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Highlight 11 

 Solid wastes were applied to prepare strength and morphology controlled coarse artificial 12 

aggregates by 3D printed mold.  13 

 AAAM exerted superior lightweight property, moisture damage resistance and thermal 14 

sensitivity resistance compared to NAAM. 15 

 AAs could eliminate the diversities and differences of aggregate morphology and minimize 16 

the variability of testing results. 17 

 Results of paired sample t-tests reported that there was notable effect of AA morphology 18 

on the performance of AAAM. 19 

 20 



 

 

ABSTRACT 21 

The examinations of numerical simulations and investigations on basic behaviors and technical 22 

properties of asphalt mixture remained great challenges because of the uncontrolled and varied 23 

morphologies of natural coarse aggregates. The traditional ceramsite aggregates were generally 24 

associated with weaker skeleton contact and inferior cohesion characteristics because they were 25 

porous and spherical. In this study, two kinds of strength and morphology controlled coarse 26 

artificial aggregates (AAs) were produced with solid wastes including fly ash and bauxite 27 

residues based on 3D printing technology. After sintering, the coarse AAs were applied to 28 

prepare three kinds of artificial aggregate asphalt mixtures (AAAMs). The service performance 29 

of AAAMs was measured and compared to natural aggregate asphalt mixtures (NAAMs). 30 

Coefficient of variation (CV) values and paired sample t-test were applied to evaluate the 31 

impact of coarse AAs morphology. The result revealed that AAAMs exhibited superior 32 

lightweight characteristic, whose bulk specific gravity decreased by 10% approximately when 33 

compared to NAAMs. Except for residual strength ratio (RSR) of RG2-20-L, coarse AAs 34 

exerted positive effects on the improvement of moisture damage resistance and thermal 35 

sensitivity resistance including rutting resistance and low-temperature cracking resistance. The 36 

service performance of AAAMs could meet the technical requirements of specification and 37 

construction. CV values of AAAMs were smaller than that of NAAMs, demonstrating that the 38 

AAs with identical morphology eliminated the variability of testing results and providing a 39 

scientific base for examinations of numerical simulations. Results of paired sample t-tests reported 40 

that there was notable effect of AAs morphology on the performance of AAAMs. 41 
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1 Introduction 44 

Asphalt mixture contained various gradations of aggregates (more than 90% in weight) 45 

and asphalt binder. As the skeleton of asphalt mixture, morphological characteristics of coarse 46 

aggregates including angularity, shape and texture exerted the significant difference on basic 47 

behaviors and technical properties of asphalt mixture.(Gao et al., 2018; Li et al., 2019; Li et al., 48 

2022b; Wang et al., 2016) The researchers and engineers realized that it was an important 49 

research area to establish the relationships between performance of asphalt mixture and 50 

morphological characteristics of coarse aggregates.(Ding et al., 2024; Liu, Y. et al., 2017) In the 51 

early years, macroscopic mechanical experiments were applied to establish and demonstrate 52 

the relationships between the morphological characteristics and performance of asphalt 53 

mixture.(Goetz and Herrin, 1954; Meier, 1988; Monismith, 1970) With the development of 54 

computer science, numerical simulation models were developed to investigate the significance 55 

of morphological characteristics on asphalt mixture.(Hu et al., 2019; Kusumawardani and Wong, 56 

2020; Lei et al., 2024; Li et al., 2024; Liu et al., 2023) Zou et al.(Zou et al., 2023) revealed that 57 

the coarse aggregate morphology was crucial to shear strength of asphalt mixture based on 3D 58 

discrete element model. Liu et al.(Liu, P. et al., 2017) established the initial relationships 59 

between angularities of aggregates and mechanical performance of asphalt mixture by 3D finite 60 

element model. However, because of the computer capacity, it was still challengeable to 61 

maintain the original morphological characteristics of the aggregates when finite element 62 

method or discrete element method was applied to reconstructed. It was also inevitable that the 63 

accuracy of the reconstructing models and speed of calculation relied more on the 64 



 

 

computational capacity as models were characterized by high precision and different sizes.(Jin 65 

et al., 2021) Besides, it was worth noting that the error bars of testing results in same tests were 66 

obvious, indicating the observable differences of values were greater. Even worse, due to the 67 

differences between indoor tests and in-field construction, these tests were less likely to obtain 68 

the desired results even the same materials and the same asphalt mixture gradations were 69 

practiced.(Xu et al., 2021; Yu et al., 2020; Yu et al., 2019) Therefore, it was reasonable that the 70 

standard coarse aggregates with specific morphology were able to minimize these uncertainties 71 

and errors that were caused by different conditions and various materials. Nevertheless, the 72 

examinations of numerical simulations and investigations on basic behaviors and technical 73 

properties of asphalt mixture remained great challenges because of the uncontrolled and random 74 

morphologies of natural coarse aggregates. It was also the limitation of theories in the asphalt 75 

pavement. 76 

As known, the aggregates used in asphalt mixture were generally natural minerals, which 77 

were further processed by crusher into different particle sizes. In the pursuit of promoting a 78 

low-carbon concept in road industry, solid wastes including fly ash, coal slag, metal slag were 79 

applied to prepare lightweight aggregates, which aimed to explore the feasibility for the 80 

replacement of natural aggregates in asphalt mixture.(Andrzejuk et al., 2018; Cho et al., 2023; 81 

Deng et al., 2019; Liu et al., 2019; Rodríguez-Fernández et al., 2021; Vila-Cortavitarte et al., 82 

2018) Especially, the utilization of ceramsite aggregates prepared by waste powders had been 83 

demonstrated by laboratory experiments and surveys.(Che et al., 2018; Wang et al., 2019; Yuan 84 

et al., 2022) This kind of aggregates was generally pelletized and produced by hands or 85 



 

 

machines, whose fresh particles were further processed during the hardening stages. In addition, 86 

AAs prepared by the sintering process were able to achieve better strength and proper 87 

volumetric parameters when compared to the cold bonded method.(Priyadharshini et al., 2012) 88 

It could be explained by the chemical reaction to develop mullite, which was characterized by 89 

high strength and good durability. Nevertheless, the traditional ceramsite aggregates were 90 

generally porous and spherical, allowing the liquid binder to be absorbed, thus resulting in 91 

weaker skeleton contact and inferior cohesion characteristics.(Min et al., 2022; Xie et al., 2016) 92 

With the evolution of high-precision 3D printing equipment and further investigations on 93 

special materials, 3D printing technology had been widely used in various industries to prepare 94 

stable and repeatable materials, including construction industry.(Ambrosi and Pumera, 2016; 95 

Ramya and Vanapalli, 2016; Sahana and Thampi, 2018; Shahrubudin et al., 2019; Yan et al., 96 

2018) Specifically, acrylonitrile butadiene styrene resin and photosensitive resin were mainly 97 

used in 3D printing models with high precision. But these kinds of AAs with specific 98 

morphology hardly met the requirements and specification of pavement engineering.(Kim et 99 

al., 2023; Yang et al., 2019) Similarly, regarding the effectiveness, precision and performance, 100 

it was still impractical that the cement-based materials were applied to prepare AAs by 3D 101 

printing technology. Recently, the AAs, prepared by cement-based materials were characterized 102 

by inferior mechanical performance and poor volumetric parameters, such as poorer Los 103 

Angeles coefficient and higher water absorption.(Li et al., 2022a) The hardening stages were 104 

also time-consuming because cement-based material must be further processed to achieve 105 

strength development, which was the basic disadvantage for these kinds of materials. 106 



 

 

To this end, this study aimed to investigate the feasibility of the asphalt mixture prepared 107 

by strength and morphology controlled coarse AAs. Based on 3D printing technology, two kinds 108 

of strength and morphology controlled coarse AAs were pelletized by printing mold using fly 109 

ash, bauxite residues, bauxite and sintering additives, which were further processed in the 110 

sintering furnace to achieve superior mechanical performance and proper volumetric 111 

parameters. After the sintering process, the coarse AAs were applied to prepare three kinds of 112 

AAAM. Technical properties including aggregate crushing value (ACV), Los Angeles 113 

coefficient (LA), polished stone value (PSV), solmdness, adhesiveness and bulk specific gravity 114 

(BSG), open porosity (OP) and water absorption (WA) were tested in the previous paper.(Wang 115 

et al., 2022) The service performance including lightweight characteristic, Marshall stability, 116 

moisture damage resistance, rutting resistance and low-temperature cracking resistance of 117 

AAAMs and NAAMs, was compared to analyze the application of asphalt mixture containing 118 

strength and morphology controlled coarse AAs. CV values and paired sample t-test were 119 

employed to analyze the impact of specific morphology AAs on testing results. 120 

2 Materials and sample preparation 121 

2.1 Artificial aggregate 122 

The raw materials to prepare AAs were waste powders, bauxite and sintering additives, 123 

including fly ash and bauxite residues, bauxite, feldspar, MnO2, talcum-AlF3 and BaCO3. The 124 

properties of the raw materials were shown in Table 1. 125 

The strength development of artificial aggregates referred to the formation of secondary 126 

mullite, which could be prepared at the temperature of 1600 oC. And the mechanisms were 127 



 

 

explained by four chemical reaction formulas.(Chen, 2018) First, at the temperature of 400-500 128 

oC, metakaolinte (Al2O3·2SiO2) could be obtained. As the temperature increased to 900 oC, Al-129 

Si-Spinel and amorphous 2SiO2 developed, after which primary mullite was promoted and then 130 

the strength developed. But the strength of primary mullite could not meet the requirements of 131 

aggregates used in pavement construction in this case. Continuously, corundum, and amorphous 132 

SiO2 that was derived from metakaolinte, reacted together to produce secondary mullite at the 133 

temperature of 1200 oC. When the sintering temperature continued to increase (about 1600 oC), 134 

the secondary mullite crystals would recombine and larger secondary mullite crystals then 135 

developed, whose strength could meet the requirements of aggregates used in pavement 136 

construction. 137 

To lower the temperature to prepare artificial aggregates, sintering additives including 138 

feldspar, MnO2, talcum-AlF3 and BaCO3 were employed into the raw materials. The 139 

introduction of feldspar was to effectively control the crystallization process of mullite and the 140 

formation of optimal glass phase. MnO2 was introduced to promote the crystallization of mullite 141 

at comparably lower temperature. Also, with the addition of MnO2, the formation of mullite 142 

materials accelerated during the sintering process. Talcum-AlF3 acted as flux catalyst in the 143 

chemical reaction, facilitating the formation of the secondary mullite. To improve acid 144 

resistance of artificial aggregates, BaCO3 was employed in the raw materials. The introduction 145 

of BaCO3 could promote the formation of byproducts, Ba0.75Al11O17.25 and 146 

Ba0.956Mg0.912Al10.088O17. Both of them were the critical factors to improve the acid resistance 147 

of artificial aggregates. 148 



 

 

o400-500 C
2 3 2 2 2 3 2 2Al O 2SiO 2H O(kaolinite) Al O 2SiO (metakaolinte)+2H O  149 

o-900 C
2 3 2 3 4 12 22(Al O SiO (metakaolinite) Si Al O (Al-Si-Spinel) 2SiO (amorphous) ）  150 

o>1050 C
3 4 12 2 3 2 23Si Al O (Al-Si-Spinel) 2(3Al O SiO (mullite) 5SiO (amorphous) ）  151 

o1100-1450 C
2 3 2 2 3 23Al O (corundum) 2SiO (3Al O 2SiO (secondary mullite)  ）  152 

Table 1 Chemical components (wt.%) of materials and sintering additives. 153 

Materials SiO2 Al2O3 Fe2O3 CaO Other components L.O.I Density 

Fly ash 53.97 31.15 4.16 4.01 6.69 1.62 2.15 

Bauxite 18.79 72.98 2.51 - 5.45 0.91 3.22 

Bauxite residues 8.75 14.59 18.88 25.09 8.67 22.02 2.87 

Sintering additives         

Feldspar 69.15 15.15 0.71 0.56 13.78 0.03 2.56 

Talcum 40.11 0.26 0.21 8.31 33.20 33.18 2.73 

MnO2 Purity >99 5.02 

AlF3 Purity >99 1.91 

BaCO3 Purity >99 4.43 

Response surface design algorithm (RSD) was employed to investigate the effects among 154 

sintering additives and then to obtain the desired content of raw materials. As coarse aggregates 155 

were mainly subjected to vehicle load, compressive strength was the responses in the RSD 156 

algorithm. According to the 3D contour map in Fig. 1a, there was the negative effect between 157 

feldspar and MnO2, suggesting that the proportion of feldspar should be limited. Fig. 1b 158 

depicted a barely notable impact between MnO2 and talcum-AlF3, which was similar to the 159 

following results of feldspar and Talcum-AlF3 in Fig. 1c. Therefore, according to RSD 160 

algorithm, reference group(RG) was 38.75% fly ash, 38.75% bauxite, 5.5% feldspar, 8.5% 161 

MnO2, 7.5% talcum-AlF3 and 1% BaCO3.at 1200 oC. Also, one-sixth of RG mixing powders 162 

was replaced with bauxite residues (RG2). The specific procedures could be found in previous 163 

study.(Wang et al., 2022) 164 



 

 

 165 

Fig. 1. Effects among sintering additives: (a) feldspar and MnO2; (b) MnO2 and talcum-AlF3; 166 

(c) feldspar and talcum-AlF3. 167 

Computed tomography technology(CT) was applied to reconstruct the 3D digital models 168 

of natural aggregates with high accuracy but without destruction. After reconstruction of natural 169 

aggregates, the digital mold could be designed by 3D Builder based on the Boolean operation 170 

and then be printed based on 3D printing technology. The processes to reconstruct the natural 171 

aggregate models and to print mold were summarized in Fig. 2. The details could also be found 172 

in previous study.(Wang et al., 2022) 173 

 174 

Fig. 2. The processes to reconstruct the natural aggregate models and to print mold.  175 



 

 

Fig. 3 illustrated the main steps that the printing mold was employed to prepare the fresh 176 

AAs with specific morphology. The optimal proportions and sintering temperature were 177 

provided based on RSD algorithm. After sintering, the properties of sintered AAs including 178 

ACV, LA, PSV, solmdness, adhesiveness and the volumetric parameters were investigated, 179 

which were also presented in Table 2. Specifically, the further information to produce strength 180 

and morphology controlled AAs could be found in previous study.(Wang et al., 2022) 181 

 182 

Fig. 3. Main steps to prepare sintered AAs with specific morphology and different sizes. 183 

Table 2 Technical properties of artificial aggregates.  184 

Properties Unit RG RG2 
Standard 

(Wearing layer) 
Standard 

(Other layers) 
ACV % 8.9 14.4 ≤20 ≤22 

LA % 7.7 17.5 ≤18 ≤28 

PSV - 45 43 ≥42 / 
Solmdness % 2.4 3.1 ≤12 ≤12 

Adhesiveness - 5 5 5 4 

BSG - 2.41 2.39 - - 
OP % 0.84 7.13 - - 
WA % 0.35 2.86 ≤2.0 ≤3.0 



 

 

2.2 Natural aggregate 185 

Fig. 4 depicted the aggregates that were applied for six kinds of asphalt mixture in this 186 

paper. The natural aggregates used in this study were diabase, granite and limestone, 187 

respectively. Specifically, the diabase was provided by Guigang highway mining Co., Ltd. The 188 

granite was produced by Gaozhou xinde mining Co., Ltd. The limestone was obtained from 189 

Huarun Quarry. The properties of the coarse aggregates and fine aggregates were shown in 190 

Table 3 and Table 4, respectively. 191 

 192 

Fig. 4. Aggregates applied for six kinds of asphalt mixture. 193 

Table 3 Technical properties of coarse aggregates. 194 

Properties Unit Diabase Granite Limestone 
Standard 

(Wearing layer) 
Standard 

(Other layers) 
ACV % 8.3 16.3 17.7 ≤20 ≤22 

LA % 11.5 23.0 21.1 ≤18 ≤28 

PSV - 44 42 43 ≥42 / 
Solmdness % 2.2 3.3 2.6 ≤12 ≤12 

Adhesiveness - 5 4 4 5 4 

BSG - 2.88 2.70 2.64 - - 
OP % 2.27 1.03 5.17 - - 
WA % 0.43 0.42 0.29 ≤2.0 ≤3.0 



 

 

Table 4 Technical properties of fine aggregates. 195 

Properties Unit Diabase Limestone Granite Standard 

Apparent specific gravity - 2.74 2.77 2.73 ≥2.50 

Sand equivalent value % 70 71 76 ≥60 

Methylene blue value g/kg 2.0 0.9 1.9 ≤25 

Angularity s 38.8 38.6 35.0 ≥30 

2.3 Asphalt 196 

The styrene-butadiene-styrene (SBS) modified asphalt, whose PG grading was 76-22, was 197 

chosen from Dongguan Taihe asphalt Co., Ltd. And the properties were shown in Table 5. 198 

Table 5 Properties of SBS modified asphalt. 199 

Properties Unit SBS 

Penetration 0.1mm 56 

Softening point oC 87.0 

Ductility cm 32 

Rotational viscosity (135 oC) Pa·s 2.28 

Critical temperature (G*/sinδ=1.0 kPa) oC 88 

Critical temperature (G*/sinδ=2.0 kPa) oC 76 

2.4 Asphalt mixture 200 

Marshall design principle was employed to determine the optimal asphalt content (OAC). 201 

In this study, three kinds of NAAMs were prepared, which were the control groups. And three 202 

kinds of AAAMs were prepared, whose natural coarse aggregates were replaced with coarse 203 

AAs. The asphalt mixture gradation curves including AC16-D prepared by diabase, AC20-G 204 

prepared by granite and AC20-L prepared by limestone, were shown in Fig. 5. The OACs of 205 

three kinds NAAMs were determined as 4.7%, 4.5% and 4.4%, respectively. The properties of 206 

asphalt mixture were presented in Table 6. 207 



 

 

 208 

Fig. 5. Asphalt mixture gradation curve: (a) AC16-D; (b) AC20-G; (c) AC20-L. 209 

Table 6 Test results of asphalt mixture based on Marshall design principle. 210 

Properties Unit AC16-D AC20-G AC20-L 

OAC % 4.7 4.5 4.4 

Bulk density of bituminous mixtures - 2.549 2.432 2.481 

Theoretical maximum specific 

gravity of bituminous mixtures 
- 2.661 2.544 2.590 

VV % 4.2 4.4 4.2 

VMA % 14.1 13.3 13.5 

VFA % 70.2 67.0 68.7 

Marshall stability kN 12.95 11.12 12.64 

Flow value mm 3.21 3.09 3.15 

2.5 Sample preparation 211 

According to the results of Marshall design principle, six kinds of testing specimens were 212 

prepared to investigate the workability and service performance. Specifically, cylindrical 213 

specimens were prepared for Marshall test and moisture damage resistance test, whose 214 

dimensions were 101.6mm in diameter and 63.5mm in height, respectively. Asphalt mixture 215 

slabs were prepared by segmented roller compactor for high temperature performance test, 216 

whose dimensions were 300mm in length, 300mm in width and 50mm in height, respectively. 217 

Beam-shape specimens were extracted from asphalt mixture slabs for low-temperature cracking 218 

resistance test, whose dimensions were 250mm in length, 30mm in width and 35mm in height, 219 



 

 

respectively. Table 7 presented the details of six kinds of asphalt mixture. 220 

Table 7 Details of six kinds of asphalt mixture. 221 

Mixture label Description Note 

AC16-D 
Asphalt mixture contained natural coarse aggregates and 
natural fine aggregates  

D referred to diabase 

RG-16-D 

Asphalt mixture contained coarse AAs (natural coarse 
aggregates with the size of 16mm, 13.2mm and 9.5mm were 
replaced with the same size of coarse AAs ) and natural fine 
aggregates. 

AC20-G 
Asphalt mixture contained natural coarse aggregates and 
natural fine aggregates  

G referred to granite 

RG2-20-G 

Asphalt mixture contained coarse AAs (natural coarse 
aggregates with the size of 16mm, 13.2mm and 9.5mm were 
replaced with the same size of coarse AAs ) and natural fine 
aggregates. 

AC20-L 
Asphalt mixture contained natural coarse aggregates and 
natural fine aggregates  

L referred to limestone 

RG2-20-L 

Asphalt mixture contained coarse AAs (natural coarse 
aggregates with the size of 16mm, 13.2mm and 9.5mm were 
replaced with the same size of coarse AAs ) and natural fine 
aggregates. 

3 Testing program 222 

3.1 Marshall test 223 

Marshall stability referred to the maximum value when the failure of the specimen 224 

occurred. Meanwhile, the amount of the movement referred to flow value. In this study, 225 

Marshall test (JTG E20-2011 T0709-2011) was carried out and the RSR was applied to evaluate 226 

the moisture damage resistance of asphalt mixture. For six kinds of asphalt mixture, four 227 

replicating tests were performed and the results of each specimen were recorded. The service 228 

performance program of asphalt mixture was summarized in Fig. 6. 229 



 

 

3.2 Moisture damage resistance test 230 

Moisture damage was a common issue that obviously deteriorated the service life of the 231 

asphalt pavement. It could be explained by the fact that the asphalt mixture was continuously 232 

swelled and deformed by water as the consequence of freeze-thaw cycles, leading to the cracks 233 

development and propagation. And the repeated process deteriorated the mechanical 234 

performance and reduced the service life of the asphalt pavement. Indirect tensile strength test 235 

(JTG E20-2011 T0729-2011) was used to reveal the moisture damage resistance of asphalt 236 

mixture before and after freeze-thaw process. The first step was to put the specimens into the 237 

vacuum chamber for 15 minutes, achieving vacuum saturation. Then the saturated specimens 238 

were processed by the freeze-thaw cycle including a -18 oC, 16h freezing step and a 60 oC, 24h 239 

thawing step. The final step was that all the specimens were soaked into waster at 25 oC for 2h. 240 

The indirect tensile strength ratio (ITSR) was employed to assess the moisture damage 241 

resistance of asphalt mixture. For six kinds of asphalt mixture, four replicating tests were 242 

performed and the results of each specimen were recorded. The service performance program 243 

of asphalt mixture was summarized in Fig. 6. 244 

3.3 Rutting resistance test 245 

Rutting mainly attributed to the cumulative plastic deformation of asphalt pavement at 246 

high temperature, which basically occurred on the driving path. When subjected to the repeated 247 

vehicle load in summer, the void inside asphalt pavement became lower and then denser, thus 248 

leading to the formation of rutting. The loading wheel tracking test (JTG E20-2011 T0719-2011) 249 

was applied to estimate the rutting resistance performance of asphalt mixture. The compacted 250 



 

 

slabs were first placed into the 60 oC air bath chamber for 6h, after which the specimens were 251 

subjected to the single rubber wheel under 0.7 MPa for 1h. The rut depth at final 15 minutes, 252 

which was also represented by dynamic stability, was used to reveal the rutting resistance of 253 

asphalt mixture. For six kinds of asphalt mixture, three replicating tests were performed and the 254 

results of each specimen were recorded. The service performance program of asphalt mixture 255 

was summarized in Fig. 6. 256 

3.4 Low-temperature cracking resistance test 257 

When the temperature declined suddenly, there was the temperature gradient inside the 258 

asphalt pavement. The temperature of the pavement surface was lower that the internal one. 259 

The temperature stress developed and accumulated as the asphalt mixture shrank. When the 260 

stress was greater than the ultimate strength of asphalt mixture, the cracks occurred and then 261 

expanded rapidly. The low-temperature bending test (JTG E20-2011 T0715-2011) was 262 

conducted to reveal the low-temperature cracking resistance of asphalt mixture. The beam-263 

shape specimens were extracted from asphalt mixture slabs, followed by placing into the -10 264 

oC air bath chamber for 6h. The amount of deformation of the specimen when loading to failure 265 

was expressed as the limiting flexural strain, which was employed to measure the low-266 

temperature cracking resistance of asphalt mixture. For six kinds of asphalt mixture, four 267 

replicating tests were performed and the results of each specimen were recorded. The service 268 

performance program of asphalt mixture was summarized in Fig. 6. 269 



 

 

 270 

Fig. 6. Service performance programs of asphalt mixture. 271 

3.5 Coefficient of variation and paired sample t-test 272 

The CV value was to measure and compare the variation of a group of numbers, which 273 

had been widely used as a result of precision and reproducibility of data in medical and 274 

biological science. It could eliminate the interference of the testing results from other factors, 275 

providing the assessment for determining the variability of several testing results in the same 276 

test. In this study, CV value was used to evaluate the variability of each result when performing 277 

the same test. The CV value was desired to satisfy the following equation. 278 

CV



  279 

where CV was coefficient of variation (in %);   was the standard deviation of testing 280 

result in the same program,   was the mean of testing result in the same program. 281 

There were three kinds of t-tests in statistical method, independent samples t-test, one 282 

sample t-test and paired sample t-test. Generally, t-tests were widely used to determine the 283 

differences of variables. Particularly, the paired sample t-test was basically applied to 284 



 

 

investigate the difference of paired groups, which was assessed and compared by t-value and 285 

p-value between paired variables. When the p-value was less than or equal to α-value (p≤0.05), 286 

the paired variables exerted the notable differences and the robust correlations. The t-value was 287 

computed as followed. 288 

t
d

D

S

n

  289 

Where D   was the mean of paired testing results in the same program; d
S   was the 290 

standard deviation of paired testing result in the same program; n was the number of pairs. 291 

4 Results and discussion 292 

4.1 Lightweight characteristic 293 

The asphalt mixture containing AAs exerted the superior significance on the lightweight 294 

characteristic when compared to that containing natural aggregates. As shown in Fig. 7a, the 295 

BSGs of AAAMs were in the range between 2.264 and 2.270 while those of NAAMs were in 296 

the range between 2.432 and 2.549. It could be concluded that the BSGs of all AAAMs were 297 

smaller than those of NAAMs. Specifically, the BSG of RG-16-D decreased from 2.549 to 298 

2.264 when the natural coarse aggregates were replaced with RG. It could be observed in Fig. 299 

7c that there were lots of porosities inside RG. As depicted in Fig. 7b, RG was characterized by 300 

lower WA, indicating that this kind of porosities were inner porosities. It could also be observed 301 

form the Fig. 7c that that liquid binder would not be absorbed by RG. And this value variation 302 

trends of the other asphalt mixture (RG2-20-G and RG2-20-L) containing AAs were similar to 303 

RG-16-D. Generally, the lightweight characteristic was a positive advantage in steel bridge deck 304 



 

 

pavement, for which the asphalt mixture with RG was much lighter, reducing the dead load or 305 

improving service life by increasing the thickness. Therefore, this kind of AAs was able to 306 

achieve high strength but lightweight properties for special pavements. 307 

 308 

 309 

Fig. 7. Lightweight characteristic of asphalt mixture: (a) bulk specific gravity of asphalt mixture; 310 

(b) water absorption of aggregates; (c) cross-section image of asphalt mixture. 311 



 

 

4.2 Marshall stability and residual strength ratio 312 

The Marshall stability of all kinds of asphalt mixture could meet the requirements of 313 

specification and construction, revealing the great moisture damage resistance under water 314 

action and the condition at the temperature of 60 oC. As indicated in Fig. 8a, the RSRs were 315 

larger than 85%. And as shown in Fig. 8b, the standard Marshall stabilities of all kinds of asphalt 316 

mixture were higher than 8 kN, which were the minimum threshold values in the specification, 317 

respectively. So the addition of AAs would not have the negative impact on the performance of 318 

moisture damage resistance. Fig. 8a depicted that the RSR of RG2-20-G significantly increased 319 

as RG2 was introduced. It could be explained that granite aggregates were acid, whose 320 

adhesiveness grade was only 4. When water moved into the asphalt mixture, it was more likely 321 

to loose and drop the particles under the water action and repeated vehicle load if adhesiveness 322 

grade was much lower. As depicted in Fig. 8b and Fig. 8c, the immersion Marshall stability of 323 

RG2-20-L was still comparable to the standard Marshall stability of AC20-L though the RSR 324 

of RG2-20-L decreased. Therefore, the introduction of AAs would not deteriorate the properties 325 

of moisture damage resistance. 326 

 327 



 

 

 328 

 329 

Fig. 8. Marshall test: (a) residual strength ratio; (b) standard Marshall stability; (c) immersion 330 

Marshall stability. 331 

4.3 Moisture damage resistance 332 

As presented in Fig. 9a, ITSRs of all kinds of asphalt mixture were greater than 80%, 333 

meeting the requirements of specification and construction, and revealing the superior moisture 334 

damage resistance under freeze-thaw cycles. As RG-16-D and RG2-20-G showed the obvious 335 

enhancement in ITSRs, the addition of RG or RG2 would not decrease the ITSRs of asphalt 336 

mixture but actually increase that. The ITSR of RG-16-D increased from 85.5% to 88.5% and 337 

that of RG2-20-G raised from 87.3% to 90.9% when replacing natural aggregates with RG and 338 

RG2, respectively. Also, RG2-20-G and RG2-20-L exhibited the maximum ITSRs among all 339 



 

 

asphalt mixture, whose values were all greater than 90%, implying the non-negligible effect of 340 

RG2 on moisture damage resistance of asphalt mixture. As indicated in Fig. 9b and Fig. 9c, it 341 

was notable that the indirect tensile strengths (ITSs) of AAAMs were all greater than 1 MPa 342 

before and after freeze-thaw cycles. However, the ITSs of NAAMs were all less than 1 MPa 343 

after freeze-thaw cycles, demonstrating that the introduction of RG and RG2 had positive 344 

impact on moisture damage resistance of AAAMs. And the largest indirect tensile strength 345 

before and after freeze-thaw cycles belonged to RG-16-D. 346 

 347 

 348 



 

 

 349 

 Fig. 9. Indirect tensile strength test: (a) indirect tensile strength ratio; (b) non-freeze-thaw group; 350 

(c) freeze-thaw group. 351 

4.4 Rutting resistance 352 

The dynamic stabilities of all kinds of asphalt mixture were all higher than 3000 cycle/mm, 353 

which was the minimum threshold value required by specification and construction, 354 

demonstrating the outstanding ability to resist rutting failure under repeated vehicle load. It was 355 

clear that the introduction of RG or RG2 would not deteriorate the dynamic stability of AAAMs 356 

but actually enhance that. As illustrated in Fig. 10, the dynamic stability of RG-16-D rose from 357 

9537 cycle/mm to 11475 cycle/mm, which was the desired improvement among all asphalt 358 

mixture. It could also be found that the dynamic stability of RG2-20-G increased by 359 

approximately 1300 cycle/mm, whose improvement was similar to RG2-20-L. In addition, after 360 

the natural coarse aggregates were replaced with RG2, the dynamic stabilities of RG2-20-G and 361 

RG2-20-L were comparable to AC16-D, indicating that the noticeable impact of RG2 on rutting 362 

resistance of asphalt mixture. Typically, the middle layer was required to exhibit excellent 363 

rutting resistance performance to minimize cumulative permanent distress when subjected to 364 



 

 

repeated vehicle load at high temperature. In this case, the results of loading wheel tracking test 365 

implied that the RG2-20-G and RG2-20-L were able to be applied for middle layer of asphalt 366 

pavement construction, providing suitable service performance at high temperature. 367 

 368 

Fig. 10. Loading wheel tracking test. 369 

4.5 Low-temperature cracking resistance 370 

The maximum tensile strains of all kinds of asphalt mixture were all higher than 2500 με, 371 

which was the minimum threshold value required by specification and construction, implying 372 

the suitable ability to resist cracking failure at low temperature. It was also suggested that the 373 

incorporation of RG or RG2 exhibited the positive influence on cracking resistance behavior of 374 

AAAM. As seen in Fig. 11, the maximum tensile strain of RG2-20-L increased from 2741 με 375 

to 3431 με, which was the biggest improvement among all asphalt mixture. It was worth noting 376 

that the maximum tensile strain of RG-16-D was higher than AC20-G and AC20-L when natural 377 

coarse aggregates were replaced with RG. In addition, it could be observed that the maximum 378 

tensile strain of RG-16-D increased by roughly 500 με, whose improvement was comparable 379 

to RG2-20-G. Basically, the bottom layer was required to present great cracking resistance 380 



 

 

performance in order to limit shrinkage failure at low temperature. According to the maximum 381 

tensile strain results, AAAMs were able to be applied for bottom layer of asphalt pavement 382 

construction, providing suitable service performance at low temperature. 383 

 384 

Fig. 11. The low-temperature bending test. 385 

4.6 Coefficient of variation and paired sample t-test 386 

CV values could quantitatively assess and determine the variability of several testing 387 

results in the same test. Table 8 summarized the CV values of Marshall stability (standard and 388 

immersion), indirect tensile strength (freeze-thaw group and non-freeze-thaw group) and 389 

maximum tensile strain in the same test. As shown in Table 8, the CV value of AC16-D was 390 

higher than that of RG-16-D in standard Marshall test, indicating that the introduction of RG 391 

could significantly minimize the variability of testing results. And the CV values of RG2-20-G 392 

and RG2-20-L exhibited the similar variation trend in standard Marshall test. Firstly, every 393 

natural aggregate was characterized by random morphology and uncontrollable property 394 

because natural rock was further processed by crusher into different particle sizes after 395 

explosion and extraction. In terms of AAs, they were prepared by 3D printing mold, whose 396 



 

 

morphology was almost identical. And the differences of mechanical performance, chemical 397 

properties and volumetric parameters among different AAs could also be neglected. When 398 

considering the types of aggregates, it could be observed that the improvement of granite and 399 

limestone was more effective. The granite aggregates were acid, whose adhesiveness between 400 

asphalt and aggregate was much poor. Further, there were much cracks inside the limestone, 401 

where the CaCO3 crystals were developed in the cracks. Both factors thus led to higher CV 402 

values of AC20-G and AC20-L. It could also be observed that the CV values of AAAMs shared 403 

the similar trends in immersion Marshall stability, indirect tensile strength (freeze-thaw group 404 

and non-freeze-thaw group) and maximum tensile strain. Therefore, it could be concluded that 405 

the CV values of AAAMs were smaller than NAAMs because of the replacement of natural 406 

aggregates with AAs. 407 

Table 8 The CV values of several testing results in the same test. 408 

Test Type Mean CV(%) 

Standard Marshall stability 

(0.5h) 

AC16-D 12.95 3.05 

RG-16-D 13.91 1.42 

AC20-G 11.12 3.42 

RG2-20-G 13.13 1.37 

AC20-L 12.64 5.04 

RG2-20-L 13.76 1.96 

Immersion Marshall stability 

(48h) 

AC16-D 11.97 3.41 

RG-16-D 13.01 1.33 

AC20-G 10.03 3.43 

RG2-20-G 12.39 1.60 

AC20-L 11.82 3.34 

RG2-20-L 12.44 1.03 

Indirect tensile strength 

(non-freeze-thaw group) 

AC16-D 1.10 8.03 

RG-16-D 1.29 5.66 

AC20-G 1.02 6.99 

RG2-20-G 1.11 3.75 

AC20-L 1.04 10.86 



 

 

RG2-20-L 1.21 4.23 

Indirect tensile strength 

(freeze-thaw group) 

AC16-D 0.94 7.04 

RG-16-D 1.14 3.43 

AC20-G 0.89 12.57 

RG2-20-G 1.01 3.88 

AC20-L 0.93 11.79 

RG2-20-L 1.10 3.17 

Maximum tensile strain 

AC16-D 2687 8.05 

RG-16-D 3122 4.94 

AC20-G 3042 12.92 

RG2-20-G 3576 2.20 

AC20-L 2741 8.20 

RG2-20-L 3417 2.68 

To evaluate effects of AAs with specific morphology on the performance, paired sample 409 

t-test was employed in this study. Firstly, it was assumed that there was no effect of AAs with 410 

specific morphology on the performance. Further, when the p-value was less than or equal to 411 

α-value (p≤0.05), the null hypothesis could be rejected. So it could be concluded that the AAs 412 

with specific morphology exerted notable effect on the performance of asphalt mixture. The 413 

widely used confidence interval of difference were the 90%, 95%, 99%. In this study, the 414 

confidence intervals of difference were 95%. Table 9 listed the paired sample t-test results of 415 

Marshall stability (standard and immersion), indirect tensile strength (freeze-thaw group and 416 

non-freeze-thaw group) and maximum tensile strain in the same test. According to Table 9, the 417 

p-value of the paired samples, AC16-D and RG-16-D in Standard Marshall test was 0.01558, 418 

which was smaller than the α-value (p≤0.05). So the paired sample t-test results revealed that 419 

there was notable effect between two sets of analyzed data, indicating that the introduction of 420 

AAs with specific morphology had a significant impact on the performance of asphalt mixture. 421 

It could also be observed that the p-values of other paired samples exhibited the similar trends 422 

in the Marshall stability (standard and immersion), indirect tensile strength (freeze-thaw group 423 



 

 

and non-freeze-thaw group) and maximum tensile strain. Therefore, it could be concluded that 424 

the AAs with specific morphology exerted notable effect on the performance of asphalt mixture. 425 

Table 9 Paired sample t-test results in the same test. 426 

Test Type 
95% Confidence Interval of the Difference 

Pr>| t | 
Lower Upper 

Standard Marshall stability 

(0.5h) 

AC16-D 

RG-16-D 
-1.64589 -0.28411 0.01558 

AC20-G 

RG2-20-G 
-2.67738 -1.33762 0.00212 

AC20-L 

RG2-20-L 
-2.14827 -0.08673 0.03291 

Immersion Marshall stability 

(48h) 

AC16-D 

RG-16-D 
-1.76188 -0.32812 0.01471 

AC20-G 

RG2-20-G 
-2.91837 -1.80163 0.00078 

AC20-L 

RG2-20-L 
-1.40601 0.03101 0.03982 

Indirect tensile strength 

(non-freeze-thaw group) 

AC16-D 

RG-16-D 
-0.43957 0.05957 0.03433 

AC20-G 

RG2-20-G 
-0.21379 0.00879 0.01025 

AC20-L 

RG2-20-L 
-0.41957 0.07957 0.04115 

Indirect tensile strength 

(freeze-thaw group) 

AC16-D 

RG-16-D 
-0.35422 -0.05078 0.00792 

AC20-G 

RG2-20-G 
-0.30526 0.05526 0.00285 

AC20-L 

RG2-20-L 
-0.36139 0.02139 0.02062 

Maximum tensile strain 

AC16-D 

RG-16-D 
-641.49019 -228.50981 0.0029 

AC20-G 

RG2-20-G 
-929.44742 -137.88591 0.01791 

AC20-L 

RG2-20-L 
-891.75155 -461.91511 0.00045 

5 Conclusions 427 

Based on 3D printing technology, two kinds of strength and morphology controlled coarse 428 



 

 

AAs (RG and RG2) were prepared by printing mold using fly ash, bauxite residues, bauxite and 429 

sintering additives in this study. After the sintering process, the coarse AAs were applied to 430 

prepare three kinds of AAAM, namely RG-16-D, RG2-20-G and RG2-20-L. The service 431 

performance including lightweight characteristic, Marshall stability, moisture damage 432 

resistance, rutting resistance and low-temperature cracking resistance of AAAM and NAAM, 433 

was compared. CV values and paired sample t-test were employed to analyze the impact of 434 

specific AAs on testing results. According to results, the following conclusions could be drawn. 435 

1. The BSGs of AAAMs were in the range between 2.264 and 2.270 while those of NAAMs 436 

were in the range between 2.432 and 2.549. Because there were lots of porosities inside AAs 437 

and the AAs were also characterized by lower WA, the liquid binder would not be absorbed 438 

by AAs. So the BSGs of all AAAMs were smaller than those of NAAMs. Basically, the BSGs 439 

of AAAMs decreased by 10% approximately when compared to NAAMs. 440 

2. Three kinds of AAAMs achieved the required moisture damage resistance, whose RSRs and 441 

ITSRs all met the requirements of specification and construction. Except for the RSR of 442 

RG2-20-L, RG and RG2 exhibited the positive impact on the improvement of moisture 443 

damage resistance. 444 

3. The incorporation of AAs enhanced the thermal sensitivity resistance of three kinds of 445 

AAAMs, minimizing cumulative permanent deformation at high temperature and limiting 446 

shrinkage failure at low temperature. They could be applied for middle layer and bottom 447 

layer because of the excellent rutting resistance and cracking resistance, respectively.  448 

4. Compared to NAAMs, the CV values of AAAMs in Marshall stability (standard and 449 



 

 

immersion), indirect tensile strength (freeze-thaw group and non-freeze-thaw group) and 450 

maximum tensile strain in the same test were all smaller. The introduction of AAs prepared 451 

by 3D printing mold was able to eliminate the diversities of aggregate morphology, reduce 452 

the differences in aggregate properties and then minimize the variability of testing results. 453 

5. According to the paired sample t-test results, the p-values of paired samples were all smaller 454 

than the α-values. The introduction of AAs with specific morphology had a significant impact 455 

on the performance of AAAMs, demonstrating that there was notable effect of AAs 456 

morphology on the performance of AAAMs. 457 

In this paper, two kinds of strength and morphology controlled coarse AAs were prepared 458 

using solid wastes based on 3D printing technology. Three kinds of AAAM exhibited excellent 459 

workability and service performance, which laid a good foundation for studies on aggregate 460 

morphologies for asphalt mixture based on numerical simulation. Further, it could provide a 461 

scientific base for the replacement of natural aggregates in context of sustainable development 462 

of asphalt pavement and comparison to “standard aggregates” between different indoor and in-463 

field tests. Particularly, it was of great significance for in-situ resource utilization of the Lunar 464 

and the Mars based on sintering technology, where these celestial bodies contained moderate 465 

amounts of SiO2 estimated at 46.6%-47.1% and 9.3%-21.4%, and Al2O3 estimated at 43.4%-466 

55% and7.2%-12.4%, respectively. 467 
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