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This study presents a novel approach for detection of bottom-up cracking in asphalt concrete (AC) pave-
ments using self-powered wireless sensor (SWS) with non-constant injection rates. The performance of
the sensors was evaluated through numerical and experimental studies on an asphalt concrete specimen
under three-point bending configuration. Damage was introduced by making notches with different sizes
at the bottom of the specimen. Different 3D finite element (FE) models were developed using ABAQUS to
generate the sensor output data for different damage states. Thereafter, the laboratory tests were carried
on the same specimen to validate the performance of the proposed damage detection approach.
Polyvinylidene fluoride (PVDF) piezoelectric film was used to harvest the strain energy from the host
structure and empower the sensor. In order to protect the embedded sensor, an H-shape packaging sys-
tem was designed and tested. The results indicate that the progression of bottom-up cracks can be accu-
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rately detected using the proposed self-powered sensing system.
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1. Introduction

Continuous condition monitoring is an essential factor to
enhance the safe operation and in-service performance of pave-
ment systems. In this context, the existing health monitoring
methods can generally be categorized into two groups: the in-
situ pavement sensors and external evaluation technologies [1].
During the past two decades, the in-situ sensing techniques have
been developed as the alternatives to the traditional monitoring
methods [2-5]. Many types of sensors are used in this method
such as deflectometer, fiber-optic sensors, moisture sensor, pres-
sure cell, strain gauge, thermocouple, accelerometers, etc. [2-10].
The external evaluation approaches are extensively used to detect
surface distresses of pavement, i.e., pavement distresses evalua-
tion based on image analysis [11-12], or pavement deformation
detection by stereo-imagery [13-18]. Deployment and mainte-
nance of such wired systems is a challenging task. The other issue
is to effectively manage massive data created by the wired sen-
sors [19]. In order to overcome such limitations, wireless sensor
networks (WSNs) have been widely used in the area of structural
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health monitoring (SHM) [20-23]. However, finding a cost-
effective and sustainable power source is one of the obstacles
for wide application of wireless sensors. Harvesting ambient
energy has been proved to be a viable solution for this problem
[24-34]. Among different energy harvesting resources, piezoelec-
tric transducers are one of the most efficient options [28-30,35].
Recently, our research group at Michigan State University (MSU)
has developed a new type of piezo-based self-powered wireless
sensor (SWS) [35-38]. A porotype of the SWS is shown in
Fig. 1. This sensor is based on the integration of a piezoelectric
transducer with an array of ultra-low power floating gate compu-
tational circuit [35]. By embedding the SWS inside the pavement
system, the localized strain statistics can be continuously moni-
tored. The information recorded on-board the sensor can be read
using radio frequency (RF) technology. The SWSs have floating-
gates with constant injection and non-constant injection rates.
The main difference between the two classes of SWS is in the
form of data outputted from the sensors. There are very few stud-
ies on the applicability of the SWS with constant injection rates
for SHM [35,37-40]. In a recent study, Alavi et al. [38] have tested
the ability of the sensor for detection and localizing bottom-up
cracking in asphalt pavement using the SWS with constant injec-
tion rate. They have characterized the sensor output using a
cumulative density function (CDF) and defined new damage
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Fig. 1. Prototype of the self-powered wireless sensing system.

indicators. The CDF parameters were found to be good damage
predictors.

However, the variability of the injection rate in the floating
gates results in a notable difficulty in the interpretation of the
SWS data compared to a constant injection rate type of sensors.
In fact, for the case of non-constant injection rates, the sensor data
cannot be characterized with a CDF and require a new data analy-
sis framework. In this paper, the applicability of a new health mon-
itoring system for pavements using SWS with non-constant
injection rates is investigated for the detection of bottom-up pave-
ment cracking. The numerical and experimental studies were
focused on the detection of progression of bottom-up cracking
caused by excessive strains at the bottom of an asphalt-concrete
specimen. The results indicate that the proposed approach has a
satisfactory performance for the detection of damage progression
in pavement structures.

2. Working principle of non-constant injection rate SWS

The new developed sensor at MSU has seven memory cells that
monitor the cumulative strain events induced by mechanical load-
ing. The sensing mechanism includes two main phases: harvesting
the energy from the structure under loading using a piezoelectric
transducer, and recording the cumulative voltage (respectively
strain) events via the sensor electronics. Piezoelectric transducers
are used to transform mechanical loads into electrical charges.
The open source voltage (V) across a piezoelectric transducer is
given by:

Ve SYdsih )
e
where S, Y, d31, h and ¢ are the applied strain, Young’s modulus (Pa)
of the piezoelectric material, piezoelectric constant (C/N), thickness
(m), and electrical permittivity (F/m), respectively. The piezoelectric
transducers can be attached anywhere in the structure to harvest
the strain energy and convert it into an electric charge. The result-
ing electrical energy is then used to empower the sensor as well as
to monitor the health status of the structure. The sensor unit includ-
ing the floating gates is connected to the piezoelectric transducer to
record the data. Each gate (cell) has a specific threshold level and
injection rate. When the amplitude of the strain at the sensor loca-
tion exceeds the threshold level of a specific gate, it starts recording
the cumulative strain droppage. The injection rate is defined as the
quantity of droppage in strains during 1 s at a specific memory gate.

Fig. 2 displays the procedure of obtaining the strain droppage
(&0 — &sensor) At the sensor level. As seen in this figure, the sensor
strain droppage is in the form of a histogram that has different
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Fig. 2. Cumulative loading time estimation by the SWS.

amplitudes for each gate. In fact, each memory cell has an initial
strain value &,. After applying a certain number of loading cycles,
the initial strain decreases linearly with the number of cycles. In
Fig. 2(a), the resulting cumulative time intersections at gate gi is
given as:

At =Y Atf (2)
k

Furthermore, the strain value &g at each gate can be written
as:

Esensor = €0 — Ig,-Ati (3)

where I, is the strain injection rate defined in pe/s and Af§' is the
k™ time intersection interval at gate g;. In this paper, the case of a
non-constant injection rate sensor was studied. Thus, the shape of
the histogram does not follow a specific trend. The injection rates
play a very important role in defining the sensor output. Note that
the strain and voltage variations are proportional according to Eq.
(1) and therefore, the strain droppage or voltage droppage
(Voo — Veensor) can be used in the proposed relative damage approach.

The strain injection rate parameter is a property of the sensor
that controls the speed of variation of the sensor strain as a func-
tion of time. Alavi et al. [37] showed that the output histogram
of a constant injection rate sensor can be characterized by a Gaus-
sian distribution. For the sensors used in this study, the shape of
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the output histogram is different and fully controlled by the injec-
tion rates. Therefore, a new approach was proposed to define new
damage indicator features and detect damage progression in
asphalt concrete (AC) pavements.

The analysis carried out in this study was divided into two
stages. First, a finite element (FE) model was developed to obtain
the structural response of the beam under different damage sce-
narios. The strains were extracted at the sensing node and then a
MATLAB script was developed to obtain the cumulative loading
time for each gate and for each damage state. The sensor output
was calculated using Eq. (3). Thereafter, the percentage of strain
droppage for different damage states was estimated based on the
sensor output data. For the second step, the voltage droppage
and the percentage of voltage droppage were directly calculated
using the measured sensor data. Fig. 3 shows a flowchart of the
proposed method.

3. Numerical study
3.1. Description of the FE model

The performance of the sensor was numerically investigated
through the simulation of an asphalt concrete specimen. The

sample was modeled under three-point bending mode. The loading
protocol included applying a gradually increasing compressive
force to the top mid-span of the beam. A schematic illustration
of the test is shown in Fig. 4.

Damage was introduced by making a notch at the middle of the
bottom of the asphalt concrete specimen. The damage states were
defined by increasing the notch size (a) as follows:

e Intact (DO): a =0 mm

e Damage 1 (D1): a=6.35 mm

e Damage 2 (D2): a=15.87 mm
e Damage 3 (D3): a=19.10 mm
e Damage 4 (D4): a=25.30 mm

For the analysis, the initial strain value of each channel was set
to o = 300 pe. The gate injection rates as well as the strain thresh-
old levels are displayed in Table 1.

The selection of the thresholds and injection rates was based on
an existing sensor and piezoelectric transducer. In fact, each of the
sensor gates has specific voltage threshold level from which the
gate starts recording the data. Therefore, depending on the type
of the piezoelectric transducer, the strain thresholds can be deter-
mined experimentally by gradually increasing the applied strain to

Numerical study
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Fig. 3. Flowchart of the proposed method.
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Fig. 4. Schematic of the notched asphalt concrete specimen under three-point bending test.
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Table 1
The preselected strain levels and the gate injection rates considered for the analysis.

Gate number Strain threshold level (ue) Injection rate (ue/s)

1 300 9.5

2 400 17.11
3 500 9

4 600 225
5 700 20.4
6 800 30.4
7 900 14.2

the piezoelectric transducer and recording the corresponding drop
in voltage for each gate of the sensor.

The activation strain of the sensor is 300 ue below which the
device does not record any information. The maximum threshold
is 900 ue where all the channels are activated. Different 3D FE

Table 2

Constant values, a;, used in the analysis.
ai a as ay
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Fig. 5. Fitted relaxation modulus to Prony series representation.

models were developed for each damage state to analyze the
dynamic response of the asphalt concrete beam under a dynamic
loading. ABAQUS/CAE 6.11 was used for the modeling and post-
processing of the results. Dynamic implicit procedure was
selected for the analysis. A displacement of 0.5 mm was applied
to the upper part of the beam. The applied load has the following
shape:

Uapplied = ’% [1 — cos(2mft)] 4)

where f (f= 2 Hz) is the frequency and A (A = 0.5 mm) is the ampli-
tude of the applied displacement.

The sample was modeled using a viscoelastic material. The
relaxation modulus of the asphalt concrete material used in
this paper was defined by four constants a;(i=1,2,3,4) as
follows:

a2
Log(E(t)) = @ + 1o ety )
wheret, is the reduced time, and a; are coefficients related to the
type of the AC material. The constants g; used in this study are sum-
marized in Table 2. Eq. (5) was fitted to the Prony representation of
the asphalt concrete modulus given by:

E(t) = Eo — XH:E,(] - e?ﬁ) (6)
i=1

where Eq represents the instantaneous modulus and (E;, 7;) are the
Prony series parameters. The Prony series parameters should be
given as normalized quantities in ABAQUS: The dimensionless shear
relaxation modulus g;, the dimensionless bulk relaxation modulus
ki, and the relaxation time ;. The shear (G) and bulk (K) moduli
are given as:

Ei

G(t) = 511t (7)
E|

k() = 3(12\7)

Fig. 5 shows the fitted relaxation modulus from Eq. (5) to the
Prony representation given by Eq. (6). The viscoelastic properties
used in the FE model are summarized in Appendix A. The instanta-
neous modulus Eq is 9548 MPa.

Fig. 6. FE model mesh.
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3.2. FE simulations results

The asphalt concrete beam was modeled using 9615 linear hex-
ahedral elements of type (C3D8R). Mesh refining technique was
adopted for the meshing strategy in order to capture high stresses
and strains concentration around the crack tip. The obtained opti-
mal element size was about 10 mm for the intact configuration.
The entire length of the slab was equal to 450 mm (17.71 in), the
span length is 381 mm (15 in), the thickness is 127 mm (5 in),
and the width is 152.4 mm (6 in). The rollers have a diameter of
30 mm (1.18 in) and are setup to be free in rotation. The point of
measurement was located at a distance of 30 mm from the middle
bottom of the specimen. The meshed model of the beam is shown
in Fig. 6. Fig. 7 displays the results of the longitudinal strains (along
the slab length) for the five damage states (DO, D1, D2, D3, D4). As
one would expect, the amplitude of the strain increases as the
damage progresses. This is mainly due to the stress concentration
around the notch tip. Fig. 8 displays the sensor output histogram
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for each damage state. It can be seen that the sensor strain shows a strain values between damage states. In particular, the outputs
decreasing trend between damage states for all of the sensor chan- for {DO, D1, D2} of gate 6, and {DO, D1, D2, D3} of gate 7 are the
nels. However, some channels do not record any change in the same.
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Fig. 9. Strain changes across the floating-gates of the SWS.
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3.3. Damage detection results

Fig. 9 presents the variation of the sensor strain at each gate
against the number of applied cycles for each damage state.
Fig. 10. displays the percentage of the sensor strain droppage after
50 cycles. As seen, the strain varies linearly with the number of
cycles. Furthermore, the intact configuration has the smallest slope
(in absolute value) compared to other damage states. The percent-
age of voltage droppage notably increases due to the damage

progression. In fact, when the notch size increases, the longitudinal
strain (along the slab length) increases as well. Thus, the cumula-
tive time durations At;(i = 1..7) measured by each gate increases.
As seen in Fig. 9, the recorded strain droppage of the sensor highly
depends on the damage state. When the strain exceeds a threshold
corresponding to one of the gates, the sensor strain starts decreas-
ing. Conversely, if the strain value is below the gate injection
threshold, the sensor strain does not change. As an example, the
strain amplitude for all damage states is higher than the activation

(b)

Fig. 11. (a) Three-point bending experimental setup, (b) notch at the initial stage, and (c) crack propagation phase.

(@)

(a) Epoxy sensor package
(b) Location of the PVDF
(c) Location of the SWS
(d) Frame used for the

packaging process

(b)

Fig. 12. Sensor packaging design to protect the PVDF and the sensor electronics.
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threshold of the first five channels. Therefore, gates 1 to 5 are
recording the cumulative strain droppage for all damage states,
while gate 6 only recorded damage states D3 and D4. This is
because the maximum strain values for damage states DO, D1
and D2 did not exceed the strain threshold level of gate 6 and
therefore, this gate remained closed. As soon as the strain exceeded
the activation value of this gate (for damage states D3 and D4), the
gate starts recording. Gate 7 merely recorded the most severe dam-
age state, i.e. D4. As a summary, the slope representing the sensor
strain versus the number of cycles is good damage indicator. In
addition, the gate number could be also used to detect severe
cracks at the bottom of the pavement. In fact, gates 6 and 7 start
recording only when the crack reaches high values. An interesting
observation from Fig. 10 is that the increasing trend of the strain
droppage percentage is a good indicator of the damage severity,
particularly for the activated gates.

4. Experimental study
4.1. Test setup

The three-point bending test setup for the experimental study
is shown in Fig. 11. The slab was built using hot mix asphalt
(HMA), 4E1 mixture type. The weight of the HMA was 12.5 kg
and the length of the slab was equal to 450 mm (17.71 in).
The loading protocol consisted of applying a gradually increasing
compressive force to the top mid-span of the beam using a uni-
versal mechanical testing frame. In this study, a polyvinylidene

fluoride (PVDF) piezoelectric film was used to harvest the strain
energy from the host structure. In order to protect the piezoelec-
tric film and the sensor electronics from possible damage during
the manufacturing of the asphalt concrete specimen, an H-shape
packaging was designed (Fig. 12). Conathane® TU-981 epoxy was
used for encasing the proposed H-shape packaging system. A
PVDF with a size of 7.3 cm covered by epoxy was embedded
inside the asphalt layer at a distance of approximately 30 mm
from the bottom of the layer. Fig. 13 displays an image of the
used PVDF and its dimensions. The PVDF dimensions and prop-
erties are summarized in Table 3. Before starting the test, a pre-
load equal to 0.5 kN was applied to the sample to ensure it is
seated on the fixture.

A cyclic displacement loading similar to the FE simulations was
applied to the sample. Damage was introduced by making a notch
at the bottom of the asphalt specimen. The damage states were
defined by increasing the notch size (a) as follows:

Table 4
Voltage threshold levels of each gate.
Gate number Voltage (V)
1 7.6
2 8.1
3 8.5
4 8.8
5 9.0
6 9.7
7 10.2
A
|
]
LD
.
D
C
LU J | |
B

Fig. 13. LDT2-28K PVDF.

Table 3
PVDF dimensions and properties.

PVDF type A (mm) B (mm) C (mm)

D (mm) Thickness (um) Capacitance (nF)

LDT2-028K 16 12 73

62 157 2.85
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Fig. 14. Voltage changes across the floating-gates of the SWS.
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e Intact (DO): Intact plate (a =0 mm)
e Damage 1 (D1): a=6.35 mm (1/4”)
e Damage 2 (D2): a=15.875 mm (5/8")

After introducing the second damage phase, the displacement
was increased to 2 mm to evaluate the behavior of the sample
for higher amplitudes. After a number of cyclic loadings, a crack
propagation phenomenon was observed (Fig. 11(c)). The crack
propagated two times with a length of 3.2 mm and 9.4 mm. These
new damage phases were considered as Damages 3 and 4. Accord-
ingly, the total crack length for Damages 3 and 4 were, respec-
tively, equal to 19.1 mm and 25.3 mm.

e Damage 3 (D3) (propagated crack): a=19.1 mm
e Damage 4 (D4) (propagated crack): a=25.3 mm

For each of the tests, the initial voltage of the gates was set to
1.2 V. Then, the voltage was read after applying 50 cycles. The ini-
tial voltage value dropped after applying the cycling loading due to
electrons injection. Therefore, after each test, the sensor was tun-
neled and injected to reset all gates to almost the same voltage.
The goal is to find a relationship between the voltage droppage
and damage progression. Based on a series of preliminary tests,
the voltage thresholds of gates 1 to 7 are summarized in Table 4.

4.2. Damage detection results

The voltage droppage per 50 cycles with respect to different
damage states for the seven gates is presented in Fig. 14. The cor-
responding percentages of voltage droppage are shown in Fig. 15.
As soon as the voltage generated by the PVDF exceeds a threshold
corresponding to one of the gates, the procedure of electron injec-
tion initiates, and subsequently the voltage of that gate starts
decreasing. It can be seen that the voltage droppage rate increases
when damage progresses. This is evident for all of the 7 gates on-
board the sensor, specifically for gates 1-6. Gate 7 is activated at a
higher voltage threshold (>10.2 V), and therefore it started inject-
ing after the fourth damage state.

Apparently, the gate activation can be considered as an indica-
tor of damage occurrence. The other important observation from
Fig. 15 is that the voltage droppage percentage for each gate is also
a good indicator of damage progression. For instance, consider the
response of gate 1 to the voltage generated by the PVDF for DO to
D4 damage states (Fig. 15(a)). Since the voltage amplitude was
higher for the D4 mode than that for the other modes, the injection
time was higher, and therefore the voltage on the gate dropped
more for this mode. The same is true for the D3-D2, D2-D1 and
D1-DO cases. These trends are similar to those observed from the
FE results.

5. Conclusions

This paper presented a new method for detecting bottom-up
cracking in asphalt concrete pavements based on the data
recorded by the SWS. The whole methodology is based on
detecting the deviation of the voltage/strain amplitude caused
by the damage or cracking events. The prototypes of the SWS
can have floating-gates with constant and variable electron
injection rates. The injection rate controls the injection of the
electrons into the gate and therefore the voltage droppage
across it. The sensor records the cumulative time at specific
voltage threshold which is proportional to this droppage. Each
sensor has seven memory gates for data storage and an activa-
tion threshold level from which the sensor start recording the
cumulative droppage of the voltage/strain. Based on previous

studies, the output of the sensor with the constant injection
rates can be characterized by a Gaussian CDF. However, analy-
sis of the sensor output is challenging for the case of a sensor
with non-constant injection rates which is the case of this
study. A series of experiments and numerical simulations were
conducted on an asphalt concrete specimen under three-point
bending configuration to analyze the sensor performance. Based
on the results, the strain amplitude changes with increasing
the notch size. Consequently, the measured voltage from the
PVDFs increases as well. The other important observation was
that the slope (in absolute value) of the curves representing
the sensor strain/voltage versus the number of applied cycles
increases as damage progresses. More, the percentage of volt-
age/strain droppage can be considered as good indicator of
damage progression, and the gate number and activation are
good indicators of damage severity. Although the performance
of the sensor was evaluated in an AC slab under three-point
bending configuration, future research is needed to verify the
efficiency of the proposed technique in real pavement struc-
ture. In addition, the obtained results are based on the exper-
iments carried out at room temperature (25 °C). Therefore, the
effect of the environmental conditions and season variability on
the sensor and on the piezoelectric material should be investi-
gated in depth.
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Appendix A
See Table Al.

Table A1

Prony series coefficients.
8i k; Ti
6.6622E-05 6.6622E—-05 1.00E-13
0.00012834 0.00012834 6.49E-13
0.00024903 0.00024903 4.22E-12
0.00048324 0.00048324 2.74E-11
0.00093704 0.00093704 1.78E-10
0.00181707 0.00181707 1.15E-09
0.00351793 0.00351793 7.50E-09
0.00680272 0.00680272 4.87E-08
0.01309445 0.01309445 3.16E-07
0.02504117 0.02504117 2.05E-06
0.04711772 0.04711772 1.33E-05
0.08602016 0.08602016 8.66E—-05
0.14652054 0.14652054 0.000562
0.21559013 0.21559013 0.003652
0.23267158 0.23267158 0.023714
0.1499758 0.1499758 0.153993
0.0529047 0.0529047 1
0.01273171 0.01273171 6.493816
0.00289254 0.00289254 42.16965
0.00077742 0.00077742 273.842
0.00025633 0.00025633 1778.279
0.0001018 0.0001018 11547.82
4.4828E—-05 4.4828E—-05 74989.42
2.1436E-05 2.1436E-05 486967.5
1.0515E-05 1.0515E-05 3162278
5.3281E-06 5.3281E-06 20535250
2.6994E-06 2.6994E-06 1.33E+08
1.3899E-06 1.3899E-06 8.66E+08
7.0905E—-07 7.0905E-07 5.62E+09
3.7066E-07 3.7066E-07 3.65E+10
1.8002E-07 1.8002E-07 2.37E+11
1.1627E-07 1.1627E-07 1.54E+12
2.2759E-08 2.2759E-08 1E+13
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