according to Formula (9).

RS =
PL
b2h

(9)

In this formula:
RS—flexural tensile strength (MPa);
P—failure limit load (N);
L—span, that is, the distance between the two fulcrums (mm);
b—specimen width (mm);
h—specimen height (mm).

3. Results and Discussion
3.1. The Compaction Test

The compaction test curve is drawn with the moisture content of the compacted
sample as the horizontal coordinate and the corresponding dry density as the longitudinal
coordinate. The vertical coordinate of the curve apex is the maximum dry density of the
water-stable material, and the horizontal coordinate is the highest moisture content, as
shown in Figure 2.
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Based on the above test results, it can be concluded that the best water content of
cement-stabilized gravel is 5.0%, the maximum dry density is 2.361 g/cm3, and the cement
dose is 3.8% (referring to the actual construction amount at the site).
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3.2. Unconfined Compressive Strength Test Results and Analysis

Based on the unconfined compressive strength test data, the unconfined compressive
strength of the two groups of cement-stabilized macadam increases with age (as shown
in Figure 3).
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The strength of cement-stabilized crushed stone is affected by many factors, such as
mixture grading, the dosage of cement, water content, and maximum dry density, but is
mainly affected by the hydration of the cement, together with other factors such as ion
exchange and chemical stimulation. However, from the unconfined compressive strength
test results, it can be seen that the compressive strength of cement-stabilized crushed stone
with the addition of basalt geogrids is slightly lower than that of ordinary cement-stabilized
crushed stone at different ages. After 28 days, the strength gap between the two reaches its
greatest degree, and the compressive strength of ordinary cement-stabilized crushed stone
is 14% higher than that stabilized by the basalt fiber geogrids. However, after 90 days, the
compressive strength of the two is similar. It can be seen that the addition of basalt fiber
geogrids reduces the integrity of cement-stabilized gravel to a certain extent, resulting in an
early-strength formation that is hindered by the geogrids, but in the process of increasing
strength, this shortcoming gradually weakens. This is because the unconfined compressive
strength of the specimen is mainly determined by the bearing capacity of the aggregate
structure of the cement-stabilized gravel, and the formation of the bearing capacity of the
aggregate structure will be affected by the laying of the basalt fiber geogrids. However,
there is little difference between the two when the compressive strength is completely
formed after 90 days. In the process of unconfined compression, there will be a certain
tensile effect, and the addition of basalt fiber geogrids improves the tensile capacity of the
cement-stabilized gravel, thus improving part of the compressive capacity.
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3.3. Splitting Strength Test Results and Analysis

According to the test data and the results calculated by Formulas (1) and (2), the
relationship between the splitting strength and curing age was drawn (as shown in Figure 4).
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It can be seen from Figure 4 that with an increase in age, the splitting strength of
BG-3.8 and PT-3.8 specimens also increases continuously, and the splitting strength of
the specimens with basalt fiber geogrid reinforcement increases to some extent. When
the curing age reaches 7 d, 28 d, and 90 d, the average unconfined compressive strength
of BG-3.8 specimens is 0.36 MPa, 0.6 MPa, and 0.78 MPa, while the average splitting
strength of PT-3.8 specimens is 0.37 MPa, 0.53 MPa and 0.7 MPa, respectively. The splitting
strength of reinforced specimens is −2.7%, 13.2% and 11.4% higher than that of unreinforced
specimens, respectively.

At the beginning of curing, there was little difference in the splitting strength between
BG-3.8 and PT-3.8 specimens. It can be considered that in the initial stage of specimen
strength formation, the bonding action of the cement-stabilized gravel base is weak, and
the integrity of the basalt fiber geogrid and cement-stabilized gravel base is poor. In the
late curing period, the cement-stabilized gravel exhibits a good bonding effect. At this
time, the cement-stabilized gravel and geogrids jointly play a stretching role. The geogrids
enhance the tensile strength of the cement-stabilized gravel base, and the splitting strength
also increases. This is consistent with the research results of Xiaopeng Yang [22].

3.4. Compressive Resilience Modulus Test Results and Analysis

According to the test data and the calculation results of Formula (8), the relationship
between compressive resilience modulus and curing age was drawn (as shown in Figure 5).
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It can be seen from Figure 5 that the compressive resilience modulus of the two speci-
mens increases with age, while the compressive resilience modulus of the specimens with
basalt fiber grating decreases slightly. When the curing age reaches 7, 28, and 90 d, the av-
erage compressive modulus of BG-3.8 specimens is 1678, 2071, and 2959 MPa, respectively,
while the average compressive modulus of PT-3.8 specimens is 1752, 2169, and 3088 MPa,
respectively. The compressive resilience modulus of the reinforced specimens decreased by
4.2%, 4.5%, and 4.1% compared to the unreinforced specimens.

The compressive resilience modulus of BG-3.8 specimens is always slightly lower than
that of PT-3.8 because the modulus of basalt fiber grating is low. After adding cement-
stabilized gravel material, the deformation resistance of water-stabilized gravel is reduced,
but the reduction is small, which is equivalent to reducing the stiffness of the material, thus
effectively improving the toughness of the base, which is consistent with the conclusion of
some scholars [23].

3.5. Flexural Tensile Strength Test Results and Analysis

According to the relevant data, the relationship between the flexural and tensile
strengths of the two groups of cement-stabilized gravel and its curing age was drawn
(Figure 6).

As shown, the flexural and tensile strength of the two specimens increased with age,
and was significantly improved after basalt fiber grille reinforcement. When the curing
age reached 7, 28, and 90 days, the average flexural tensile strength of BG-3.8 specimen
was 0.52, 0.79 and 1.28 MPa, respectively, while the average flexural tensile strength of
PT-3.8 specimens was 0.43, 0.63, and 1.00 MPa, respectively. The flexural tensile strength of
the reinforced specimens was 20.9%, 25.3%, and 28% higher than that of the unreinforced
specimens. The increase in the flexural tensile strength of specimens of different ages after
reinforcement was higher than 20%, and it increased with an increase in age.

The reason is that the addition of basalt fiber geogrids has a tensile effect, improving
the bending and tensile resistance of the base structure. With an increase in curing age, the
integrity of the geogrid and water-stabilized gravel base is continuously improved, and the
flexural tensile strength is also increased.



Coatings 2024, 14, 1349 12 of 14

Coatings 2024, 14, x FOR PEER REVIEW  12  of  14 
 

 

It can be seen from Figure 5 that the compressive resilience modulus of the two spec-

imens increases with age, while the compressive resilience modulus of the specimens with 

basalt fiber grating decreases slightly. When  the curing age reaches 7, 28, and 90d,  the 

average compressive modulus of BG-3.8 specimens is 1678, 2071, and 2959 MPa, respec-

tively, while the average compressive modulus of PT-3.8 specimens is 1752, 2169, and 3088 

MPa, respectively. The compressive resilience modulus of the reinforced specimens de-

creased by 4.2%, 4.5%, and 4.1% compared to the unreinforced specimens. 

The compressive  resilience modulus of BG-3.8 specimens  is always slightly  lower 

than that of PT-3.8 because the modulus of basalt fiber grating is low. After adding ce-

ment-stabilized gravel material, the deformation resistance of water-stabilized gravel is 

reduced, but the reduction  is small, which  is equivalent to reducing the stiffness of the 

material, thus effectively improving the toughness of the base, which is consistent with 

the conclusion of some scholars [23]. 

3.5. Flexural Tensile Strength Test Results and Analysis 

According  to  the  relevant data,  the  relationship  between  the flexural  and  tensile 

strengths of  the  two groups of cement-stabilized gravel and  its curing age was drawn 

(Figure 6). 

 
Figure 6. Variation in flexural tensile strength with curing age. 

As shown, the flexural and tensile strength of the two specimens increased with age, 

and was significantly improved after basalt fiber grille reinforcement. When the curing 

age reached 7, 28, and 90 days, the average flexural tensile strength of BG-3.8 specimen 

was 0.52, 0.79 and 1.28 MPa, respectively, while the average flexural tensile strength of 

PT-3.8 specimens was 0.43, 0.63, and 1.00 MPa, respectively. The flexural tensile strength 

of the reinforced specimens was 20.9%, 25.3%, and 28% higher than that of the unrein-

forced specimens. The increase in the flexural tensile strength of specimens of different 

ages after reinforcement was higher than 20%, and it increased with an increase in age. 

The reason is that the addition of basalt fiber geogrids has a tensile effect, improving 

the bending and tensile resistance of the base structure. With an increase in curing age, 

the  integrity of the geogrid and water-stabilized gravel base is continuously improved, 

and the flexural tensile strength is also increased. 

Figure 6. Variation in flexural tensile strength with curing age.

The addition of basalt fiber geogrids to cement-stabilized gravel is equivalent to
adding rebar to cement concrete, which plays a certain tensile role, thus delaying the
bending and tensile failure of cement-stabilized gravel to a certain extent. In the early
stage of curing, the strength of cement-stabilized crushed stone has not fully formed, so the
flexural and tensile strengths are higher than that of ordinary cement-stabilized crushed
stone. During the flexural tensile strength tests, there were cracks above and below the
basalt fiber geogrid cement-stabilized gravel specimens, but due to the existence of the
geogrids, the entire specimens did not exhibit completely cracked surfaces. With increasing
curing age, the cement-stabilized gravel and geogrids formed an organic whole. At this
time, the flexural tensile strength of the basalt-fiber-geogrid-stabilized gravel gradually
reached its maximum value, and the difference between the two gravels became the largest.

4. Conclusions

This paper conducted a comparative study on the unconfined compressive strength,
splitting strength, compressive resilience modulus, and flexural tensile strength of basalt
fiber-geogrid-reinforced and ordinary cement-stabilized gravel specimens at three ages
(7 days, 28 days, and 90 days). The conclusions of the research are as follows:

(1) The integrity of the base structure is reduced after the reinforcing the basalt fiber
geogrids. The compressive strength of the water-stabilized gravel base decreases in the
early stages, but gradually increases until a curing age of 90 days. The strength of the base
meets the design requirements.

(2) With an increase in curing age, the splitting strength of basalt-fiber-geogrid-
reinforced specimens is greatly increased due to the continuous enhancement of the bond-
ing effect of the basalt fiber geogrids within the base. The basalt fiber geogrids utilize their
full tensile capacity and improve in strength.

(3) The compressive resilience modulus of the water-stabilized gravel base decreased
by about 4.5% after reinforcement, indicating that reinforcing basalt fiber geogrids had
little effect on the overall compressive capacity of the base.

(4) After reinforcement, the flexural tensile strength of the water-stabilized gravel base
increased by more than 20%, which is due to the addition of the geogrids enhancing the
tensile and flexural strength of the base.

(5) The basalt fiber grids were laid in the middle of the cement-stabilized gravel base,
and the mechanical properties were improved as a whole. This approach can be applied to
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actual projects, even though it increases the challenges and difficulty of constructing the
base. However, if supporting machinery can be developed, the construction efficiency can
be improved in the future.
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