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Abstract: 4 

      Manifestation of fatigue damage under repeated loads is considered one of the 5 

notable distresses of flexible asphalt pavements. However, monitoring the development 6 

process of such distresses in asphalt pavement in real-time especially through traditional 7 

fatigue prediction models remained a challenging task for researchers. In this paper, the 8 

self-developed sensing facility has been utilized to obtain the aggregate kinematic 9 

response signal (angle and acceleration) of the semi-circular specimen during the fatigue 10 

loading process in real-time, in the upper-middle (H/2), lower-middle (L/2) and lower-11 

right (L/3) positions of the specimen. The variation characteristics of the angle and 12 

acceleration in the X, Y, and Z directions were analysed independently at three positions 13 

during the fatigue test. The correlation between the kinematic characteristic of the 14 

aggregate and the vertical deformation of the asphalt mixture specimen is established 15 

during the fatigue loading. The results illustrated that the asphalt mixture viscoelasticity 16 

attenuation during fatigue test caused the angle accumulation and acceleration response 17 

change of the specimen. The angle accumulation in the X-axis direction and acceleration 18 

variation in Y-axis direction of the aggregate at the H/2 position exhibited a significant 19 

three-stage change, which translated to the fatigue development process of asphalt 20 

mixture. The novel Angle-Accumulation Rate (AAR) of change is suggested as a long-21 

term monitoring index for the fatigue development of the asphalt mixture which indicates 22 

occurring of macrocrack when the AAR reaches about ten times the inflection point of 23 

the AAR change curve. And the proposal of AAR index creatively combines the long-24 
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term kinematic behaviour and mechanical behaviour of asphalt mixture, making long-25 

term and real-time monitoring of the asphalt pavement health from the perspective of 26 

kinematics become possible. 27 

Keywords: asphalt pavement; fatigue damage; sensor; angle; acceleration；real-time 28 

monitoring 29 

1 Introduction 30 

      After the construction of asphalt pavement, the mechanical properties of asphalt 31 

mixture are attenuated under the repeated action of the long-term vehicle and 32 

environmental load, which leads to permanent structural deformation of asphalt pavement, 33 

and finally leads to structural damage or fatigue cracking of asphalt pavement (Wang et 34 

al. 2021). At present, fatigue failure has become the dominant failure mode of flexible 35 

asphalt pavement (Qiang et al. 2012, Guo et al. 2017, Liu et al. 2017). 36 

      Because the fatigue damage of asphalt pavement structure is affected by the size 37 

and frequency of the vehicle load, the temperature and humidity cycle of the environment, 38 

etc., it is difficult to predict the fatigue damage of asphalt pavement in the field. Therefore, 39 

the fatigue prediction of asphalt pavement is mainly focused on the indoor test. The 40 

commonly used laboratory test methods include the four-point bending fatigue test, 41 

indirect tensile test, trapezoidal cantilever test and so on. However, different test methods 42 

produce different results. Karami, LV, Yan, et al. studied the fatigue properties of asphalt 43 

mixtures using four-point bending, direct tensile and splitting fatigue tests separately. The 44 

results were quite different by different methods (Karami and Nikraz 2015, Lv et al. 2018, 45 

Yan et al. 2020). With the development of fatigue research, the application of Semi-46 

Circular Bending (SCB) fatigue tests has increased. Hasan et al. compared and analysed 47 

the differences between four-point bending fatigue and SCB tests by studying the fatigue 48 
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properties of coarse and fine asphalt mixtures. The results showed significant differences 49 

in the fatigue properties of the two mixtures from the four-point bending test. In contrast, 50 

the SCB test results showed that the anti-fatigue properties of the two mixtures were 51 

similar (Hasan et al. 2019). However, Dong et al. found that SCB was more sensitive to 52 

stress ratio than splitting fatigue tests (Dong et al. 2020). In addition, after years of 53 

experimental research, researchers had a deeper understanding of the evolution of fatigue 54 

damage on asphalt pavement. They proposed various fatigue damage prediction models, 55 

which could be divided into the following categories: phenomenological, energy, and 56 

fracture mechanics (Kiplagat et al. 2017, Du et al. 2021). With the development of 57 

numerical simulation technology, researchers have proposed many new fatigue prediction 58 

models by combining numerical simulation technology and indoor fatigue test (Wang et 59 

al. 2018b). Wang et al. proposed an evaluation model of fatigue damage evolution based 60 

on continuum mechanics by the evolution law of fatigue damage of asphalt mixture in the 61 

four-point bending fatigue test. And its reliability was verified by finite element 62 

simulation (Wang et al. 2018a). Irfan et al. established a function among the number of 63 

fatigue failure cycles, initial strain, viscosity, optimum asphalt content, and elastic 64 

modulus through a non-linear model formulation. And the results of the model could be 65 

used as a basis for selecting asphalt concrete mixtures based on fatigue life criteria (Gul 66 

et al. 2018). Moghaddam et al. have applied a Support Vector Machine Firefly Algorithm 67 

(SVM-FFA) method to estimate the fatigue life of asphalt pavement. And they 68 

investigated that compared with other test results, the data acquired from this method was 69 

more accurate (Moghaddam et al. 2016). However, none of these theoretical prediction 70 

models could reflect the real real-time fatigue development process of asphalt pavement. 71 

      With the application of artificial intelligence technology in road engineering, 72 

many researchers have used intelligent detection technology to test the performance and 73 
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distress of pavement structure. Currently, the fibre Bragg grating is one of the most widely 74 

used intelligent detection technologies. Researchers have applied it to the quality control 75 

and structure health monitoring of road engineering (Zhou et al. 2012, Yiqiu et al. 2014, 76 

Carey et al. 2017, Wu et al. 2019). Although fibre Bragg grating was widely used in road 77 

engineering, its layout was complex, and its survival rate remained low (Fielder et al. 78 

2004, Burunkaya and Yucel 2020). Li et al. proposed a crack classification algorithm 79 

based on interleaved low-rank group convolution hybrid deep network (ILGCHDN) to 80 

evaluate pavement's structural damage by calculating the crack area (Li et al. 2021). To 81 

detect the asphalt concealed damage, Ji et al. embedded lead zirconated 82 

titanite/polyvinylidene fluoride composite aggregate (CPA) into asphalt pavement and 83 

established a relationship model between root mean square deviation (RMSD) and crack 84 

width using amplitude attenuation as a monitoring index (Ji et al. 2019a). After that, Ji et 85 

al. used piezoelectric ceramics to find that the attenuation coefficient of acoustic waves 86 

decreased with the increase of pavement crack width, which proved the feasibility of 87 

using wireless sensing technology to monitor the development of pavement crack (Ji et 88 

al. 2019b). Hasni et al. developed battery-free wireless sensors with non-constant 89 

injection rates that accurately detect the development of bottom-up crack of asphalt 90 

pavement (Hasni et al. 2017). Xue et al. developed an embedded sensing network for 91 

pavement health monitoring. The pavement responses collected by the sensor network 92 

were used to predict the long-term performance of the pavement and serve as a basis for 93 

subsequent pavement management (Xue et al. 2014). However, the accuracy of structure 94 

health monitoring is affected by the environment. Hu et al. minimized the influence of 95 

environment on the process of structural health monitoring based on Principal 96 

Components Analysis (PCA) methods (Yan et al. 2005, Hu et al. 2012). 97 
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      In the process of compaction and service of asphalt pavement, aggregate rotates 98 

and displaces under the effect of external force, resulting in the rearrangement of the 99 

mixture and eventually leading to the reinforcement of the skeleton structure of the 100 

mixture. However, when the ultimate bearing capacity is exceeded, coarse aggregate is 101 

broken, resulting in the skeleton's instability, leading to pavement structural distresses. To 102 

study the movement of coarse aggregates during compaction, Shi et al. used image 103 

processing methods to investigate the correlation between aggregates movement and 104 

rutting resistance (Shi et al. 2020). Li et al. used CT scanning technology to confirm that 105 

the densification characteristics of asphalt mixture were closely related to the 106 

displacement of coarse aggregates during rotary compaction (Li et al. 2019). In addition, 107 

Gong et al. used numerical simulation technology to find that aggregates of different 108 

shapes had different motion characteristics during SGC rotating compaction (Gong et al. 109 

2018). To obtain the movement of real aggregates, Wang et al. simulated real aggregate 110 

movement through SmartRock and obtained the movement of aggregate in the process of 111 

compaction in real-time. The results showed that the aggregate movement was highly 112 

correlated with the development of the asphalt mixture's compactness (Wang et al. 2018c, 113 

Wang et al. 2019, Dan et al. 2020). And the application of Intelligent Aggregate (IA) 114 

developed by Zhang in the compaction process also showed that the correlation between 115 

compaction degree, spatial attitude angle, and spatial acceleration is significant (Zhang 116 

and Wang 2021). Furthermore, Erdem et al. compared X-ray computed tomography 117 

images before and after the HVS rut test. They found a significant aggregate movement 118 

in the direction of travel and the underside of the driven wheel. Significant differences in 119 

aggregate movement and void variation were also observed between overlay thicknesses 120 

(Coleri et al. 2012). These studies showed that the movement of aggregate in asphalt 121 

mixture is closely related to its functional and structural performance. 122 
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      The researchers found that any particle's motion starts with a rotation, a process 123 

perhaps accompanied by a linear displacement (Wang et al. 2018c). Under repeated load, 124 

the fatigue failure and permanent deformation of asphalt pavement are also accompanied 125 

by the rotation and displacement of coarse aggregate. Therefore, this paper starts from the 126 

movement characteristics of aggregate under the action of load, uses intelligent sensing 127 

technology to obtain its kinematic response signal, and explores the kinematics law of 128 

aggregate. The kinematic response under repeated load could reflect the fatigue 129 

development of asphalt mixture to realize the purpose of real-time monitoring of asphalt 130 

mixture performance under long-term load. The study of acceleration and angle signal 131 

variation is envisaged to explain the fatigue development of asphalt pavement structure 132 

under repeated vehicle loads from an entirely new perspective. 133 

2 Materials and methods 134 

      In view of the integral nature of the movement of the asphalt mixture specimen 135 

under loading, the sensor was supported in the form of a patch attached to the specimen's 136 

surface to obtain the kinematic response of the specified parts of the specimen under 137 

fatigue loading. 138 

2.1 Preparation of acceleration sensor patch 139 

      A tri-axis acceleration sensor is used as the motion sensing element in this paper. 140 

The dimensions and main technical parameters are shown in Fig. 1 and Table 1. 141 
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 142 

Fig. 1. Tri-axis accelerometer 

Table 1. Technical parameters of the sensor 

Tri-axis accelerometer 

Power supply 3.3-5v 

Operating current 5.5-6mA 

Acceleration range ±3g 

Acceleration accuracy ±15mg 

Angle range ±90° 

Angle accuracy 0.05° 

Date output frequency 10Hz 

Module size 15.24*15.24*5mm 

 143 

      Kinematic parameters acquired from a tri-axis acceleration sensor is by converting 144 

mechanical signals into electrical signals, and then converting electrical signals into 145 

digital signals. After the kinematic data acquired, digital filtering techniques are used to 146 

reduce data noise and improve its accuracy. And Biphasic Dose Response Function is 147 

used to fit the acquired data. 148 

      The sensor was welded and encapsulated in a suitable mold (25mm in diameter). 149 

The self-developed sensor patch is shown in Fig. 2. The sensor patch was bonded to the 150 

specimen surface while keeping the surface clean and flat to make the contact surface 151 

neatly bonded, thus improving the test accuracy. 152 
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 153 

Fig. 2. Acceleration sensor patch 

2.2 Fatigue loading test 154 

      To better simulate the actual stress condition of asphalt pavement structure and 155 

simplify the test process, the SCB fatigue test was adopted to study the fatigue 156 

performance of the asphalt mixture, and the gradation of asphalt mixture was SMA-13. 157 

The Universal Testing Machine (UTM-30) multi-functional testing machine was adopted 158 

as the fatigue test instrument. 159 

      The middle position of the bottom of the SCB specimen (150mm in diameter and 160 

50mm in thickness) is the main tensile area of the whole specimen, which is the critical 161 

location for the first fatigue failure and the occurrence and development of cracks. It is 162 

also the main area determining the primary axis displacement of the UTM-30 application 163 

point in the fatigue test. Therefore, studying the movement characteristics of aggregate in 164 

this area is of great significance. 165 

      In the process of the SCB fatigue test, the pressure head of UTM-30 had an impact 166 

on the whole specimen. Under loading, the instantaneous compressive stress is generated 167 

in the upper part of the specimen, and the instantaneous tensile stress is generated in the 168 

lower part of the specimen, accompanied by the bending deformation at the bottom. 169 

Asphalt mixture has viscoelastic properties. At the moment of unloading, the load-170 

deformation generated by the specimen recovers at the fastest speed at the corresponding 171 
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viscoelasticity level of the asphalt mixture. At this moment, the stress changes at the top 172 

and bottom of the specimen, upside by compression transformation for the tension, 173 

lowering the tension into compression, shown in Fig. 3. During the whole loading and 174 

unloading cycle, the specimen produces shock and rebound acceleration in the loading 175 

direction. 176 

 177 

(a) Load                          (b) Unload 178 

Fig. 3. Stress distribution of semi-circular bending specimen 

2.3 Position selection and calibration of acceleration sensor patch 179 

      Currently, channelized transportation is adopted to optimize transportation 180 

mobility and efficiency and reduce traffic accidents. However, channelized traffic 181 

following the designated route pattern leads to severe distresses such as rutting/ 182 

permanent deformation in the track belt.  183 
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Fig. 4. Vehicle wheel track distribution frequency 

      Fig. 4 shows the distribution frequency of wheel tracks around the 3.75m road 184 

track belt under a wheel load. It is evident that the distribution of wheel track frequency 185 

decreases gradually from the tire centre to both sides under load. Due to the structural 186 

integrity of the asphalt pavement, the tire also affects the uncontacted (track belt edge) 187 

pavement around it. 188 

      In the process of studying the fatigue performance of asphalt mixture, we should 189 

not be limited to the stress condition under the load but take the influence of the load on 190 

the surrounding wheel track into account. When the vehicle load does not act directly 191 

above the embedded sensor on the pavement, the aggregate could still respond to the 192 

influence of the vehicle load on the pavement structure to a certain extent. To obtain the 193 

motion parameter responses and changes of the acceleration sensor patch at different 194 

positions of the specimen, three positions of the SCB specimen were selected, as shown 195 

in Fig. 5. 196 
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 197 

Fig. 5. Position of the acceleration sensor patch 

      The sensor patch and the position of the bottom half of the semi-circular specimen 198 

(L /2), the lower third of the right part (L /3), and the vertical half of the middle part (H 199 

/2) are placed, respectively. Three tests at different positions are set as a group, and the 200 

SCB specimens in each group are all from the same cylindrical specimen. The test is 201 

repeated three times for each position to verify the repeatability test. The patch mode and 202 

coordinate axis of the sensor on the specimen surface are shown in Fig. 6. 203 

 204 

Fig. 6. Sensor coordinate axis 

2.4 Determination of loading mode and stress ratio 205 

      In this study, the intermittent rectangular load is adopted, it can simplify the stress 206 

analysis of the specimen. The loading frequency is determined as 1Hz, that is, 0.1s 207 
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loading and 0.9s intermittent rest period, to ensure that the sensor patch can have enough 208 

reaction time. The data collection time of the sensor in this test is set at ten times per 209 

second.  210 

      To select an appropriate stress ratio and comprehensively consider the accuracy 211 

and efficiency of test results, two ultimate bearing capacity tests are conducted on semi-212 

circle specimens at a temperature of 15℃, as shown in Fig. 7. Its average value is taken 213 

as the ultimate bearing capacity of the specimens, and the failure load is 13.28 kN. The 214 

stress ratio of the semi-circle bending fatigue test is 0.14, and the load level is 1.8 kN.  215 

 216 

Fig. 7. Ultimate bearing capacity test 

3 Results and Discussion 217 

3.1 Investigation of fatigue test results 218 

      Fig. 8 shows the displacement development curve of the semi-circle specimen at 219 

the point of an application under cyclic load. At the point of application, the spindle 220 

displacement presents a reverse S-shaped development until the SCB specimen is 221 

damaged.  222 
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 223 

Fig. 8. Spindle displacement curve 

      As can be seen in Fig. 8, in this process, the spindle displacement curve has two 224 

inflection points. The fatigue damage process conforms to the law of the three stages of 225 

evolution, the micro-crack initiation stage, the micro-cracks expansion stage, and the 226 

macroscopic crack extension stage. The second phase experiences the longest time. 227 

Therefore, this stage is essential for studying the fatigue evolution law. The third stage of 228 

specimen failure is a concrete manifestation of fatigue damage accumulation in the 229 

second stage. 230 

      At the end of the fatigue test, we find that the aggregates at the fractures are intact, 231 

and some of the aggregates have asphalt attached to the surface, as shown in Fig. 9. This 232 

phenomenon indicates that fatigue damage occurs mainly in the fatigue fracture of the 233 

asphalt-aggregate bond and of the asphalt itself. The results show that the fatigue 234 

performance of asphalt mixes is mainly influenced by the adhesion between asphalt and 235 

aggregate and the surface tension caused by the viscoelasticity of the asphalt itself.  236 



 
14 

 237 

Fig. 9. Fracture of the sample 

3.2 Analysis of acceleration and angle changing characteristics  238 

      Fig. 10, 11, and 12, respectively show the acceleration changes at L/2, H/2, and 239 

L/3 position obtained by the sensor patch during the fatigue test.  240 

 241 

(a) Change in X-axis acceleration        (b) Change in Y-axis acceleration 

 242 
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 243 

(c) Change in Z-axis acceleration 

Fig. 10. Acceleration changes at L/2 position 

 

(a) Change in X-axis acceleration         (b) Change in Y-axis acceleration 

 244 

(c) Change in Z-axis acceleration 

Fig. 11. Acceleration change at H/2 position 
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(a) Change in X-axis acceleration         (b) Change in Y-axis acceleration 

 245 

(c) Change in Z-axis acceleration 

Fig. 12. Acceleration change at L/3 position 

      The sensor patch at the three positions has different changes in all three directions. 246 

The acceleration changes along the X direction are the same in the three stages at three 247 

positions during the SCB fatigue process. During the whole test process, the acceleration 248 

fluctuates around 0, and the fluctuation is in a relatively stable state. But the acceleration 249 

fluctuation at the L/3 position is more slightly than the other two positions. The X-axis is 250 

the coordinate axis parallel to the bottom edge of the SCB specimen. During the 251 

interconversion of tensile and compressive stresses in the specimen under load, the 252 

conversion between shock acceleration and rebound acceleration shows a corresponding 253 

situation, which can be taken as the specimen's response to tensile forces in the X-axis 254 
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direction. As a result, the acceleration in the three directions (i.e., the acceleration 255 

resulting from the interconversion of tensile and compressive stresses parallel to the level 256 

of the specimen during loading and unloading) shows steady fluctuations throughout the 257 

fatigue test. Because the L/3 position is not in the central area where tension and 258 

compression vary, the acceleration fluctuation is much smaller than in the other two 259 

positions. The results show no significant trend in the acceleration response to the whole 260 

process at different positions under a wheel load. In contrast, the acceleration response is 261 

most pronounced at positions below the wheel track. The Y-axis acceleration at all three 262 

different positions shows a clear parabolic trend, which means that the shock acceleration 263 

plays a dominant role in the process. Throughout the microcracking phase and in the early 264 

stages of microcrack development, shock and rebound accelerations alternate with large 265 

values, except at the H/2 position. The variation in acceleration on the Y-axis can be 266 

explained by the excellent viscoelastic properties of the asphalt mix in the early stages of 267 

loading, with strong adhesion between the asphalt and the aggregate surface. As a result, 268 

its elastic rebound is good when loaded. Most of the specimens are deformed elastically 269 

and recover in a very short time (0.9s interval) after unloading, and as a result, vertical 270 

shock acceleration and rebound acceleration vary. This phenomenon occurs in the early 271 

stages of fatigue damage, i.e., during the crack initiation and microcrack development 272 

stages. However, after passing through the early stages of the second fatigue damage 273 

phase, internal damage to the asphalt mix structure has occurred, accompanied by a 274 

decrease in the viscoelasticity, surface tension, and modulus of elasticity of the asphalt 275 

binder. Under the same load, the partial elastic deformation of the asphalt mix gradually 276 

transitions to plastic deformation. Thus, this stage of the deformation by plastic and elastic 277 

deformation is two kinds of deformation. The rebound deformation of resilience provided 278 

that is reduced to make the rebound acceleration decrease. After unloading, due to the 279 
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strong plasticity of the asphalt mixture in this phase and its reduced viscoelasticity, the 280 

rebound deformation of the specimen requires more time to recover, resulting in the 281 

lagging of the specimen rebound deformation, thus not enabling the specimen to rebound 282 

to the initial state. During the recovery of deformation, the next loading has already 283 

occurred, i.e., when the shock acceleration has not recovered to zero, the next loading 284 

causes the shock acceleration generated by the specimen to superimpose on the previous 285 

residual shock acceleration, eventually leading to a situation where the shock acceleration 286 

becomes increasingly large. When the fatigue damage enters the third stage, the Y-axis 287 

acceleration and displacement of the spindle develop very similarly. Upon entering this 288 

phase, the acceleration and displacement of the spindle accelerate, cracks appear in the 289 

specimen and gradually extend towards the middle of the specimen, the integrity of the 290 

asphalt mix is destroyed, and the change in acceleration stops. There are still significant 291 

differences between the three positions. As the loading time increases, although the 292 

average acceleration values of the three positions gradually decrease, the acceleration at 293 

position H/2 shows a clear triadic variation, which is more conspicuous than in the other 294 

two positions. The lower part of the SCB specimen is the tensile zone, and the stress is 295 

subjected to tensile stress. At the H/2 position, the sensor patch is arranged at the vertical 296 

midpoint of the SCB specimen, in the region where tensile stress and compressive stress 297 

act together, so its stress state is more complex than that of the middle and lower parts. 298 

The L/2 and H/2 position acceleration significantly differ before the later stages of fatigue 299 

development. This phenomenon can be interpreted as the upper specimen in the cutting 300 

plane perpendicular to the semi-circular reference a lower amount of expansion under the 301 

same load. As a result, viscoelastic attenuation of the asphalt at the upper part of the 302 

specimen under cyclic load has not reached the point where the accelerated change in this 303 

direction produced an obvious difference. At the L/3 position, because the sensor patch 304 
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at this position is not located directly under the load, it is subjected to a certain eccentric 305 

force, so the regularity of its performance is not as good as the acceleration change of the 306 

sensor patch at two positions directly under the load. The effect of the fatigue load is 307 

somewhat weaker at this position than at the other two positions. In the Z-axis direction, 308 

the acceleration variations at the initial and final stages at the three positions show some 309 

differences. Acceleration at the L/2 position fluctuates more strongly at the initial stage 310 

and becomes stable slowly when the process goes to the middle part. In contrast, 311 

acceleration at the L/3 position keeps stable at the pre-middle stage. It increases steadily 312 

in the later stage, which indicates that the rebound acceleration plays a more important 313 

role than shock acceleration at this position in the later stage. And acceleration at H/2 314 

remains stable through the whole test. Throughout the loading process, the stress state 315 

along the Z-axis of the semi-circular specimen is similar to that of the specimen in the 316 

indirect tensile test. Under a vertical load, the specimen developed deformation and 317 

stresses perpendicular to the direction of the load. The test exhibits mainly expansion and 318 

contraction perpendicular to the direction of the semi-circular cutting surface of the 319 

specimen. Again, the expansion and contraction of the specimen are influenced by the 320 

viscoelasticity of the asphalt mixture. With the increase of load cycles, asphalt mixture 321 

shows stress relaxation phenomenon, and the elastic deformation of asphalt mixture 322 

specimen part into plastic deformation, which made the expansion of the specimens after 323 

loading quantity decrease, eventually leading to shrinkage and shrinkage rate after 324 

unloading is reduced. As a result, the shock acceleration and rebound acceleration in the 325 

Z-axis direction is gradually reduced. 326 

      In the fatigue test process, the deformation of specimens produces not only the 327 

change of acceleration but also the change of angle. As one of the parameters for 328 

evaluating the movement of asphalt mixture specimens, the angle also shows a certain 329 
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regularity, as shown in Fig. 13, 14, and 15. As the Z-axis direction is perpendicular to the 330 

semi-circular cutting surface of the specimen and the loading direction, the angular 331 

change in this direction during the test is 0. Therefore, the angular change in this direction 332 

is not discussed, and only the angular change in the X- and Y-axis directions are analysed.  333 

 334 

(a) The X-axis Angular change        (b) The Y-axis Angular change 

Fig. 13. Angular change at the L/2 position 

 335 

(a) The X-axis Angular change        (b) The Y-axis Angular change 

Fig. 14. Angular change at the H/2 position 
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 336 

(a) The X-axis Angular change        (b) The Y-axis Angular change 

Fig. 15. Angular change at the L/3 position 

      The angular changes at the three positions show almost the same trend but 337 

significant differences in the two directions. It is worth noting that the change in 338 

acceleration on the Y-axis and the change in angle on the X-axis show the same trend, 339 

both showing a downward parabolic trend. And the angular change in Y-axis at three 340 

positions maintains stability in the real test. In the X-axis direction, as it is parallel to the 341 

bottom of the semi-circular specimen, it reflects the straight line at the centre of the 342 

bottom and the change in angle between the horizontal plane and the pivot point of the 343 

specimen. As the test proceeds, and as the number of loads increases, some of the 344 

specimen's elastic deformations gradually transform into plastic deformation, causing 345 

permanent deformation at the bottom of the specimen, which cannot be restored to its 346 

initial state. Therefore, the angle of its X-axis gradually accumulated and became more 347 

significant. However, the decrease of viscoelasticity and the accumulation of plastic 348 

deformation made the resilience of asphalt decrease gradually, showing that the difference 349 

between the maximum and minimum angular changes becomes larger. The angle changes 350 

along the Y-axis indicate that the specimen under the load action does not produce obvious 351 
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deformation and stress change in this direction, so the angle along the Y-axis before and 352 

after the test does not produce a noticeable change. 353 

      In summary, the kinematic response of sensor patches at all three positions of the 354 

semi-circular specimen reflects the changes in the fatigue performance of the asphalt mix 355 

in the fatigue test. The changes in acceleration of the sensor patch on the Y-axis and the 356 

changes in angular on the X-axis are the most similar to the displacement development 357 

curve at the application point. 358 

3.3 Determination of optimum fatigue response position and index 359 

      From the above analysis, it can be clear that the acceleration variation trend of 360 

each part along the Y-axis and the angle variation trend along the X-axis are similar to the 361 

development trend of the spindle displacement (vertical deformation). To further quantify 362 

the degree of correlation among the three, origin is used to carry out curve fitting for the 363 

three data and then works out the negative number of the data on the curve of acceleration 364 

and angle change. The results are shown in Fig. 16. 365 

 366 

               (a)                                (b) 367 
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 368 

(c) 369 

Fig. 16. Negative of the acceleration and Angle change curve 

      Finally, Pearson correlation analysis on the three was carried out. The results are 370 

shown in Fig. 17, indicating that the correlation among the three was significant. 371 

 372 

Fig. 17. Correlation between different positions of SCB specimens and their 

kinematic characteristics 

      It can be seen that the correlation between the angle variation curve and the 373 

displacement development curve, as well as the correlation between the acceleration 374 

variation curve and the displacement development curve, are above 0.91. The relationship 375 



 
24 

between the asphalt mixture kinematic parameters and its axial displacement can 376 

represent the change in asphalt mixture fatigue performance. This relationship also 377 

confirms the feasibility of the sensor patch in monitoring the fatigue performance of 378 

asphalt pavements and reflects the solid guiding significance of this study for engineering 379 

practice. Variations in the angle and acceleration profiles of the semi-circular specimens 380 

with the sensor patch in different positions can also be found. The development of the 381 

displacement curve has a different relationship with the highest overall performance 382 

correlation when the sensor patch is located at H/2, followed by L/2. The worst correlation 383 

is when the specimen L/3 sensor patch is halfway down. Under actual pavement loading 384 

conditions, it is at a certain structural depth directly below the track belt. The deeper the 385 

sensor is buried, the poorer the accuracy of the parameters obtained to reflect the fatigue 386 

performance of the pavement. Therefore, in practical engineering applications, the burial 387 

depth of the sensing facilities should be reasonably controlled. Its significance is 388 

weakened when the accelerated patch is placed on either side of the track belt. In other 389 

words, the effectiveness of the reflection of the fatigue performance of the asphalt 390 

pavement has further deteriorated. Although the effect of sensors at different locations on 391 

the fatigue performance is different, the accuracy of the sensors is greatly improved if the 392 

kinematic parameters obtained from different locations are combined to form an array of 393 

sensing facilities in the pavement structure. 394 

      Although the acceleration and angle changes indicate the decay in pavement 395 

fatigue performance, there are still significant differences between them. As can be seen 396 

from the previous analysis, the angle change curve is more clearly correlated with the 397 

force point displacement development curve than the acceleration development curve is 398 

with the force point displacement development curve, although they are close to each 399 

other at H/2. Changes in angle are therefore more suitable for monitoring the fatigue 400 
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performance of pavements than changes in acceleration. In addition to this, vehicle loads 401 

are not constant in actual asphalt pavement use, and the loading frequency is not uniform. 402 

It is assumed that acceleration is used as the best evaluation indicator. In this case, it only 403 

reflects the rapid movement of the pavement under vehicle loading, and of course, the 404 

rebound acceleration, which is the total long-term load, is significantly attenuated. 405 

However, it is only applicable to pavement fatigue performance after significant 406 

attenuation and not to monitoring pavement fatigue performance during short to medium-407 

term use. 408 

      For the angle of the sensor, the elastic deformation of the pavement structure of 409 

the asphalt pavement is gradually transformed into plastic deformation under long-term 410 

loading, resulting in permanent deformation of the pavement structure and changing the 411 

angle of the accelerated patch. This change accumulates gradually and permanently and 412 

is not affected by the action of wheel loads. It can therefore record the change in angle of 413 

the aggregates in the pavement structure in real time and permanently, enabling the 414 

recording of movement parameters over the whole life cycle of the pavement and 415 

reflecting the fatigue decay of the pavement structure. To further analyse the change of 416 

the aggregate angle in the fatigue loading process, the derivative fitting of the X-axis 417 

angle at the H/2 position and its displacement development curve was carried out, as 418 

shown in Fig. 18. The relationship between the Angle-Accumulation-Rate (AAR) and the 419 

accumulation rate of the spindle displacement was studied. 420 
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 421 

Fig. 18. Comparison of cumulative rate of angle and spindle displacement 

      At the microcrack initiation stage, the spindle has a high displacement 422 

accumulation rate of approximately 0.0002 and an AAR of approximately 0.0001. As the 423 

development enters the micro fatigue crack growth stage, the point accumulation rate and 424 

spindle displacement accumulation rate gradually decrease. When the number of loads 425 

reaches about 800, the AAR drops to a minimum of 0.00006. The spindle displacement 426 

is still falling, and the cumulative rate drops to a minimum of roughly 0.00004 when the 427 

number of loads reaches about 1400. they reach the minimum point 600 times apart; when 428 

the cumulative rate of spindle displacement reaches a minimum, the AAR returns to 429 

0.0001, where the first intersection of the two occurs. After that, the AAR and the 430 

cumulative rate of spindle displacement increased rapidly as the number of loads 431 

increased. When the number of loads reaches approximately 2200, the cumulative rate of 432 

spindle displacement increases to approximately 0.0002, the same as the initial time. At 433 

this point, a macroscopic crack appears at the bottom of the SCB specimen and begins to 434 

enter the macroscopic crack extension stage. At this point, the AAR is approximately 435 

0.0005, which is twice the rate of spindle displacement accumulation.  436 
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      The results show that when the AAR in the Y-axis is in the decreasing phase, the 437 

asphalt pavement is in an excellent state of performance. However, as the number of axial 438 

loads increases, the AAR gradually increases. When it increases to 0.0005, the asphalt 439 

pavement is expected to suffer structural damage. Therefore, when the AAR reaches ten 440 

times that of the AAR at the inflection point in the whole stage, as shown in Equation (4), 441 

it is considered that apparent damage has occurred to the asphalt pavement and early 442 

warning and maintenance plans should be made. 443 

Vc = 10V𝑖𝑖                                  (4) 444 

Where, Vc is the AAR when the asphalt mixture enters the macro-crack growth stage; 445 

V𝑖𝑖  is the AAR at the inflection point in the fatigue development process of asphalt 446 

mixtures.  447 

4 Conclusions 448 

      This paper evaluated the asphalt mixture fatigue phenomenon using the SCB 449 

fatigue test method. The integral kinematic characteristics of the aggregate in the 450 

specimens under the load is utilized. A square wave is used as a fatigue loading method 451 

to simplify the specimen stress distribution and amplify the self-developed sensor signal 452 

obtained by movement. The relationship between the variation of kinematic response and 453 

the development of the displacement of the application point during the fatigue loading 454 

process is analysed, and the main conclusions are as follows: 455 

      Fatigue cracks of asphalt mixture specimens mainly appear in the asphalt itself 456 

and on the bonding surface of aggregate and asphalt. The attenuation of asphalt 457 

viscoelasticity and the surface tension between asphalt and aggregate during the test lead 458 

to the variation of kinematic response in three directions. The transformation of elastic 459 
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deformation to plastic deformation of the test specimen results in the accumulation of X-460 

axis rotation angle and Y-axis shock acceleration, having a similar three-stage changing 461 

trend. 462 

      The position of the sensing facility dramatically influences the accuracy of fatigue 463 

kinematic response. Correlation analysis shows that the correlation between the change 464 

curve of angle and acceleration at H/2 and the change curve of displacement at the 465 

application point is the largest, reaching 0.981 and 0.985, which can better reflect the 466 

fatigue property attenuation of asphalt mixture in the process of fatigue test, followed by 467 

the position of L/2 of the specimen. Kinematic response of aggregate at L/3 position has 468 

the worst reflection on the attenuation of asphalt mixture's fatigue performance. 469 

Therefore, the position of the sensing facility in the pavement on the field should be 470 

reasonably considered to obtain the ideal data. However, because of the permanent nature 471 

of angle accumulation and the transient nature of acceleration response, angle variation 472 

is more suitable than acceleration variation for long-term fatigue performance monitoring 473 

of asphalt mixtures under vehicle load. 474 

      The novel Angle Accumulation Rate (AAR) is presented as the real-time and long-475 

term fatigue performance monitoring index of the asphalt mixture. By comparing the 476 

development curve of spindle displacement accumulation rate and AAR, the asphalt 477 

pavement is considered damaged when the AAR at the upper-middle point of semi-478 

circular specimen approaches ten times the AAR curve at the inflection point – the 479 

triggering point of preventive maintenance treatment to arrest pavement structural 480 

damage. 481 

      This paper proposes a new method for monitoring the fatigue performance of 482 

asphalt mixtures by combining modern intelligent sensing and signal processing 483 

technology and traditional test methods. It is worth mentioning here that this method can 484 
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effectively predict the development trend of fatigue performance of asphalt mixtures 485 

through aggregate mesoscopic motion. The proposal of AAR also creatively combines 486 

the long-term kinematic behaviour and mechanical behaviour of asphalt mixture structure 487 

to provide effective data and theoretical support for the life cycle management of asphalt 488 

pavement. However, a wired sensor was used in this test, and the transferability and 489 

integrity of motion were utilized to study the kinematic response of the asphalt mixture 490 

specimens. In future research, it is possible to turn wired sensors into wire-less sensors 491 

by optimizing the sensor transmission mode. And shaping the appearance of the sensing 492 

facility by effective encapsulation to an aggregate-like size and shape, which makes the 493 

sensing facility could be used as the skeleton of the asphalt mixture to obtain a more 494 

accurate kinematic response. 495 
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