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Abstract

:

Long-term and real-time monitoring of asphalt pavement can be carried out by using embedded sensors to perceive and predict structural damage during pavement operation period, so as to avoid sustained development of damage. However, the influence of embedded sensors on the mechanical properties of asphalt pavement structure and the structural optimization of sensing elements needs to be further studied. Based on the finite element numerical simulation method, static load model and three-point bending test mode were conducted with three “pavement-sensor” coupling model without sensor, with embedded I-shape sensor, with embedded corrugated-shape sensor. Three simulated conditions were studied comparatively of the sensing element embedding effect on the mechanical response of asphalt pavement structure. Results show that the sensing elements embedded with the two structures have a certain influence on the stress and strain field of asphalt concrete. Within the range of 60–100 mm the asphalt mixture is in a state of tension; the stress values increase with depth and show a maximum tensile stress state at the bottom of the beam. In the compression zone, the strain of the I-shape sensing element embedded is closer to that of the strain without the sensing element embedded. Along the axis of the two sensing elements, the axial strain of the I-shape sensing element is smoother and uniform, which ensures the deformation coordination in the road state. The optimal length L of the sensing element is 14 cm, the diameter φ of the sensor is 10 mm, and the I-beam length GL is 10 cm.
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1. Introduction


In recent years, to improve the performance of pavement and extend the service life of pavements, researchers have carried out a lot of studies on the structural mechanics, environmental and traffic monitoring for the structural health monitoring (SHM) of pavements [1,2,3]. However, traditional external inspection methods cannot obtain mechanical information inside of the pavement structure directly and effectively [4,5]. In order to accurately obtain and assess the damage state and the health performance in the pavement structure, sensors need to be embedded in the pavement structure in order to directly obtain mechanical information such as stress–strain of the pavement [6,7,8]. The long-term and real-time monitoring of embedded sensing elements and the mechanical–structural response relationships can be used to perceive and predict the structural damage that may be incurred during the operation of the pavement so as to avoid the continuous development of damage to the whole pavement structure [9,10,11].



To monitor the strain conditions of the pavement structure and pavement materials under actual loading, sensors and sensing devices are very important. Several special peculiarities are necessary for pavement sensors to deal with the harsh condition of pavement, such as high-temperature resistance, compaction resistance and corrosion resistance, etc. Literature reported the sensors using for pavement structure monitoring, including fiber Bragg grating sensor (FBG) [12], strain gauge sensor [13], temperature sensor [14], pressure sensor [15], humidity sensor and so on.



As an embedded element, the sensor should be deformation coincident with the pavement, which means when the pavement deforms under the traffic load or long period fatigue, the embedded sensor should follow synchronous deformation to obtain the value of the mechanical response. Otherwise, when the modulus of the sensor is rather higher than the pavement, the deformation value of sensor will be lower than the pavement or even there is no deformation; when the modulus of sensor is rather lower than the pavement, the deformation value of sensor will be higher than the pavement. Some researchers [16,17] have focused the importance of deformation coincident between the embedded sensor and matrix. In Zhen Liu et al.’s study [18], the encapsulating material with an elastic modulus of 40 GPa for the FBG sensor and a metallic tube with an elastic modulus of 40 GPa for R sensor were established. One study about the effect of the modulus ratio of the FBG sensor to that of the asphalt mixture on the stability of the regression model suggested that the stability worsens as the modulus ratio increases at the same temperature. Zejiao Dong et al. [19] constructed a certain amount of 4-point bending beams filled with random aggregates and asphalt mortar and embedded with the FBG sensor utilizing the FEM. The simulation results illustrated the diverse effects of the different geometries and moduli of embedded sensors on the stress and strain states of the asphalt mixture. However, in these studies, the modulus of sensor is much higher than the asphalt beam according to the encapsulating material which should be improved with the deformation coincident.



The authors’ team have carried out a series of related studies in the previous period [20,21]. The strain sensor based on the polymer sensing materials have been developed and verified with the high accuracy and shown the viability for the SHM of asphalt pavement under severe construction and complex operating environments [11,22]. How does the embedding of the sensor element affect structural mechanics of the asphalt pavement, and which kind of sensor element structure can reduce the impact on the pavement structure to a minimum while ensuring the effects of monitoring? To solve these problems, this paper will use ABAQUS software to conduct the statically step-by-step loading method to investigate the impact of embedded sensing elements on the structure of the asphalt pavement and the mechanical changes of the sensing elements themselves by constructing with two different models of sensing elements and asphalt concrete beams. Furthermore, the structural optimization analysis of the sensing element was also carried out.




2. Experimental Design or Methodology


2.1. Modelling Dimensions and Meshing


The simulation parameters were optimized by two steps. The first step is: three simulated conditions (without sensor, with embedded I-shape sensor, with embedded corrugated-shape sensor) were studied comparatively of the sensing element embedding effect on the mechanical response of asphalt pavement structure. After the analysis conclusion of the preferable I-shaped sensor, the paper continues to analyze the structural optimization design of the I-shaped sensing element, in order to compare and study the influence of the sensing element structure on the asphalt mixture matrix, mainly including sensing element length L, sensing element diameter φ, and I-shaped length GL.



Three simulation conditions were built according to the asphalt concrete three-point bending test. Condition 1 was a model of asphalt concrete without sensing element embedded, condition 2 was a model of asphalt concrete with an I-shaped sensing element embedded, condition 3 was a model of asphalt concrete with a corrugated-shape sensing element embedded, in which the sensing element was placed at the bottom centre of the asphalt concrete. The dimension of the asphalt concrete beam has a length of L = 300 mm, width of W = 100 mm, and height of H = 100 mm. The I-beam-shaped sensing element is endowed with the diameter of φ = 10 mm, length of L = 140 mm and the aluminium I-beam size of 70 mm × 20 mm × 5 mm. The corrugated-shape sensing element is endowed with the diameter of φ = 10 mm, outer diameter of φ = 16 mm, length of L = 140 mm and evenly distributed with 7 bumps with the bump breadth of 5 mm. The asphalt concrete beams and sensor elements are solid homogeneous bodies with C3D8R units (8-node hexahedral linear reduced integration units). The approximate mesh size for the asphalt concrete beam is 5 mm × 5 mm × 5 mm with a total of 24,000 meshes, and the approximate mesh size for the two shaped sensing elements is 1 mm with a total of approximately 26,000 meshes. The model diagrams of the asphalt concrete, I-beam sensing element and corrugated-shape sensing element are shown in Figure 1.




2.2. Material Parameters


2.2.1. Material Parameters of Asphalt Concrete [23,24]


In this paper, asphalt concrete is assumed to be an isotropic material with Young’s modulus of asphalt concrete as 1500 MPa, Poisson’s ratio of 0.3, power law multiplier of 6.536 × 10−11, equivalent force order of 0.937 and time order of −0.592 in creep parameters.




2.2.2. Embedded Sensing Element


Based on the self-developed mechanically sensitive sensor element [25], an isotropic homogeneous elastomer with density of 1500 kg/m3, modulus of elasticity of 1400 MPa and Poisson’s ratio of 0.3 is assumed. The I-beam aluminium alloy is also assumed to be an isotropic homogeneous elastomer with the density of 800 kg/m3, modulus of elasticity of 72,000 MPa and Poisson’s ratio of 0.3 [26,27,28,29].





2.3. Boundary Conditions and Load Application


The boundary conditions of the asphalt concrete were imposed according to a three-point bending test. In the model, the asphalt beam was at a free state for the surrounding four sides and fixed constraint at the 30 mm from the edge in the bottom. During the loading, the vertical downward displacement constraint at the top surface were conducted with a statically step-by-step loading mode of loading rate of 0.1 mm/min. The loading target displacement is 1 mm with a total time of 600 s and fixed incremental steps of 12 s.



The stress S11 and strain E11 at the same displacement constraint were obtained along the transverse direction of the asphalt concrete. Six feature points were chosen at 20, 40, 60, 80, 90, and 100 mm from the top of the asphalt concrete in the centre of the asphalt concrete profile, as shown in Figure 2.





3. Results and Discussion


3.1. Effect of Embedded Sensing Element on Stress–Strain Field


The schematic diagram of horizontal tensile stress S11, horizontal tensile strain E11 for the exterior of asphalt mixture beam and the central section of the asphalt mixture beam without embedded sensor elements and with embedded sensor elements (I-shaped and corrugated-shape sensor) after the static step-by-step loading simulation are shown in Figure 3.



It can be seen from the figure that the asphalt beams under three conditions show different degrees of loading stresses and strains. The maximum tensile stresses and maximum tensile strains of the asphalt mixture beams with embedded sensors are greater than that in the un-embedded condition, especially for the stress response. The sensor was located at the bottom of the asphalt mixture beam, which just at the location of the maximum tensile stress and maximum tensile strain [30,31].



To describe the tensile stresses and tensile strains at different locations within the asphalt mixture beam and explore the effect of the embedding of sensor elements on the stresses and strains within the structure of the mixture beam more clearly, the variation of S11 and E11 for the selected feature points with vertical loading displacement, are shown in Figure 4.



It can be seen from Figure 4 that in the static step-by-step loading mode, the stress and strain of the asphalt mixture at different locations increase gradually with the increasement of the applied displacement. Within the range of 0–40 mm, the asphalt mixture beam is in a compressed state with negative stress rates. Around the middle of the asphalt mixture beam, the tensile stresses tend towards zero showing the state of neither tensile nor compressive. Within the range of 60–100 mm, the asphalt mixture is in a state of tension, the stress values increase with depth and show a maximum tensile stress state at the bottom of the beam, which is in accordance with the stress conditions during the operation of the asphalt pavement. By comparing Figure 4a–d, the embedment of the sensor element did not have a significant effect on the tensile stresses inside the asphalt mix beams [22].



In order to quantitatively compare the effects of the two sensors embedded in different structures on the stress and strain fields in the internal region of the asphalt mixture trabecular, the changes in S11 and E11 with the vertical distance from the top of the trabecular are shown in Figure 5.



It can be seen from Figure 5 that the embedded sensors with two different structures have no great influence on the stress and strain of the asphalt mixture except for the embedded sensing element area. However, compared with the stress and strain curves in Figure 5, the tensile stresses of working condition 2 (embedded I-shape sensor) are much closer to those of working condition 1 (without sensor) than those of working condition 3 (embedded corrugated-shape sensor), indicating that the stress fields of embedded I-shaped sensing element are closer to those of un-embedded sensing element. As for the strain at the embedded area, the differences among the three conditions are almost negligible. Figure 6 shows the tensile strain curves at 90 mm from the top of asphalt mixture (the center of sensor element) under three couple models. It can be seen from the diagram that with the increase in the applied displacement, the tensile strain changes are almost the same under three conditions.



The tensile strain without sensing element of asphalt mixture increases linearly, while the one with sensing element increases in a fluctuating form. Moreover, the tensile strain of the embedded I-shaped sensor is closer to that of the without sensor than that of the embedded corrugated-shape sensor, indicating that the embedded I-shaped sensor has less influence on the asphalt mixture. By comparing, the influence of two embedded sensors with different shapes on the structure of asphalt mixture trabecular is relatively small, but the tensile stress and strain are closer to the asphalt mixture when the I-shaped sensor is embedded. In addition, sensors usually work in different asphalt layers with different gradations and structures, the shape and material of the I-shaped sensor can better ensure the effectiveness, stability and cooperative deformability with the asphalt mixture. Under the actual stress state of the pavement, the pavement structure information obtained by the sensor can better reflect the actual situation of the asphalt pavement [31].




3.2. Horizontal Tensile Strain E11 along the Central Axis of the Sensing Element


To study the stress state of the internal structure of the sensor, the points on the central axis of the sensing element are taken, respectively, as shown in Figure 7.



Figure 8a shows the variation of the horizontal tensile strain at each point on the axis of the sensing element.



The horizontal tensile strain E11 on the sensing element gradually increases as the load displacement at the top of the trabecular increases step by step. The horizontal tensile strain shows a trend of increase and then decrease along the axial distance of the sensing element at the central axis of the sensing element, and the maximum horizontal tensile strain occurs at the axial center of the sensing element. This variation law of tensile strain is consistent with the asphalt mixture trabecular itself, which fully verifies the deformation compatibility of the sensing element and the asphalt mixture matrix.



By comparing the embedded sensing elements with two different structures, the largest strain of the sensing element is at the center of the sensing element, and there is a transverse compression area at the end. However, the transition of strain curve is smoother when the I-shaped sensor is embedded. When the corrugated-shape sensing element is embedded, there are many inflection points in the strain curve. If the corrugated-shape sensing element is embedded in the road, it may lead to the internal deformation of the sensing element that cannot be completely consistent when it is subjected to the road load, thereby affecting the monitoring accuracy.




3.3. Structure Optimization Design of Embedded Sensor


The research on the influence of two kinds of sensing elements on the internal mechanical characteristics of asphalt mixture and the deformation characteristics of the sensing element structure show that the I-shaped sensing element is superior to the corrugated-shaped sensing element. Therefore, this paper will continue to analyze the structural optimization design of I-shaped sensing element, in order to compare and study the influence of the sensing element structure on asphalt mixture matrix, mainly including sensing element length L, sensing element diameter φ, and I-shaped length GL. Combined with the actual engineering application, the working condition parameters are selected as shown in Table 1, and the structural optimization modeling examples and simulation results are shown in Figure 9 and Figure 10, respectively.



Shear stress describes the internal stress concentration of asphalt mixture caused by the embedding of sensing elements. Stress concentration will lead to the slip of the interface between asphalt pavement and sensing element, resulting in loose and falling off of asphalt pavement structure, and then causing pavement diseases. It can be seen from Figure 10a that, with the increase in the sensor length L, the maximum horizontal tensile stress S11 gradually decreases, and the maximum shear stress S12 gradually increases.



However, both S11 and S12 have inflection points when L = 14 cm. When L increases from 14 to 16 cm, the decrease in S11 slows down, and the increase in S12 grows significantly. In a comprehensive comparison, the optimal length L of the sensing element is 14 cm. Similarly, the optimal diameter φ of the sensor is 10 mm, and the optimal I-beam length GL is 10 cm.





4. Conclusions


	
In this work, static load model and three-point bending test mode were conducted with three “pavement sensor” coupling model of without sensor, embedded I-shape sensor, embedded corrugated-shape sensor based on the finite element numerical simulation. Three simulated conditions were studied comparatively of the sensors embedding effect on the mechanical response of the asphalt pavement structure.



	
The sensors embedded with the two structures have little influence on the stress and strain field of asphalt concrete. Within the range of 60–100 mm, the asphalt mixture is in a state of tension; the stress values increase with depth and show a maximum tensile stress state at the bottom of the beam. In the compression zone, the strain information is consistent for both the sensors modeled but more consistent for the I-shaped sensor with the actual pavement information.



	
Along the axis of the two sensing elements, the axial strain of the I-shaped sensor is smoother and uniform, which ensures the deformation coordination in the road state.



	
The stress concentration phenomenon occurred on the surface of both sensing elements, but considering that, under actual action, the sensing element embedded in the pavement is subjected to repeated vehicle loads from the pavement, the use of I-shaped sensors can meet the requirements of both durability and structure working.



	
The optimal length L of the sensing element is 14 cm, diameter φ of the sensor is 10 mm, I-beam length GL is 10 cm.






The encapsulating material with an elastic modulus of the sensor have significant impact on the deformation coincident with the pavement, we should choose the encapsulating material with modulus of as close as the asphalt concrete as well as the proper geometries of sensors. Even though the study of embedded sensors has obtained some development, the authors will continue to carry out some simulation work mainly focusing on two areas in the future. One is the asphalt beam with the embedded sensor at the loading stage of dynamic cyclic loading. The other one is to establish the hierarchical model of road structure and insert the sensor elements to simulate the response.
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Figure 1. Component modeling and meshing, (a) asphalt concrete, (b) I-shaped sensor, (c) corrugated-shape sensor. 
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Figure 2. The position of the point in the model. 
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Figure 3. S11 and E11 of asphalt beam under static progressive loading condition, (a) S11 without embedded sensors, (b) S11 with I-shaped sensor, (c) S11 with corrugated-shape sensor, (d) E11 without embedded sensors, (e) E11 with I-shaped sensor and (f) E11 with corrugated-shape sensor. 
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Figure 4. Change of S11 and E11 with the vertical loading displacement, (a) S11 of beam without sensor, (b) S11 of beam with I-shaped sensor, (c) E11 of beam without sensor, (d) E11 of beam with I-shaped sensor. 
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Figure 5. Change in S11 and E11 with the vertical distance from the top of beam, (a) S11, (b) E11. 
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Figure 6. E11 comparison at 90 cm under the three coupling models. 
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Figure 7. Axial point of sensing element, (a) points of the I-shaped sensor, (b) points of the corrugated-shape sensor. 
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Figure 8. The change of horizontal tension strain E11 along the axial distance of the sensor, (a) I-shaped sensing element, (b) comparison of two structural sensors. 
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Figure 9. Schematic diagram of structural optimization modeling for the I-sensor. 
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Figure 10. Optimization of I-sensor structure, (a) sensing element length optimization, (b) sensing element diameter optimization, (c) I-beam length optimization. 
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Table 1. I-shape sensing element structure optimization design parameters.
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Structure Optimization

	
Parameters






	
Length of sensor L/cm

	
6

	
10

	
14

	
18




	
Diameter of sensor φ/mm

	
6

	
10

	
14

	
/




	
Length of I-beam GL/cm

	
3

	
7

	
10

	
/
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