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In this paper, the reliability of vertical vibration test method (VVTM) was evaluated by comparing the changes in moisture
content and gradation before and after forming the test piece by VVTM and static pressure method and the mechanical strength
correlation between the laboratory compaction sample and the core sample in the field. *e effects of cement content, curing
period, gradation, and compaction degree on the unconfined compressive strength, splitting strength, and compressive rebound
modulus of VVTM-compacted cement-stabilized crushed gravel (CSCG) were studied, and a mechanical strength prediction
equation for VVTM-compacted CSCG was formulated. *e results show that the correlation between the strength of the VVTM
specimen and the field core sample can reach 92%; the mechanical strength of CSCG will increase with increase in the cement
content, and when the cement content reaches approximately 4%, the increase in its mechanical strength will slow down; the
mechanical strength of VVTM-compacted CSCG with different cement dosages and gradation types increased fast at 14 days of
curing period and began to level off after 90 days. Compared with XM gradation, using GM gradation can improve the mechanical
strength. Under different gradations and curing periods, the mechanical strength linearly increases with increase in the degree of
compaction. *e mechanical strength prediction equation has a high reliability; therefore, it can accurately predict the strength
growth rules. Moreover, the degree of compaction increases by 1%, and the mechanical strength increases by approximately 10%.

1. Introduction

Macadam is characterized by irregular shapes and very sharp
corners. It is evenly distributed in strength and basically
controllable in quality. It has good adhesion to cement,
asphalt, and other cementing materials. It is widely used in
highway construction [1–4]. However, owing to the large
consumption of road-building materials in recent years,
their availability has decreased. *erefore, it is necessary to
find an alternative stone resource for the construction of
high-grade pavements. Moreover, researchers have used
materials such as broken bricks, recycled pavement mate-
rials, recycled concrete aggregate, steel slag, and iron ore
tailings [5–12].

China has abundant gravel resources. If it can be used in
the construction of asphalt pavement in large quantities, it

can be taken near the site during the construction of the
pavement, which can not only save costs, but also reduce the
disadvantages of large amounts of mineral transportation to
the road and the environmental impact. However, crushed
gravel has different material properties as compared with
macadam. For example, compared with macadam, gravel is
smooth and nonangular and has a poor bonding force with
cement slurry, resulting in poor stability of the gravel base.
However, cement-stabilized macadam also has severe
shrinkage cracks, which are easy to separate and have low
strength [13–15]. Based on this, numerous researchers have
conducted related research on the road performance of
cement-stabilized materials [16]. Ma et al. found that the
crushed gravel processed in accordance with the required
specifications can effectively reduce the crushing phenom-
enon during construction and has a rough and irregular
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fracture surface, which can effectively improve its adhesion
to the cement slurry [17]. Lin et al. [18] and Wang et al. [19]
used 6.5% overdose cement and 2% antishrinking agent and
a vibration compaction method to form a cement-stabilized
crushed gravel (CSCG) mixture to improve the durability of
the CSCG base. Yang et al. studied the mechanical properties
and durability of CSCG with rubber particles through
macro- and microexperiments [20]. Mshali and Visser
studied the effect of mica on the unconfined compressive
strength and volume of CSCG [21]. Cheng et al. conducted
indoor dry shrinkage and temperature shrinkage experi-
ments on CSCG with different structure types and cement
dosages [22]. Sun et al. studied the strength, modulus, frost
resistance, water stability, and other technical properties of
cement-stabilized iron ore tailings gravel in highway ap-
plications [23]. Ma et al. used reinforced mesh to enhance
the carrying capacity of CSCG [17]. Han et al. conducted
experimental research on the gradation and road perfor-
mance of cement and fly ash-stabilized macadam based on
the theory of mixture gradation [24]. Yao et al. studied the
influence of cement dosage, water content, curing time, and
other factors on the mechanical strength of cement-stabi-
lized soil and put forward a prediction model of strength and
rigidity of cement-stabilized soil [25, 26]. Zhuang and Ye
compared the mix design of cement-stabilized gravel
powder, cement-stabilized crushed stone powder with 20%
aggregate, and cement-stabilized crushed stone powder with
40% aggregate [27].

At the same time, for pavement base design and per-
formance evaluation, the compressive strength, splitting
strength, and compression modulus of resilience of CSCG
are important parameters [28]. It is not economically fea-
sible to test the mechanical properties of the drill core
obtained from the road construction site. CSCG can only be
tested in a laboratory under simulated conditions.*erefore,
the correlation between the mechanical properties of
mechanically crushed gravel samples produced in the lab-
oratory and the field core samples is a key indicator for
evaluating the quality of laboratory compaction methods
[29]. In China, two laboratory compaction methods are used
to produce the inorganic binder stabilized material speci-
mens: the static pressure method (SPM) and the vertical
vibration test method (VVTM). SPM is a traditional method
that is widely used because of its ease of operation and
economical equipment. However, the correlation between
the samples formed by SPM and the core samples in the field
is low; it is difficult to accurately evaluate the actual engi-
neering properties of the basic materials and to effectively
reveal the relationship between the composition and me-
chanical properties of the materials [30, 31]. When detecting
the on-site compaction degree, there is always a case in
which the dry weight density is greater than the maximum
detected compaction level, and the compaction detection
degree result can be >100%. VVTM mainly simulates the
vibration and oscillation of heavy rollers by vertical vibration
testing equipment (VVTE), forcing solid materials to
“resonate,” and then small particle aggregates fill the gaps,
thereby simulating the compaction effect of the roller and
improving the performance of CSCG. *e correlation of

core samples in the field is higher [32, 33]. *erefore, the
VVTM-treated cement-stabilized macadam mixture shows
better performance than SPM, and the water content and dry
density obtained by VVTM are more reasonable in terms of
construction quality control. Using 7 d unconfined com-
pressive strength to analyze the mechanical properties,
under the same cement dosage, the performance of VVTM is
higher than that of SPM, which is more reasonable and
effective for construction site control [18].

Although the above research has explored the road per-
formance of CSCG, most of these studies are based on SPM-
forming test specimens, which are no longer compatible with
the more advanced paver machinery, roller compaction ma-
chinery, and construction technology introduced in China’s
domestic construction, and there are limitations in the cor-
relation between material composition and performance,
leading to insufficient theoretical basis for optimizing material
composition. *erefore, the reliability of VVTMwas evaluated
by comparing the moisture content, gradation changes of
VVTM and SPM before and aftermolding, and themechanical
strength correlation between the sample and the core sample in
the field. *e influence of gradation, cement content, curing
period, and compaction on the mechanical strength of CSCG
was studied using VVTM. *e research results can provide a
reference for engineering practice.

2. Materials and Methods

2.1. Raw Materials

2.1.1. Cement. *e PO 42.5 cement was produced at the
Tongli Field in Queshan District, Zhumadian City, Henan
Province, China.*e technical specifications are provided in
Table 1.

2.1.2. Aggregate. *e crushed gravel obtained from Biyang,
Henan Province, China, was divided into four particle sizes:
4.75–9.5, 9.5–19, 19–37.5mm, and stone chips.*e technical
specifications are listed in Table 2.

2.1.3. Mixtures. *e aggregate gradations for CSCG with a
dense skeleton type and suspended dense type are given in
Table 3, and their aggregate gradation curve is depicted in
Figure 1.

2.2. Test Program. In the mechanical property test, GM
gradation and XM gradation are adopted, and ten kinds of
mixtures with cement dosages of 3.0%, 3.5%, 4.0%, 4.5%, and
5.0% are, respectively, selected under the two gradations.
Unconfined compressive strength, splitting strength, and
compression modulus of resilience were tested, and the test
curing periods were 0, 3, 7, 14, 28, 60, and 90 days.

It is noteworthy that our previous studies have found
that the effect of cement content on the mechanical strength
of various cement-stabilized macadam materials is similar
[32, 33]. In practice, the most commonly used cement
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dosage of cement-stabilized macadam base is 3.0%–5.0%, so
3.0%, 3.5%, 4.0%, 4.5%, and 5.0% cement dosage were se-
lected for the CSCG.

2.3. Testing Method

2.3.1. Specimen Preparation. *e VVTM involves the use of
the vertical vibration testing equipment (VVTE) to compact
the CSCG to determine the maximum dry density and the
best moisture content of the CSCG and to produce the
cylinder specimen with a diameter and height of 150mm.
Figure 2 shows the schematic of VVTE [34–38]. *e pa-
rameters of VVTE are as follows. *e vibration frequency

was 30± 2Hz, the exciting force was 7.6± 0.2 kN, the
nominal amplitude was 1.4± 0.2mm, the working weight
was 3.0± 0.4 kN, the weight of the upper vehicle system was
1.2± 0.2 kN, and the weight of the lower vehicle system was
1.8± 0.2 kN. *e optimum moisture content (ωopt) and
maximum dry density (ρdmax) for the CSCGwere determined
via VVTE compaction, and the test time was 100 s. We used
VVTE to make cylinder specimens of the CSCG, and the
testing time was 90 s. *e test steps mainly include three
steps: (1) determining the ρdmax and ωopt; (2) forming VVTM
specimens acceding to the determined ρdmax andωopt; and (3)
curing the VVTM specimens in the curing room with a
temperature of 20± 2°C and a relative humidity of 95%.

2.3.2. Laboratory Evaluation of Mechanical Properties

(1) Unconfined Compressive Strength. According to the test
methods prescribed in the Chinese specification of JTG
E51–2009 [39], to measure the unconfined compressive
strength (Rc) of CSCG specimens, the cured CSCG speci-
mens were immersed in water for 24 h, their Rc was mea-
sured by an electronic universal testing machine, and the
loading rate of the press is 1mm/min.

(2) Splitting Strength. According to the test methods pre-
scribed in the Chinese specification of JTG E51–2009 [39], to
measure the splitting strength (Ri) of CSCG specimens, the
cured CSCG specimens were immersed in water for 24 h,
their Ri was measured by an electronic universal testing
machine, and the loading rate of the press is 1mm/min. Ri
can be calculated according to the following equation:

Ri � 0.004178
P

h
, (1)

Table 1: Technical indicators of cement.

Projects Specific surface area (m2/kg) Stability (mm)
3-day strength (MPa) Setting time (min)

Compressive Flexural Initial setting Final setting
Measured value 325 1.5 35.0 5.4 295 440
Technical requirement ≥300 ≤5 ≥17.0 ≥3.5 >240 >360

Table 2: Technical indicators of the aggregate.

Measured projects
*emeasured results of the coarse aggregate of the following specifications

Technical requirement
19–37.5mm 9.5–19.0mm 4.75–9.5mm Stone chips

Apparent density (t/m3) 2.373 2.639 2.660 2.696 ≥2.6
Crushing value (%) — 19.50 — — ≤25
Needle-like content (%) 17.60 29.30 28.20 — ≤15
Sand equivalent (%) — — — 54 ≥50

Table 3: Mineral aggregate gradation.

Gradation types
*e mass percentage of the following sieve holes (mm)

31.5 19.0 9.50 4.75 2.36 0.6 0.075
Skeleton dense gradation (GM) 100 67.0 47.0 33.0 23.0 14.0 3.0
Suspension dense gradation (XM) 100 93.5 67.0 39.0 26.0 15.0 3.5
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Figure 1: Aggregate gradation curves of CSGC.
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where Ri is the splitting strength, MPa; P is the maximum
failure load, N; and h is the height of the specimen, mm.

(3) Compression Modulus of Resilience. According to the test
methods prescribed in the Chinese specification of JTG
E51–2009 [39], the compression modulus of resilience (Ec)
was measured using the top surface method, and the loading
rate of the press is 1mm/min. *e rebound deformation
measurement procedure is as follows: divide a pre-
determined unit pressure into 5 portions as the pressure
value for each application. First, apply the first-level load (1/5
of the predetermined maximum load), and when the load
reaches 1min, record the dial indicator reading and remove
the load to restore the elastic deformation of time. *en,
after 0.5 minutes, record the dial indicator reading, apply the
second-level load (2/5 of the predetermined maximum
load), and when the load reaches 1 minute, record the dial
indicator reading and remove the load. Repeat the previous
steps until the fifth load is completed. Ec can be calculated
according to the following equation:

Ec �
ph
l

, (2)

where Ec is the compression modulus of resilience, MPa; p is
the unit pressure, MPa; h is the height of the specimen, mm;
and l is the rebound deformation of the test piece, mm,
l� reading at load− reading at unload.

3. Reliability Evaluation for VVTM

3.1. Changes in the Moisture Contents before and after
Compaction. *e changes in the moisture content of the
specimens before and after they were formed using VVTM
and SPM are shown in Table 4. Among them, ωopt is the
optimum moisture content and ω1 is the moisture content
after forming.

Table 4 shows that the internal moisture loss rate of
CSCG specimens based on SPM is approximately 12% before

and after molding, while the average water content loss of
VVTM-molded specimens is less than 1%. *e reason for
this phenomenon is that the optimum moisture content
before the SPM-forming specimen is determined by the
heavy-duty compaction test. *e water content determined
using this method will be high, and the aggregate particles
inside the specimen cannot be effective when the SPM is
formed. *e motion forms an interlocking structure. As the
pressure increases, the mixed particles come closer to each
other and the pores decrease, resulting in water loss in the
mixture. *e moisture content determined by VVTM
matches well with the molding method, and the determined
water content is more accurate. *is indicates that the
VVTM-molded test piece can better represent the true state
of the CSCG material in the actual construction.

3.2. Change in Gradation before and after Compaction.
*e changes in the mineral aggregate gradation of the
specimen after they were tested using the two methods are
shown in Figure 3.

It can be seen from Figure 3 that in the gradation change
study, although the gradation of GM and XM is adopted, the
conclusion is similar; that is, VVTM has little influence on
the gradation before and after the molding of the specimen
and can be neglected, and the gradation changes of the
specimen before and after the forming of SPM are more
obvious, especially for the 9.5–19mm particle size aggregate,
and the crushing situation is serious. *e main reason for
this phenomenon is that when VVTM is used to form the
specimen, the aggregate is at a more realistic optimum
moisture content, so that it can move freely in the test mode
and finally achieves the state of compaction and filling and
the most compact state. When SPM is used to form the
specimen, the moisture content of the aggregate is high, the
water occupies a certain volume in the test mold, and it is
difficult to be compressed. Simultaneously, the static
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Figure 2: VVTE schematic: (a) diagram of VVTE: (1) lifting system; (2) frame; (3) upper system; (4) eccentric block; (5) rotation axis; (6)
lower system; (7) vibratory hammer; (8) test mold; (9) control system; (10) rotation axis; (11) electric motor; (12) vibration system. (b)
Photograph of VVTE in the laboratory.
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pressure method is applied by a constant and pressure to
both ends of the mixture. In the molded specimen, the
particles are not free to move, and they brush against each

other before the crushing of the aggregate. It can be proved
that VVTM can better ensure the composition of the ma-
terial and effectively reflect its mechanical strength level.
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Figure 3: Change in gradation before and after compaction. (a) GM gradation; (b) XM gradation.

Table 4: Changes in the moisture contents before and after compaction using two methods.

Test method Cement dosage (%)
GM gradation XM gradation

ωopt (%) ω1 (%) (ωopt −ω1)/ωopt (%) ωopt (%) ω1 (%) (ωopt −ω1)/ωopt (%)

SPM

3.0 4.7 4.16 11.49 5.2 4.59 11.73
3.5 4.8 4.23 11.88 5.3 4.68 11.70
4.0 4.9 4.31 12.04 5.5 4.88 11.27
4.5 5 4.39 12.20 5.6 4.93 11.96
5.0 5.1 4.47 12.35 5.6 4.94 11.79

VVTM

3.0 3.8 3.77 0.79 4.2 4.16 0.95
3.5 3.9 3.87 0.77 4.4 4.36 0.91
4.0 4.0 3.97 0.75 4.6 4.55 0.87
4.5 4.0 3.96 1.00 4.6 4.55 1.09
5.0 4.0 3.95 1.30 4.7 4.66 0.85

Table 5: Strength of field core samples and specimens formed by VVTM and SPM.

Intensity type Index
CSCG indexes for the following curing periods (days)

Average value (%)
7 14 28 60

Compressive strength

Rc(v) (MPa) 7.0 8.3 9.6 10.3 —
Rc(s) (MPa) 3.2 3.7 4.3 4.6 —
Rc(x) (MPa) 7.8 9.1 10.2 11.4 —
Rc(v)/Rc(x) 0.901 0.904 0.934 0.904 0.91
Rc(s)/Rc(x) 0.410 0.407 0.422 0.404 0.41

Splitting strength

Ri(v) (MPa) 0.63 0.75 0.92 1.05 —
Ri(s) (MPa) 0.34 0.39 0.47 0.53 —
Ri(x) (MPa) 0.69 0.82 0.98 1.13 —
Ri(v)/Ri(x) 0.913 0.915 0.939 0.929 0.92
Ri(s)/Ri(x) 0.493 0.476 0.480 0.469 0.48
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3.3. Correlation between Field Core Samples and Specimens
Formed by VVTMand SPM. *e mechanical strength of the
CSCG specimens prepared in the laboratory and the core
samples of the physical engineering was compared. *e
results are given in Table 5. During the test, raw materials
and mineral materials were selected considering the actual
materials used in the project, and the cement dosage was
4.5%. In the laboratory, VVTM and SPM were used to form

test pieces, which were then placed on the construction site
for curing for 7, 14, 28, and 60 days. Core samples of the
paving and rolling-formed base course, which were cured
simultaneously and under the same conditions, were ob-
tained by a core drilling machine. Subsequently, the indoor
test piece and the on-site coring sample were moved together
indoors for testing the unconfined compressive strength and
splitting strength test. Among them, Rc(v) is the
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Figure 4: Effect of cement dosage on unconfined compressive strength. (a) GM gradation; (b) XM gradation.
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Figure 5: Effect of cement dosage on splitting strength. (a) GM gradation; (b) XM gradation.

6 Advances in Civil Engineering



representative value of the unconfined compressive strength
of the specimen that was formed using VVTM in the lab-
oratory, Rc(s) is the representative value of the unconfined
compressive strength of the test specimen that was formed
using SPM, Rc(x) is the representative value of the unconfined
compressive strength of the core specimen that was obtained
from the field, Ri(v) is the representative value of the splitting
strength of the specimen that was formed using VVTM in
the laboratory, Ri(s) is the representative value of the splitting

strength of the test specimen that was formed using SPM,
and Ri(x) is the representative value of the splitting strength
of the core specimen that was obtained from the field.

As shown in Table 5, the unconfined compressive
strength and splitting strength of the VVTM-molded
specimens were 0.91 and 0.92 times those of the on-site core
samples at different curing periods, while the unconfined
compressive strength and splitting strength of the SPM-
molded specimens were only 0.41 and 0.48 times those of the
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Figure 6: Effect of cement dosage on compression modulus of resilience. (a) GM gradation; (b) XM gradation.
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Figure 7: Effect of curing period on unconfined compressive strength. (a) GM gradation; (b) XM gradation.
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on-site core samples. *ese phenomena can be attributed to
the resonance of the VVTM and the resonance of the ag-
gregate, which concentrates the relative motion between the
aggregates, makes the CSCG particles more closely arranged,
and the possibility of aggregate breakage is relatively small.
*is not only increases the density of the CSCG, but also
improves its mechanical properties. However, when the test
piece is formed by SPM, there is a large friction force be-
tween the aggregates, and the relative displacement is
smaller than the relative displacement between the aggre-
gates when the VVTM-molded test piece is formed. As the

compaction time increases, the aggregate is easily pulverized
into smaller particles, which has a negative impact on the
mechanical properties of CSCG. *is shows that compared
with SPM, the strength of the specimen formed by VVTM is
closer to the core strength of the construction site, which
confirms the reliability of VVTM.

4. Test Results and Analysis

4.1. 6e Influence of the Cement Dosage. *e variation of
unconfined compressive strength, splitting strength, and
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Figure 8: Effect of curing period on splitting strength. (a) GM gradation; (b) XM gradation.
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Figure 9: Effect of curing period on compression modulus of resilience. (a) GM gradation; (b) XM gradation.
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compression modulus of resilience of CSCG with cement
dosage is shown in Figures 4–6.

It can be seen from Figures 4–6 that the effects of the
cement dosage of CSCG on the mechanical properties of the

specimens are similar in different curing periods using XM
and GM gradations. *e mechanical strength of CSCG will
increase with increase in the cement dosage. When the
cement dosage reaches approximately 4%, the growth trend
of its mechanical strength begins to slow down, and the effect
of increasing the cement dosage on both begins to decline.
*is is because with the gradual increase in the cement
dosage, an increasing amount of mixtures is generated by
cement hydration, its own adhesion is enhanced, and it can
better fill the voids in the internal framework of CSCG,
making the structure dense without weak surfaces. *e
integrity is better, and the mechanical properties are con-
tinuously improved with increase in cement content.
However, if the cement dosage is too high, CSCG is prone to
shrink cracks and the strength is reduced [18]. *erefore, in
practical engineering applications, a judicious amount of
cement is used.

4.2. 6e Influence of Curing Period. *e variation of un-
confined compressive strength, splitting strength, and
compression modulus of resilience of CSCG with curing
period is shown in Figures 7–9.

It can be seen from Figures 7–9 that the mechanical
strength of CSCG with different cement dosages and gra-
dation types increases fastest at the curing period of 14 days,
and the growth starts slowly after the curing period of 28
days. After the curing period exceeds 90 days, the trend of
strength growth begins to flatten. It is gentle and infinitely
approaches a horizontal line, and the vertical intercept
corresponding to this horizontal line is the limit value of the
CSCG strength. It can be seen that the early stage, especially
the prehealth, must be strengthened after the grass roots are
compacted.

*is is because the four minerals in cement clinker,
especially 3CaO·Al2O3 and 3CaO·SiO2, have a faster reaction

Table 6: Parameters of growth equation of unconfined compressive
strength of CSCG.

Gradation types Cement dosage (%) A Rc0 Rc∞ R2

XM

3.0 0.11 1.7 10.5 0.99
3.5 0.08 2.1 12.6 0.99
4.0 0.11 2.1 12.3 0.99
4.5 0.10 2.3 12.9 0.98
5.0 0.12 2.3 12.8 0.99

GM

3.0 0.09 2.4 11.5 0.99
3.5 0.11 2.5 13.3 0.99
4.0 0.14 2.5 13.6 0.99
4.5 0.14 2.6 14.1 0.99
5.0 0.14 2.7 14.2 0.99

Table 7: Parameters of growth equation of splitting strength of
CSCG.

Gradation types Cement dosage (%) A Ri∞ R2

XM

3.0 0.12 0.96 0.99
3.5 0.15 1.02 0.99
4.0 0.14 1.05 0.99
4.5 0.13 1.08 0.99
5.0 0.18 1.12 0.99

GM

3.0 0.11 1.01 0.99
3.5 0.11 1.08 0.99
4.0 0.10 1.16 0.99
4.5 0.11 1.23 0.98
5.0 0.15 1.23 0.99

Table 8: Parameters of growth equation of compression modulus
of resilience of CSCG.

Gradation types Cement dosage (%) A E0 E∞ R2

XM

3.0 0.09 212 2117 0.99
3.5 0.09 216 2261 0.98
4.0 0.10 211 2407 0.99
4.5 0.10 234 2469 0.98
5.0 0.11 222 2542 0.99

GM

3.0 0.09 245 2234 0.98
3.5 0.09 243 2532 0.99
4.0 0.09 245 2644 0.99
4.5 0.10 264 2697 0.99
5.0 0.11 268 2695 0.99

Table 9: Ratios of compressive strengths of the CSCG in the case of
GM and XM gradations.

Cement dosage (%)
Compressive strength ratio at different

curing times (days)
0 3 7 14 28 60 90

3.0 1.26 1.20 1.13 1.07 1.05 1.09 1.13
3.5 1.26 1.19 1.14 1.14 1.24 1.10 1.04
4.0 1.25 1.21 1.19 1.20 1.17 1.11 1.14
4.5 1.27 1.15 1.19 1.25 1.24 1.13 1.08
5.0 1.29 1.15 1.20 1.22 1.16 1.13 1.12

Table 10: Ratios of splitting strengths of the CSCG in the case of
GM and XM gradations.

Cement dosage (%)
Splitting strength ratio at different curing

times (days)
3 7 14 28 60 90

3.0 1.07 1.04 1.05 1.05 1.05 1.06
3.5 1.10 1.05 0.99 1.04 1.04 1.04
4.0 1.12 1.05 1.03 1.05 1.09 1.11
4.5 1.09 1.15 1.10 1.07 1.15 1.13
5.0 1.08 1.14 1.11 1.09 1.15 1.13

Table 11: Resilient modulus ratio of the CSCG in the case of GM
and XM gradations.

Cement dosage (%)
Resilient modulus ratio corresponding to

different curing times (days)
0 3 7 14 28 60 90

3.0 1.24 1.03 1.09 1.14 1.04 1.08 1.05
3.5 1.23 1.06 1.06 1.16 1.13 1.12 1.10
4.0 1.22 1.05 1.05 1.11 1.13 1.09 1.08
4.5 1.19 1.05 1.03 1.09 1.13 1.05 1.09
5.0 1.19 1.07 1.02 1.08 1.13 1.04 1.09
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rate, and 3CaO·SiO2 is the most important mineral
component in cement; its content is generally about 40%.
3CaO·SiO2 hydration products play a major role in early
and late strength of cement. *e content of 3CaO·Al2O3 is
not high, but the reaction rate is the fastest. Its content
determines the setting speed and heat release of the ce-
ment, which plays a certain role in the early strength of the
cement. *e content of 2CaO·SiO2 in Portland cement is

about 35%, its reaction rate with water is the slowest, and
the heat of hydration is low. It contributes little to the
early strength of cement, but it plays an important role
in the later strength of cement. *e content of
4CaO·Al2O3·Fe2O3 is usually 10%. It reacts quickly in
water and has a high heat of hydration, but its strength is
low and it plays an important role in resisting flexural
strength.
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Figure 10: Effect of compaction degree on unconfined compressive strength. (a) GM gradation; (b) XM gradation.
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Figure 11: Effect of compaction degree on splitting strength. (a) GM gradation; (b) XM gradation.
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We assume that CSCG has a mechanical strength growth
equation which satisfies three boundary conditions as
follows:

whenT � 0, R � R0,

whenT �∞, R � R∞,

R0 <R∞,

(3)

where R is the strength after T days of curing of CSCG, R∞ is
the ultimate strength, R0 is the strength after 0 days of curing
of CSCG, and T is the curing period of CSCG.

According to the above boundary conditions, formula
(4) for the growth of the mechanical strength of the spec-
imen can be established. From this equation, the unconfined
compressive strength, splitting strength, and compressive
reboundmodulus of CSCG at different curing periods can be
accurately predicted. At the same time, the difference is that
the flexural tensile stress that the CSCG in the initial stage of
molding (curing period 0 days) can withstand from the
transverse direction is very small because the initial setting of
the cement in the mixture has not been completed and a
certain strength has not been achieved. It can be approxi-
mated that its 0 days splitting strength is zero:

R � R∞ −
R∞ − R0

AT + 1
, (4)

where A is the regression coefficient.
Tables 6–8 show the strength growth equation param-

eters of CSCG under different cement dosages and
gradations.

*e results show that the correlation between the
strength growth equation parameters of CSCG and

laboratory tests is over 98%, which can accurately predict the
law of mechanical strength growth.

4.3. 6e Influence of the Gradation Types. Tables 9–11 show
the unconfined compressive strength ratio, splitting strength
ratio, and compressive resilient modulus ratio of GM and
XM gradations.

As can be seen from Tables 9–11, compared with the XM
gradation, the use of GM gradation can improve the me-
chanical strength, and the improvement in the early stage of
health (0–28 days) is more obvious, and the strength in the
later stage is not much improved. *e main reason for this
phenomenon is that the mechanical strength of CSCG is
mainly provided by the compactness of the mixture, the
arrangement of particles, and the cement hydration product,
and the molding method has a great influence on the
compactness of the mixture and the arrangement of the
particles. VVTM improves the compactness of the mixture
and optimizes the arrangement of the particles. *erefore,
the mechanical strength is improved, and the influence of
the gradation type on it is weakened. For the base layer, the
later stage strength has more practical engineering value.
From this perspective, the use of CSCG with a denser
skeleton type can increase the mechanical strength by more
than 4%.

4.4.6e Influence of CompactionDegree. *e variation of the
unconfined compressive strength, splitting strength, and
compression modulus of resilience of CSCG with com-
paction degree is shown in Figures 10–12.

It can be seen from Figures 10–12 that under different
gradations and curing periods, as the compaction degree
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Figure 12: Effect of compaction degree on compression modulus of resilience. (a) GM gradation; (b) XM gradation.
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increases, the unconfined compressive strength, splitting
strength, and compression modulus of resilience of the
specimens increase linearly. *e degree of compaction is
increased by 1%, and the mechanical strength is increased by
about 10%. It can be seen that on-site construction improves
the solidity of the base layer, which has a significant effect on
improving its strength.

5. Conclusions

(1) *e internal moisture loss rate of CSCG specimens
based on SPM is approximately 12%, the gradation
changes significantly, and the mechanical strength of
the sample is only about 0.41 times that of the core
sample in the field; while the average water content
loss of VVTM-molded specimens is less than 1%, the
gradation changes is small, and the mechanical
strength of the sample is about 0.92 times that of the
core sample on site.

(2) *e mechanical strength of CSCG will increase with
increase in the cement dosage. When the cement
dosage reaches about 4%, the growth trend of its
mechanical strength begins to slow down, and the
effect of increasing the cement dosage on both begins
to decline.

(3) *e mechanical strength of CSCG with different
cement dosages and gradation types increases fastest
at the curing period of 14 days, and the growth starts
slowly after the curing period of 28 days. After the
curing period exceeds 90 days, the trend of strength
growth begins to flatten.

(4) Compared with the XM gradation, the use of GM
gradation can improve the mechanical strength, and
the improvement in the early stage of curing period
(0–28 days) is more obvious; the strength in the later
stage is not much improved.

(5) Under different grades and curing periods, the de-
gree of compaction increases linearly with me-
chanical strength, the degree of compaction
increases by 1%, and the mechanical strength in-
creases by about 10%.
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