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Abstract
The technology of vibratory mixing has been applied to improve the compressive strength of cement-stabilized
macadam (CSM). The aim of this study is to investigate the effect of vibration acceleration and cement dosage on
the unconfined compressive strength and density of CSM. The mixtures with four cement dosages (2%, 3%, 4%, and
5%) were prepared by conventional mixing (0 g) and vibratory mixing (1 g, 2 g, and 3.5 g). The unconfined compressive strength was tested under different mixing methods. And the microstructure of CSM was analyzed by scanning
electron microscope. The results indicate that samples using vibratory mixing have higher strengths, lower coefficient
of variation, and denser microstructures, compared with the conventional compulsory mixing. Compared with 15%
in conventional mixing, the strength variable coefficient of CSM is less than 10% in the vibratory mixing method. As
the cement dosage and the vibration acceleration increase, the unconfined compressive strength increases. However,
cement dosage has a more significant influence on improving the unconfined compressive strength than the mixing
method. With the increase of every 1% in cement dosage, the 7-day strength of conventional mixing and in vibratory
mixing average increased by 59% and 38%, respectively. However, the maximum improvement rate of the UCS value
is 20–56.7% when vibration acceleration increased from 0 to 1 g. Especially when cement dosage is high, the effect of
vibratory mixing on improving strength is limited. Besides, vibratory mixing reduces the original cement dosage by
over 1.6% with the qualified unconfined compressive strength at vibration acceleration of 2 g, which is recommended
in construction practice.
Keywords: cement stabilized macadam (CSM), unconfined compressive strength, vibratory mixing, cement dosage
1 Introduction
Cement stabilized macadam (CSM) has been widely
used as the asphalt pavement base in all kinds of roads
and expressways in China, owing to its high mechanical
performance, anti-erosion property, and crack resistance (Sha, 2008; Zheng et al., 2018). As a major bearing
layer of pavement structures, the unconfined compressive strength (UCS) value is the main property of CSM,
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which is strongly related to the stiffness, fatigue resistance, and durability of CSM (NCHRP, 2013). Therefore,
the 7-day UCS value is the leading indicator in the construction quality control of CSM base in the relevant
Chinese standards (JTG/T F20-2015). UCS value of
CSM is affected by raw materials, mix proportion, mixing method, compaction standard, and curing condition,
etc. Usually, cement dosage plays an important role. The
maximum dosage of cement to the whole weight of CSM
is generally not more than 6% (JTG D50-2017, 2017).
Lower cement content is harmful to the water stability
and load resistance of CSM. To increase the mechanical strength and stability of CSM, a higher cement dosage is necessary. Zhang et al. (2010) studied the effect of

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

Zhao et al. Int J Concr Struct Mater

(2022) 16:16

different cement contents (4%, 5%, 6%, and 7%) on the
flexural properties of CSM with polypropylene fiber and
found that the flexural strength increased as cement content increased. The work of Du et al. (2019) showed that
the UCS of CSM grew with an increase of cement content and the increase rate of UCS is higher as the cement
content increases from 4.0 to 4.5% than from 3.5 to 4.0%.
Similar results are also found in another research (Deng
et al., 2019, Guan et al., 2018). However, the CSM with
higher cement content is prone to cracking, which is
harmful to the structural strength of CSM and reduced
the quality of roads (Li et al., 2017). To solve these issues,
researchers try to add admixture to improve the mechanical properties and anti-crack properties of CSM, such
as polypropylene fiber (Zhang & Li, 2009), crumb rubber (Sun et al., 2020), asphalt emulsion (Du, 2019), etc.
Nevertheless, there is a limitation on the use of these
special materials somewhere and more admixture means
more complicated materials. This work tries to focus on
the mixing method of CSM and explore the better mixing method to improve the mechanical performances of
CSM.
Mixing is an essential element in the production of
cement-based materials. The mixing method includes
the type of mixer, mixing time, mixing speed, mixing
sequence, etc., which greatly influence the properties of
cement-based materials. Different mixers have different mixing principles, such as drum mixer, pan mixer,
horizon mixer, etc. (Beitzel et al., 2003; Ferraris, 2001).
Hemalatha et al. (2015) found that Erich mixer obtained
higher compressive strength of self-compacting concrete
(SCC), Chang and Peng (2001) showed that the highperformance concrete using horizontal two-shaft mixer
had higher compressive strength. However, there is a low
mixing efficiency area and low mixing intensity still existing in the present mixing technology. Also, variation of
mixing blade and mixing speed affects the properties of
a cement-based material. Yao et al. (2013) investigated
the effect of different mixing blades on the compressive
strength of concrete and found that using a double-blade
two-shaft mixer gained higher strength than an ordinary
biaxial mixer. The single scraper spiral blade can achieve
higher compressive strength than the double scraper
spiral blade and spade shape blade in a two-shaft mixer
(Zhang & Feng, 2011). Mixing speed varies with different mixed materials, such high mixing speed is beneficial
to disperse the fine powder or mix the mixture without
coarse aggregate (Abd EI-Motaal et al., 2020), whereas
the mixture with coarse aggregate usually needs a lower
mixing speed (≤ 100 rpm) (Zhao et al., 2020). Besides,
as an increase of requirement of cement-base materials,
more components (silica fume, limestone filler, etc.) and
admixture (water reducer, etc.) are added to the mixture
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to improve the properties, leading to longer mixing time
needed (Chopin et al., 2004; Vandanjon et al., 2003).
Therefore, higher mixing efficiency and better mixing
technology are necessary to explore.
In recent years, the vibratory mixing method has been
applied to improve the mechanical performance of different cement-based materials in China, such as steel
fiber-reinforced concrete (SFRC) (Zheng et al., 2018),
high-strength lightweight aggregate concrete (HSLWAC)
(Luo et al., 2020; Xiong et al., 2019), and high-strength
concrete (HSC) (Zhao et al., Zhao, Jiang, et al., 2019),
especially cement-stabilized macadam (CSM) (Wang
& Tan, 2021). Before this, the application of vibration
in cement-based materials has proved its advantages
on consolidating mixture (Liu et al., 2016; Zemam,
2020), reducing the internal friction force of fresh concrete (Safawi et al., 2004), and eliminating the voids and
entrapped air present in the mixture (Koch et al., 2019).
Other vibratory mixing methods, like using an immersion vibrator in the middle stage of mixing when the
mixer was stopped, are also studied to improve the properties of cement-based materials., Juradin et al. (2014)
found that the introduction of vibration in the mixing
stage provided an improvement to the workability of
fresh concrete without affecting compressive strength,
while Jia et al. (2019) found an improvement in compressive strength and frost-resistance. The reason for different
strength results is the difference in the numbers of vibration and vibration methods. And in the test conducted by
Juradin and Peng Jia, vibration and mixing did not take
effect simultaneously. The vibratory mixing method used
in this work involves a patented vibratory (Zhang, 2018)
mixer that blends the mixture under vibration by introducing mechanical vibration to an ordinary two-shaft
mixing process. The vibratory force generated by a vibration exciter on the mixer is applied to the mixture with
an amplitude–frequency combination. For the research
on the UCS of CSM, there is evidence that vibratory mixing can increase the UCS of CSM than ordinary mixing. For instance, Lv et al. (2020) investigated the effect
of vibratory mixing on the mechanical properties under
different loading modes and found that the vibration
mixing method increased the UCS of CSM by 14%. Similar results are also observed in the research of Bi et al.
(2017), Dong et al. (2018), Li et al. (Li, Wei, et al., 2021)
and Lv et al. (2021) which mainly focus on the comparative study between vibratory mixing and ordinary mixing
under different cement dosage or load conditions. For
process parameters during the vibratory mixing, only a
few attentions are conducted. For example, Zhao et al.
(2021) prepared the concrete with different mix proportions using vibratory mixing and gained the result that
vibration acceleration at 2 g and vibration amplitude of
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0.82 mm is enough to have high compressive strength
for high w/c ratio concrete, but higher vibration energy
is necessary for low w/c ratio concrete. Zhao, Zhao, et al.
(2019), Zhao, Jiang, et al. (2019)) obtained the reasonable
parameters of vibratory mixing, including mixing time
for 40 s, vibration frequency at 40 Hz, and mixing speed
at 2.5 m/s, using an orthogonal experiment. Zhao, Zhao,
et al. (2019), Zhao, Jiang, et al. (2019)) proposed a mixing method that combined vibratory mixing with threestep mixing technology, resulting to improve greatly the
compressive strength of high-strength concrete (HSC).
And Xue (2016) also attained the optimum unconfined
compressive strength of CSM by mixing for 40 s. However, the current investigation on the vibration acceleration of vibratory mixing with various cement dosages is
quite limited.
The main purpose of this work is to study the effect of
vibration acceleration on the performances of cementstabilized macadam and try to find optimum vibration parameters to reduce the cement dosage without
decreasing the strength. Therefore, three vibration
accelerations of vibratory mixing were used to prepare
the CSM with four cement dosages. The UCS (UCS) at
3 days, 7 days, 14 days, water absorption, and dry density with both vibratory mixing and conventional mixing were conducted under different mixing methods and
cement dosage. Moreover, the SEM images were evaluated the microstructure of CSM. Then, the relationship
between the 7-day UCS value and density under vibratory mixing and conventional mixing was revealed. This
work provides a reference for producing the CSM using
vibratory mixing and a useful way of reducing cement
consumption.

2 Experimental Details
2.1 Raw Materials

In this paper, the Complex Portland cement with a
strength grade of 32.5 was used, and its chemical and
physical properties are shown in Table 1. Limestone macadam produced in Shaanxi Province of China was used as
aggregates; it had specifications of 0 ~ 5 mm, 5 ~ 10 mm,
10 ~ 20 mm, and 20 ~ 30 mm. Skeleton dense-graded

aggregates are able to form interlocked denseness effectively, providing the mixture with better mechanical performance, and therefore recommended in base courses
of expressways and first-class highways in China (Jiang
et al., 2010). Skeleton dense gradation was also used
in this study. Urban tap water was used for mixing. All
the raw materials met the requirements of the Technique Guidelines for Construction of Highway Roadbases
(JTG/T F20-2015).
2.2 Aggregate Gradation and Mix Proportion

As shown in Fig. 1, the gradation was determined according to the middle value of macadam gradation specified by
JTG E42-2005 (2005). The cement with different dosage
(i.e., 2%, 3%, 4%, and 5% by mass) and gradation of aggregate: m0−5 : m5−10 : m10−20 : m20−30 = 30 : 13 : 34 : 23
were used to prepare CSM. Moisture content with different cement dosages was determined by the optimal water
consumption in the condition of maximum dry density of
the mixture obtained by a standard compacting test following JTG E51-2009 (2009). Optimal water content corresponding to mixture with cement dosage of 2.0%, 3.0%,
4.0%, and 5.0% is given in Table 2. These percentages represent the mass ratio between cement and macadam used
in each batch of mixture.
2.3 Sample Preparation

To analyze the influence of the mixing method on the
performance of CSM, the raw materials were mixed in
a twin-shaft batch mixer with both vibratory mode and
non-vibratory mode, which was produced by Xuchang
DETONG Vibratory Mixing Technology Co., Ltd. A
prototype vibration mixer was designed and fabricated
according to the mixing principle of a twin-shaft batch
mixer, as shown in Fig. 2, with a nominal volume of 60
L. A 4.0 kW mixing driving motor was used to drive two
mixing shafts to make counter synchronous rotation at
a speed of 55RPM using a chain. There were seven mixing blades that were interruptedly and spirally mounted
on each mixing shaft. Similar to an ordinary twin-shaft
batch mixer (Kemmann, 2004), mixing blades propelled
axial movement of the mixture. The mixing blades on

Table 1 Chemical and physical properties of the cement.
Type

Chemical
Loss on ignition (%)

P·C 32.5

2.1

Physical
SO3
(%)

3.1

MgO (%)

2.2

Chloride (%)

0.02

Blaine (m2/g)

339

Setting time
(min)

Compressive
strength (MPa)

Flexural
strength
(MPa)

Initial

Final

3d

28d

3d

28d

121

225

12.2

39.5

4.0

6.6
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100

Passing percentage (%)

Upper limit
Lower limit

80

Design
60
40
20
0

0.075

0.6

2.36

4.75
9.5
Sieveh size(mm)

19

31.5

Fig. 1 Gradation curve of limestone aggregates.

Table 2 Standard compaction test results of the CSM with
different cement dosages.
Cement dosage (%)

Optimum water content
(%)

Maximum dry
density (g/cm3)

2.0

4.67

2.415

3.0

4.85

2.423

4.0

5.02

2.430

5.0

5.18

2.436

two shafts moved in opposite directions. As a result,
when the mixing shaft is rotated in the prescribed direction, the mixture would move with axial circulation in
the mixing chamber. The vibratory mode was driven by
a 2.2 kW vibration driving motor, in which maximum
vibration acceleration was set to 1.0 g, 2.0 g, and 3.5 g by
adjusting the rotational speed of the vibration transmission shaft.
All aggregate weighed required by each batch were
added in the mixer for 10 s, then mixing for 30 s after
adding water. The mixing procedure is shown in Fig. 3.
Vibratory mixing (VM) and conventional mixing (CM)
both were used to prepare the samples with the same
mixing procedure. In this work, the vibratory mixing
was run by turning on the mixing motor and the vibration motor simultaneously. And the conventional mixing mode was carried out by operating the mixing motor
without the vibration motor.
The experiment was carried out according to the
assignment of Table 3. Vibration acceleration was the
maximum acceleration available on the mixing shaft
within the mixing chamber, whereas this value was “0” in

the conventional compulsory mixing event. Every time
the mixing was completed, sampling was carried out
at six locations of the mixture in the container (① ~ ⑥
shown in Fig. 3d). The mixture was made into six samples for each batch. Sampling depth was about 1/2 of the
height of the mixture pile, with the sampling amount
depending on the amount of mixture available in each
batch of mixing.
2.4 Test Method
2.4.1 Unconfined Compressive Strength Test

The unconfined compressive strength was determined
according to the Chinese standard JTG E51-2009 (2009).
Cylindrical specimens with a height of 150 mm and
a diameter of 150 mm were put into a plastic bag for
standard curing for 7 days in an environment with a
temperature of 20 ± 2 °C and humidity of ≥ 95%. At the
curing age, all the samples were maintained in 20 ± 2 °C
water for 24 h and then were loaded at the same speed
of 0.8kN/s. The test results were average values of three
repeated samples for each mixing condition. And the
density value is calculated by weighing the mass and volume of the sample. To analyze the influence of curing age
on the UCS under different mixing methods, the sample
with a cement dosage of 5.0% was used to test the UCS at
3 days, 7 days, and 14 days.
2.4.2 Scanning Electron Microscope (SEM) Test

The purpose of the SEM tests is to observe the microstructure of concrete specimens with VM and CM.
This specimen with 5% cement dosage was broken
into small pieces after curing for 28 days. The samples

Zhao et al. Int J Concr Struct Mater

(2022) 16:16

Page 5 of 16

Fig. 2 Vibration mixer. (1) vibration driving motor; (2) vibration transmission shaft; (3) eccentric connecting device; (4) mixing shaft; (5) mixing
blade; (6) top cover; (7) mixing driving motor; (8) discharging gate; (9) mixed material container; (10) axial circulation of the mixture

with dimensions of 10 mm × 8 mm × 6 mm were taken
from close to the middle of the cylinder and smoothly
polished by using abrasive paper. The prepared samples were soaked in absolute ethyl alcohol for 48 h
and replaced ethyl alcohol every 24 h to terminate
the hydration reaction. After that, the samples were
dried in an oven at a temperature of 50 °C and then
were coated with a golden conductive film at the sample surface. The SEM (JSM-6460LV, JEOL, Japan)
was employed to observe the microstructures of the
samples.

3 Results and Discussion
Table 4 shows the results of CSM’s UCS with different cement dosages and mixing methods. Compressive
strength in 3-day, 7-day, and 14-day tests was the mean
value of six samples. As evidenced by test results, with
curing age and cement dosage remaining the same, CSM’s
average compressive strength obtained in the vibratory
mixing mode was higher than that in the conventional
mixing mode at all accelerations. CSM’s strength variable
coefficient obtained in the vibratory mixing mode was
lower than that in the conventional mixing mode. The
effect of the different accelerations and cement dosages
on the UCS is evaluated as follows.

3.1 The Effect of Vibration Acceleration

Fig. 4 shows the relationship between 7-day UCS, coefficient of variation, and vibration acceleration with different cement dosages. As shown in Fig. 4a, b, vibratory
mixing increased the UCS and decreased the coefficient
of variation. It is due to that vibratory mixing dispersed
cement particles uniformly and increased the number
of collisions between particles, leading to the uniform
coating of hydration products around the aggregates
and strengthening the bond strength between aggregate
and cement matrix, thereby increasing the UCS value of
CSM (Lv et al., 2020). And whatever the cement dosage
was, CSM’s average compressive strength rose as vibration acceleration increased. Compared with the conventional mixing, the average compressive strength of
CSM was improved by 20.0 ~ 56.6% at the acceleration
of 1 g, 32.8 ~ 72.5% at 2 g, and 40.8 ~ 80.5% at 3.5 g. The
improvement percentage of compressive strength was
determined by cement dosage. The larger the cement
dosage is, the higher the compressive strength and the
lower the improvement percentage by vibratory mixing is. It is owing to that the strength of the mixture is
strengthened with the increase of cement content,
thereby decreasing the effect of vibratory mixing on
improving the strength of CSM (Zhao et al., Zhao, Jiang,
et al., 2019). At the same cement dosage, the magnitude
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a) Step 1. Add all the dry materials when the
mixer stopped.

b) Step 2. Start the mixer and dry mixing for 10s.

c) Step 3. Wet mixing. Both conventional mixing
and vibratory mixing are done for 30s.

d) Step 4. Discharging and taking six samples for
the UCS test.

Fig. 3 Mixing procedure.

Table 3 Experimental assignment.
Mixing method

Mixing code

Acceleration (g)

Cement dosage
(mass, %)

Unconfined compressive
strength (MPa)
3d

Conventional compulsory
mixing (CM)

Vibratory mixing (VM)

CM0

VM1.0

VM2.0

VM3.5

0

2.0

0

3.0

0

4.0

0

5.0

1.0

2.0

1.0

3.0

1.0

4.0

1.0

5.0

2.0

2.0

2.0

3.0

2.0

4.0

2.0

5.0

3.5

2.0

3.5

3.0

3.5

4.0

3.5

5.0

★

★

★

★

7d

★

★

★

★

★

★

★

★

★

★

★

★

★

★

★

★

Test number

14d
1
1
★

1
1×3

1

1
★

1
1×3

1

1
★

1
1×3

1

1
★

1
1×3
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Table 4 Unconfined compressive strength results of CSM under different mixing conditions.
Cement
dosage (%)

Mixing code

2.0

CM0
VM1.0

3.0

4.0

5.0

Curing ages
(days)

Unconfined compressive strength

Percentage strength
increase compared with
CM0

Average compressive
strength (MPa)

Standard
deviation (MPa)

Coefficient of
variation Cv (%)

7

1.59

0.269

16.9

0.0

7

2.49

0.258

10.4

56.6

VM2.0

7

2.73

0.261

9.6

71.7

VM3.5

7

2.87

0.222

7.7

80.5

CM0

7

2.36

0.366

15.5

0.0

VM1.0

7

3.60

0.274

7.6

52.5

VM2.0

7

4.07

0.390

9.6

72.5

VM3.5

7

4.26

0.307

7.2

80.5

CM0

7

3.48

0.575

16.5

0.0

VM1.0

7

4.74

0.460

9.7

36.2

VM2.0

7

5.46

0.460

8.4

56.9

VM3.5

7

5.77

0.380

6.6

65.8

CM0

3

4.15

0.648

15.6

0.0

VM1.0

3

4.93

0.506

10.3

18.8

VM2.0

3

5.19

0.514

9.9

25.1

VM3.5

3

5.49

0.542

9.9

32.3

CM0

7

4.39

0.631

14.4

0.0

VM1.0

7

5.27

0.502

9.5

20.0

VM2.0

7

5.83

0.563

9.7

32.8

VM3.5

7

6.18

0.493

8.0

40.8

CM0

14

5.38

0.869

16.2

0.0

VM1.0

14

6.27

0.662

10.6

16.5

VM2.0

14

6.99

0.732

10.5

29.9

VM3.5

14

7.27

0.536

7.4

35.1

Fig. 4 7-Day UCS versus vibration acceleration for CSM with different cement dosage. a 7-day UCS; b coefficient of variation of strength.
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of strength increment varied with different accelerations.
The compressive strength of CSM showed the same rules
with four cases of cement dosages: (1) when acceleration
rose from 0 to 1 g, the maximum increase of compressive
strength could be observed; (2) as acceleration continued
to increase from 1 to 3.5 g, an increase of compressive
strength declined gradually. Since the vibration acceleration increase would impose an extra dynamic load on the
mixer and thus reduce its reliability, the maximum acceleration was set to 3.5 g to make sure the mixer worked in
a favorable condition during the tests. The compressive
strength of CSM might be further improved if the acceleration continued to increase, but the increase turned
smaller, in the case of an excessive acceleration material sedimentation and segregation might even cause a
strength decline (Zhao et al., 2018). In terms of cement
dosages and grading type in this test, an acceleration
of 1 ~ 2 g was sufficient to make a significant difference
in strength improvement. In view of the fact that the
cement dosage of CSM was generally 5% in the practical construction of a base course in China (Wang et al.,
2015), it was recommended that the maximum vibration
acceleration on the mixing shaft be set to be approximately 2 g.
The strength variable coefficient of the same batch was
obtained by measuring the CSM strength at six locations
within the mixing chamber. A smaller strength variable coefficient indicated better mixing uniformity of the
mixture. As shown in Fig. 4b, vibratory mixing had significantly reduced the variable coefficient of 7-day UCS
in all four cases of cement dosages. Compared with the
strength variable coefficient of CSM higher than 15% in
the conventional mixing mode, that value in all ranges
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of vibration acceleration was kept at 10% or smaller. As
acceleration increased, the variable coefficient declined,
which might be because the internal friction force
between the mixture particles was reduced by vibration
during mixing, promoting more rapid movement and
better distribution of various constituents within the
chamber (Dong et al., 2019) and thus improving mixing
uniformity with the same mixing time.
Fig. 5 shows the relationship between 3-day, 7-day,
and 14-day average UCS of CSM, its variable coefficient,
and vibration acceleration when cement dosage was
5%. It was evident that, like 7-day UCS, 3-day and UCS
at 14 days rose, while the strength variable coefficient
declined as vibration acceleration increased.
3.2 The Effect of Cement Dosage

Fig. 6 shows the relationship between the 7-day average UCS value, its variable coefficient, and cement dosage in different mixing methods. As indicated by Fig. 6,
the UCS value of CSM in both conventional mixing
and vibratory mixing at all accelerations increased as
cement dosage increased, while the coefficient of variation of strength under different cement dosage is not
significant. As the cement dosage increases, hydration
products generated by that cement particle participate
in hydration reaction increase, improving the bond
strength of interfacial zone between matrix and aggregate, further increasing the UCS value of CSM (Li et al.,
Li, Wei, et al., 2021; Zhang et al., 2010). When cement
dosage increased from 2 to 5%, with the increase of
every 1% in cement dosage, the compressive strength
of conventional mixing and in vibratory mixing average increased by 59% and 38%, respectively. It can be

Fig. 5 UCS versus vibration acceleration under different curing ages for CSM with 5% cement dosage. a UCS; b coefficient of variation of strength.
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Fig. 6 7-Day UCS versus cement dosage under different mixing methods. a Average UCS; b coefficient of variation of strength.

Table 5 Person value between the 7-day UCS and cement
dosage and vibration acceleration.
Factor

Person value

Cement dosage (%)

0.81

Vibration acceleration (g)

0.45

seen that the effect of vibratory mixing on improving
the strength of CSM is gradually weakened with the
increase the cement content, which also is observed in
the work of Li et al. (Li, Wei, et al., 2021). However, the
maximum improvement rate of UCS value is 20–56.7%
when vibration acceleration increased from 0 g (CM)
to 1 g (VM1.0), and the improvement rate gradually
decreased with the increase of every 1 g in vibration
acceleration. It is indicated that cement dosage had a
more significant impact on improving the UCS compared to the mixing methods. Moreover, the correlation
of test data also suggested that the Pearson correlation
coefficient between 7-day UCS and cement dosage
was 0.81, evidencing a stronger relationship than the
correlation coefficient (0.45) between 7-day UCS and
acceleration, as shown in Table 5. It is no doubt that
the compressive strength of CSM could be improved
by increasing the cement dosage, and the same result
can be found in Deng’s work (2019). However, higher
cement makes CSM vulnerable to cracks in practice
(Zhang, 2016), which is harmful to the stability of CSM.
The new version of Chinese standard JTG/T F20-2015
has explicitly stipulated that “it is forbidden to enhance
strength by solely increasing cement dosage in practical
constructions”. Therefore, it is particularly important

to increase the UCS value by mixing method without
increasing the cement content.
As stipulated by Chinese standard JTG/T F20-2015
(2015), the formula of the representative value of 7-day
UCS for the different class highways is shown in Eqs. (1)
and (2). The representative value of 7-day UCS is required
to be higher than the standard value. CSM is used for
base courses of highways that are of the second class and
under, the standard value of 7-day UCS (frep,7-day) should
be 2.0 ~ 6.0 MPa. CSM is used for the base courses of the
expressway and the first-class highway, and the standard
value should be 3.0 ~ 7.0 MPa. Fig. 7 shows the relationship and fitting curve between the representative value of
7-day UCS and cement dosage in both conventional mixing and vibratory mixing at an acceleration of 2 g. The
fitting equations, which represent the performance of
specimens for the preparation using the vibratory mixing
and conventional mixing conditions, are shown in Eqs.
(3), (4), (5), and (6), respectively.


frep,7 - day = fave,7 - day · 1 − 1.282 · Cv,7 - day
(1)



frep,7 - day = fave,7 - day · 1 − 1.645 · Cv,7 - day ,

(2)

where frep,7−day is a representative value of unconfined
compressive strength at 7 days. fave,7−day is an average value of unconfined compressive strength at 7 days.
Cv,7−day is variation coefficient of unconfined compressive strength.
For the second-class highway and under, vibratory
mixing:

y = 0.9433x + 0.6854, R2 = 0.94.

(3)
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Fig. 7 7-Day UCS versus cement dosage under different highway grades: a for the second-class highway and under (JTG/T F20-2015 2015); b for
expressway and the first-class highway (JTG/T F20-2015 2015).

Conventional mixing

y = 0.7862x − 0.3869, R2 = 0.99.

3.3 The Relationship Between Strength and Density

(4)

For the expressway and the first-class highway, vibratory mixing

y = 0.9079x + 0.6574, R2 = 0.93.

(5)

Conventional mixing

y = 0.7392x − 0.3894, R2 = 0.99,

(6)

where y and x are the unconfined compressive strength
values and cement dosage, respectively.
It is shown from Eqs. (3), (4), (5), and (6) that the
strength related to the two types of mixing methods
showed a line function relationship with the cement
dosage, regardless of highway grade. Fig. 7 also indicates when CSM was used for the second-class highway and under, the minimum cement dosage was 3.0%
in conventional mixing mode with current grading,
whereas minimum cement dosage declined to only 1.4%
at an acceleration of 2 g in the vibration mode. When
CSM was used for expressways and first-class highways,
the minimum cement dosage was 4.6% in conventional
mixing mode and 2.6% at an acceleration of 2 g in vibratory mixing mode. Compared with conventional mixing, vibratory mixing was able to reduce cement dosage
by over 1.6% while satisfying the requirements for UCS,
and the higher the strength requirement is, the more
the amount of cement to be saved.

Fig. 8 shows the 7-day UCS of CSM with four cement
dosages in a function of the density before soaking.
Sample density was worked out by measuring their
masses and volumes on the sixth day of the curing
period before soaking. Conventional mixing and vibratory mixing showed the same rules: as cement dosage
increased, sample density and compressive strength
were improved. In the CSM with more coarse aggregates and fewer fine aggregates, it was the cementation
effect of cement hydration products among aggregates
that formed CSM as a whole, with a certain strength.
With the same grading, increased cement dosage would
generate more hydration products calcium silicate
hydrate (C–S–H) that were filled into the gaps between
aggregates, and thus improving density (Wongkeo et al.,
2014) and providing additional strength (Hatungimana
et al., 2019), enabling more available materials in CSM
to bear compressive force.
Regardless of mixing methods and cement dosages, it
has been observed that compressive strength is a line
function of density. The higher the density, the higher
the UCS. The fitting equations are shown in Eqs. (7)
and (8), respectively.
Vibratory mixing

y = 86.207x − 209.98, R2 = 0.88.

(7)

Conventional mixing

y = 78.758x − 192.57, R2 = 0.92

(8)
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Fig. 8 7-Day UCS of CSM with four cement dosages in a function of the density before soaking.

where y and x are the unconfined compressive strength
values and density respectively.
From Fig. 9, it is indicated that at the same cement
dosage, the densities before soaking of a specimen prepared by vibratory mixing are slightly higher than that
of a conventional mixing specimen with all ranges of
acceleration. It may be attributed to the improvement
in the microstructure of the material in vibratory mixing. Fig. 10 indicates that with the same cement dosage,
the water absorptions of specimens made by vibratory

Density Before Soaking (g/cm3)

2.52
2.51

CM0

VM1.0

VM2.0

mixing are lower after soaking at about 24 h than conventional mixing. It is widely known that the water
absorption of building materials depends on the porosity and pore characteristics of the material in addition
to the nature of the material itself. In general, the larger
the porosity, the more open pores, and the greater
water absorption rates (Hall, 1989). High density and
low water absorption rate indicate that the vibratory
mixing specimen has small porosity and few open pores
inside.

VM3.5

2.50
2.49
2.48
2.47
2.46
2.45

2.0

3.0
4.0
Cement Dosage (%)

5.0

Fig. 9 Comparison of the effect of different mixing methods on the average density of CSM with different cement dosages.
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Fig. 10 The relationship between water absorption and 7-day UCS of the CSM with different cement dosage: a 2% cement dosage; b 3% cement
dosage; c 4% cement dosage; (5) 5% cement dosage.

3.4 Microstructure Analysis

As shown in Fig. 11, the microstructure of samples prepared by vibratory mixing appeared more compact, with
a higher degree of pore closure and larger uniformity of
distribution compared with specimens prepared by the
conventional mixing. Nevertheless, the microstructure
change of CSM under different vibration acceleration is
not obvious, as shown in Fig. 11b–d. C–S–H is the main
hydration product and binding phase in all Portland
cement-based systems, which determine the strength of
the hardened mixture (Richardson, 1999). Samples with
vibratory mixing contained more C–S–H that intertwined with each other and filled the interspace of the
samples, which reduced the pore size and connected
pores. Moreover, the interfacial zone was improved by
vibratory mixing, which is beneficial to the increase of
UCS value. It is attributed to that vibratory mixing can
generate a large number of C–S–H gels at the periphery

of coarse aggregate by destroying the cement flocculation and accelerating the hydration reaction (Feng,
2001). And these hydration products can impregnate
the periphery of the aggregates, forming the ‘‘Interlock”
between coarse aggregate and cement matrix, improving
the bond strength of the interface greatly (Xiong, 2019).
The samples with conventional mixing showed a loose
and porous microstructure due to a lack of C–S–H, as
shown in Fig. 11a. Compared with uniformly distributed
closed pores, the unevenly distributed interconnected
pores tend to be a weak part of the CSM structure. Fu
et al. () have revealed that vibratory mixing can refine
pores of normal concrete, especially the large ones with a
pore size above 100 nm. The compact microstructure and
evenly distributed closed pores, while the CSM density
increased less, ensured a higher compressive strength of
vibratory mixed samples.
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Fig. 11 SEM micrographs of CSM samples with a 5% cement dosage under different mixing methods. a CM0; b VM1.0; c VM2.0; d VM3.5.

3.5 The Effect of the Location of the Samples

To reduce the negative impact of vibration on mixing
driving and transmission mechanism, values of vibration acceleration at both ends of the mixing shaft were
designed unequally. From the perspective of sampling
location (Fig. 3d), locations 1 and 4 corresponded to a
larger acceleration, and locations 3 and 6 corresponded
to a smaller acceleration. Fig. 12 shows no significant
rules between 7-day UCS and sampling locations. Acceleration at one end of the mixing shaft was at most 2.2
times larger than that at the other end. However, vibratory mixed CSM at sampling locations 1 and 4 did not
always show even higher compressive strength. Also,
locations 3 and 6 did not always show a lower compressive strength. This was a result of the circulatory movement of the mixture in the mixing chamber. The mixing
blade arrangement and radial circulatory movement of
the mixture were centrosymmetric relative to the middle
of the mixing chamber, which helped reduce the strength
difference of the mixture at both ends of the shaft due
to the vibration effect difference. As a result, for both

conventional compulsory mixing and vibratory mixing,
it was crucial to make the appropriate arrangement of
mixing blades. For uniform mixing, it was required that
the mixing blades push the mixture to make a large-scale
circulatory movement in the mixing chamber. Besides,
the method in which sampling was conducted after the
mixture was discharged to the container might also make
a difference in reducing the impact of acceleration distribution on the sample strength at different locations
(Fig. 12).

4 Conclusions
This work aimed at evaluating the impact of vibratory
mixing and cement dosage on the unconfined compressive strength (UCS) of CSM. The UCS and density of
CSM with four cement dosages at conventional mixing
and vibratory mixing with three vibration acceleration.
The main conclusions are summarized as below:
1. The UCS of CSM is largely improved by the vibratory mixing method at all investigated cement dos-
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Fig. 12 7-day UCS of CSM samples from different locations (see Fig. 3d): a 2% cement dosage; b 3% cement dosage; c 4% cement dosage; (5) 5%
cement dosage.

ages. Compared with conventional mixing, 7-day
UCSs of CSM with vibratory mixing are improved
by 20.0 ~ 80.5%. The strengths are enhanced with the
increase of vibration acceleration, and the growth law
is small (1.0 ~ 3.5 g) after the first fast (0 ~ 1.0 g). Considering the mixer reliability and cement dosages in
practical construction, the recommended maximum
vibration acceleration on the mixing shaft is about
2.0 g.
2. The variable coefficient of unconfined compressive
strength is significantly reduced by vibratory mixing
at all investigated cement dosages. Compared with
15% in conventional mixing, the strength variable
coefficient of CSM is less than 10% in the vibratory
mixing method. With the increase in acceleration,
the variable coefficient tends to decline. Cement dos-

age does not exert a significant impact on the variable coefficient of UCS.
3. The vibratory mixing technology is contributed to
saving cement dosages when satisfying the requirements for UCS. The UCS of CSM is increased with
cement dosages in all cases. Cement dosage can exert
a more significant impact on strength than the mixing method does. The higher the cement dosage, the
smaller the increase of strength contributed by vibratory mixing. Cement dosage can be reduced by over
1.6% (from 3.0 to 1.4%) with vibratory mixing at an
acceleration of 2 g.
4. Vibratory mixing can obtain the samples with high
density and lower water absorptions, indicating small
porosity and few open pores inside. Compared with
conventional mixing, the microstructure of samples
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made by vibratory mixing is observed to be more
compact and denser by SEM.
5. Different sampling locations correspond to a varied
acceleration of the mixing shaft, but there is no significant rule between UCS of samples and sampling
locations. This is the result of the circulatory movement of the mixture in the mixing chamber.
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