
Citation: Yi, Q.; Xu, J.; Pan, H.; Lv, X.;

Xiong, K.; Li, X. Mix Design and Field

Detection of Large-Particle-Size

Graded Crushed Stone Mixtures for

Pavement Reconstruction. Buildings

2024, 14, 1359. https://doi.org/

10.3390/buildings14051359

Academic Editor: Pengfei Liu

Received: 8 April 2024

Revised: 5 May 2024

Accepted: 8 May 2024

Published: 10 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Mix Design and Field Detection of Large-Particle-Size Graded
Crushed Stone Mixtures for Pavement Reconstruction
Qigui Yi 1, Jie Xu 2, Haoyu Pan 3, Xinchao Lv 3, Kuiyuan Xiong 3 and Xuelian Li 2,*

1 Guidong Highway Development Center, Wuzhou 543000, China; ylk027181@126.com
2 School of Traffic and Transportation, Changsha University of Science and Technology, Changsha 410114,

China; 21101030095@csust.edu.cn
3 Guangxi Transportation Science and Technology Group Co., Ltd., Nanning 530007, China;

haoyu_pan@163.com (H.P.); xinchao_lv@163.com (X.L.); xj928594709@163.com (K.X.)
* Correspondence: lixuelian@csust.edu.cn

Abstract: Large-particle-size graded crushed stone mixtures (LPS-GCSMs) can improve the short-
comings of conventional graded crushed stone, such as low strength, high deformation, and a low
modulus of resilience. At present, there is no systematic research on the gradation design and field
evaluation of the LPS-GCSMs. In this study, compaction and California bearing ratio (CBR) tests and
field construction conditions were combined to design six kinds of gradation of LPS-GCSM, and the
optimum gradation was revealed. In order to improve the mechanical properties of LPS-GCSM, 2.5%
cement was added to the mixture to prepare a low-content cement-modified LPS-GCSM (LCC-LPS-
GCSM) based on the suggested gradation. The mechanical properties of the LCC-LPS-GCSM were
investigated through unconfined compression strength (UCS) and compression rebound modulus
(CRM) tests. Moreover, the compaction and deflection properties of LPS-GCSM and LCC-LPS-GCSM
were examined through the test battery. The results showed that the optimum gradation of LPS-
GCSM can be achieved with a combination of aggregate sizes of 20–40 mm, 10–20 mm, 5–10 mm, and
0–5 mm at a ratio of 44:20:10:26. The passing rates of 19 mm and 4.75 mm should be approximately at
the median value of the gradation in view of field construction uniformity and a coarse aggregate
interlocking effect. The UCS and CRM values of LCC-LPS-GCSM increased rapidly from 0 day to
28 days while they slowed after 28 days, which was similar to those of cement-stabilized materials.
The field detection suggested that LPS-GCSM exhibited favorable compaction and that the addition
of cement improved the stability of the field compaction of the mixture. Adding a subbase course of
LPS-GCSM between the old pavement and the LCC-LPS-GCSM base can lead to more uniform stress
on the base. The results of this study provide a reference for the gradation design of LPS-GCSM and
optimization of the design indicators.

Keywords: large-particle-size graded crushed stone; mix design; California bearing ratio; degree of
compaction; deflection

1. Introduction

Graded crushed stone (GCS) is a kind of mixture composed of coarse aggregates, fine
aggregates, and sand in certain proportions [1]. As a kind of granular material without
binders, GCS has the advantages of easy access to its raw materials, low cost, and convenient
construction [2]. In addition, an excellent effect of stress dissipation can be achieved
through the application of GCS in a pavement structure [3]. When GCS is used between
the semi-rigid base and the asphalt mixture surface course, it can disperse the concentrated
stresses, reduce the generation of reflective cracks, and provide support for the pavement
structure [4,5]. Moreover, due to its large void ratio, GCS can also be used as a drainage
course of asphalt pavements to accelerate the moisture drainage, thus reducing the water
damage to pavements and extending the service life of the road [6]. Therefore, GCS is
widely used for the base or subbase of asphalt pavements worldwide [7–9].
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However, when conventional GCS is used for the base of asphalt pavements, perma-
nent deformation under repeated traffic loads is prone to occurring, which easily leads
to structural rutting, fatigue cracking, and other pavement failures [10,11]. This is be-
cause the strength of GCS is mainly formed by internal friction resistance and bonding
forces [12]. The maximum aggregate size of conventional GCS is relatively small, so it is
difficult to form a dense skeleton structure among aggregates [13]. As a result, conven-
tional GCS is characterized by low strength, high plastic deformation, and a low modulus
of resilience [14]. Previous studies have shown that the California bearing ratio (CBR),
dynamic modulus of resilience, and permeability of GCS can be significantly increased
with an increase in the maximum particle size, which can reduce pavement distress and the
cost of pavement maintenance [15,16]. Moreover, the Illinois Department of Transportation
has found that the performance of GCS is significantly affected by the gradation design
method. GCS with a large size of aggregates is more resistant to freezing and thawing
than conventional GCS [17,18]. Eustacchio et al. discovered that GCS with a large size
of aggregates was more stable and had a higher compressive capacity than conventional
GCS [19]. Furthermore, GCS with a maximum particle size of 53 mm cannot only form an
interlocking skeleton structure with a high bearing capacity and durability but also has a
better drainage effect [20].

Currently, there is no defined mix design method for a large-particle-size graded
crushed stone mixture (LPS-GCSM) in Chinese specifications or those of other countries.
The Guangxi Zhuang Autonomous Region of China has formulated a local standard, the
“Technical Specification for Construction of Large Size Graded Crushed Stone Base” based
on the application of LPS-GCSM in construction. According to this specification, the nomi-
nal maximum particle size of LPS-GCSM is 53 mm, and the proportion of coarse particles
above 19 mm should not be less than 40%. In addition, some related preliminary investiga-
tions into the mix design method of the LPS-GCSM have been conducted by researchers.
Tan et al. proposed a gradation design method based on the skeleton-dense structure of
LPS-GCSM, which combined the Talbol theory and the i-method [21]. The passing rate of
each sieve for coarse aggregates and fine aggregates was calculated by the Talbol method
and i-method, respectively. The levels of gradation calculated by the Talbol method and
i-method were then combined to obtain various sets of gradation compositions. It was
found that the mixture with a gradation of n = 0.55 and i = 0.70 had the best mechanical
properties in laboratory tests [22]. Luo determined the key sieves of LPS-GCSM based
on the planar three-circle stacking theory, Bailey theory, and SAC gradation method [23].
Based on the skeleton-dense structure of the mixture, Suo et al. adopted the Bailey method
to identify the key sieves for LPS-GCSM and determined the key sieve passing rate. Then,
the Fuller formula was utilized to calculate the passing rate of sieves except for the key
sieves. Finally, the VCADRF method was used to examine whether the gradation was
interlocking [24]. Guo et al. employed the particle interference theory and Talbol method to
design the gradation of LPS-GCSM and determine the optimum gradation [25]. To achieve
the closest packing of particles and a dense structure of the mixture, Ding et al. designed
the gradation of LPS-GCSM with the maximum particle size of 73 mm, based on the graded
filling theory and the particle interference theory. Moreover, the Bailey method was used
to optimize the gradation [26]. Yuan et al. applied the compressive packing model to the
gradation optimization of LPS-GCSM. According to the characterization of the skeleton
structure, it was concluded that 13.2 mm and 26.5 mm were the key sieve sizes, which were
0.22 and 0.5 times the maximum particle size, respectively [27].

In addition, the field applications of LPS-GCSM have also been studied in China. Shi
et al. found that reconstructed pavement with the LPS-GCSM base could effectively prevent
the occurrence of reflective cracks in the test road [28]. Xia et al. carried out a series of
experiments, including the quality control of raw materials, gradation design, construction
quality control, and mechanical properties in several pavement reconstruction projects, and
asserted that the LPS-GCSM base had a more stable interlocking skeleton structure, better
deformation resistance, and better pavement performance than the traditional base [29].
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Long and Zhou et al. evaluated the resilient modulus of old asphalt pavement with an LPS-
GCSM base by using the field bearing plate method, and they suggested that the LPS-GCSM
base had a higher modulus and better resistance to heavy loads than the conventional GCS
base [30,31]. Based on these findings, it can be seen that LPS-GCSM exhibits an excellent
pavement performance on construction sites and has promising application prospects.

In summary, LPS-GCSM shows excellent physical and mechanical properties, but
there are no uniform design methods for LPS-GCSM. Most of the existing design methods
for LPS-GCSM are only based on laboratory tests and fail to consider field construction
characteristics. Therefore, in this study, the gradation of LPS-GCSM was designed and
optimized through a series of laboratory and field experiments, and then the designed
gradation was examined on test roads. Firstly, laboratory tests and field constructions were
carried out to design LPS-GCSM and determine the optimum gradation. Then, in order to
improve the mechanical properties of LPS-GCSM, 2.5% cement was added to the mixture
to prepare low-content cement-modified LPS-GCS (LCC-LPS-GCSM) with the designed
gradation. The basic mechanical properties of LCC-LPS-GCSM were also tested. The
designed gradation was finally examined through the compaction and deflection of the test
road. The results of this study provide a reference for the gradation design of LPS-GCSM
and a theoretical basis for the promotion and application of an LPS-GCS flexible base.

2. Research Objective and Methodology

The objective of this study was to investigate the gradation design method and pave-
ment performance of LPS-GCSM. The following methodology was adopted to achieve the
objective of this study:

(1) Six kinds of gradation were designed, and they were optimized by compaction and
CBR tests to determine the target gradation.

(2) On the basis of the designed gradation, the target gradation was modified by
considering variations in raw materials and the uniformity of field paving.

(3) Cylindrical specimens of LCC-LPS-GCS were prepared and cured under standard
curing conditions for 1 day, 7 days, 28 days, and 90 days. Unconfined compression strength
(UCS) and compression rebound modulus (CRM) tests were conducted to investigate the
mechanical properties of LCC-LPS-GCS.

(4) Compaction and deflection tests were conducted for the base and subbase of the
test road to examine the designed gradation.

3. Raw Materials and Experimental Program
3.1. Coarse Aggregate

The coarse aggregate used in this study was limestone obtained from a quarry in
Shanglin County, Nanning City, Guangxi Zhuang Autonomous Region, China. The coarse
aggregates were divided into three sets, which were 20–40 mm, 10–20 mm, and 5–10 mm.
According to the Chinese specification JTG E42-2005 [32], the technical indicators of the
coarse aggregate were tested. All indicators and corresponding results are shown in Table 1,
and all results meet the requirements of the specification JTG/T F20-2015 [33].

Table 1. Basic properties of the coarse aggregate.

Technical
Indicator Unit Technical

Requirement
Test Results

20–40 mm 10–20 mm 5–10 mm

Mud content % ≤1.0 0.5 0.1 0.5
Clod content % ≤0.5 0.1 0.1 0.2
Needle flake

content % ≤20.0 12.6 13.8 -

Crushing value % ≤25.0 13.7 14.2 -
Apparent density g/cm3 ≥2500 2735 2724 2714

Bulk density g/cm3 ≥1350 1642 1631 1612
Water absorption % ≤3.0 0.38 0.47 0.57

Void ratio % ≤47 39.6 39.9 39.5
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3.2. Fine Aggregate

The properties of fine aggregate have a significant impact on the water stability of the
LPS-GCSM. Fine aggregate should be dry, clean, free of weathering, free of impurities, and
have an appropriate particle gradation. In addition, the passing rate of the 0.075 mm sieve
should be ≤15% to ensure that the mixture possesses a high level of water permeability
and enables water to drain quickly. The fine aggregate for this research was limestone, and
the properties of the fine aggregate were tested based on the Chinese specification JTG
E42-2005 [32]. All test results are shown in Table 2, which comply with the requirements of
specification JTG/T F20-2015 [33].

Table 2. Basic properties of the fine aggregate.

Property Unit Technical Requirement Test Result

Mud content % ≤5 2.1
Clod content % ≤5 1.2

Sand equivalent % ≥55 69
Mica content % ≤2.0 1.1

Crushing value % ≤25.0 17.5
Liquid limit % ≤28 19.5

Plasticity index - <6 3.5
Apparent density g/cm3 ≥2500 2646

Bulk density g/cm3 ≥1400 1482
Apparent relative density g/cm3 ≥2450 2532

Porosity % ≤45.0 19.8

3.3. Cement

Polenta cement (P.O 42.5) was selected in this study. According to the test methods in
Chinese specification JTG 3420-2020 [34], the properties of the cement were examined, and
the test results are summarized in Table 3. All the results complied with the requirements
for cement in Chinese specification JTG/T F20-2015 [33].

Table 3. Characteristics of the cement.

Property Measured Value Unit Technical
Requirement

Density 3.08 g/cm3 -
Normal consistency 28.4 % -
Specific surface area 340 cm2/kg ≥300

Setting time Initial setting 256 min ≥180
Final setting 432 ≥360 and ≤600

Compressive
strength

3 d 4.3 MPa ≥3.5
28 d 7.8 ≥6.5

Rupture strength 3 d 21.2 MPa ≥17
28 d 46.5 ≥42.5

3.4. Compaction Test

Compared to conventional GCS, the maximum particle size of LPS-GCSM is larger
and the content of particles above 40 mm is higher. Due to the limitation on the maximum
particle size of a test cylinder in the Chinese specification [35], these specimens are difficult
to prepare and the results need to be corrected if the conventional compaction method
is applied, which leads to a significant error in the test results. Therefore, the surface
vibration compaction method was adopted in this study, which is used with a larger test
cylinder and can improve the compaction effect and physical and mechanical properties
of specimens [36]. This is because the vibration compaction method provides a better
orientation of the aggregate particles, which leads to the formation of well-structured
mixtures and reduces the accumulation of plastic deformation [37,38].

The compaction test referred to the T 0133-2019 surface vibration compactor method
in Chinese specification JTG 3430-2020 [35]. The type of surface vibration instrument used
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in this test was BZYS-4212 (shown in Figure 1), with a power of 0.75~2.2 kW, a vibration
frequency of 30~50 Hz, and an excitation force of 10~80 kN, which can produce a static
pressure of more than 18 kPa on the surface of the specimen. The inner diameter and height
of the test cylinder were 280 mm and 230 mm, respectively. Before the test, the prepared
materials were mixed well, and they were added to the test cylinder in three equal portions.
The time of each vibration was set as 6 min, and the height of the specimen was measured
when the compaction was completed (shown in Figure 2).
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The maximum dry density of the mixture was calculated according to the follow-
ing equation.

ρdmax =
Md

AcH
(1)

where ρd max is the maximum dry density (g/cm3); Md is the mass of dry mixtures (g); Ac
is the cross-sectional area of the test cylinder (cm2); and H is the height of the vibration
compaction specimen (cm).

3.5. California Bearing Ratio Test

The California bearing ratio (CBR) is an index proposed by the State of California to
evaluate the deformation resistance of the road base and pavement materials [39]. Defor-
mation resistance is characterized by the ability of the material to resist the deformation of
a partial load. The CBR test is convenient and the equipment is economical; therefore, it is
widely adopted in many countries.

In this study, the CBR test referred to T 0134-2019 in Chinese specification JTG 3430-
2020 [35]. A fully automatic digital display pavement material strength tester (PMS) was
used to conduct penetration experiments; the type of instrument was CH-128C, with a
maximum bearing capacity of 200 kN (shown in Figure 3). The CBR specimens were
prepared using the vibration compaction apparatus. There were three replicates for each
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gradation. Then, the porous plate was placed on the upper end of the prepared specimen
and four load plates (5 kg in total) were placed on the porous plate. All specimens were
then immersed in water for 4 days before the test, as shown in Figure 4.
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The immersed specimens were placed on the PMS for penetration experiments. The
diameter and length of the penetration rod were 50 mm and 100 mm, respectively. The
bearing ratios for penetrations of 2.5 mm and 5 mm could be calculated according to
Equations (2) and (3), and the larger value of these two was chosen as the final result.

CBR =
p

7000
× 100 (2)

CBR =
p

10,500
× 100 (3)

where CBR is the bearing ratio of the specimen (%); and p is pressure (kPa).

3.6. Unconfined Compressive Strength Test

UCS tests are carried out by a PMS, and the detailed process refers to Chinese specifi-
cation T 0805-1994 in JTG E51-2009 [40]. Thirteen replicate specimens were tested for each
cement content. The specimens with curing completed were placed on the PMS. Then, a
load with a rate of 1 mm/min was applied to the specimens, and the maximum pressure
P at the time of damage was recorded. The following equation is used to calculate the
UCS values.

R =
4P

πD2 (4)

where R is the UCS value of the specimen (MPa); P is the maximum pressure of damage
(N); and D is the diameter of the specimen (mm).
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3.7. Compressive Resilient Modulus Test

CRM tests are also carried out by the PMS, with reference to T 0808-1994 in Chinese
specification JTG E51-2009 [40]. Thirteen replicate specimens were tested for each cement
content. Before the test, the specimens with completed curing were smoothed on both
sides with cement mortar and placed in water for 24 h. After the water immersion, the top
surface of the specimen was sprinkled with a small amount of fine sand; then, the specimen
was placed on the loading plate of the PMS. According to the results of the UCS tests, the
maximum load, which is generally 60% of the UCS value, was determined. The maximum
load was divided into five portions equally and loaded sequentially. Each load was applied
for 1 min, and then the displacement was recorded and the load was removed to recover
the elastic deformation of the specimen. The displacement was recorded at 0.5 min of
unloading and the second portion of the load was applied. Subsequent procedures were
carried out accordingly until the resilient deformation under the last portion of the load
was recorded. The CRM value is calculated according to the following equation.

E =
ph
l

(5)

where E is CRM (MPa); P is the pressure (MPa); h is the height of the specimen (mm); and
l is the resilience distortion of the specimen (mm).

4. Mix Design
4.1. Laboratory Gradation Design

The best physical and mechanical properties of LPS-GCSM are achieved when the
gradation structure is skeleton-dense. Therefore, the maximum dry density of the mixture
is taken as an indicator to evaluate the degree of void filling and to examine whether the
gradation is in a dense condition, which ensures the durability of the mixture. At the same
time, the deformation resistance of LPS-GCSM can be detected by the CBR test, where the
CBR value shows the degree of mutual embedding of aggregates.

Six kinds of gradation were designed to optimize the gradation of LPS-GCSM in the
test battery through laboratory compaction and the CBR test. Then, the gradation with
superior maximum dry density and CBR values was selected as the target gradation after
analyzing the test results. The aggregates used for the laboratory tests were divided into
five sets, i.e., 1# (20–40 mm), 2# (20–30 mm), 3# (10–20 mm), 4# (5–10 mm), and 5# (0–5 mm).
The sieve passing rates for each set are detailed in Table 4. The sieve passing rates for
the six designed levels of gradation, named G1, G2, G3, G4, G5, and G6, are presented in
Table 5. G1, G2, G3, and G4 are levels of gradation of LPS-GCSM, while G5 and G6 are
levels of gradation of conventional GCS.

Table 4. The sieve passing rates for each set.

Set
Percentage of Mass Passing through the Following Sieve (%)

53 37.5 31.5 26.5 19.0 16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

1# 100 72.3 25.5 6.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2
2# 100 100 100 100 41.3 12.0 0.3 0.3 0.2 0.2 0.3 0.2 0.2 0.2 0.2
3# 100 100 100 100 54.8 26.4 8.6 0.8 0.2 0.2 0.2 0.2 0.2 0.2 0.2
4# 100 100 100 100 100 100 100 90.6 5.1 1.2 1.1 1.1 1.1 0.8 0.8
5# 100 100 100 100 100 100 100 100 92.0 65.7 50.2 36.8 23.8 8.5 7.6

The compaction and CBR test results of the six different levels of gradation of LPS-
GCSM are shown in Figure 5 and Figure 6, respectively.



Buildings 2024, 14, 1359 8 of 16

Table 5. The sieve passing rates for the designed six levels of gradation.

Gradation
1#: 2#: 3#: 4#: 5#

Percentage of Mass Passing through the Following Sieve (%)

53 37.5 31.5 26.5 19.0 16.0 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

G1
(55:0:15:8:22)

100 83.4 55.3 43.8 35.7 32.8 31.1 29.4 20.0 14.1 10.8 8.0 5.3 2.0 1.8

G2
(51:0:19:7:23)

100 85.3 60.5 50.4 41.8 38.3 36.2 34.3 23.7 16.7 12.8 9.5 6.2 2.3 2.1

G3
(44:0:20:10:26)

100 87.5 66.5 57.9 47.0 41.9 38.7 36.3 24.7 17.4 13.3 9.8 6.4 2.4 7.8

G4
(34:0:26:12:28)

100 92.5 79.9 74.7 60.4 52.5 47.5 43.7 26.8 18.7 14.4 10.6 7.0 2.6 2.4

G5
(0:45:0:25:30)

100 100 100 100 73.4 58.9 51.8 48.4 28.7 20.1 15.4 11.4 7.5 2.8 2.5

G6
(0:40:0:28:32)

100 100 100 100 76.0 63.0 56.6 53.2 31.6 22.0 16.9 12.5 8.2 3.1 2.8
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As can be seen from Figure 5, the maximum dry density values of LPS-GCSM are less
than those of conventional GCS. The wet density also exhibits a similar trend. For G1, G2,
G3, and G4, when the coarse aggregate content decreases and the fine aggregate content
increases, the wet and dry densities and the optimum water contents of the specimens
gradually increase. This is due to the fact that the increase in fine aggregate can fill up the
voids of the coarse aggregate skeleton during the compaction process, so that the overall
void ratio of the mixture is reduced, thus forming a tight skeleton-dense structure [41].

As shown in Figure 6, the CBR values of the LPS-GCSM designed in this paper can
reach up to 434.8%. This is because the shear strength and load-bearing capacity of GCS
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are increased as the maximum particle size increases. Due to the higher content of coarse
aggregates in the mixture, the particles are also more likely to form a strong interlocking
skeleton structure, and the overall strength and stiffness of the LPS-GCSM are consequently
greater. Moreover, when the coarse aggregate content decreases and the fine aggregate
content increases, the relationship between CBR and gradation of the specimens is not
evident, but the overall tendency is decreasing. This indicates that LPS-GCSM has a
better bearing capacity and deformation resistance when used as pavement base materials
compared to conventional GCS.

In conclusion, the mixture with G3 gradation possesses a higher maximum dry density
and CBR value, making it superior in terms of durability and bearing capacity. Therefore,
G3 was selected as the target gradation.

4.2. Field Gradation Design

Based on the laboratory gradation design, the raw material variation, mixing building
performance, and field paving uniformity were considered to adjust the target gradation.
Field LPS-GCSM was divided into four sets (shown in Table 6), which were 20–40 mm,
10–20 mm, 5–10 mm, and 0–5 mm. The aggregate sizes of these were combined at a ratio of
44:20:10:26, respectively. The levels of gradation are shown in Figure 7. The limitation of
the gradation was according to the standard “Technical Specification for Construction of
Large Size Graded Crushed Stone Base”.

Table 6. Four sets of field LPS-GCSM.

Set
Percentage of Mass Passing through the Following Sieve (%)

37.5 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

20–40 mm 82.0 47.0 14.7 0.6 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0
10–20 mm 100 100 100 50.8 24.7 11.3 0.6 0.1 0.1 0.0 0.0 0.0 0.0 0.0
5–10 mm 100 100 100 100 100 100 77.2 3.0 1.0 0.6 0.6 0.6 0.6 0.6
0–5 mm 100 100 100 100 100 100 100 96.9 69.7 52.9 37.8 29.7 17.4 15.1
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As shown in Figure 7, the designed gradation presents an “S” shape, which is an
interrupted gradation. The pass rates of 19 mm and 4.75 mm sieves are 48.4% and 26.5%,
respectively, which are close to the median value of the designed gradation.
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In the field trial paving, when the passing rates of 19 mm and 4.75 mm were close to
40% and 22%, respectively, which were close to the lower limit of the gradation, this resulted
in more coarse aggregate after paving and obvious embedding and squeezing effects of the
mixture. In addition, the homogeneity of the field-paved mixture was poor, with significant
segregation. The coarse aggregates at the segregation were more easily crushed by steel
wheel rollers. Therefore, it is recommended that the 19 mm and 4.75 mm passing rates
should be approximately at the median value of the gradation, given considerations of field
paving uniformity and the coarse aggregate embedding effect. The paving performance of
the LPS-GCSM subbase in this study is presented in Figure 8a,b. As can be seen from the
figures, the homogeneity of LPS-GCSM after field paving was satisfactory and no obvious
segregation was observed.
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5. Mechanical Properties of LCC-LPS-GCS

In order to improve the mechanical properties of LPS-GCSM, 2.5% cement was added
to the mixture to form LCC-LPS-GCS. The results of the UCS and CRM tests of LCC-LPS-
GCS are shown in Figure 9. The error bars mean the standard deviation of each dataset
from the mean of group replicates [42].
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Figure 9. The results of the UCS and CRM tests.

As can be seen in Figure 5, both UCS and CRM gradually increase with the increase
in curing time. The 7 days UCS is 3.74 MPa, which meets the requirements of the base
layer and subbase course for second-class highways under heavy traffic (3.0–5.0 MPa and
2.0–4.0 MPa). During the period from 0 day to 28 days, the UCS and CRM values increase
at a rapid rate, which slows after 28 days. This is because the cement hydration reaction
is intense during the period from 0 day to 28 days, and the hydration products (C-S-H
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cementitious materials) increase. Sufficient interaction between cement and aggregates
occurs, which gradually strengthens the overall structure of the mixture. Thus, the UCS
and CRM of the mixture increase fast. However, after 28 days, cement hydration has been
completed, and the cement hydration rate slows, resulting in a slow increase. This trend is
similar to that of cement-stabilized materials whose strength increases with curing time.

The CRM of LCC-LPS-GCS is higher than that of conventional GCS with the addition
of same low-dose cement. This is because the CRM of the mixture is mainly determined
by the modulus of the raw material and the structural form of the material composition.
On the one hand, the modulus of the aggregate increases with the increase in particle size.
LCC-LPS-GCS contains more large-particle-size aggregates, thus leading to an increase in
the overall modulus of the mixture. On the other hand, the coarse aggregates of LCC-LPS-
GCS are well interlocked and the fine aggregates filled the voids well, resulting in a tight
skeleton-dense structure. In summary, the CRM of LCC-LPS-GCS is significantly higher
than that of low-dose cement-modified conventional GCS.

6. Field Detection

Based on the results of the gradation design of LPS-GCSM and the mechanical proper-
ties of LCC-LPS-GCSM, a test road was paved to further examine the performance of the
designed gradation. The test road comprises K 3744+900-K 3753+900 cement pavement
rehabilitation and reconstruction engineering from Xindi to Niuling of the G207 line in
Guangxi Zhuang Autonomous Region, China. The total length of the test road is about
9 km. The structure of the reconstructed pavement is illustrated in Figure 10.
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6.1. Degree of Compaction

According to the Chinese specification JTG 3450-2019 [43], the field degree of com-
paction can be evaluated by the solid volume rate, which is required to be examined every
200 m. The compaction tests covered the entire test road, with a total of 45 detection
points. The result for the solid volume rate should be higher than 85%. The field degrees
of compaction of the base and subbase are shown in Figures 11 and 12, respectively. The
dotted lines in the figures represent the average values.

From Figures 7 and 8, it can be seen that the compaction degree of the LPS-GCSM
subbase of the test road is more than 97, and the compaction degree of the 2.5% low-dose
cement-modified LPS-GCSM base is more than 98. Both of them met the specification
requirements and showed satisfactory compaction effects. The thicknesses of the subbase
and base course were maintained at 14–16 mm and 19–21 mm, respectively. This indicates
that the gradation of the LPS-GCSM designed in this study is reasonable with the optimum
water content to keep the mixture in a skeleton-dense condition. In addition, a combination
of steel-wheel and rubber-wheel rollers was used for the rolling of the base and subbase.
This method is effective in reducing the crushing of coarse aggregates, thus avoiding
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changes to the original gradation of the mixture. At the same time, the traffic was not
interrupted during construction, which allowed us to make full use of the traffic load on the
mixture for the second compression. As a result, LPS-GCSM exhibits favorable compaction.
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When comparing Figures 7 and 8, it can be seen that the average degree of compaction
of the LCC-LPS-GCSM base is 0.86% higher than that of the LPS-GCSM subbase. This
suggests that the addition of a low content of cement not only improves the mechanical
properties of LPS-GCSM but also improves the degree of compaction appropriately. In
addition, the variation in the degree of base compaction is 0.02% smaller than that of the
subbase compaction. This indicates that the addition of cement also improves the stability
of the field mixture compaction.

6.2. Deflection

Four sections (K 3745+200~K 3746+000, K 3746+000~K 3746+800, K 3748+500~K3749+300,
and K 3752+700~K 3753+500) were selected from the test road for the detection of deflection.
According to the Chinese specification JTG 3450-2019 [43], a Falling Weight Deflectometer
(FWD) was used to test the deflection values. The field deflection test was conducted on
the day before the upper course was paved. The frequency of the test was every 20 m. The
results of the field deflection test are shown in Figure 13a–d. The dotted lines in the figures
represent the average values. Representative values of deflection tests are summarized in
the following Table 7.
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Table 7. Representative values of deflection tests.

Test Road Sections Number of Detection Points Representative Value of
Subbase Deflection (0.01 mm)

Representative Value of Base
Deflection (0.01 mm)

S1:
K 3745+200-
K 3746+000

40 27.6 26.1

S2:
K 3746+000-
K 3746+800

40 28.4 27.8

S3:
K 3748+500-
K 3749+300

40 26.5 24.1

S4:
K 3752+700-
K 3753+500

40 28.6 29.5

In Figure 9, the variance of base deflection values is less than that of subbase deflection
values in the four sections of the test road. This suggests that the base will be subjected
to more uniform stress when a course of LPS-GCSM is added between the old pavement
and the LCC-LPS-GCSM base. In this way, the surface course of asphalt mixtures can be
ensured to be uniformly stressed, which can reduce pavement damage. From Table 7, it
can be observed that all representative values of deflection are less than 30 for both the
base and subbase. This indicates that LPS-GCSM has excellent a load-bearing capacity as
pavement structures. In addition, the deflection values of the subbase are smaller than
those of the base except for the section S4. This demonstrates that the addition of a low
content of cement can reduce the deflection of LPS-GCSM as pavement structures.

From the results of compaction and CBR field tests, it can be seen that the LPS-GCSM
designed in this study is in a skeleton-dense state. The coarse aggregates of the mixture are
mutually embedded and the fine aggregates fully fill the voids of the coarse aggregates, which
exhibit an excellent load-bearing capacity and durability. Therefore, it is reasonable to adopt
maximum dry density and CBR values as the gradation design indicators for LPS-GCSM.

7. Conclusions

According to the results of our tests and detection efforts, the main conclusions and
recommendations are summarized in the following:

(1) The optimum gradation of LPS-GCSM can be achieved by a combination of aggre-
gate sizes of 20–40 mm, 10–20 mm, 5–10 mm, and 0–5 mm at a ratio of 44:20:10:26.

(2) The passing rates of 19 mm and 4.75 mm of the mixture should be approximately
at the median value of the gradation, given considerations of field paving uniformity and
the coarse aggregate interlocking effect.

(3) The UCS and CRM values of LCC-LPS-GCSM increase at a rapid rate from 0 day
to 28 days, while slowing after 28 days, which is a similar trend to those of cement stabi-
lized materials.

(4) LPS-GCSM exhibits favorable compaction and the addition of cement also improves
the stability of the field mixture’s compaction. The CRM of LCC-LPS-GCS is significantly
higher than that of low-dose cement-modified conventional GCS.

(5) The addition of a subbase course of LPS-GCSM between the old pavement and
the LCC-LPS-GCSM base can generate more uniform stress on the base, which leads to a
decrease in the occurrence of pavement damage.

8. Limitations and Further Research

In this paper, the mix design and bearing property of LPS-GCSM were investigated.
Subsequent studies should explore other pavement performance factors of LPS-GCSM such
as the dynamic modulus, drying, and temperature shrinkage, which can provide theoretical
bases for the promotion and application of LPS-GCSM in different areas. Moreover, the
investigation of microstructures of LCC-LPS-GCSM is also necessary in order to reveal the
strength development mechanism of LPS-GCSM.
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