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Abstract: Cement-treated aggregate mixture (CTAM) is widely used in many countries. To design
this mixture using the vibration compaction method brings about many problems, such as serious
inconsistencies in key parameters and strong vibration energy and noise imposed on adjacent
buildings and people. This work presents a preliminary investigation of the use of Superpave
gyratory compactor, which has been widely used to compact hot mix asphalt in the laboratory,
to design CTAM. The 3-2-2 mode of the locking point was used to determine that the gyration
compaction number Ndesign should be 105. The performances of the CTAM specimens prepared
using gyration compaction were compared with those prepared using the Proctor and vibration
compaction methods. Compared with Proctor and vibration compaction, gyration compaction had
a smaller influence on aggregate degradation. Also, the optimal moisture content after gyration
compaction was the minimum. The index values for maximum dry density, unconfined compressive
strength and dry/temperature shrinkage coefficient after gyration compaction were between those
for Proctor compaction and vibration compaction. It can be concluded that it is feasible to design
CTAM by using a Superpave gyratory compactor to compact the mixture for 105 cycles.

Keywords: cement-treated aggregate mixture; Superpave gyratory compactor; compaction level;
locking point

1. Introduction

The excellent performance of cement-treated aggregate mixture (CTAM) in terms of, for example,
workability, strength, durability and load spreading capacity [1], makes it widely used in China [2],
Netherlands [3], Egypt [4], Spain [5] and Australia [6], etc. Its properties are greatly influenced by
the compaction method and the corresponding level [7]. On the one hand, the cement dosage and
moisture content, which influence the strength and modulus of the mixture, are highly dependent
on the compaction method and level [8]. On the other hand, the in-situ compaction degree is always
calculated by the maximum dry density derived from the laboratory compaction.

The Proctor compaction method is commonly used to compact cement-treated material. In different
countries, the specific criteria for this method differ significantly in terms of hammer weight, blow
number and mold geometry, etc. [9–11]. The Proctor test uses impact loads to compact material
in a stiff nonyielding mold [12], which increases the content of fine aggregate [13]. The vibration
compaction method was developed to simulate the in-situ compaction process of CTAM in China.
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The serious inconsistencies regarding some key parameters such as static pressure, vibrating frequency
and eccentric angle make it difficult to be used widely [14–17]. In addition, the strong vibration energy
during operation may endanger the structural safety of the laboratory, and the vibration noise can
have negative effects on the hearing of test operators. With the wide applications of cement-treated
materials, such as cement-treated aggregate [1,16], cement-treated waste [2,18], cement-treated soil [11],
cement-treated recycled material [19,20], cement–asphalt-treated material [21], and cement-treated
material with reclaimed asphalt mixture [9,17,22,23], it is quite necessary to develop an alternative
method to design cement-treated mixtures.

Nowadays, the contribution of cement-based materials to sustainability is a topic of study [24–27]
and as a result, the performance of several additions that could also be suitable for use in cement-treatment
materials has been analyzed. This fact also makes it necessary to study new methods for the design of
cement-treated mixtures.

In many countries, Superpave gyratory compactors (SGC) have been widely used to design asphalt
mixtures [28], as well as to compact unbound material [29] and soil [12,30]. A compaction curve is
automatically drawn in the compaction process, which can be used to evaluate the relative density of
the mixture. In addition, a 150 mm-diameter cylindrical mold allows mixtures with maximum particle
size over 26 mm to be compacted.

2. Objective and Scope

The objective of this study is to take CTAM as an example of cement-treated materials and to
explore the feasibility of using SGC to design CTAM.

Two types of aggregate with different moisture absorptions, referred to as Aggregate A and
Aggregate B, were used in this study. The designed level of gyratory compaction was determined by
introducing the concept of a locking point, which is equal to the first compaction number when the
specimen has the same height in three continuous compaction cycles. By using the design procedure
presented in this study, the compaction method and criteria for other cement-treated materials can be
easily derived. The aggregate degradation after SGC compaction was then conducted and compared
with those under Proctor and vibration compaction. Also, five indexes, including optimal moisture
content, maximum dry density, unconfined compressive strength, and dry/temperature shrinkage
coefficient, were performed for these three compaction methods. According to the comparison of the
results of the above indexes, the feasibility of using SGC to design CTAM and the compaction level
determined in this study was evaluated.

3. Materials and Methods

3.1. Materials

In order to improve the reliability of the test results, two kinds of aggregate that have different
air voids were used. The aggregates were made of limestone. The density and moisture absorption
are listed in Table 1, respectively. The gradations of the two kinds of aggregate are shown in Figure 1.
ASTM Type I Ordinary Portland cement was employed in the experiments; the properties are shown
in Table 2.

Table 1. Density and moisture absorption of aggregate.

Aggregate Size (mm)
Bulk Density (g/cm3) Moisture Absorption (%)

Aggregate A Aggregate B Aggregate A Aggregate B

9.5~31.5 2.695 2.514 0.26 2.61
4.75~9.5 2.686 2.498 0.34 2.78

2.36~4.75 2.678 2.505 0.49 2.34
0~2.36 2.661 2.489 1.16 2.94
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Table 2. Properties of the cement.

Density/(g/cm3)
Setting Time/min Compressive Strength/MPa Flexural Strength/MPa

Initial Final 3 days 28 days 3 days 28 days

3.05 105 152 22.3 43.6 5.1 8.8
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3.2. Design Indicator

By using the CTAM specimen with the maximum dry density and optimal moisture content,
the cement dosage was determined according to the requirement of unconfined compressive strength.
Therefore, the maximum dry density and optimal moisture content, which are closely related to the
design level, are key indicators for the design of this mixture.

Using the concept of a locking point in the Superpave gyratory compactor can avoid over-
compaction and possible damage to the aggregate skeleton [31]. It was reported that the mixtures
designed using a locking point maintained high resistance to permanent deformation and had
high durability levels [32]. Therefore, the locking point was referenced as an alternative to the
Superpave Ndesign.

In this paper, the locking point refers to the first compaction number when the specimen has the
same height in three continuous compaction cycles. Before the locking point, the specimen must have
the same height for two continuous compaction cycles. There was only 0.1 mm difference in specimen
height between the processes A and B or the processes B and C. The concept of the locking point is
described in Figure 2.
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3.3. Research Procedure

In the design process, the specimen height, design indicator and design compaction number
Ndesign were determined. Subsequently, in the verification process, five indexes were conducted,
including gradation and degradation, maximum dry density, optimal moisture content, unconfined
compressive strength and dry/temperature shrinkage coefficient. The detailed research procedure is
shown in Figure 3.
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3.4. Test Methods

3.4.1. Aggregate Degradation

Aggregate particles tend to be crushed under compaction, causing a phenomenon of aggregate
degradation. Due to the addition of cement, it is difficult to measure the particles in small sizes.
Therefore, the weight of particles with a size over 0.6 mm was measured by washing and drying the
compacted mixtures. The degradation of the ith mesh Pi was calculated using Equation (1).

Pi =
mib − mia

mib
× 100% (1)

where mib = the weight of the aggregate particles on the ith mesh before mixture compaction, g;
and mia = the weight of the aggregate particles on the ith mesh after mixture compaction, g. The positive
value means that more aggregate particles on the ith mesh were crushed and passed this mesh than the
aggregate particles larger than the ith mesh that were crushed and left on the ith mesh, and vice versa.

3.4.2. Compaction Test

All the aggregates were fully saturated before each compaction test. The Proctor and vibration
compaction tests were performed according to the specification of JTG E51-2009 [14]. The gyration
compaction test was performed according to the method determined in Section 4. By calculating
the relationship between the moisture content and dry density, the maximum dry density and the
corresponding optimal moisture content of each mixture could be determined.
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3.4.3. Dry Shrinkage Test

A total of thirty-six specimens (three compaction methods and two aggregates, i.e., six groups)
were cured for seven days under standard conditions (temperature of 20 ± 2 ◦C and a relative humidity
of 95%). For each group of specimens, strain gauges were bonded on the central side surfaces of
three specimens, and the other three specimens were used to measure moisture loss. The testing data,
including dry shrinkage strain and moisture loss, were recorded at a constant temperature of 40 ◦C at
the time of 0 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h and 48 h.

The dry shrinkage coefficient was calculated by Equation (2).

αij =
εi − ε j

ωi − ωj
(2)

where εi and εj were the strain values of the ith and jth measurement; and µε; ωi and ωj were the
moisture content of the specimen of the ith and jth measurements, %.

3.4.4. Temperature Shrinkage Test

Eighteen specimens (three compaction methods, two aggregates) were cured for 28 days under
standard conditions and then completely dried to eliminate the effect of moisture loss on dry shrinkage.
This complete dry was selected in agreement with other studies in which testing dried cement-based
materials was required [33–35]. Strain gauges were pasted on the central side surfaces of these
specimens. Temperature shrinkage strain was recorded at the temperatures −15 ◦C, −5 ◦C, 5 ◦C, 15 ◦C,
25 ◦C, 35 ◦C and 45 ◦C, respectively. The temperature changed at a speed of 1 ◦C/min.

The temperature shrinkage coefficient was calculated using Equation (3).

βij =
εi − ε j

ti − tj
(3)

where εi and εj were the strain values of the ith and jth measurement; and µε; ti and tj were the
temperature of the ith and jth measurements, ◦C.

4. Results and Discussion

4.1. Determination of the Design Compaction Level

4.1.1. Determination of Specimen Weight

It is necessary to specify a certain mixture weight in a mold or a specimen height, because
the compaction energy applied to the specimen is not uniformly distributed [36], resulting in some
differences in mixture performance in the height direction [37].

To test hot mix asphalt, AASHTO T312 specifies placing 4500 g to 4700 g of asphalt mixture
into the gyratory mold in one lift [38]. Supposing the Marshall density of the asphalt mixture to be
2.45 g/cm3, the ultimate height of the asphalt mixture specimen was calculated to be approximately
108 mm. Therefore, the SGC specimen height was controlled at 110 mm to reduce the vertical difference
of the compaction energy.

The mixtures of Aggregate A with different weights were compacted for 160 cycles by SGC
(TB-047/02 CONTROLS, made in Italy (Figure 4)). The compaction curves are shown in Figure 5.

According to Figure 5, the ultimate specimen height was calculated, and its variation with mixture
weight is shown in Figure 6.

As the specimen height was determined to be 110 mm, the mixture weight in one specimen for
Aggregate A was determined to be 4700 g. In the same way, the mixture weight in one specimen for
Aggregate B was determined to be 4200 g.
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4.1.2. Variation of Compacted Specimen Height

The mixture was compacted under three different moisture contents. The middle moisture
content was slightly higher than the optimal moisture content achieved in the vibration compaction
test. It should be noted that the optimal moisture content was determined by performing the vibration
compaction test according to the specified compaction level in reference [15]. The relationships between
the compaction number and specimen height under different moisture contents are shown in Figure 7.



Appl. Sci. 2018, 8, 946 7 of 14

The compaction curves in Figure 7 were fitted, as shown in Table 3.
It was found that the relationships between the compaction number and specimen height for both

Aggregate A and B fit the logarithmic curves well. These fitting formulas were used to back calculate
the specimen height under each compaction number.
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Table 3. Fitting results of compaction curves.

Moisture Content/% Fitting Formula R2

Aggregate A
4.4 y = −4.6339Ln(x) + 137.67 0.9993
4.9 y = −4.8936Ln(x) + 137.43 0.9998
5.4 y = −4.971Ln(x) + 138.61 0.9986

Aggregate B
6.5 y = −4.7127Ln(x) + 130.82 0.9973
7.0 y = −4.6543Ln(x) + 125.97 0.9981
7.5 y = −4.7429Ln(x) + 135.26 0.9998

4.1.3. Determination of Compaction Level

The formulas in Table 3 were used to back calculate the specimen heights between compaction
cycle 1 and 160. The heights were retained until 0.1 mm. According to the definition of locking point
shown in Figure 2, the locking points of the two aggregates under different moisture contents are
shown in Table 4.

According to Table 4, the design gyratory compaction number Ndesign was approximately taken
to be 105. It can be found that the locking points of Aggregate A were generally equal to those of
Aggregate B, indicating that Ndesign is applicable to different CTAMs that have different aggregate
gradations and moisture contents.

Table 4. Locking points under different moisture contents.

Type of Mixture
Aggregate A under Moisture

Content of
Aggregate B under Moisture

Content of

4.4% 4.9% 5.4% 6.5% 7.0% 7.5%

Compaction number 103 104 107 106 103 106
Average compaction number 105
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4.2. CTAM Performances under Different Compaction Methods

After the determination of the gyration compaction number Ndesign, the feasibility of using SGC
to design CTAM was evaluated by comparing the performance of CTAM under Proctor, vibration
and gyration compactions, including aggregate degradation, maximum dry density, optimal moisture
content, unconfined compressive strength and dry/temperature shrinkage coefficient. The Proctor
and vibration compaction tests were conducted according to the specification of JTG E51-2009 [14] and
reference [15], respectively.

4.2.1. Aggregate Degradation

Aggregate gradation has a significant influence on the performance of CTAM. Thus, in this section
the aggregate degradation after the Proctor, vibration and gyration compactions were compared.
The detailed aggregate degradations of Aggregate A and Aggregate B are shown in Figure 8.
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Figure 8. Schematic diagrams of aggregate degradation for (a) Aggregate A and (b) Aggregate B.

Both Figure 8a,b indicate that aggregate particles with a size over 19 mm degraded the most
seriously. This was because large-sized particles, which generally undertook skeleton effects, were
crushed more easily when subjected to impact energy. Due to the combined effect of increasing particles
passing a larger-sized mesh and decreasing the crushed particles with a small size, the aggregates
passing 9.5 mm and the smaller mesh decreased, indicating that the small-sized aggregate particles
were harder to crush.

On the whole, the aggregates after gyration compaction degraded the least, indicating that
gyration compaction could better maintain the skeleton of CTAM.

4.2.2. Maximum Dry Density and Optimal Moisture Content

Aggregate A (moisture content of 4.0%, 4.5%, 5.0%, 5.5% and 6.0%) and Aggregate B (moisture
content of 6.0%, 6.5%, 7.0%, 7.5% and 8.0%) with a constant cement content of 4.0% were compacted
using a Proctor, vibration and gyration compactor, respectively. It should be noted that all the
aggregates were saturated before the test. The optimal moisture content and maximum dry densities
of Aggregate A and Aggregate B are shown in Figures 9 and 10, respectively.

Figure 9 shows that the optimal moisture contents of Aggregate A and Aggregate B under gyration
compaction were both lower than those under Proctor and vibration compaction. This is because
during gyration compaction more cement grout was extruded from the specimen (Figure 11), which
led to a lower measured moisture content of the mixture. It was also found that due to the lower
moisture absorption of Aggregate A than of Aggregate B, the optimal moisture content of Aggregate A
was lower than that of Aggregate B.
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Figure 11. Specimen appearance under gyration compaction.

The maximum dry densities of Aggregate A and Aggregate B under gyration compaction were
both higher than those under Proctor compaction, but lower than those under vibration compaction,
as can be seen in Figure 10. A greater compaction effort, on the one hand, was applied to the specimen
by SGC than by the Proctor tester. On the other hand, the cement grout extruded from the specimen
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reduced the possibility of aggregate redistribution, thus the specimen under gyration compaction was
more difficult to compact than that under vibration compaction.

In addition, we also found that the maximum dry density of Aggregate A was higher than that of
Aggregate B, and the optimal moisture content of Aggregate A was lower than that of Aggregate B.
The phenomenon was attributed to the lower void content (or lower moisture absorption) and higher
density of Aggregate A than of Aggregate B.

4.2.3. Unconfined Compressive Strength

The specimens were cured under standard conditions (temperature of 20 ± 2 ◦C and relative
humidity over 95%) for six days and immersed in water for one day. After that, the specimens
were compressed using a pavement strength tester (Cangzhou Luyi experiment instrument Co., Ltd.,
Cangzhou, China). The unconfined compressive strength results of Aggregate A and B are shown in
Figure 12.Appl. Sci. 2018, 8, x FOR PEER REVIEW  10 of 14 
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coefficients under the different compaction methods happened between 6–8 h. Compared with 
Aggregate A, Aggregate B had higher moisture absorption, which led to higher aggregate 
shrinkage. Thus, Aggregate A had a higher dry shrinkage resistance than Aggregate B. 

Figure 12. Unconfined compressive strength of (a) Aggregate A and (b) Aggregate B.

It was found that the results of the two aggregates under each compaction method had consistent
variation trends. The average and representative strength values under vibration compaction were
the highest, followed by those under gyration and Proctor compaction, respectively. Despite the
two aggregate gradations having the same cement dosage, the strength values of Aggregate A were
generally higher than those of Aggregate B, which was in part attributed to the different aggregate
strengths and void contents of the two gradations.

According to the results in Sections 4.2.1 and 4.2.2, there were three reasons for the above
strength results. First, the gyration compaction had the least influence on the aggregate degradation,
indicating that the aggregate structure under gyration compaction was better able to keep the skeleton.
The fracture face in the aggregate became a new weak point. Second, the extruded cement grout
reduced the possibility of aggregate bonding. Third, Proctor compaction had the minimum compaction
energy, which was proven by its minimum and maximum dry density. With this mixture under this
compaction level it was thus difficult to achieve a high degree of compaction.

4.2.4. Dry Shrinkage Coefficient

The variations of the dry shrinkage coefficients of Aggregate A and B are shown in Figure 13.
Figure 13a,b shows that the dry shrinkage coefficients of Aggregate A and Aggregate B both

presented parabola variations with increasing moisture loss rates. The maximum dry shrinkage
coefficients under the different compaction methods happened between 6–8 h. Compared with
Aggregate A, Aggregate B had higher moisture absorption, which led to higher aggregate shrinkage.
Thus, Aggregate A had a higher dry shrinkage resistance than Aggregate B.
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The specimen under the vibration compaction method had the minimum moisture loss rate
and shrinkage strain, resulting in the minimum dry shrinkage coefficient. The shrinkage coefficient
difference under three compaction methods gradually enlarged with the increasing moisture loss rate,
and was then reduced to a small extent.
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4.2.5. Temperature Shrinkage Coefficient

The variations of the temperature shrinkage coefficients of Aggregates A and B are shown in
Figure 14.
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The temperature shrinkage coefficients shown in Figure 14 increased with increasing temperature.
The temperature shrinkage coefficient under Proctor compaction was generally the highest, followed
by those under gyration and vibration compaction, which was in part attributed to the results of the
aggregate degradation shown in Section 4.2.1, because finer aggregates were easier to shrink under
the same conditions. In addition, the temperature shrinkage coefficient of Aggregate B was higher
than that of Aggregate A, because Aggregate B had a higher air void, resulting in easier temperature
shrinkage of the aggregate.

5. Conclusions

Proctor compaction uses impact loads to compact cement-treated material in a stiff, non-yielding
mold, and then significantly increases the fine aggregate content. The criteria for vibration compaction
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has been a controversial issue. Thus, this paper proposed a new method for the design of CTAM using
SGC. In order to improve the reliability of the test results in this paper, two kinds of aggregate that
have rather different air voids were used.

The concept of a locking point was used to determine the design gyration compaction number
Ndesign. After the processes of fitting and the back calculation of the compaction curves, the Ndesign
was determined to be 105, according to the 3-2-2 mode of the locking point.

The performance of CTAM under gyration compaction was compared to that under Proctor and
vibration compaction. The results showed that gyration compaction could better maintain the initial
gradation structure and had a smaller influence on aggregate degradation. Also, the optimal moisture
content under gyration compaction was smaller than that under Proctor and vibration compaction.
In addition, gyration compaction was superior to Proctor compaction but inferior to vibration compaction
in terms of maximum dry density, unconfined compressive strength, and dry/temperature shrinkage
coefficient. The performance of the two aggregate gradations differed from each other, especially in terms
of moisture content, dry density and dry shrinkage coefficient, due to the significant difference in air void.
However, all the performance variations of the two types of aggregate maintained consistent trends.

This paper only presents some simple test results for the use of SGC to design CTAM. In further
studies, it will be necessary to apply the X-ray method to explore the aggregate distributions in
CTAM under different compaction method. Using other indexes, such as elastic modulus and freezing
resistance, to better evaluate the feasibility of the method is also essential.
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