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Section 1: Introduction 
1.1 Problem Statement 

Energy harvesting is a promising technique that can help solve global energy challenge 

without depleting natural resources. Federal, state, and local governments have enacted 

renewable energy policy to mitigate potential impacts of climate change and invest in 

long-term economic savings associated with renewable energy. Solar, geothermal, 

biomass, and wind have been utilized to harvest energy in different airport projects 

(Whiteman et al., 2015).  

    In recent years, piezoelectric technology has been used to convert the available 

mechanical energy potential in pavement into electrical energy, which has been widely 

used in roadways and bridges. The voltage produced from piezoelectric material varies 

with time and results in an alternate current (AC) signal, which causes the direct and 

inverse piezoelectric effect, respectively. Piezoelectric technology has advantages over 

the other energy harvesting technologies in infrastructure: it can be used for both 

energy harvesting and pavement structure sensing, which will be quite beneficial for 

smart infrastructure. The challenge of using piezoelectric technology for energy 

harvesting is to integrate the piezoelectric transducer with the structure of roadway and 

bridges. The energy harvesting performance of piezoelectric transducers (PZTs) is 

affected by material, geometry design of transducer, and external loading.  
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Previous studies have investigated the feasibility of applying piezoelectric 

energy harvester on roadways and bridges to generate electric energy effectively for 

different uses. However, few works have been conducted to investigate the potential of 

using piezoelectric energy harvesting at airport for green energy solutions. Airfield 

pavements are designed to carry repeated loading of heavy aircraft. Therefore, research 

is needed to explore the potential of harvesting energy in airport infrastructure using 

piezoelectric technology. 

1.2 Objective and Scope 

This study investigated the potential of applying piezoelectric energy harvesting 

technology in airfield pavements. The energy harvesting performance of piezoelectric 

transducers was evaluated based on mechanical energy induced by multi-wheel aircraft 

loading on taxiway and runway. A 3D FE model was used to estimate the stress pulse 

and magnitude under moving aircraft tire loading. Stack piezoelectric transducer 

design was used in this study to estimate the energy power output of energy harvester 

embedded in the pavement. The impact of energy harvester on critical pavement 

responses related to fatigue cracking and rutting were analyzed. 

 



 

3 
 

Section 2: Literature Review 

2.1 Principles of Piezoelectric Energy Harvesting 

Piezoelectric materials generate an electric charge when subjected to mechanical stress, 

and change dimensions when an electric field is applied across the material. These are 

known respectively as the direct and the inverse piezoelectric effect (Cobbold, 2006). 

Piezoelectric materials can be classified into the following categories: 1) single 

crystalline material (as quartz); 2) piezoceramics (as PZTs); 3) piezoelectric 

semiconductor (as ZnO2); 4) polymer (as PVDF); 5) piezoelectric composites; and 6) 

glass ceramics (as Li2Si2O5, Ba2TiSiO6). Also, PZT fibers can be mixed with resin to 

form macro fiber composite (MFC) or PZT composite. The mechanical and piezoelectric 

properties vary among these different piezoelectric materials. PZT material has been 

used in many applications among commercial products due to the high efficiency of 

electricity generation. 

Increasing the applied stress or strain on piezoelectric material that provides 

more mechanical energy is one of the main methods to increase the generated power. 

The other method is to use the coupling mode more efficiently. Figure 1 shows two 

possible coupling methods of piezoelectric material; the d31 and d33 mode, depending 

on material poling and applied force directions. The coupling mode is dependent on the 

relationship between the direction of the applied load and the poling direction. The 

coupling mode is d33 mode when the applied load is parallel to the poling direction; 
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while the d31 mode is defined when the applied load is perpendicular to the poling 

direction.  The d33 mode provides higher electromechanical coupling when compared 

with the d31 mode for most typical piezoelectric materials (Anton and Sodano, 2007).   

 

Figure 1 Piezoelectric material coupling modes (after Roundy et al. 2003). 

The piezoelectric charge constant (effective piezoelectric strain constant), and the 

piezoelectric voltage constant are governing the magnitude of energy conversion. 

Quality factor is another important factor of piezoelectric material because the greater 

quality factor indicates the less damping and heat generation during energy conversion. 

In order to increase the efficiency of piezoelectric energy harvesting, the preferred 

material properties are higher piezoelectric coefficient, higher quality, and lower elastic 

compliance.   

F 

F 

F 
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The density of stored electric energy can be obtained using Equation 1. It can be 

concluded that UE is related to (d·g) value if external stress is constant. Therefore, the 

PZT materials with a high (d·g) value are improved for energy harvesting. 

𝑼𝑼𝑬𝑬 = 𝟏𝟏
𝟐𝟐
𝒅𝒅𝒅𝒅𝑻𝑻𝟐𝟐                                                                (1) 

Where, UE is the density of electric energy, d is the piezoelectric strain constant, g is the 

piezoelectric voltage constant, and T is the external stress.  

The most frequently used piezoelectric transducer in pavement applications is 

disk/rod shaped PZT transducers due to its durability and easy fabrication, as shown in 

Figure 2. The transducer has two main geometric variables which are diameter and 

thickness. As the diameter-to-thickness ratio is equal to or more than 5, it is usually 

called disk-shape. The geometry of PZT affects the stress applied on the top surface of 

transducer and thus the harvested energy. In order to optimize disk/rod geometry for 

energy harvesting application, the diameter-to-thickness ratio need be adjusted. 

 

Figure 2 Illustration of disk/rod shaped PZT transducer 

2.2 Review of Relevant Studies 
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Previous studies have utilized or combined laboratory tests, field tests, and 

mathematical models to investigate the feasibility of placing PZTs in pavements to 

produce electric power for sensors and utilities in infrastructure.  

  Roshani and Dessouky (2015) used a ceramic disk-shaped PZT fit amongst two 

copper plates in asphalt mixture. They analyzed the influence of a list of parameters, 

including pavement thickness, traffic speed and load, on electronic voltage output and 

found that greater loads and smaller loading durations were able to substantially boost 

output voltages. Jasim et al. (2019) estimated the modulus of energy harvester using lab 

tests of which the results were consistent with those derived from the finite element 

(FE) models.  

Xiang et al. (2013) used a theoretical method, in which infinite Bernoulli-Euler 

beam was built on a Winkler basis, to examine the piezoelectric effects caused by 

pavement deformation and stated that vehicle speed and pavement conditions had 

impacts on the account of energy collected by PZ materials. The electric power output 

of these materials was found at their peak at a specific vehicle speed. They switched to 

utilize Kirchoff plate model to analyze the impacts of the transducer position and wheel 

load distributions on the electric power output, particularly in the soft subgrade 

scenario (Zhang et al., 2016). Jiang et al. (2014) created a two-degrees-of-freedom 

piezoelectric model for a piezoelectric harvester made of three stacks per unit.  The 
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electromechanical model and experimental results proved that the energy harvester was 

able to produce electric power for electrical devices in infrastructure.  

Xiong (2014) examined six fabricated energy harvesters using a plate-over-pillar 

design in pavement at the I-81 Troutville weigh station. A disk shape was selected to 

reduce the possibility of damage from piezoelectric materials, and disk spacing was 

changed to limit the material stress involved. Prior to its implementation in the field, lab 

tests were conducted to confirm the damage resistance and electric output of the 

piezoelectric materials, while field tests were also completed to confirm environmental 

durability. It was found that power produced by the piezoelectric energy harvesters at 

the Troutville weigh station have dramatic drops after 12 months. 

The rechargeable battery and the supercapacitor are the energy storage devices 

most widely employed to gather PZT electricity (Sodano et al., 2005; Xiong, 2014). 

Generally, supercapacitors were more appropriate for storing energy than rechargeable 

batteries in piezoelectric energy harvesting system when considering energy efficiency, 

self-discharge rate, energy density and lifetime (Ottman et al., 2002; Guan and Liao, 

2008; Hadjipaschalis et al., 2009). To produce the greatest amount of power possible in 

random traffic conditions, a diode rectifier should be involved to link with PZT cells. 

Loading resistors need to be used to change the voltage on the charging supercapacitor.  
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Section 3: Pavement Models with Piezoelectric Energy 
Harvester 

3.1 Pavement Structure and Material Properties 

An advanced 3D-FE model of flexible pavement, which was validated in the previous 

works, was simulated using software ABAQUS Version 6.13-EF2 (Dassault Systèmes). 

In the model, eight-node, linear brick elements with reduced integration were used in 

the finite domains, while infinite elements were used at boundaries to reduce many far-

field elements without significant loss of accuracy. Figure 3 illustrates the 3-D FE model 

and cross-section of the flexible pavement structure. Pavement structure consists of 

asphalt concrete layer (254 mm in thickness), aggregate based layer (381 mm in 

thickness), and sandy subgrade. The FE mesh is refined through sensitivity analysis 

considering the balance between model accuracy and computation time. The final 

selected domain size, including finite and infinite sections, has an in-plane dimension of 

6000×9000 mm and a vertical dimension of 4000mm. More details on the model can be 

found in the authors’ previous works (Wang et al., 2015; Wang et al., 2016). 

                  

Figure 3 Modeled pavement: 3D FE model (left) and cross-section structure (right) 

A  
HMA Surface 

254 mm 

Aggregate Base 
381 mm 

Sandy Subgrade 
(CBR=20) 
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The aircraft tire loading on taxiing runway after landing was simulated using 

moving load under the non-uniform distribution of contact stresses at the tire-

pavement interface. The landing gear located at one side of the fuselage was 

considered in the simulation. For each tire inflation pressure, the distribution of 

contact stresses was assumed non-uniform under the tire imprint with five ribs. The 

non-uniformly distributed vertical contact stress distributions were estimated based on 

the contact stress measurements under heavy aircraft tire loading in the previous work 

(Rolland, 2009). In the longitudinal direction, a half-sinusoidal distribution of vertical 

contact stress along the contact length of each rib was utilized. It was assumed that the 

peak contact stresses under tow edge ribs were 2.5 times the tire inflation pressure, 

and the peak contact stresses under central ribs were 1.2 times the tire inflation 

pressure. The contact width was assumed unchanged due to the high lateral stiffness 

of the tire sidewall. The contact length decreased as the tire inflation pressure 

increased. The distribution of vertical contact stress with tire inflation pressure of 1.40 

MPa presents a concentrated stress as high as 2.1 MPa at the edge ribs and 1.40 MPa at 

the central ribs. The maximum landing weight of B737-800 (154 kN) was assumed to 

investigate the application of piezoelectric energy harvester at taxiway, high-speed 

taxiway and runway (Brady, 1999). The simulated speeds at regular taxiway, high 

speed taxiway and runway were 8 km/h (5 mph), 48 km/h (30 mph), and 96 km/h (60 

mph), respectively. 
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The viscoelastic material properties of asphalt mixture were considered in the FE 

model. Dynamic modulus tests were conducted at different temperatures and loading 

frequencies for the asphalt mixture in the testing sections. Table 1 shows Prony series 

parameters for asphalt layer at the reference temperature of 20°C. The relaxation 

modulus was inter-converted from dynamic modulus using Equation 2-3 assuming that 

the linear viscoelasticity of HMA was represented by a generalized Maxwell solid 

model (Park and Kim, 1999). The bulk and shear relaxation moduli were calculated 

assuming a constant Poisson’s ratio. The relationship between the shift factor and the 

temperature can be approximated by the Williams-Landell-Ferry (WLF) function as 

expressed in Equation 5.  
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Where, )(' ωE  is real part of the dynamic modulus, )(" ωE is imaginary part of the dynamic 

modulus, ∞E is equilibrium relaxation modulus at infinite time, ω  is angular frequency, 

iE , iτ are Prony series parameters for relaxation modulus as shown in Table 1, n  is 

number of Maxwell elements; and k  is number of data points from the measurements.  
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Where, T0 is reference temperature, T is actual temperature corresponding to the shift 

factor; and C1, C2 are regression parameters. 

Table 1 Viscoelastic parameters of asphalt concrete at 20°C 

i Ei τi WLF Parameters 

1 0.4388 0.00 

C1 35.63 
2 0.3388 0.38 

3 0.1694 10.96 

4 0.0128 501.00 

5 0.0097 815.36 

C2 293.15 6 0.0184 6215.40 

7 0.0053 19200.08 

 
3.2 Embedment of Energy Module in Pavement 

In the FE model, the piezoelectric energy harvester developed by Roshani et al. 

(2018) was embedded in flexible pavement structure to estimate the electric power 

output. The prototype consisted of two copper plates connected with electric wires, four 

cylindrical piezoelectric disks, and two polystyrene sheets. The thickness of the copper 

plates was 6.35 mm, and the diameter was 152 mm. The copper plates worked as 

electrodes connecting the piezoelectric disks in parallel. The polystyrene plates were 

used to hold the piezoelectric disks between the copper plates by cutting a symmetrical 
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distribution of holes in the polystyrene sheets. The thickness and diameter of 

piezoelectric disks were 8 mm. The piezoelectric disks were made from PZT and the 

piezoelectric charge constant of d33 was 290E-12 m/v. The density and Young’s 

modulus of piezoelectric material was 7.6 g/cm3 and 6.8E10 N/m2. The total height of the 

proposed piezoelectric harvester was around 21 mm (around 1 inch). 

It was expected that the location of piezoelectric harvester impacted the stress 

distribution in pavement structure and piezoelectric effects. Previous research has 

shown that 50.8 mm (2 inch) below pavement surface in asphalt concrete layer is a 

reasonable location to place the piezoelectric harvester (Roshani et al., 2018; Jasim et al., 

2019). In this study, the piezoelectric harvester was assumed to be 50.8 mm below the 

pavement surface along the wheel path of aircraft (reference case). Considering tire 

wandering when aircraft is moving at taxiway and runway, three horizontal locations 

were considered in the FE model. The energy module was simulated to be embedded 

under the edge ribs of aircraft tires, under the center ribs of aircraft tires, and beside the 

wheel path.  
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Section 4: Power Output of Piezoelectric Energy Harvester 

4.1 Compressive Stress on Energy Harvester 

The stress magnitude and pulse time above energy module are related to electric power 

output of piezoelectric harvester. Figure 4 (a) shows the stress magnitudes and pulse 

time on top of the piezoelectric harvester as the harvester was embedded under the 

edge ribs (UnderE), center ribs (UnderC), and beside the aircraft tires (UnderS). The 

simulated aircraft speeds were 8 km/h and 48km/h and the temperature was 25°C and 

40°C, respectively. The results indicated that the differences of loading pulses in the 

asphalt concrete layer with and without piezoelectric harvester could be neglected. The 

results showed that the compressive stresses in the pavement structure with the energy 

module buried under the edge ribs of aircraft tires were 18% larger than those with the 

energy module placed under the center ribs of aircraft tires. The compressive stresses 

above the energy module located beside the aircraft tires were significantly reduced. 

This indicates that the wandering of aircraft tire should be taken into account while 

estimating the energy power output.  
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(a) 

 

(b) 

Figure 4 Stress magnitude and pulse time under moving load (a) at 8km/h, 

48km/h, and 96 km/h (25°C); (b) at 25°C and 40°C (8km/h) 
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Figure 4 (b) presents the stress magnitudes and pulse time on top of the 

piezoelectric harvester as the harvester was embedded at different horizontal locations. 

The simulated temperatures were 25°C and 40°C. The results indicated that the increase 

of pavement temperature caused very small changes of compressive stress. Thus, the 

influence of changes in pavement temperatures could be considered negligible, which 

was similar to the results in Jasim et al. (2019). On the other hand, the temperature 

would not affect the functional performance of piezoelectric material when the 

temperature was lower than 150°C (Miclea et al. 2007).  

4.2 Electric Power Generated by Piezoelectric Energy Harvester 

The energy output of piezoelectric transducer is determined by the magnitude 

and frequency of excitation stress. For the piezoelectric energy harvester assumed in 

this study, a regression model has been developed based on laboratory testing to 

calculate the electric power output of each piezoelectric disk (Roshani et al., 2016; 

Roshani et al., 2018). The output power in the function of loading frequency and 

applying stress value was given by Equation 6. 

𝑷𝑷 = 𝒂𝒂𝝈𝝈𝒃𝒃𝒃𝒃+𝒄𝒄                                                                          (6) 

 
Where, P is the output power (mW) of each piezoelectric disk, σ is the applied stress 

(MPa) on piezoelectric disk, f is the loading frequency (Hz), and a, b, and c are constant 

with values of 0.0068, 0.0164, and 1.89. 
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It is noted that the number of piezoelectric disks would affect the total power 

output under the same loading condition. To enhance the power output and cost-

effectiveness, it was assumed that the energy module included four piezoelectric stacks, 

which resulted in the highest energy output in the previous study (Roshani et al., 2016). 

The electric power output generated by piezoelectric energy harvester was estimated 

using Equation 6 at the loading frequency of 5 Hz, 25 Hz, and 50 Hz for the speed of 

8km/h, 48km/h, and 96km/h, respectively. 

Table 2 summarizes the electric power output generated by one energy module 

under one aircraft tire considering three horizontal locations. It was assumed that the 

embedment was at one side of the wheel path. As expected, the horizontal locations of 

energy module in pavement influenced the electric power output. The power output 

was reduced by 12%-19% depending on speeds and temperature when the energy 

module was beneath the central ribs compared to the condition under the edge ribs. The 

power output was reduced to less than 2% as the tire completely deviated from the 

location of the buried energy module. The power output was affected by aircraft speed 

dramatically because of the exponential relationships between electric power output 

and speed. 

Table 2 Electric power output of 1-inch energy module 

(unit: mW per energy module) 
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Location of 

Energy Module 

8 km/h 48 km/h 96 km/h 

25°C 40°C 25°C 40°C 25°C 40°C 

Edge Rib 859 858 4837 4825 42163 41836 

Center Rib 739 752 4038 4087 33942 34251 

Besides Tire 12 12 34 35 128 128 

 

4.3 Effect of Location of Energy Module 

Previous studies have stated that the embedment locations of energy module 

along pavement depth would have influence on compressive stresses above energy 

module and power output. Since the vertical compressive stresses decreased with the 

increase of depth within the pavement, it was recommended to place the energy 

module near pavement surface to maximize the energy power output. Three pavement 

depths of the top surface above energy module, including 25.4 mm, 50.8 mm and 76.2 

mm, were considered and compared in the study. Figure 5 presents the in-depth 

distribution of vertical stresses on top of the energy module while the energy module 

was placed at different pavement depths. The simulated aircraft speed and temperature 

were 8 km/h and 25°C, respectively. The stress magnitude decreased significantly but 

the pulse time increased slightly as the energy module was buried deeper in pavement 

structure, which was induced by the moving pattern of aircraft tire loads. 
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Figure 5 Stress magnitudes and pulses under moving load at different depths at 8km/h 

and 25°C 

Table 3 presents the electric power output generated by the energy module 

located at 25.4 mm, 50.8 mm, and 76.2 mm under pavement surface. Compared to the 

embedment at 50.8 mm under pavement surface, the power output increased by 1-8% 

depending on the temperatures and horizontal locations of energy modules when the 

energy module was buried 25.4 mm under pavement surface. The embedment at 76.2 

mm under pavement surface resulted in 9-20% reduction in electric power output. 

Table 3 Electric power output generated by the 1-inch energy module placed at 

different depths (unit: mW per energy module) 
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Edge Rib 932 922 859 858 685 703 

Center Rib 756 758 739 752 655 683 

 
4.4 Effect of Thickness of Energy Module 

It was expected that the energy output could be enhanced by adding more layers 

of piezoelectric module. The flexible pavement structure with triple layers of the energy 

module, approximately 3-inch thickness, were simulated to estimate the energy output.  

The electric power output was calculated on the basis of the vertical compressive 

stresses above individual layer of piezoelectric unit, as shown in Table 4. It is noted that, 

compared to the 1-inch thick energy module, the electric power output of the 3-inch 

module increased by 21-330% depending on the horizontal locations, temperature, and 

speed. However, the material costs would also increase threefold, which leads to a 

reduction in economic benefits of piezoelectric energy harvester. 

Table 4 Electric power output generated by the 3-inch energy module  

(unit: mW per energy module) 

Location of 

Energy Module 

8 km/h 48 km/h 

25°C 40°C 25°C 40°C 

Edge Ribs 1749 1765 9228 9720 

Center Ribs 893 941 4930 5181 

Besides Tire 45 53 47 53  

 
4.5 Effect of Aircraft Wheel Configuration 
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Dual wheel and dual tandem are the two major categories of aircraft gear 

configurations. The compressive stresses at top of energy module and pavement 

responses under dual tandem were estimated and compared to those under dual 

wheels. The simulated aircraft speeds were 8 km/h and 48 km/h and the temperature 

was 25°C. The tire inflation pressure and tire load of landing gear were 1.57 MPa and 

232 kN, which were the tire inflation pressure and take-off gross aircraft weight of B747-

400 extracted from FAA Rigid and Flexible Iterative Elastic Layer Design (FAARFIELD) 

program (FAA, 2009).  

Figure 6 illustrates the loading pulses of compressive stresses on top of the 

energy module under the landing gear of dual tandem. Negligible differences of 

compressive stresses and load pulses were observed as the two axles of dual tandem 

passing over the pavement surface. The results suggested that the vertical compressive 

stresses under the landing gears of dual tandem could be seen as those under two dual 

wheels while calculating energy power output. 
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Figure 6 Stress pulses under dual tandem wheels at 25ºC 

The electric power output was calculated based on the vertical compressive 

stresses and loading frequency from Figure 6. Table 5 presents the power output 

generated by the landing gear of dual tandem with energy module buried at different 

horizontal locations. It shows the remarkable increase in power output induced by the 

landing gears of dual tandems because of the two peaks of vertical compressive 

stresses. 

Table 5 Electric power output under the landing gear of dual tandem  

(unit: mW per energy module) 

Location of 

Energy Module 

8 km/h 48 km/h 

25°C 40°C 25°C 40°C 

Edge Ribs 2855 2843 17546 17438 
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Center Ribs 2436 2485 14499 14687 

Besides Tire 81 84 1435 1461 

 
4.6 Effect of Aircraft Loads 

Different magnitudes of tire loads were considered to investigate the relationship 

between vertical compressive stresses on top of energy module and tire loads applied 

on pavement structure. The take-off weights of A320-200 and B737-800 and the 

maximum landing weight of B737-800 were simulated. The tire inflation pressure was 

1.40 MPa. The corresponding tire loads were 154 kN, 172 kN, and 185 kN, respectively. 

Figure 7 shows the positive linear relationship between the compressive stresses at top 

of energy module and the tire loadings at 8 km/h. The correlation could be used to 

estimate the compressive stresses at top of energy module under different magnitudes 

of aircraft tire loads with similar tire inflation pressure. 
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Figure 7 Compressive stresses under different tire loads at 8 km/h 

The electric power output under different tire loads at 8 km/h was listed in Table 

6. It indicated that the power output increased by 24% and 42% when the tire loads 

increased from 154 kN to 172 kN and 185 kN, respectively. A linear relationship 

between electric power output and tire loads was fitted based on the analysis results, 

which could be utilized to estimate electric energy outputs for other tire loads. 

Table 6 Electric power output under different tire loads  

(unit: mW per energy module) 

Location of 

Energy Module 

154 kN 172 kN 185 kN 

25°C 40°C 25°C 40°C 25°C 40°C 

Edge Ribs 859 858 1063 1062 1220 1219 

Center Ribs 739 752 915 931 1050 1068 
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Section 5: Effect of Energy Harvester on Pavement Responses 

For flexible pavements, fatigue cracking and rutting are major load-induced mechanical 

failures of pavement structure. In the study, pavement responses at critical locations in 

flexible pavement structure were used to investigate the impacts of piezoelectric energy 

harvester on structural responses. The horizontal tensile strains at the bottom of asphalt 

layer were estimated to evaluate the bottom-up cracking in pavement structure. To 

investigate the shear failure of flexible pavement, the near-surface shear strains were 

estimated. The vertical compressive strains at the top of subgrade were calculated to 

evaluate the permanent deformation of subgrade.  

Table 7 summarizes the maximum horizontal strains at the bottom of asphalt 

concrete layer, maximum near-surface shear strains, and maximum compressive strains 

on the top of subgrade in pavement structure without and with the 1-inch energy 

module. The simulated aircraft speeds were 8 km/h, 48 km/h, and 96 km/h. The 

pavement temperatures of 25°C and 40°C were considered in the FE model. It indicates 

that the energy module increased the horizontal tensile strains at the bottom of AC 

layer and decreased the compressive strains at the top of subgrade slightly. The results 

are consistent with the expectation that the embedment of energy module would cause 

smaller deformation in asphalt concrete layer or on top of subgrade because of the 

greater stiffness of energy module. The negative effects of energy module on the 

horizontal strains at the bottom of asphalt concrete layer was not significant. However, 
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the energy module resulted in the increase of near-surface shear strains when the 

energy module was placed under the edge ribs of the tires. It is noted that the locations 

of the critical shear strains near pavement surface varied depending on the embedment 

location of energy module and temperature. 

Table 7 Pavement responses at critical points with 1-inch thick energy module 

(unit: microstrain) 

Speed Location 

25 °C 40 °C 
Tensile 
strain at 
bottom 
of AC 

Near-
surface 
shear 
strain 

Compressive 
strain on top 
of subgrade 

Tensile 
strain at 
bottom 
of AC 

Near-
surface 
shear 
strain 

Compressive 
strain on top 
of subgrade 

8km/h Without 205 176 248 350 488 383 
Edge 2% 25% -2% 6% 15% -1% 

Center 2% -1% -4% 5% -1% -2% 
48km/h Without 151 130 212 243 293 314 

Edge 2% 25% -3% 8% 24% -1% 
Center 2% 0% -3% 10% 0% -2% 

96km/h Without 142 124 211 220 251 304 
Edge 4% 25% -3% 7% 23% -4% 

Center 4% -1% -4% 7% 0% -5% 
 

The critical pavement responses and changes induced by the embedment of 3-

inch thick energy module compared to the responses with 1-inch thick energy module 

were summarized in Table 8. The aircraft speeds of 8 km/h and 48 km/h and the 

pavement temperatures of 25°C and 40°C were taken into consideration. It was 

suggested that the pavement responses, especially near-surface shear strains, decreased 

as the energy module was placed at deeper locations in pavement structure. 



 

26 
 

Table 8 Pavement responses at critical locations with 3-inch thick energy module  

(unit: microstrain) 

Speed Location 

Tensile 
strain at 
bottom 
of AC 

Near-
surface 
shear 
strain 

Compressive 
strain on top 
of subgrade 

Tensile 
strain at 
bottom 
of AC 

Near-
surface 
shear 
strain 

Compressive 
strain on top 
of subgrade 

8km/h 
Without 205 176 248 350 488 383 

Edge 2% 13% -4% 1% 9% -4% 
Center 2% -2% -6% -3% 1% -6% 

48km/h 
Without 151 130 212 243 293 314 

Edge -2% 11% -5% 2% 8% -5% 
Center -1% -2% -5% -6% -3% -6% 

 

It is expected that pavement responses varied with pavement depth. The changes 

of pavement responses when the 1-inch energy module was embedded at different 

depths were listed in Table 9. It indicated that near-surface shears strains were 

impacted significantly by the depths of embedment compared to horizontal strains at 

the bottom of AC layer and compressive strains on the top of subgrade. As the depth of 

energy module increased, the increase of near-surface shear strain caused by the 

embedment of energy module decreased. 

Table 9 Pavement responses with 1-inch energy module placed at different pavement 

depths (unit: microstrain) 

Locations of Energy 
Module 

25ºC 40ºC 
Horizontal 

tensile 
strain at 

the 
bottom of 

AC 

Near-
surface 
shear 
strain 

Compressive 
strain on the 

top of 
subgrade 

Horizontal 
tensile 

strain at 
the bottom 

of AC 

Near-
surface 
shear 
strain 

Compressive 
strain on the 

top of 
subgrade 
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Without Energy 
Module 

205 176 248 350 488 383 

25.4mm Edge 3% 38% -3% 8% 26% -3% 
Center 2% 2% -6% 6% 2% -5% 

50.8mm Edge 2% 25% -2% 6% 15% -1% 
Center 2% -1% -3% 5% -1% -2% 

76.2mm Edge 2% 10% -1% 6% 0% 1% 
Center 1% -14% -2% 2% -30% -1% 

 

The analysis results indicated that near-surface shear strains were the dominant 

responses for potential damage of flexible pavement structure with the energy module. 

Therefore, the shear resistance of pavement surface course need be enhanced when 

piezoelectric energy harvesters are buried in airfield pavement structure. 
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Section 6: Conclusions 

This study investigated the feasibility of piezoelectric energy harvesting at airfield 

pavement. The FE model was developed to predict compressive stress pulses on energy 

harvester under different aircraft tire loading conditions, which were used to calculate 

power output potential. The impact of energy module on critical pavement responses 

was also analyzed considering different pavement failure mechanisms.  

Aircraft load and speed are vital factors affecting power output. The power 

output increased as the aircraft load or speed increased. However, for energy output, 

the positive impact of aircraft speed may be eliminated by the short loading period at 

high speeds. It was found that the embedment depth and horizontal locations had 

significant influence on vertical compressive stresses on top of piezoelectric energy 

harvester. This indicates that aircraft wandering will also affect the energy output.  

On the other hand, the embedment of energy module had negligible influence on 

horizontal tensile strains at the bottom of AC layer and compressive strains on the top 

of subgrade. However, the near-surface shear strains increased when the edge ribs of 

tire were loaded on energy module. 

The energy output of piezoelectric energy module was estimated based on one 

prototype of energy module proposed in previous study. Different designs of 

piezoelectric transducer and energy module will affect the energy output. In future 
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work, the optimized design and embedment location of energy module need be studied 

considering both the generated energy output and the impact on pavement responses. 

It is expected that the piezoelectric energy harvested from pavement may not be 

applicable for power grid applications. It is more practical to directly use the harvested 

energy in the airport for lighting and sensor applications. The piezoelectric energy 

harvesting system can provide distributed energy source in the airfield and lead to the 

development of smart infrastructure.
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