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The objective of this study is to investigate the compaction characteristics of cold recycled mixtures with asphalt emulsion (CRME) using the Superpave gyratory compactor (SGC) method. Five characteristic parameters were proposed and calculated including the compaction energy index, the compaction energy index, three compaction energy indicators at different compaction stages. The influence of these parameters and material compositions were analyzed for the pavement performance. The difference between SGC and Marshall double-sided compaction/heavy compaction method was compared. The results show that the proposed parameters can better reflect the compaction characteristics of CRME, and the mixture effect with SGC of 50 gyrations was close to that with 75 blows using the Marshall compaction. The asphalt emulsion contents and compaction temperatures had a significant effect on compaction characteristics, but the effect of aggregate gradations was not significant. The appropriate asphalt emulsion and the new aggregate content can increase the capability of the CRME to resist the permanent deformation. The optimum mixing water content of CRME obtained by the SGC method was reduced by 18%, but the density increased by 3.5%, compared with the heavy compaction method. Finally, a new idea to determine the optimum emulsified asphalt content of CRME was provided through analyzing the compaction characteristic parameters.
Keywords: pavement engineering, cold recycled mixture with asphalt emulsion, gyratory compaction, compaction characteristic parameters, compaction temperatures
INTRODUCTION
The requirements for asphalt pavements become stricter with the increase of heavy traffics and overloading of vehicles. Severe distress is observed for the surface layer after years of serving. Therefore, thousands of semi-rigid asphalt pavements that were constructed decades ago need to be reconstructed and maintained, which will generate a large amount of reclaimed asphalt pavement (RAP). Cold recycling technology with asphalt emulsion can use almost 100% of RAP without heating, reducing pollution and waste emissions, as well as the aged asphalt mixtures deposited at landfills (Lin et al., 2017; Xiao et al., 2018; Rodríguez-Fernández et al., 2019). The environmental and economic benefits of cold recycling make it an attractive alternative for pavement conservation and rehabilitation (Turk et al., 2016).
Recently, cold recycling technology has been used in more and more road maintenance and reconstruction projects. However, there is no widely accepted design method for Cold Recycled Mixes with Asphalt Emulsion (CRME). Besides, the inconsistent compaction between lab and field discourages the wide use of such technology (Martinez-Echevarria et al., 2012). The current mixture design method (JTG/T5521-2019) for the CRME is based on the modified Marshall method without considering the horizontal shearing behavior caused by traffic loads. Moreover, the specimen density is expected to be increased as the blow number increases, and there are also some problems, including second compaction and poor test reproducibility. Numerous studies have been conducted to study the compaction characteristics of asphalt mixtures (MOC of PRC, 2019). It was claimed that the mixture that using the Superpave Gyratory Compactor (SGC) method obtained a material that has more similar properties to the materials on the field in terms of particle alignment and density (Tarefder and Ahmad, 2016). Therefore, it is necessary and meaningful to study the compaction characteristics of CRME to improve project quality and guide the construction practice.
Currently, researchers have different opinions on the mixture design and parameters of CRME using the SGC method. Hillgren et al. proposed to determine the design gyration number at 96% of the target density. The target density was the specimen density after 200 gyrations times (Hillgren et al., 1989). Gao et al. (2014) analyzed the parameters sensibility for the CRME using the SGC method and obtained a regression equation based on design compaction number, compaction temperature, and emulsified asphalt content. They also provided a new method to determine the optimum moisture content of the cold mixture. In terms of the compaction method, Yan observed that the specimen density of the CRME that was compacted with 50–70 blows using the Marshall method was equivalent to the specimen density that was compacted with 30–50 gyrations using the SGC method (Yan, 2006). Flores et al. (2019) developed a new design methodology for cold recycled mixtures with emulsions and a Global Performance Index was proposed to compare the formula and optimize the mixture. The conditions were investigated for the compaction of cold recycled mixtures with emulsions and 100% RAP. It was recommended to apply a compaction energy level of 100 gyrations for specimens with 100 mm diameter and 60 mm height, and an energy level of 200 gyrations for specimens with 100-mm diameter and-100 mm height (Flores et al., 2020). A research project has been conducted to adapt to the current French experimental device. It is called “PCG3,” which was devoted strictly to hot mix asphalt (HMA) characterization to allow for the compaction of cold mixes by adding the functionality of collecting extruded water due to emulsion breaking (Wendling et al., 2015). A new volumetric mix-design procedure was developed for cold in-place recycling (CIR) asphalt mixtures by utilizing the SGC method. The procedure required that the density of specimens was close to that in the field. The performance of CIR mixtures from the new mix-design procedure was evaluated by the mechanistic-empirical pavement design guide (MEPDG) models, as well as in the field testing (Lee et al., 2016). The SGC metrics were recommended to quantify workability and compactability. The curing temperature generally had a more significant influence on test results than cure time (Casillas and Braham, 2020).
The data from the SGC compaction curve was mainly used to analyze the compaction properties of the HMA. The compaction curve from SGC was divided into two stages in where the construction energy index (CEI) and traffic densification index (TDI) were defined respectively. The two indicators were used to characterize the HMA performance during the construction stage and the pavement serving stage. The test results showed that the nominal maximum aggregate size, aggregate gradation, and asphalt content of HMA had significant effects on CEI, and the TDI can accurately predict the high-temperature stability of the mixes (Dessouky et al., 2004). The compaction dissipation energy index can better evaluate the significance of each influencing factor of asphalt mixture (DelRio-Prat et al., 2011). It has been proved that the higher temperature of RAP results in better compaction of the cold mixture in the field (Kim and Lee, 2011). The CEI and the compacted curve slope of HMA have been defined based on the SGC compaction curve, and the workability and road stability of HMA were analyzed (Zhang et al., 2005). Based on the HMA compaction characteristics, the number of rollers required on-site is determined from the perspective of energy equivalence (Li et al., 2011). In summary, the researchers conducted lots of research for the HMA mixtures on the characteristics of the compaction curve based on the SGC method and defined different compaction stages and corresponding characteristic parameters, which played a good role in the construction control of the mixture. However, there are limited studies that evaluated CRME compaction properties. The analysis method used in the HMA can partly be used on the CRME. Also, there is no unified method to determine the design parameters, including the optimum emulsified asphalt content, the optimum moisture content, and the compaction temperature (Brovelli and Crispino, 2012; Kim, 2012). These problems in CRME motivated this research.
The objectives of this paper are to 1) investigate the compaction characteristics of CRME by analyzing the SGC densification curves, 2) and propose the compaction characteristic parameters that can be used to analyze the compaction characteristics of the mixture. Also, the article attempts to propose a reasonable method to determine the optimum content of emulsion and moisture for CRME and specific compaction temperature. Finally, this research may help to better understand the material properties of CRME and provide a reference idea for the design of CRME to improve the construction quality.
MATERIALS AND METHODS
Materials
RAP
The RAP was obtained from an expressway maintenance project in Henan Province, China, in which the recycled asphalt content was 4.87%. In terms of the binder properties, the penetration at 25°C was 3.1 mm; the ductility at 15°C was 12.7 cm; the softening point was 61.8°C; the viscosity at 60°C was 2457 Pas, which indicated the asphalt binder was highly aged after 12 years in service.
Asphalt Emulsion
A cationic slow-cracking fast-setting emulsifier for cold recycled asphalt mixture was used in this study, and asphalt emulsion was prepared with Zhenhai #70 petroleum asphalt using the colloidal mill in the laboratory. Tap water was utilized to prepare the asphalt emulsion and mix the cold recycled asphalt mixture. The basic properties of the asphalt emulsion are shown in Table 1.
TABLE 1 | Properties of CSS emulsion.
[image: Table 1]Aggregate Gradation
To reduce the RAP variability, the milled RAP was divided into sizes of 0–3 , 3–5 , 5–10 , and 10–20 mm. Based on the specification requirements of JTG/T5521-2019, the gradation of CRME was designed. The design gradation of CRME included 90% RAP and 10% limestone gravel (size from 10 to 20 mm). There were also two sets of comparison gradations. One gradation included 80% RAP and 20% limestone gravel, and the other gradation was composed of 70% RAP, 20% limestone gravel, and 10% fine aggregate. Technical indicators, including crushing value, gross volume density, percentage of flat-elongated particles, and sand equivalent were measured in accordance with JTG F40 (MOC of PRC, 2004). The gradations of CRME were displayed in Figure 1.
[image: Figure 1]FIGURE 1 | The aggregates gradation of CRME passing (%).
Cement is an important component to improve the early-stage performance of CRME. 1% PC32.5 cement by weight of the aggregates was used in the CRME. The cement was obtained from Hebei province. Its initial setting time was 264 min, and the final setting time was 387 min. The water requirement for the normal consistency of cement paste was 26.8%.
METHODS
Compaction Characteristic Analysis
The SGC compaction curve provides the most important information to understand the CRME compaction characteristics. As shown in Figure 2, the typical gyratory compaction curve clearly describes that the mixture density increases as the gyration level increases.
[image: Figure 2]FIGURE 2 | Typical gyratory compaction curve of CRME.
The compaction curve is a power-law function, and the fitting equation is shown in Eq. 1:
[image: image]
where A and b are regression parameters, N is gyration number, [image: image] is the percent of maximum theoretical density after the number of gyrations.
The compaction curve was divided into three different intervals to reflect the characteristics of CRME at different stages. The first stage was the initial compaction stage, in which the degree of compaction rapidly increased at first. The aggregates move and contact gradually due to emulsified asphalt and water, and the increase rate of the density decreases with the gyration number increasing. The curvature radius of the compaction curve changed from large to small. There is a minimum radius of curvature that is corresponding to the initial compaction number (Nini). The second stage was a design compaction stage when the air voids content achieved the design requirement, where the gyration number was set as the design compaction number (Ndes). The third stage was an ultimate compaction stage after the CRME reached the designed air voids content. At this stage, the compaction degree was small as the gyration number increased, and the emulsions began to show instability. In this study, the maximum gyration number (Nmax) was set at 100.
Compaction Characteristic Parameters
The Slope of the Densification Curve
The densification curve is usually used to reflect the compaction property of the mixes. As shown in Figure 3, the densification curve from Nini to Ndes is a straight line expressed with an average slope of Kid in semi-logarithmic coordinates. The calculation formula is shown in Eq. 2. A larger Kid indicates higher compaction of the mixes. The slope of Kdm is used to reflect the compaction characteristics of CRME after opening traffic, which represents the compactability from Ndes to Nmax. The average slope of the densification curve is Kdm, which can be obtained with linear regression. As shown in Eq. 3, a larger Kdm indicates a higher compactability of the mixes after open traffic as well as worse the deformation resistance.
[image: Figure 3]FIGURE 3 | Semilogarithmic compaction curve of CRME.
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Where
[image: image] = percentage of maximum theoretical density after Nini gyrations.
[image: image] = percentage of maximum theoretical density after Ndes gyrations.
[image: image] = percentage of maximum theoretical density after Nmax gyrations.
Nini = initial gyration number when the maximum curvature occurs.
Ndes = design gyration number when the design air voids content is obtained.
Nmax = maximum number of gyrations.
Compaction Energy Index
Although the slopes of the densification curve partly reflected the compaction characteristics of the mixes, they cannot accurately show the total compaction energy. Therefore, an energy-related index was proposed. The compaction energy index (CEI) can be calculated by measuring the area under the compaction curve between any two points, which indicated the required energy under the gyration compactor. Based on the three-stage compaction characteristics of CRME, the first stage compaction energy index (FCEI), the second stage compaction energy index (SCEI), and the third stage compaction energy index (TCEI) were proposed.
As shown in Figure 2, The FCEI was calculated by measuring the area under the compaction curve from one to Nini gyrations, which reflects the workability of the mixes. The SCEI was calculated by measuring the area under the compaction curve from Ninito Ndes gyrations, which reflects the compaction characteristics of the mixes during the paving and rolling stages. The TCEI was calculated by measuring the area under the compaction curve from Ndes to Nmax gyrations. A larger TCEI indicated a stronger deformation resistance of CRME. The approximate calculations of FCEI, SCEI, and TCEI can be seen in Eqs. 4–6.
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Where
[image: image] = percent of maximum theoretical density after some gyrations.
Nini = when the radius of curvature for the compaction curve is a minimum, which is an initial compaction number.
Ndes = when air void of mixes attains design requirements, which is design number.
Nmax = the maximum number of gyrations is set at 100 in this study, A and b are the regression parameters of the densification curve.
Modified Marshall Method (JTG T5521-2019)
The modified Marshall method included three processes for the mix design of CRME. First, the optimum moisture content of the CRME was selected at an asphalt emulsion content of 3.5% by the maximum dry density of samples. Second, the optimum asphalt emulsion content was determined by the Indirect Tensile Strength (ITS) and dry-wet ITS ratio. The samples were prepared by the Marshall method using 75 blows on both sides at the optimum determining moisture content. The air voids content should be controlled at 8–13%. Third, the performance of CRME was evaluated by ITS and moisture damage resistance.
Heavy Compaction Test (JTG T5521-2019)
The optimum moisture content of CRMEs was determined by the heavy compaction test in standard JTG E40 (MOC of PRC, 2007). The CRME was compacted in layers in the standard compaction apparatus. When the maximum particle size of CRME was 20 mm, a compaction cylinder with an inner diameter of 100 mm was used, and the compaction effort was 2687 kJ/m3. When the maximum particle size of CRME was 40 mm, a compaction cylinder with an inner diameter of 152 mm was used, and the compaction effort was 2677 kJ/m3. The wet density of compacted specimens is calculated by the compaction cylinder volume and CRME mass. The dry density was calculated as Eq. 7.
[image: image]
where [image: image], w represent dry density (g/cm3), wet density (g/cm3), moisture content (%), respectively.
Indirect Tensile Strength (ITS) Test
The ITS is a key indicator for the mix design of CRME. Two groups of specimens were prepared for the ITS tests (JTG/T5521-2019). Three replicate specimens in the first group were saturated in a water bath at 25°C for 23 h, then placed in a water bath at 15°C for 1 h before measuring wet ITS strength (ITSw). Three replicate specimens in the second group were soaked only in a water bath at 15°C for 1 h before measuring dry ITS (ITSd). The ITS test was conducted at 15°C at a loading rate of 50 mm/min. The percentage of the ITS ratio (ITSR) is calculated by Eq. 8.
[image: image]
where ITSR is the dry-wet ITS ratio. ITSw is wet ITS (Unit: MPa). ITSd is dry ITS (Unit: MPa).
Performance Evaluation Methods
Water Damage Resistance Performance
The water damage resistance was evaluated by an indirect tensile strength ratio (TSR) test, following the JTG E20 procedure (MOC of PRC, 2011). The TSR was determined as the ratio of the tensile strength of dry specimens to the tensile strength of the conditioned specimens. The saturated specimens were conditioned at −18°C for 24 h and then submerged in the water bath at 60°C for another 24 h.
Rutting Resistance Performance
The rutting resistance was evaluated by a wheel tracking test, following a standard procedure in JTG E20-2011. The test specimen was a slab (300 × 300 × 80 mm3) prepared by a roller compactor. During the wheel tracking test, the asphalt concrete slab was loaded by a repeated solid rubber tire with a contact pressure of 0.7 MPa at a speed of 42 cycles per minute. The test took 1 h and the rutting depth was recorded. The dynamic stability (DS) was defined as the average loading cycles that achieved a 1 mm rutting depth. A higher DS value was preferable for the rutting resistance.
Low-Temperature Performance
The low-temperature performance was evaluated via a three-point beam bending test at 10°C, following a standard procedure in JTG/E20-2011. The specimen size was 50 mm × 50 mm × 250 mm. A vertical load was applied until the beam was fractured. The flexural strength, flexural stiffness, and fracture strain were obtained.
RESULTS AND DISCUSSION
Effect of Gyration Number
The compaction of CRME should not only simulate the compaction on the field but also ensure consistency between laboratory compaction and on-site construction. It was important to determine the gyration number, which affected the property of CRME. If the design gyration number was too low, the designed properties of CRME cannot be achieved. If the design gyration number was too high, the construction quality may not be able to meet the design requirements. It was observed that lots of asphalt emulsions were pressed out from the CRME at an extremely high gyration number, which cannot reflect the design performance of the mixture.
The CRME was prepared as cylinder specimens with a height of 63.5 mm and a diameter of 100 mm. The asphalt emulsion content and mixed water content was 3.5 and 2.8% by weight of aggregates, respectively. The gradation of G90 was used. The prepared specimens were aged for about 24 h at 25°C and then were cured rapidly in an air-circulating oven at 40°C for 72 h. A compaction curve is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Gyratory compaction curve of CRME.
As shown in Figure 4, the relationship between the air voids content of the specimen and the gyration number can be fitted as a power-law function. By calculating the derivative of the regression curve equation, the slope of any point on the compaction curve can be calculated, which reflected the compaction rate at certain gyration numbers. As the gyration number increased, the compactibility gradually decreased and finally tended to be 0.
When the gyration number was between 0 and 10 gyrations, the air voids content of the specimen changed sharply and the difference is about 8%. From 10 to 30 gyrations, the air voids content of the specimen slowly decreased, with a decrease of 4.7%. From 30 to 50 gyrations, the air voids content decreased by 2.1%. From 50 to 75 gyrations, the air voids content slightly decreased by 1.6%. It was observed that some emulsions were squeezed out from the mixture after 50 gyrations, as is shown in Figure 5. When the gyration number was about or more than 75 gyrations, a large number of emulsions were squeezed out from the bottom of the mold, which affected the performance of the mixes. It was required in the specification JTG/T5521-2019 that the air voids content of CRME should in the range of 8–13%, and the ideal air voids content of the CRME is typically controlled at about 11 ± 1%. Based on that, the preliminary design gyration number was set at 50.
[image: Figure 5]FIGURE 5 | Specimens of CRME molding process.
To further understand the impact of gyration number on the CRME, the volume parameter changes of the CRME for four different emulsion contents (3.0, 3.5, 4.0, and 4.5%) with G90 gradation and three different RAP proportions (70, 80, and 90%) in the same asphalt emulsion content (4.0%) were studied. The optimum water content for the CRME, including the water in asphalt emulsion, in the virgin aggregate and the RAP, and mixing water, was determined at the maximum dry density. Therefore, when the asphalt emulsion content changes, the mixing of water content changes accordingly. In this article, since the aggregates are all dried, the influence of gradation changes on the mixing water is not considered. The specimens were compacted at 100 gyrations and the air voids contents at different gyrations were calculated. The results are summarized in Figure 6.
[image: Figure 6]FIGURE 6 | The air voids content of the CRME for different emulsified asphalt contents and gradation changes with the gyration number.
As seen in Figure 6, the air voids content of all specimens sharply decreased as the compaction number increased from 0 to 10 gyrations, and the maximum decrease was about 10%. From 10 to 30 gyrations, the change of air voids content began to slow down, with a reduction of 4.9%. From 30 to 50 gyrations, the compaction difficulty further increased, since the air voids content reduced by 2.3%. After 50 gyrations, there is a little effect on the volumetric parameters of the mixes, as compaction increased. Similarly, it was found that some emulsions began to be squeezed out with more than 50 gyrations. Considering the changing trend in air voids content and specification requirements, it was feasible to determine the design gyration number at 50.
As shown in Figure 6, it can be found when the emulsified asphalt content changed from 3.0 to 3.5% at 50 gyrations, the air voids content decreased by 8.1%, and the emulsified asphalt content changed from 3.5 to 4.0%. At the same time, the air voids content decreased by 7.9%. But when the emulsified asphalt content changed from 4.0% to 4.5, the air voids content decreased only by 2.6%. The results show that the emulsified asphalt of 4% by weight of aggregates is an obvious point for the change of volumetric parameters. When the emulsified asphalt content is less than 4.0%, the air voids content decreases significantly. When the emulsified asphalt content is greater than 4.0%, the change of air voids content is small, which indicates that emulsified asphalt content has an important effect on compaction, but the impact becomes smaller and smaller. As the gyration number increased, the compactness of the CRME for different proportions of RAP increase. However, the effect of aggregate gradation on the air voids content was very small. In summary, the content of asphalt emulsion had a higher effect on compactness than the gradation.
Effect of Material Composition
Analysis of Compaction Characteristic Parameters for Different Aggregate Gradations
Based on the data in Figure 6, the regression parameters of the compaction curve for different materials are shown in Table 2. To analyze the effect of aggregate gradation, the compaction parameters for the three different aggregate gradations were calculated by the defined compaction parameters and the regression equation. The calculation results are shown in Table 3.
TABLE 2 | Regression results for different materials.
[image: Table 2]TABLE 3 | Compaction characteristic parameters for different aggregate gradations.
[image: Table 3]As seen in Table 3, in terms of compaction energy, the more new materials were added, the higher FCEI value was during the initial compaction stage. It indicated that a larger proportion of new materials resulted in worse workability of CRME. In the design compaction stage, the higher the proportion of new materials, the higher the SCEI value was, which indicated the compactibility difficulty of CRME as more new materials were added. In the third compaction stage, the larger the proportion of new materials is, the greater the compaction energy required, which indicates CRME needs a stronger ability to resist deformation. In terms of the average slope, the more the new materials are added, the larger Kid and Kdm are. It indicates the fewer new materials there is, the faster the compaction rate of the design compaction stage and the ultimate compaction stage. As the new material increased, the internal friction angle of CRME increases, which indicated the proper addition of the new materials to cold recycled mixes was helpful to resist deformation. Therefore, G90 is chosen as the optimal design gradation in this paper.
Analysis of Compaction Characteristic Parameters for Different Asphalt Emulsion Contents
In order to analyze the effect of the asphalt emulsion content, the compaction parameters for different emulsions content were calculated. The calculation results are shown in Table 4.
TABLE 4 | Compaction characteristic parameters for different emulsion contents.
[image: Table 4]As observed from Table 4, the FCEI, SCEI, TCEI, Kid, and Kdm of CRME increased as the emulsified asphalt content increased from 3 to 3.5%. That is because the mixes are at the condition of optimum moisture content, the asphalt emulsion content increase, and the added water decreases accordingly, which may increase the viscosity of the mixes and the compaction energy. It was observed that there were minimum values of compaction energy index and curve slope at the emulsified asphalt content of 4.0%, which indicated better workability during the initial compaction stage and design compaction stage, and a lower compaction rate in the third stage. Besides, it should be noted that the Kdm of different materials was close to 0, which indicated that the compactness of the CRME hardly changed after 50 gyrations. Therefore, the optimum content of emulsified asphalt was determined to be about 4.0% by weight of aggregates (G90) using 50 gyrations.
Effect of Compaction Temperature
Compared with the HMA, the compactibility of the CRME is more susceptible to construction temperatures. Nevertheless, most institutions often ignore the effect of temperature when designing CRME. It is, therefore, necessary to study the effect of compaction temperature on the CRME. In the lab, raw materials were first prepared with RAP, new aggregates, emulsified asphalt, and mixing water, which were placed in incubators at 5, 25, and 45°C, respectively. The materials were evenly mixed after the temperature has been maintained for about 6 h. Then the mixes were also placed in the incubator at mixing temperature for 2 h before compaction. The specimens were compacted for 50 gyrations using SGC. Figure 7 shows the effect of compaction temperature on the bulk density and the air voids content. The effect of compaction temperature on ITS value is displayed in Figure 8.
[image: Figure 7]FIGURE 7 | Effect of compaction temperature on volumetric parameters.
[image: Figure 8]FIGURE 8 | Effect of compaction temperature on ITS.
Figure 7 shows that as the compaction temperature increased, the bulk density of the specimen increased. As a contrast, the air voids content of the specimen significantly decreased as the compaction temperature increased. As the compaction temperature increased from 5 to 25°C, the bulk density of the specimen increased by about 7%, while the air voids content of the specimen decreased by about 6.1%. As the compaction temperature increased from 25 to 45°C, the bulk density increased by about 7%, while the air voids content decreased by about 13%. It exhibited that a higher compaction temperature can significantly improve the compactness of CRME.
Figure 8 shows that the ITSd, ITSw, and ITSR of the specimens increase significantly as the compaction temperature of CRME increases, especially when the compaction temperature of CRME increases from 5 to 25°C. At the compaction temperature of 5°C, the ITSd, ITSw, and ITSR were relatively low, which did not meet the requirements of JTG/T5521-2019. As the compaction temperature increased from 5 to 25°C, ITSd, ITSw, and ITSR increased by 15, 41, and 22%, respectively. As the compaction temperature increased from 25 to 45°C, and the ITSd, ITSw, and ITSR increased by 7, 13, and 5%, respectively. Based on the difference in ITS values at three compaction temperatures, the CRME specimens that were compacted at 25°C can obtain a good performance in terms of ITS and water stability. This can be attributed to the lower viscosity of asphalt at a higher compaction temperature. Since emulsion residue and recycled asphalt had lower viscosities when compacting at higher temperatures, the uniformity of wrapped aggregate increased, and more structural asphalt improved the tensile properties of cold recycled mixes. Besides, the viscosity of emulsified asphalt becomes smaller at higher temperatures, which was more likely for the internal movement of aggregates during the compaction process.
Comparison of Compaction Methods
The SGC and Modified Marshall Method
To further study the CRME compaction characteristics, the SGC method and modified Marshall methods were compared and analyzed at the compaction temperature of 25°C. Specimens were all in the same size, 63.5 mm in height and 100 mm in diameter. Five compaction modes and four emulsion contents were used. The specimens were compacted at four different gyrations (30, 50, 75, and 100) using the SGC method and at 75 blows using the Marshall method, separately. In addition, the four emulsion contents included 3.0, 3.5, 4.0, and 4.5% by weight of the aggregates. The air voids content and ITSd are shown in Figure 9 and Figure 10, respectively.
[image: Figure 9]FIGURE 9 | Air voids content of different emulsion contents using different molding methods.
[image: Figure 10]FIGURE 10 | ITSd of different emulsion contents using different molding methods.
In Figure 9, the air voids content of the specimen decreases as the compact increases. When the gyratory number increased from 30 to 50 gyrations, the air voids content of the specimen decreased by more than 2.3%, while the ITSd increased by more than 0.15 MPa (Figure 10). The decrease of air voids content and the increase of ITSd slowed down after 50 gyrations. From 50 to 75 gyrations, the air voids content of the specimen decreased by 1.6%, and the ITSd increased by 0.08 MPa, which indicated that the effect of compaction after 50 gyrations on air voids content and ITS was insignificant. Base on that, it was also reasonable that CRME can be compacted for 50 gyrations using the SGC method.
In terms of air voids content and the ITSd value, the specimens with 75 blows using the modified Marshall method was equivalent to the specimens with around 45 gyrations using the SGC method. It was beneficial to establish the correspondence between the gyrations using the SGC method and the blows using the modified Marshall method in JTG/T5521-2019.
From the changing trend of ITSd with the content of emulsified asphalt, there was a maximum value of ITSd using SGC of 50 gyrations at the emulsified asphalt content of 4%, which the maximum ITSd is determined to be 0.85 MPa, and the specimen air voids content can be controlled at about 11.5%. The results indicated that the air voids content and strength well meet the specification (JTG/T5521-2019) requirements of the air voids content of 8–13%, and the strength greater than 0.4 MPa. At the same time, it was proved that it was reasonable and feasible to determine the optimum emulsified asphalt content by analyzing the compaction characteristic parameters.
The SGC and Heavy Compaction Method
To determine the optimum moisture content required for CRME, two sets of tests, including T1 (the optimum moisture content test using the heavy compaction method in JTG/E40-2007) and T2 (the optimum moisture content using the SGC) were analyzed and compared. The test results are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Relationship between mixing water content and dry density.
In Figure 11, the maximum dry density of CRME is 2.035 g/cm3 from the T1 test, and the corresponding optimum mixing water of CRME is determined to be about 3.4%. As a contrast, the maximum dry density of CRME is 2.108 g/cm3 from the T2 test, and the corresponding optimum mixing water of CRME is determined to be about 2.8%, which the optimum moisture content is 4.053% by weight of aggregates. It was found that the optimum mixing water of CRME obtained by the SGC method was 0.6% smaller than that of the heavy compaction method, and the maximum dry density of CRME obtained by the SGC method was 3.6% higher than that of the heavy compaction method.
The results showed that the SGC method obtained a greater dry density than the heavy compaction method at the same mixing water content, which indicates the SGC method may more helpful for the CRME compaction. In practice, the optimum mixing water of CRME determined by the heavy compaction method was larger than on-site construction, which will cause a higher air voids content and additional costs. Therefore, it was recommended that the optimum moisture content of CRME should be determined using the SGC method.
To understand the relationship between moisture content and ITS, five groups of test specimens were compacted at 50 gyrations using the SGC method. The test results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Relationship between mixing water and indirect tensile strength.
It was observed that the maximum ITSd was about 0.75 MPa at 2.6% water content and the maximum ITSw was about 0.69 MPa at 2.7% water content, which meets the requirements of JTG/T 5521-2019. When the specimen ITS was at the maximum value, The CRME achieved almost the same optimum water content. Therefore, the results indicated that the density and strength of CRME had a positive correlation.
Based on the above research results, the CRME specimens were compacted for 50 gyrations at 25°C using the SGC method. The specimens used 4% emulsified asphalt and 2.6% mixing water (by weight of the aggregates). Technical performance was tested in the lab. As shown in Table 5, the test results can meet all the technical requirements of JTG/T5521-2019. The results suggested that the SGC method provides better overall performance, and can better meet the requirements of field application.
TABLE 5 | Test results of the CRME performance.
[image: Table 5]CONCLUSION
The compaction characteristics of CRME were studied in this paper. The main influencing factors, including aggregate gradation, the content of asphalt emulsion and moisture, the compaction temperature, and the compaction method were discussed. Based on the analysis of the results, the obtained conclusions can be summarized as follows:
(1) Five compaction characteristic parameters are proposed and derived. As a result, a new idea by analyzing the compaction characteristic parameters is used to determine the optimum emulsified asphalt content of the CRME. It is beneficial that appropriately increasing emulsion content and adding new aggregate in the mixture for deformation resistance under traffic loads.
(2) The asphalt emulsion content and compaction temperature have a significant effect on the compaction characteristics of the CRME, and the aggregate gradation has an insignificant effect. It is suggested to pave the CRME at the atmosphere temperature, which is higher than 25°C, to improve the road performance of the CRME.
(3) Compared with the heavy compaction method, the optimum mixing water content obtained by the SGC method is reduced by 18%, but the density is increased by 3.5%. This process avoids the problems of small compactness and high engineering cost caused by excess moisture.
(4) The gyratory method can be effectively applied to the CRME mixture design and it is a more realistic compaction method, which is close to the situation at the worksite. The mixture with 50 gyrations is close to that with 75 blows using the modified Marshall method and the mixture can achieve a high density and strength.
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