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Abstract: In furtherance of the quest for green renewable and sustainable energy, an effort was
made in this laboratory study to generate and harvest electric power from hot-mix asphalt (HMA); a
viscoelastic material that is widely used for road construction. The underlying hypothesis is that the
mechanical vibrations and strain energy induced by vehicle loading on the road (pavement) can be
harnessed and converted into usable electric power by embedding piezoelectric sensors within the
HMA layers of the pavement structure. To investigate the effects of HMA mix type on the generated
energy, four commonly used Texas mix types, namely Type B (coarse-graded), Type C (dense-graded),
Type D (dense-to-fine graded), and Type F (fine-graded), with up to seven different HMA mix-design
volumetric characteristics were comparatively evaluated in the laboratory. In the study, the effects
of loading, namely load magnitude and loading frequency, were investigated by simulating the
traffic loading in the laboratory through comparative testing with the Hamburg wheel-tracking tester
(HWTT) and the universal testing machine (UTM), respectively, at different temperature conditions.
A prototype highway sensing and energy conversion (HiSEC) module with piezoelectric sensors
was utilized for converting the applied stress on the HMA into harvestable electric energy during
HWTT and UTM laboratory testing, respectively. The generated electric current, voltage, and power
were measured and quantified using a multipurpose power meter. Overall, the study demonstrated
that there is promising potential to harvest energy from HMA when subjected to transient loading
under different temperature conditions. However, further refinement of the HiSEC module and
piezoelectric sensors is still warranted to optimize the power generation and harvesting capacity,
both in terms of efficiency and power output.

Keywords: energy; hot-mix asphalt (HMA); HWTT; UTM; piezoelectric; sensor

1. Introduction

With the growing worldwide quest for sustainable renewable and eco-friendly energy
(i.e., green energy), various technological concepts are actively being explored. One such
technological concept is the use of piezoelectric sensors to harvest energy from motion and
mechanical vibrations [1–3]. Piezoelectric sensors convert any change in applied stress
or strain, into an electric charge, thereby quantifying and enabling the measurement of
the applied change. The theory behind piezoelectricity is that the displacement of ions
from their equilibrium positions caused by mechanical loading (stress) in certain crystals
(piezoelectric crystal) that lack a center of symmetry results in the generation of an electric
moment or electric polarization [4–6].
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1.1. Literature Review and Current Technologies

Randriantsoa et al. [7] have examined various existing energy harvesting systems
ranging from the ambient energy sources (such as thermal energy from the sun) to me-
chanical vibrations from moving vehicles and concluded that these systems are potential
renewable and eco-friendly energy supplements for diminishing fossil fuels. A previous
study by Lallmamode et al. [8] had also reported similar findings that thermoelectric and
piezoelectric energy harvesting systems can potentially convert thermal energy from solar
radiation and mechanical strains from moving vehicles to generate electricity. Hossain
et al. [9] echoed similar findings and concluded that solar and mechanical energy harvest-
ing from asphalt pavements was eco-friendly, renewable (sustainable), and could also be
implemented at pedestrian road crossings and intersections to alert distracted drivers at the
time of a pedestrian crossing, with the likelihood of improving pedestrian safety as well.
On the other hand, Vizzari et al.’s [10] review of pavement energy harvesting technologies
indicated that electricity can be harvested using solar cells placed under a semi-transparent
layer (photovoltaic road), or by means of a heat-transfer fluid (thermal solar systems).

In their field exploration study of a hydronic asphalt pavement (HAP) system, Saleh
et al. [11] observed that the material properties, particularly the conductivity, of the asphalt
layers was an influencing factor worth considering for optimizing the HAP system’s energy
harvesting efficiency from the pavement. However, whilst Jiang et al. [12], Mona et al. [13],
Ahmad et al. [14], and Al-Qadami et al. [15] inferred that solar and geothermal energy
harvesting are some of the most efficient and mature technologies, these researchers also
pointed out that (unlike other sources such as solar which is weather dependent) piezo-
electric energy harvesting represents a potentially infinite source of renewable, sustainable,
clean, and eco-friendly energy for as long as there is vehicular traffic moving on the road
pavement. Duarte et al. [16] had also echoed similar sentiments that, whilst solar energy
technology and photovoltaic systems are efficiently more advanced, their implementation
on road pavements remains a challenge. They recommended more research studies to
enhance the energy conversion efficiency of the piezoelectric (PZT) energy harvesting
technology and associated systems.

Sherren et al. [17] have analytically explored harvesting energy using PZT modules
(also called stacks) to power selected highways, tolls, and bridges in the USA state of
Pennsylvania. The proposed smart highway road PZT energy harvesting (denoted as
RPEH) system was computationally simulated using MATLAB and SOLIDWORKS to
investigate the effects of the RPEH module parameters on the harvested voltage, current,
power, and energy. Their numerical findings yielded 2mm as the optimum PZT stack
thickness to maximize energy generation. Whilst acknowledging its infancy and high
capital costs, Kim et al. [18], Al-Yafeai et al. [19], and Catak et al. [20] concluded that
PZT-based energy harvesting has plausibly promising energy generation and competitive
potential worthy of further exploration, research, and development into an efficient and
mature implementable technology for renewable energy harvesting.

Although various recent research studies have paid attention to the energy harvesting
technology using PZT sensors, limited studies have been conducted on in-service highways
or full-scale test sections to determine the concept’s practical feasibility and economic
competitiveness [21–25]. Thus, there is presently limited data in the literature on the field
applications of piezoelectricity from highway pavements [26–29]. Wang et al. [30] con-
ducted a comprehensive review study on the energy harvesting technologies on roadways
and bridges. Their findings indicated that the generated power out of individual PZT trans-
ducers per passing vehicle is usually low. As highlighted by Iqbal et al. [31], this means
that both repeated traffic loading and optimization of the PZT harvesters are necessary
to improve the quantities of the generated power output. Evidently, this highlights the
importance of investigating the effects of repetitive loading on PZT materials [30,32]. In
this regard, this laboratory study was carefully crafted to establish a detailed protocol and
methodology to test and evaluate the potential of an innovatively developed highway
sensing and energy conversion (HiSEC) module and PZT sensors by simulating near-field
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conditions in the laboratory. The output generated from the study was aimed at serving as a
means of quantifying and assessing the potential of PZT energy generation under simulated
field applications. The methodology adopted was also envisioned, eventually, to serve as a
measure for rating the energy output and capabilities of the prototype HiSEC module by
customizing the test setup to imitate field loading and environmental conditions.

1.2. Study Goals and Objectives

In this laboratory study, the potential to generate and harvest the electric polarization
of the PZT sensors when placed between the layers of conventional hot-mix asphalt (HMA)
mixes was explored. A prototype of the highway sensing and energy conversion (HiSEC)
module was developed for investigating its power harvesting potential in the laboratory
using PZT sensors. The mechanical loading was simulated in the laboratory through testing
with the Hamburg wheel-tracking tester (HWTT) and the universal testing machine (UTM),
respectively, at different loading and temperature conditions for different HM mixes and
mix-design volumetrics.

Understanding the key factors affecting the performance of energy harvesting systems
is critical to improving the design and efficiency of such product systems as the HiSEC
module. In this regard, this study’s primary goal was to systematically evaluate and
optimize the performance of the PZT-based HiSEC energy harvesting system based on
laboratory experimentation testing using different HMA mixes under HWTT and UTM
loading, respectively. The specific objectives of this laboratory study were:

# Design and develop an energy harvesting module (HiSEC) capable of harvesting
energy from laboratory load-induced stresses and strains.

# Investigate the effects of different types of HMA mixes and their mix-design volumet-
rics on the PZT (HiSEC) generated energy.

# Examine the influence of temperature on the performance of the HiSEC module.
# Determine the effects of loading magnitude and frequency on the HiSEC generated

output power and energy,
# Comparatively evaluate the performance/capability of the HWTT and UTM test

methods for simulating traffic loading, in the laboratory examination of the HiSEC
module and PZT energy harvesting potential.

To achieve these objectives, the HiSEC module was tested with different HMA mix
types and sample types/configurations under an array of different laboratory loading
and temperature conditions. Concurrently, these simulated laboratory test variations also
enabled our making rational recommendations for the concept, PZT sensor, and module
improvements/modifications for energy generation optimization. As documented herein,
descriptive statistical analysis, namely the coefficient of variation (CoV), was used to
comparatively assess and quantitatively substantiate the quality, reliability, and validity of
the laboratory test data and the corresponding HiSEC concepts.

1.3. Study Methology and Scope of Work

As aforementioned, one of the central objectives of this study was to identify the
key factors that would potentially optimize and maximize the energy generated from the
envisioned HiSEC module and PZT sensor setup when embedded in HMA mixes/layers
and subjected to transient loading [21]. To accomplish these objectives and as elaborated
subsequently, the study methodology and scope of work incorporated five strategic tasks,
namely: (a) HiSEC module conceptualization and prototype fabrication; (b) HiSEC and
PZT sensor laboratory test setup; (c) HWTT/UTM laboratory testing and energy measure-
ments; (d) data processing and analysis; and (e) synthesis of the results and findings to
draw up conclusions/recommendations. As discussed in the subsequent sections of this
paper, whilst the HWTT and UTM were used to simulate the field conditions and pro-
vided the transient loading needed for generating the energy, the HMA mixes comprised
of commonly used Texas mixes with different mix-design volumetrics. Note, however,
that the scope of this laboratory study did not include the harvesting or storing of the
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generated energy; rather, it was limited to testing and ascertaining the practical feasibility
of using the HiSEC technological concepts and PZT sensors for possible future real field
applications [22–24]. Similarly, cost-effectiveness, life-cycle cost analysis (LCCA), and
environmental sustainability assessments were outside the scope of this paper [25].

In the subsequent sections of this paper, the laboratory experimentation plan is dis-
cussed and includes the HiSEC module, PZT sensor, HWTT, and UTM test setups as well
as the asphalt (HMA) mixes that were evaluated. The laboratory energy measurements and
test results are thereafter presented, analyzed, and synthesized. The paper then concludes
with a summary of the key findings and recommendations.

2. Laboratory Experimentation Plan

The laboratory test plan including the HiSEC module, HWTT, and UTM setup is
discussed in the subsequent text. The discussion also includes the PZT sensors and the
corresponding energy measurement units. The asphalt (HMA) mixes evaluated are also
discussed in this section.

2.1. The HiSEC Module and Piezoelectric Sensors

The HiSEC module prototype was fabricated in a scaled-down version to facili-
tate laboratory investigation in the HWTT and UTM laboratory test setups. The 4-inch
long × 2.5-inch wide × 1.5-inch thick (i.e., 101.6 mm × 63.5 mm × 38.1 mm) module
comprises seven commercially sourced Steiner–Martins (SM111) piezoelectric (PZT) sensor
disks (30 mm radius by 5 mm thickness) with copper foils inserted in between to make pos-
itive and negative electric contacts [33]. The disks were soldered together to make a stack
that is wired with alternating disks sharing a common ground and operating mechanically
in series, but electrically in parallel. As shown in Figure 1, the stack was then placed in a
metal enclosure to tightly fit between the top and the bottom plates so that majority of the
applied load would go through the PZT disks, as opposed to being carried by the module’s
side walls. The disks used in the HiSEC module setup were made of SM111 piezoceramic
material, which according to the technical characteristics by Steminc [33] is equivalent
to modified PZT-4, Navy Type I sensor material. Detailed technical characteristics and
material properties of the PZT sensors used in this study (namely modified PZT-4) can be
found in the catalogue/brochure publication by Steminc [33].
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A pair of rectifier diodes, in a full wave bridge configuration (namely Type BAT46
Schottky rectifiers), were then attached to either node of the circuit and included a Bayonet
Neill–Concelman (BNC) cable connected to the electricity measurement device. An equiv-
alent circuit model is schematically illustrated in Figure 2. Note that the load in Figure 2
is shown as a pure capacitor (C4 in this case) because it was felt at the time that energy
storage for use in the battery charging schemes would be developed at a later stage.

In Figure 2, BAT46WJ represents the Schottky diodes forming a full-wave bridge
rectifier for the PZT sensor-stack represented by V2 in series with capacitor C3. C4 rep-
resents the charge storage capacitor, which would (in a real application) be used as the
input voltage source for a direct-current (DC-DC) converter to regulate the voltage output.
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The quantitative value of C3 is determined by the actual measurement of the PZT stack
capacitance, and the value of C4 (10 uF) was determined by simulating different values in
the range of 0.1 uF to 100 uF and finding a maximum in the rate of energy accumulation in
C4 at about 30 uF.
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Aluminum and steel were initially considered as the HiSEC casing materials (top and
bottom plates); the latter was selected due to its quantitatively considerably higher stiffness
(elastic modulus of steel = 220 GPa as compared to 71.7 GPa for aluminum).

2.2. HiSEC Module Setup and HWTT Testing

The Hamburg wheel-tracking test (HWTT) device is a laboratory performance test that
is traditionally used for testing the rutting and stripping (moisture) susceptibility of HMA
mixes [34,35]. The HWTT equipment comprises a steel wheel of known weight (158 lbs
[0.703 kN]) that moves back and forth over compacted HMA samples at a user-defined
speed and test temperature (under dry conditions or in a water bath) to simulate the
movement of traffic wheels on the roadway pavement.

In this study, both the HMA sample setup and HWTT loading configuration were
slightly modified to accommodate the HiSEC module. Instead of the standard 2-inch
(50 mm) thick single HMA thickness, the HMA samples were placed in two layers. The
bottom layer of HMA samples was fabricated to a 1.5-inch (37.5 mm) thickness to match
the HiSEC module height and was placed on either side of the module to provide lateral
confinement. Two 2-inch (50 mm) thick HMA samples were then placed on top of the
HiSEC module. As illustrated in Figure 3, the HiSEC module is fully confined as compared
to pavement materials in real field conditions.

The HiSEC module was connected to a Metrameter® Energy multimeter using BNC
cables to measure the current, voltage, and power output. The HWTT test was conducted
in dry conditions at an ambient temperature of 20 ◦C [34]. The HWTT wheel speed was
set at 60 passes per minute, which corresponds to about 1 Hz loading frequency (i.e., 0.1 s
loading time and 0.9 s rest time) and approximately 1.2 ft/s (~36.6 cm/s) linear wheel
speed. With a vertical load of 158 lbs (0.703 kN) and a wheel–surface contact area of about
2.325 inch2 (~1500 mm2), the applied vertical stress on the top HMA sample surface was
approximately 68 psi (469 kPa).
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2.3. HiSEC Module Setup and UTM Testing

The standard universal testing machine (UTM) consists of an environmental chamber
with a two rigid column loading frame and a vertically movable actuator that facilitates
various testing applications. The prototype HiSEC module was tested by placing it in
between two 50 mm (2-inch) HMA samples and loaded dynamically in a stress-controlled
Haversine loading mode. The HMA sample and HiSEC module setup in the UTM are
illustrated in Figure 4.

Energies 2023, 16, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 4. The UTM Loading Configuration and HiSEC Module Setup. 

Laboratory testing in the UTM was conducted at three test temperatures, namely 20, 
40, and 50 °C, respectively. The applied vertical stress on the surface of the top HMA sam-
ple was varied from 20 to 120 psi in a 20-psi increment at two loading frequencies, namely 
1 and 5 Hz, respectively, with some rest periods. As opposed to the HWTT setup, the UTM 
setup did not employ any lateral confinement to the HiSEC module to keep the test setup 
simple. However, the absence of lateral confinement did not significantly influence the 
generated energy and power output, as most of the stress was presumably transferred to 
the HiSEC module and PZT sensors. 

2.4. Energy Measurements and Quantification 
In both the HWTT and UTM tests, the energy generated was measured and quanti-

fied using a Metrameter® for the readings and recording of voltage, current, and power 
output. Figures 3 and 4 illustrated the laboratory test setup for connecting the HiSEC mod-
ule to the electricity measurement device for both the HWTT and UTM. The HiSEC mod-
ule being tested was connected to the Metrameter® using a coaxial cable with a BNC con-
nector. Once the load is applied, the live electricity measurements are displayed and rec-
orded by the Metrameter®. As exemplified in Figure 3, the instantaneous voltage, current, 
and power measurements from the HWTT test were read and interpreted as follows: volt-
age = 4.407 V, power = 0.0271 mW, and current = 6.5 µA. 

As stated above and exemplified in Figure 3, the energy generation and power output 
were measured directly using a Metrawatt meter, namely the Metrameter, that was 
sourced from the Gossen Metrawatt Company of Nürnberg (Nuremberg), Germany. To 
ensure maximum power output, the external resistance (RL) in the circuit should gener-
ally be equal to the internal resistance (RS) of the prototype HiSEC to obtain the maximum 
power, which is defined as impedance matching [36]. The internal capacitance of the pro-
totype HiSEC depends on the number of PZT disks. The theoretically calculated resistance 
is an approximate and, therefore, another attempt was made in the study to measure the 
optimum resistance, RS. To achieve this, several electrical load values close to the 

Figure 4. The UTM Loading Configuration and HiSEC Module Setup.



Energies 2023, 16, 157 7 of 18

Laboratory testing in the UTM was conducted at three test temperatures, namely 20,
40, and 50 ◦C, respectively. The applied vertical stress on the surface of the top HMA
sample was varied from 20 to 120 psi in a 20-psi increment at two loading frequencies,
namely 1 and 5 Hz, respectively, with some rest periods. As opposed to the HWTT setup,
the UTM setup did not employ any lateral confinement to the HiSEC module to keep
the test setup simple. However, the absence of lateral confinement did not significantly
influence the generated energy and power output, as most of the stress was presumably
transferred to the HiSEC module and PZT sensors.

2.4. Energy Measurements and Quantification

In both the HWTT and UTM tests, the energy generated was measured and quantified
using a Metrameter® for the readings and recording of voltage, current, and power output.
Figures 3 and 4 illustrated the laboratory test setup for connecting the HiSEC module to the
electricity measurement device for both the HWTT and UTM. The HiSEC module being
tested was connected to the Metrameter® using a coaxial cable with a BNC connector. Once
the load is applied, the live electricity measurements are displayed and recorded by the
Metrameter®. As exemplified in Figure 3, the instantaneous voltage, current, and power
measurements from the HWTT test were read and interpreted as follows: voltage = 4.407 V,
power = 0.0271 mW, and current = 6.5 µA.

As stated above and exemplified in Figure 3, the energy generation and power output
were measured directly using a Metrawatt meter, namely the Metrameter, that was sourced
from the Gossen Metrawatt Company of Nürnberg (Nuremberg), Germany. To ensure
maximum power output, the external resistance (RL) in the circuit should generally be
equal to the internal resistance (RS) of the prototype HiSEC to obtain the maximum power,
which is defined as impedance matching [36]. The internal capacitance of the prototype
HiSEC depends on the number of PZT disks. The theoretically calculated resistance is
an approximate and, therefore, another attempt was made in the study to measure the
optimum resistance, RS. To achieve this, several electrical load values close to the calculated
RS were applied to the HiSEC circuit using an external resistance substitution box [22].
In practice, however, the Metrameter’s input impedance is very high. This is primarily
because it is designed to make simultaneous voltage and current measurements, which are
not part of the loading of the circuit.

2.5. Materials and Asphalt (HMA) Mixes Evaluated

To investigate the effects of HMA mix type on the generated energy, four commonly
used Texas mix types, namely Type B (coarse-graded), Type C (dense-graded), Type D
(dense-to-fine graded), and Type F (fine-graded), with up to seven different HMA mix-
design characteristics were comparatively evaluated. The HMA mix-design details are
listed in Table 1 and include the mix type, highway, asphalt-binder type, and content (by
weight of the aggregate), aggregate type, etc. These HMA mixes were selected to include
the typical aggregate gradations ranging from fine- to coarse-graded as well as geographical
coverage of some of the main climatic zones of Texas, namely wet–warm (WW), wet–cold
(WC), and moderate (M) climatic regions.

All the HMA samples tested were molded and fabricated in the laboratory from
plant-produced mixes using the Superpave gyratory compactor. Consistent with the Texas
specifications for laboratory performance testing, all the HMA samples were molded to
a target density of 93 ± 1%, i.e., 7 ± 1% air voids (AV) [34]. Three replicate samples of
each HMA mix were tested per test type per test condition, with the output data and
variability/repeatability assessed at 95% confidence (reliability) level [37,38]. The HMA
mixes’ corresponding moduli values at 5 Hz are exemplified in Figure 5 as a function of
temperature. A similar moduli response trend was also observed at 1 Hz.
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Table 1. HMA Mixes and Volumetric Characteristics.

# Mix Type Hwy District
(Climate) Asphalt-Binder Asphalt-Binder

Content (AC) * Gradation/Aggregate

1 Type B US 67 Fort Worth (WC) PG 64-22 4.1% CG = limestone + 8% RAP + 1.7% RAS

2 Type C SH 7 Bryan (WW) PG 64-22 4.8% DG = crushed gravel

3 Type C FM 1887 Houston (WW) PG 64-22 4.9% DG = limestone/dolomite + 16% RAP
+ 1% RAS

4 Type C Bryan Bryan (WW) PG 64-22 4.9% DG = limestone/Dolomite + 20% RAP

5 Type D SH 44 Corpus Christi (M) PG 64-22 5.4% Df G = limestone +
20% RAP

6 Type D US 82 Paris (WC) PG 64-22 5.3% Df G = limestone + 15% RAP + 5% RAS

7 Type F US 271 Paris (WC) PG 76-22 6.8% FG = sandstone

Legend: AC = Asphalt-binder Content; Hwy = Highway; CG = Coarse-graded; DG = Dense-graded,
DfG = Dense-to-fine graded; FG = Fine-graded; M = Moderate; PG = Performanace-Graded; WC = Wet–Cold;
WW = Wet–Warm; RAP = Recycled (reclaimed) Asphalt Pavement: RAS = Recycled (reclaimed) Asphalt Shingles,
Type B = Texas coarse-graded mix; Type C = Texas dense-graded mix; Type D = Texas dense-to-fine graded mix;
Type F = Texas fine-graded mix; * = by weight of aggregate.
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3. Laboratory Test Results and Analysis

This section presents the HWTT and UTM laboratory test results and the correspond-
ing analyses based on the HiSEC module testing with PZT sensors. However, it should be
noted here that these laboratory test results pertain only to the HMA mixes, HiSEC module,
PZT sensors, and the laboratory test conditions defined in this study. Therefore, the overall
findings and conclusions may not be exhaustive.

3.1. HWTT-HiSEC Test Results—Asphalt (HMA) Type Variation

As described earlier in the HWTT test setup, the HiSEC prototype module was sub-
jected to repeated wheel loading at about 1 Hz loading frequency at room temperature
(20 ◦C). Five different HMA mixes with three different mix types/gradations, namely
Type B, Type C, and Type D, were used and the corresponding test results in terms of the
current, voltage, and power outputs are presented in Figure 6.

Figure 5 shows no significant effect of mix type variation and gradation on the energy
generation potential of the HiSEC module and PZT sensors at 20 ◦C with 50 mm top HMA
cover. Due to the rigidity and stiffness (i.e., high modulus values) of the HMA mixes at
the 20 ◦C testing temperature, an almost identical transfer of the applied wheel load onto
the module is achieved irrespective of the asphalt (HMA) mix type. As a result of the
applied stress being transferred almost equally using different HMA types, mix-designs,



Energies 2023, 16, 157 9 of 18

volumetrics, and gradations, one can infer that the HMA properties at ambient and cold
temperatures have no major impact on the HiSEC’s energy generation and power output.

The laboratory test results shown in Figure 6 also indicate that the power output
is of very low magnitude. This is possibly due to the relatively low applied load level
of 0.703 kN in the HWTT setup versus about 20 kN for a typical truck wheel load [39].
The HWTT test setup adapted in this study had limitations and challenges in terms of
its ability to vary the test temperature and applied loading. Therefore, it is less suitable
for routine laboratory evaluation of the energy generation and harvesting potential of the
HiSEC modules compared to a system where the test temperature, frequency, and applied
stress can be easily varied such as the UTM, which is discussed in the subsequent section
of this paper. However, one key advantage of the HWTT is the ability to simulate an actual
moving wheel load over the HiSEC module, thus representing near field traffic-loading
patterns to a limited extent.

Energies 2023, 16, x FOR PEER REVIEW 9 of 19 
 

 

Figure 5. HMA Moduli Values at 5 Hz. 

3. Laboratory Test Results and Analysis 
This section presents the HWTT and UTM laboratory test results and the correspond-

ing analyses based on the HiSEC module testing with PZT sensors. However, it should be 
noted here that these laboratory test results pertain only to the HMA mixes, HiSEC mod-
ule, PZT sensors, and the laboratory test conditions defined in this study. Therefore, the 
overall findings and conclusions may not be exhaustive. 

3.1. HWTT-HiSEC Test Results—Asphalt (HMA) Type Variation 
As described earlier in the HWTT test setup, the HiSEC prototype module was sub-

jected to repeated wheel loading at about 1 Hz loading frequency at room temperature 
(20 °C). Five different HMA mixes with three different mix types/gradations, namely Type 
B, Type C, and Type D, were used and the corresponding test results in terms of the cur-
rent, voltage, and power outputs are presented in Figure 6. 

 
Figure 6. HWTT-HiSEC Energy Generation—HMA Variation (1 Hz and 20 °C). 

Figure 5 shows no significant effect of mix type variation and gradation on the energy 
generation potential of the HiSEC module and PZT sensors at 20 °C with 50 mm top HMA 
cover. Due to the rigidity and stiffness (i.e., high modulus values) of the HMA mixes at 
the 20 °C testing temperature, an almost identical transfer of the applied wheel load onto 
the module is achieved irrespective of the asphalt (HMA) mix type. As a result of the 
applied stress being transferred almost equally using different HMA types, mix-designs, 
volumetrics, and gradations, one can infer that the HMA properties at ambient and cold 
temperatures have no major impact on the HiSEC’s energy generation and power output. 

 10

 100

 1,000

 10,000

0 20 40 60 80 100 120 140

HM
A 

M
od

ulu
s 

(k
si)

Temperature (°F)

US 67 (Type B)
SH 7 (Type C)
FM 1887 (Type C)
Bryan (Type C)
SH 44 (Type D)
US 82 (Type D)
US 271 (Type F)

1000 

Figure 6. HWTT-HiSEC Energy Generation—HMA Variation (1 Hz and 20 ◦C).

Although of relatively small magnitude, the test results are nonetheless indicative
of the potential to generate and harvest energy from HMA through HWTT testing with
the aid of the HiSEC module and PZT sensors. Similarly, the HiSEC module, through use
of PZT sensors, has demonstrated its potential to convert the applied stress into electric
power when embedded within the HMA samples. Work by Dessouky et al. [40] has already
shown that optimization of the HiSEC module can increase the power output by up to
fourfold. Thus, further modification and enhancement of the HWTT test setup along with
the refinement of the HiSEC module is likely to yield higher power output.

3.2. UTM-HiSEC Test Results—Frequency and Load (Stress) Variation

The HiSEC module and PZT sensors were extensively tested in the UTM setup with
varying applied stress, test temperature, and loading frequencies. The applied stress on the
surface of the top HMA sample was varied between 20 to 120 psi (138–827 kPa) in a 20-psi
(138 kPa) increment. Three test temperatures, namely 20, 40, and 50 ◦C were adopted to
test the HiSEC module’s sensitivity to temperature variation. Two loading frequencies,
namely 1 Hz and 5 Hz, were initially tried with 0.9 s and 0.1 s rest period, respectively (see
Figure 7). The corresponding current, voltage, and power output for these two loading
frequencies are presented in Figure 8 for a dense-to-fine-graded Type D mix from highway
US 82 in the Paris District of Texas.

As can be observed from Figure 8, for each applied stress level on the HiSEC module,
higher loading frequency (i.e., 5 Hz with shorter rest periods of 0.1 s) yielded higher current,
voltage, and power output, respectively. This is theoretically expected since, at higher
loading frequency (with shorter rest periods), the PZT sensor disks get more actuations
in one second, resulting in the generation of more electric charge than 1 Hz. That is five
loading cycles with shorter rest periods of about 0.1 s each are applied at 5 Hz as opposed
to 1 Hz with only one load cycle and a 0.9 s rest period within the same one-second
timeframe. In summary, the higher the loading frequency (i.e., shorter rest periods), the
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greater the generated energy. However, the 1 Hz loading frequency was adapted for further
HMA testing to facilitate easy comparison with the HWTT test results whose loading
pattern/frequency is closer to 1 Hz.
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Figure 9 shows the stress–energy correlations for four typical Texas mixes, ranging
from coarse- to fine-graded HMA mixes, i.e., Type B (coarse-graded), Type C (dense-graded),
Type D (dense-to-fine-graded), and Type F (fine-graded) at 1 Hz and 20 ◦C, respectively.
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The effects of the applied stress on the generated energy output are clear in Figure 9.
The correlation between the current and voltage output follows a linear relationship with
the applied stress, with a coefficient of correlation (R2) of 99%. However, the correlation
of the resulting power (P) with the applied stress is better described by a second order
polynomial function (see Figure 9). This is indifferent to the expected square-law power-
stress relationship for PZT sensors. Overall, the results in both Figures 8 and 9 suggest that
a highway location with frequent (i.e., less headway between consecutive vehicles) and
heavy traffic loading (i.e., higher applied vertical stress) is more suited for HiSEC module
and PZT sensor deployment to maximize the power generation potential.

3.3. UTM-HiSEC Test Results—Asphalt (HMA) Mix Type Variation

To evaluate the effects of HMA mix type on the HiSEC energy harvesting, the module
was tested with seven different HMA mix-designs and gradations, as was described in
Table 1. The generated current, voltage, and power output for each HMA mix type are
presented in Figure 10. Like the HWTT test results, Figure 10 suggests that the current,
voltage, and power outputs do not significantly vary with respect to HMA mix type and
aggregate gradation. Considering that the HiSEC module was not confined, and due to the
rigidity/stiffness (modulus) of the HMA mixes, the PZT sensors receive an almost equal
value of the applied stress and are subjected to the same ratio of rest period to loading time
(i.e., RP-LT ratio); hence, they result in similar energy outputs.
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3.4. UTM-HiSEC Test Results—Temperature Variation

As a viscoelastic material [41], the HMA response behavior is highly dependent on
temperature variation. Therefore, it was theoretically anticipated that the test temperature
would affect the efficiency of the HMA layer on top of the HiSEC module in transferring the
applied vertical stress as a function of the RP–LT ratio, thus affecting the energy generation
and harvesting potential of the HiSEC module. Figure 11 presents the current, voltage, and
power output for the module at different test temperatures, i.e., 20, 40, and 50 ◦C with a US
82 Type D mix (dense-to-fine-graded) as the HMA top 50 mm thick layer.
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As was theoretically expected, the energy outputs in Figure 11 show sensitivity to test
temperature. The decreasing energy output with increasing temperature indicates that at
higher temperatures, the HMA mix becomes softer, and this affects how the applied vertical
stress transfers along the HMA depth. Theoretically, this is so because the HMA mix needs
more time to recover itself; hence the increasing RP-LT ratio. Under high-temperature
conditions, the applied stress is transferred in a longer period, in both the loading and
unloading phases. Therefore, the actual loading waveform on the PZT disks is more
stretched compared to the initial loading waveform applied by the UTM on the surface of
the top HMA sample. This observation suggests that colder climatic regions with longer
winter seasons and high traffic loading will be more suited for the deployment of the HiSEC
module to maximize energy harvesting.

Nonetheless, these results may also warrant the exploration of means to further
stabilize and optimize the HiSEC energy generation potential and output performance at
high UTM test temperatures in future follow-up studies. On the other hand, this could
also be an inherent limitation, suggesting that the current UTM laboratory test setup
(without custom modification) may not be ideal for HiSEC energy generation at elevated
temperatures exceeding 40 ◦C.

4. Synthesis of the Results and Findings

The results and findings from the laboratory testing presented herein confirm the
expected theoretical trends in terms of the amount of energy generated with respect to
varying temperatures and loading frequencies. One such observed response-trend was that
the energy output increased as the loading frequency was increased from 1 Hz to 5 Hz in
the UTM test setup. Similarly, and as expected, the energy output dropped with an increase
in the test temperature of the HMA samples; this is owing to the inherent deterioration of
the HMA capacity to transfer the applied stresses and change in the loading waveform at
higher temperatures. Another significant outcome of this study was the fact that HMA mix
type and aggregate gradation was found not to significantly affect the energy output at low
to ambient temperatures. The significance of these trends/patterns with respect to varying
loads and test temperatures is discussed in the subsequent text and elicits further studies
for better understanding of the HiSEC conceptual application for energy generation from
HMA and asphalt roads.
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4.1. Comparison of the HWTT-UTM Test Results

Both the HWTT and UTM tests are well established and proven methods to measure
and evaluate the performance of HMA in the laboratory. Although they are employed to
achieve a common objective, these test methods fundamentally operate based on completely
different theories and loading configurations. The UTM, for instance, applies dynamic
vertical loading on the HMA sample at a user-defined loading frequency, temperature,
and applied stress levels, whereas the HWTT setup applies a constant load dynamically
by means of a moving steel wheel that weighs 158 lbs (0.703 kN) and whose speed is
user-controlled just as is the test temperature of the HMA samples.

In this study, the speed of the HWTT wheel and the number of passes were modified
to achieve the 1Hz frequency of loading, which is the lowest possible loading frequency
supported by the UTM. By analyzing the video of the wheel motion captured during the
HWTT frame by frame, it was determined that the time taken for the wheel to pass over
the HiSEC module placed exactly at the center of the HMA sample setup was close to
0.1 sec (when the HWTT wheel was set at 60 passes/min). The resultant energy generated
from both the HWTT and UTM tests at similar loading frequencies were compared. The
comparison corroborated the theoretical assumption that the HWTT results would be
significantly lower than its UTM counterpart owing to the dynamic and transient nature of
the applied wheel load as well as the lateral confinement.

Although of a small magnitude, the results are nonetheless indicative of the potential
to generate and harvest energy from highway traffic with the aid of the HiSEC mod-
ule and PZT sensors. Similarly, the HiSEC module has demonstrated its potential to
successfully convert the applied stress into energy (power) when embedded within the
HMA samples and subjected to laboratory HWTT or UTM loading. Evidently, future refine-
ment/enhancement of the HiSEC module and modification improvements to the laboratory
test setups are likely to yield more favorable results in terms of the energy output.

4.2. Statistical Viability of the Concept and Test Methods

The results generated by the chosen test methods (namely HWTT and UTM) were
found to be statistically sound at 95% reliability level in terms of the consistency of the
output data at all the test temperatures and loading frequencies considered. The HiSEC
module with PZT sensors was tested multiple times by simulating the same set of loading
and temperature conditions on different occasions to check for inconsistencies and statistical
repeatability. As exemplified by the Type F mix (US 271) in Table 2, the statistical measure
of dispersion or the coefficient of variation (CoV) of the output data was calculated for all
HMA mix types and test temperatures [38,42–44].

Table 2. CV Results for Type F (US 271).

Load (psi)
CoV @ 20 ◦C CoV @ 40 ◦C CoV @ 50 ◦C

Current Voltage Power Current Voltage Power Current Voltage Power
(%) (%) (%) (%) (%) (%) (%) (%) (%)

19 0.9 0.4 1.0 0.4 0.7 0.7 0.7 0.3 1.0
40 0.2 0.0 0.3 0.4 0.5 0.00 0.5 0.4 1.1
60 0.2 0.2 0.4 0.1 0.1 0.2 0.3 0.3 0.5
80 0.4 0.4 0.7 0.5 0.4 0.8 0.4 0.4 0.8

101 0.4 0.2 0.6 0.5 0.5 0.9 0.3 0.3 0.6
121 1.3 1.9 3.1 0.3 0.4 0.7 1.6 1.6 3.2

As the CoV data presented in Table 2 clearly shows, the degree of dispersion is very
minimal and below 5% for all the test temperatures and applied loads that were evaluated.
Similar CoV trends were recorded for all the HMA mixes and test conditions considered in
the study. Considering a reliability level of 95% [45], these low CoV values are a statistical
validation that the adapted laboratory test protocols and the prototype HiSEC module



Energies 2023, 16, 157 14 of 18

(with PZT sensors) are very repeatable and reliable devices with very low variability in the
output data; the computed CoV values were significantly lower than the 30% threshold (i.e.,
CoV < 30%) that is typically used to measure the repeatability, data quality, and statistical
credibility of laboratory HMA testing [43].

4.3. Refinement of the HiSEC Module and Piezoelectric Sensors

From the perspective of the laboratory tests used in this study, the prototype HiSEC
module can be further refined and enhanced to produce better and more efficient results,
i.e., maximize energy (power) output. For instance, the laboratory tests conducted in the
UTM would yield results that are probably more accurate and generate more energy if the
shape of the HiSEC module were to mimic the shape of the HMA samples that encompass
it. Although a customized circular HiSEC module would prove to be redundant in the
field, the suggested refinement would produce more energy in terms of both quantity and
accuracy in a laboratory setup. Similarly, customizing the HiSEC module to adapt to the
HWTT setup would likely improve the energy yield and reliability of the results produced.

One of the most critical features of using PZT sensors within the HMA is their dura-
bility. Roshani et al. [24] conducted a research study on the durability performance of the
PZT-based prototypes under simulated traffic loading by applying a total of 43,200 load
cycles using an asphalt pavement analyzer (APA) machine. The corresponding test results
showed that the output power was consistent under repetitive loading, indicating a low risk
of premature deterioration in the laboratory, but with an obvious need for field experimen-
tation and validation studies. On installation of these PZT sensors and HiSEC modules in
the field, exposure to rain and other extreme varying climatic conditions could potentially
lead to an array of probable issues to deal with. For instance, prolonged exposure to water
(rain) might affect the structural integrity of the module and its sensitivity. To fully exploit
its potential, further studies must be conducted to explore ways to optimize the HiSEC
module by reducing its susceptibility to physical or climatic changes around it. With the
current prototype, there is more scope for refinement in terms of the structural integrity of
the HiSEC module, as aforementioned, to cater to the specific needs of the environment
around it. The shape and geometry of the module need to be further experimented with to
find an optimum design both structural-wise and in terms of energy generation/harvesting
potential including conducting field verification and validation studies.

4.4. Study Limitations and Future Perspectives

Seven HMA mixes were evaluated in this study; of which 71% were dense-to-fine
graded with the asphalt-binder ranging from 4.1% to 6.8%, mostly PG 64-22. Only one
HMA mix each were coarse- and fine-graded, respectively, with majority of the aggregates
being limestone, gravel, sandstone, RAP, and RAS. To further supplement and substantiate
the results documented herein, a diverse array of HMA mixes with varied mix-design
volumetrics need to be evaluated to better ascertain which HMA mix types provide the
best compatibility and energy yield with the HiSEC module.

Whilst the HWTT was run at one loading frequency of 1 Hz, one loading level
(0.703 kN), and one temperature (20 ◦C), the UTM was conducted at multiple test tempera-
tures (20~50 ◦C), load levels (20~120 psi), and two loading frequencies of 1 Hz and 5 Hz,
respectively. Therefore, there is need to vary the HWTT test loading parameters to better
simulate the field conditions. Furthermore, the HWTT test was conducted under laterally
confined dry conditions that might have impacted the HiSEC’s energy generation potential.
Therefore, there is a need to explore other environments and field-simulated conditions.

In the UTM test setup, there was no lateral confinement, and it was more like an impact
dynamically applied vertical loading to the HiSEC–HMA sample setup. Furthermore, a sig-
nificant decay in the HiSEC generated energy was also recorded for high test temperatures
exceeding 40 ◦C. Thus, custom modification and enhancements may be warranted in future
studies for the UTM–HiSEC test setup to be able to accommodate elevated temperatures.
Whilst HMA sample fabrication/compatibility presented its own challenges, particularly
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with the HWTT test setup, it was also observed that modification/enhancement and refine-
ment of the HiSEC module geometry as well as the PZT materials were also deemed to be
critical aspects worth exploring in future studies.

In general, however, the study yielded plausible and potentially promising results
worthy of continued future exploration. To further substantiate this laboratory study’s
findings and enhance the energy generation efficiency of the HiSEC module, the following
are recommended: (a) enhancing the HiSEC module geometry; (b) trying different HiSEC
and PZT materials that are both cost-effective and have high energy generation potential;
(c) exploring different PZT circuitry configurations; (d) exploring other laboratory tests
and HMA sample setups such as the APA; and (e) evaluating more HMA mixes with
different materials and a diverse array of mix-design volumetrics. Furthermore, in addition
to field testing and validation of the HiSEC module, future prospective studies should also
consider comparisons with other energy sources in terms of the energy output, costs, system
maintenance/durability, economic, LCCA, sustainability, and environmental impacts.

5. Summary and Recommendations

The energy generation potential of the prototype HiSEC module (with PZT sensors)
was evaluated in the laboratory with two test setups, the HWTT and the UTM. A variety
of loading conditions were used for the laboratory investigation by varying the loading
frequency, applied stress, test temperature, and HMA mix type/gradation. The findings
and recommendations from these laboratory tests are summarized as follows:

# The results of the HWTT and UTM tests indicated that the influence of HMA proper-
ties, such as asphalt mix type, at ambient and cold temperatures has no major impact
on the HiSEC’s energy generation and power output potential,

# At 20 ◦C test temperature and 1 Hz loading frequency, the HMA type was found not
to affect the generated voltage, current, or power in either the HWTT or UTM test
setups. At these laboratory loading conditions, due to the stiffness (i.e., high modulus
values) of the HMA mixes, the HiSEC module experiences almost equivalent values
and forms of the vertical stress. For the laboratory tests performed and asphalt mixes
considered, it was therefore concluded that the HMA mix-design properties have
negligible effect on the HiSEC’s energy output.

# Due to the viscoelastic nature of HMA, the energy generation potential of the HiSEC
module is affected by the test temperature. At higher temperatures, the HMA layer
on top of the HiSEC module becomes softer and causes a delay in both the loading
and unloading phases, resulting in a stretched loading waveform applied on the PZT
sensor disks, which consequently leads to a lower energy (power) output.

# Higher loading frequency results in higher energy generation from the HiSEC module.
Moreover, higher applied vertical stress generates higher power; that is, the higher
the loading, the greater the amount of energy generated.

# The laboratory test results inferred that a highway (road) with frequent, high volume,
and heavy traffic loading in colder climatic conditions will be more suited for deploy-
ing the HiSEC module for maximizing energy harvesting. However, field validation
is still warranted to substantiate these inferences.

# The voltage generated from the HiSEC module in the UTM setup was found to be
reasonably high, namely in the range of 120 volts for 120 psi (~827.37 kPa) applied
stress at 20 ◦C test temperature and 1 Hz loading frequency. However, the power
output was relatively low, in the range of 13~14 mW.

# The HWTT test setup can apply repeated wheel loading to the HiSEC module in a
laterally confined condition. However, the generated current, voltage, and power
output are relatively low due to the low applied vertical loading.

# The HWTT setup explored in the study uses a fixed wheel load of 158 lbs (0.703 kN)
and cannot vary the test temperature while running in dry conditions. Moreover,
the sample preparation and the overall test setup in the HWTT is slightly more
complicated than the UTM. The UTM test setup, on the other hand, has provisions
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for varying the test temperature, applied stress, and frequency and, overall, it is
a simpler test setup. Therefore, the UTM test setup would be recommended for
continued exploration and optimization of energy harvesting with PZT sensors and
the HiSEC module.

Overall, this laboratory study provided evidence that there is promising potential to
generate and sustainably harvest energy through the insertion of PZT sensors in asphalt
(HMA) layers within the highway pavement structures. While the concept is still in
its infancy, there is potential for maximizing power output, particularly with further
refinement and enhancement of the HiSEC module to improve its efficiency, sensitivity, and
robustness. Thus, more laboratory testing and evaluation of the HiSEC module are strongly
recommended along with trial field testing, either through accelerated pavement testing or
on in-service highways. In addition to the HiSEC durability and reusability analysis, future
follow-up studies should also include cost-effectiveness, life-cycle cost analysis (LCCA),
socioeconomic impacts, and environmental sustainability assessment, as well as exploring
means to optimize the HiSEC’s energy generation potential at high UTM test temperatures
or custom modification of the UTM test setup.
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