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2 Validation of a Novel Sensing Approach for Continuous
3 Pavement Monitoring Using Full-Scale APT1 Testing
4 Mario Manosalvas-Paredes1; Kenji Aono2; Shantanu Chakrabartty3; Juliette Blanc4;
5 Davide Lo Presti5; Karim Chatti6; and Nizar Lajnef7

6 Abstract: The objective of this paper is to present a novel approach for the continuous monitoring of pavement condition through the use of
7 combined piezoelectric sensing and novel condition-based interpretation methods. The performance of the developed approach is validated
8 for the detection of bottom-up fatigue cracking through full-scale accelerated pavement testing (APT). The innovative piezoelectric sensors
9 are installed at the bottom of a thin 102 mm (4 in.)4 asphalt layer. The structure is then loaded until failure (up to 1 million loading cycles in this

10 study). The condition-based approach, used in this work, does not rely on stain5 measurements and allows users to bypass the need for any
11 structural or finite-element models. Instead, the data compression approach relies on variations in strain energy harvested by smart sensors to
12 track changes in material and structural conditions. Falling weight deflectometer (FWD) measurements and visual inspections were used to
13 validate the observations from the sensing system. The results in this paper present a first large-scale validation in pavement structures for a
14 piezopowered sensing system combined with a new response-only based approach for data reduction and interpretation. The proposed data
15 analysis method has demonstrated a very early detection capability compared to classical inspection methods, which unveils a huge potential
16 for improved pavement monitoring. DOI: 10.1061/JPEODX.0000397. © 2022 American Society of Civil Engineers.

17 Introduction

18 Flexible6 pavements7 are the most expensive assets in modern society
19 (NAPA and EAPA 2011) and yet pavement engineers have not
20 found a way to delay its weakening nor to provide an easy tool to
21 monitor its condition (Ullidtz and Ertman Larsen 1989; Brown
22 1998; Xue et al. 2012; Robbins et al. 2017). Pavements, as any
23 other structure, age and deteriorate as a function of time; these ef-
24 fects are accelerated by asphalt mixture aging (Xue et al. 2014),
25 cumulative loading (Brown and Peattie 1974; Dessouky et al.
26 2014), environmental conditions (Leiva-Villacorta et al. 2016),
27 and/or inadequate maintenance. Thus, knowing its current condi-
28 tion and estimating its future performance is a matter of high im-
29 portance for road owners and decision makers (Lajnef et al. 2013).

30New developments for evaluating pavement condition using in
31situ pavement sensors (Sohn et al. 2003; Lajnef et al. 2011;
32Manosalvas-Paredes et al. 2019; Bahrani et al. 2020; Iodice et al.
332021) are an alternative to the more traditional destructive methods
34and external evaluation methods (Verma et al. 2013; Marecos et al.
352017). Detecting damage at its earliest stages is important for al-
36most every industry. Farrar and Worden (2007) defined damage as
37the change of material and/or geometrical properties of the system
38including changes of the boundary conditions and system connec-
39tivity. It is worth mentioning that most damage detection methods
40rely on comparing the mechanical response of the damaged struc-
41ture, which most of the time come from computer simulations, to
42the intact state or undamaged state (Del Groso 2013). In addition,
43damage does not necessarily imply a total loss of system function-
44ality but rather that the system is no longer operating in its optimal
45manner. Thus, damage will grow until it reaches a point in which it
46affects the system operation and is no longer acceptable to the user
47(Sohn et al. 2003; Brownjohn 2007).
48The previous definitions tie perfectly with what pavements en-
49gineers have been using to define damage over the last decades in
50terms of structural capacity (layer moduli) (Manosalvas-Paredes
51et al. 2017) or functional performance [international roughness
52index (IRI), present condition index (PCI)] (Susanna et al. 2017).
53Outlining thresholds for assessing pavement condition is not a sim-
54ple task; therefore, continuous monitoring is foreseen as a solution
55for the coming years (Alavi et al. 2016). So far, neither functional
56nor structural evaluation has fulfilled, by itself, those requirements
57and has opened the door for new technologies to arise such as struc-
58tural health monitoring (SHM) (Sohn et al. 2003; Brownjohn 2007;
59Farrar and Worden 2007). The most widely accepted definition for
60SHM refers to the process of implementing a damage identification
61strategy for aerospace, civil, and mechanical engineering infra-
62structure (Farrar and Worden 2007; Di Graziano et al. 2020).
63SHM ought to provide the tools to progress from common, but
64erroneous, time-based maintenance philosophies to a more cost-
65effective condition-based maintenance philosophy. Nonetheless,
66technical challenges have been identified (Doebling et al. 1996;
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67 Sohn et al. 2003) and will have to be addressed before a true im-
68 plementation occurs. Therefore, this paper investigates the opera-
69 tional8 evaluation and data acquisition, normalization, and data
70 reduction of a novel self-powered sensor developed at Michigan
71 State University (MSU) (Alavi et al. 2016; Hasni et al. 2017) and
72 compares it with two commercial strain gauges from well-known
73 manufacturers, Dynatest and Tokyo9 Measuring Instruments Labo-
74 ratory. Advantages of the piezopowered sensing system compared
75 to conventional strain gauges include: low power requirements
76 (80 nW), self-powered continuous sensing, low-cost, small-size,
77 autonomous10 computation and nonvolatile storage of sensing vari-
78 ables, and wireless communication (Lajnef et al. 2013).
79 The11 objective is to validate the compressed cumulative load-
80 ing event approach, implemented in the previously developed
81 piezofloating-gate (PFG) sensor (Chatti et al. 2016), in detecting
82 bottom-up fatigue cracking through full-scale testing at The
83 French Institute of Science and Technology for Transport, Spatial
84 Planning, Development and Networks (IFSTTAR) circular test
85 track by measuring longitudinal strains at the bottom of the
86 asphalt concrete (AC). Falling weight deflectometer (FWD) mea-
87 surements have been performed at 0.0, 0.5, and 1.0 million loads
88 and are used as reference points. Layered elastic theory (LET) is
89 used for back-calculating the layer moduli for the different layers
90 and for obtaining the pavement responses at different depths using
91 the French standard axle of 13 t composed of dual wheels (Corté
92 and Goux 1996).
93 This paper is structured as follows.12 Section 2 describes the pie-
94 zoelectric sensor used in the IFSTTAR tests and data compression
95 protocol. Sections 3 and 4 describe the test sections, distribution of
96 sensors, their basic technologies, and the experimental measure-
97 ments. Sections 5 and 6 presents results from FWD measurements
98 and sensors data, and discussion. Finally, Section 7 presents some
99 conclusions and recommendations for further research.

100 Piezoelectric Sensors and Data Compression
101 Protocol

102 Piezoelectric sensors have become more popular in strain and vi-
103 bration sensing due to their ability to harvest mechanical energy
104 from ambient variations. In that sense, researchers at Michigan
105 State University have shown that piezoelectric transducers, under
106 traffic loading, can harvest the induced microstrain deformation
107 in the asphalt layer to power up the electronics of the novel PFG
108 sensor (Lajnef et al. 2011; Chatti et al. 2016; Hasni et al. 2017).
109 A complete description of the sensor can be found in Lajnef et al.
110 (2013), Aono (2017), Aono and Pochettino (2018), and Aono et al.
111 (2019).

112Within this research, a rectangular polyvinylidene fluoride
113(PVDF) membrane, similar to the one installed in the PFG sensor,
114was used to sense the deformations. 13Fig. 1(a) 14shows a general rep-
115resentation on how the PVDF measures whereas Fig. 1(b) shows
116how the measurements are clustered in a histogram, which can be
117represented as a cumulative distribution function (CDF), Eq. (1).
118Statistical parameters of the CDF such as the mean (μ) and the
119standard distribution (σ) can be 15considered as indicators of damage
120progression whereas α and g are 16fitting 17constants (Hasni et al.
1212018)

FðεÞ ¼ α
2

�
1 − erf

�ðg − μÞ
σ

ffiffiffi
2

p
��

ð1Þ

122The novelty behind the proposed data compression protocol is
123that all external parameters affecting the change in pavement re-
124sponses (i.e., traffic loads, environment, construction, and so on)
125can be grouped within the distribution of measurements over time.
126Thus, the only parameter able to cause a 19shift in the CDF is the
127formation of damage in the structure represented by the number
128of threshold levels (D1 to D7) that are open.

129Accelerated Pavement Test Setup

130This section presents an overview of the elements that are needed to
131perform an accelerated pavement test (APT).

132Circular Test Track

133The circular test track (CTT), Fig. 2, developed by IFSTTAR, is
134an outdoor APT dedicated to full-scale pavement experiments.
135The CTT has a central electrohydraulic motor unit which can be
136equipped with various load configurations simulating half-axles
137of heavy vehicles ( 20Taylor et al. 2013). The CTT has a track average
138perimeter of 120 m and can be loaded at a maximum speed
139of 100 km=h.

140Sensors Outline

141Fig. 3 shows the distribution of both traditional and piezoelectric
142sensors placed at the bottom of the asphalt layer. As it is seen, a
143majority of the sensors were placed parallel to the direction of the
144load; Sensor H4 is the only one placed perpendicular to the direc-
145tion of the load. Finally, Sensors H5, H6, and H8 were placed at
146radii of 18.40, 18.70, and 19.30 m, respectively, to study the effect
147of varying the position of the load wandering 21during testing.

F1:1 Fig. 1. PVDF work18 representation. (Data from Lajnef et al. 2013.)

© ASCE 2 J. Transp. Eng., Part B: Pavements
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148 Traditional Instrumentation

149 A brief description of the two commercial strain gauges follows.

150 Tokyo Measuring Instruments23 Lab

151 Strain gauge type24 KM-100HAS has an apparent elastic modulus of
152 approximately 40 N=mm2, resistance of 350-Ω full bridge, rated
153 output approximately of 2.5 mV=V, capacity of �5,000 × 10−6
154 strain, and temperature range between −20°C and 180°C.

155 Dynatest PAST-II-AC

156 The Dynatest PAST-II-AC is an H-shaped precision transducer spe-
157 cially manufactured for strain measurements in hot-mix asphalts.
158 The transducer has an apparent elastic modulus of approximately
159 2.2 N=mm2, a resistance of 120-Ω quarter bridge, physical range of
160 up to 1,500 με, sensitivity of 0.11 N=με, and25 temperature range
161 between −30°C and 150°C.

162 Materials

163 Table 1 shows the mechanical properties of the coarse aggregate
164 used to manufacture the high modulus asphalt mix [enrobé à mod-
165 ule elevé (EME)] EME2, which is a high-performance asphalt mix
166 used for base layers. EME2 is made out of 20% reclaimed asphalt
167 and a hard binder of 20/30 penetration grade, with a total binder

168content of 5.5%. EME2 asphalt mixtures are commonly used in
169France for base layers, and it is considered a reference material with
170a well-known behavior. Pavement structure is composed of three
171layers: 102 mm of asphalt, 760 mm of unbound granular base, and
1721,600 mm of stone bed as subgrade, see Fig. 4.

173Methodology

174The APT started on November 14, 2017, and finished on February
17515, 2018, and a total of 999,200 load repetitions were applied. Each
176arm (four in total) was equipped with a single-axle dual-wheels and
177carried 65 kN corresponding to half of the standard French axle
178load (Corté and Goux 1996). An approximate velocity of 76 km=h
179corresponding to 10.0 rounds per minute was used to move the

F2:1 Fig. 2. IFSTTAR circular test track.

F3:1 Fig. 3. Sensors outline along the circular test22 track, not to scale.

Table 1. Characteristics of the aggregates according to the 26European
Union specification system

T1:1Test and standard Requirement Fraction 10/14 mm

T1:2Percentage of crushed surfaces,
% of mass (EN 933-5)

100 100

T1:3Flakiness index (EN 933-3) ≤20 07
T1:4Los Angeles abrasion (EN 1097-2) ≤15 09
T1:5Polished stone value (EN 1097-8) ≥56 >50

© ASCE 3 J. Transp. Eng., Part B: Pavements



P
R
O
O
F

O
N
L
Y

180 arms around the CTT. During the APT, FWD measurements, visual
181 observation, and sensor measurements were made at different time
182 steps to monitor its evolution. These are described hereafter.

183 FWD Measurements

184 Measurements were made at 0.0, 0.5, and 1.0 million load repeti-
185 tions with a Dynatest FWD model 8002-077. Deflections were
186 used to back-calculate the individual layer moduli of the pavement
187 based on the layered elastic theory. Results were used as control
188 points.

189 Visual Observation

190 The extent of cracking is defined as percentage of cracked length,
191 Eq. (2), where Li represents the length of cracked zone. For lon-
192 gitudinal cracks, the crack length corresponds to the measured

193length of the cracks whereas for transverse cracks, a length of
194500 mm is conventionally attributed to each crack. Surface cracks
195were marked with different colored paints in order to identify their
196evolution in time

Extent of crackingð%Þ ¼
P

iLi

L
ð2Þ

197Sensor Measurement

198Sensor measurements from strain gauges and piezoelectric sensors
199were made at approximately every 20,000 loads. Nonetheless, in
200order to determine which sensors survived construction, a first
201batch of measurements was collected after only 5,000 loads.
202Fig. 5(a) shows the strain pulse time histories after 5,000 loads
203for commercial Strain gauges L1, L2, and 28DY2. Fig. 5(b) shows the
204first four strain pulses, grouped, for strain gauge DY2 as well as the
205mean pulse considered as representative and illustrated by a 29red
206line. Similarly, piezoelectric measurements in terms of voltage were
207also recorded at 5,000 loads. Fig. 6(a) shows the measured voltage
208for Sensor H3 and Fig. 6(b) shows the mean voltage where some
209noise is seen. The shape of the voltage signal is different from the
210strain signal shape for two reasons: (1) the selected piezotrans-
211ducers for this work were designed to respond only to tension
212and not in compression; and (2) the negative voltage component
213is generated during the unloading phase. The overall signal is thus
214descriptive of the tensile loading and unloading phases, the critical
215components for fatigue damage.
216The maximum peak values from the strain gauges and piezo-
217electric sensors are then used to track pavement response and dam-
218age evolution with increasing number of load repetitions.

F4:1 Fig. 4. Representation of the27 pavement structure.

F5:1 Fig. 5. (a) L1, L2, and DY2 strain pulse; and (b) DY2 mean30 pulse.

F6:1 Fig. 6. (a) H3 sensor voltage; and (b) H3 mean voltage.

© ASCE 4 J. Transp. Eng., Part B: Pavements
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219 Experimental Results

220 This section presents the results and interpretation of the mea-
221 sured data.

222 FWD Measurements

223 Deflections are the most used parameter by pavement engineers to
224 relate the structural condition of a pavement. Center deflection is
225 associated with the overall state of the pavement while the deflec-
226 tion basin, generated by the outer geophones, is associated with the
227 condition of the underlying layers.

228 Deflection Data

229 Figs. 7–9 show the change in deflection profiles in which it is seen
230 how the variability in measurement increase with the number of
231 load repetitions. Higher variations occur between the center deflec-
232 tion and deflections measured at 600 mm from the center, allowing
233 the researchers to believe that the majority of damage occur in the
234 upper layers.
235 Fig. 10 corroborates the previous statement as it shows the
236 change in deflection, absolute value, between 0.5 and 1.0 million
237 loads. Comparison has been made at Stations 7, 12, 18, 24, and
238 29 m. In here, it is seen that the major changes occur between
239 18 and 29 m, where deflections increase to around 12031 microns
240 and that the majority of change is limited to the upper layers.

241Layer Moduli Back-Calculation

242Back-calculation is a mechanistic evaluation of pavement structural
243response that uses the deflections measured and attempts to match
244them with the calculated deflections by adjusting the pavement
245layers moduli. Back-calculation is an iterative procedure in which
246the layer thickness is a key input. This research has used Dynatest
247Elmod6 32software to back-calculate the different layer moduli of the
248pavement. Moreover, this research has limited the thickness of
249the unbound granular base to 350 mm for the analysis. Fig. 11 show
250the back-calculation process in which the measured and calculated
251deflections are compared. Absolute differences in deflections have
252been chosen for the acceptance criteria. Table 2 shows the average
253moduli and standard deviation (STDV) for the different layers at
2540.0, 0.5, and 1.0 million loads. Back-calculated asphalt moduli
255has been corrected to a reference temperature of 20°C following

33 256Highways England 34CS 229 “Data for Pavement Assessment”
257Equation 4.45.

258Pavement Responses

259Theoretical pavement responses have been calculated using a dual-
260wheel single-axle configuration to carry the 13-t load, tire pressure
261of 0.66 MPa, and wheel distance (center to center) of 376 mm.
262Table 3 shows the horizontal tensile strain at the bottom of the
263asphalt layer (102 mm) and the vertical compressive strain on
264the surface of the subgrade (452 mm) at 0.0, 0.5, and 1.0 million
265loads, respectively. Finally, the relative standard deviation (RSD) is
266included to show the variability of the results with time (damage).

267Visual Observation

268Fatigue performance was evaluated visually by recording the cracks
269on the pavement surface as a function of the number of applied
270loads. The first surface cracks appeared after 0.9 million load rep-
271etitions and were represented with a white line, see Fig. 12. At the
272end, a total cracked area of 4.0% was reported.

273Sensors Measurements

274Fig. 13 shows the evolution of average sensor responses with num-
275ber of load repetitions. Fig. 13(a) show responses for commercial
276Strain gauge DY2 in which it is seen how the maximum longitu-
277dinal strain increases from 121 to 194 με and finally to 276 με.
278Fig. 13(b) on the other hand show responses for piezoelectric
279Sensor H3 in which it is seen how the measured voltage goes from
2800.027 to 0.026 V and finally to 0.059 V. Voltage measurementsF7:1 Fig. 7. Deflection profile at 0.0 million load repetitions.

F8:1 Fig. 8. Deflection profile at 0.5 million load repetitions. F9:1Fig. 9. Deflection profile at 1.0 million load repetitions.

© ASCE 5 J. Transp. Eng., Part B: Pavements
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F10:1 Fig. 10. Change in deflections absolute value between 0.5 and 1.0 million load repetitions.

F11:1 Fig. 11. Back-calculation following LET at 0.0 million load35 repetitions.

© ASCE 6 J. Transp. Eng., Part B: Pavements
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281 remain nearly the same for the first half of the test followed by a
282 rapid growth.
283 Fig. 14 shows the increment of the average maximum longitu-
284 dinal strain (DY2) and sensor voltage (H3) throughout the entire
285 test. As it is seen, both trends correspond to each other, especially
286 after about 600,000 load repetitions when the responses increase.

287Figs. 15 and 16 show the novel sensing approach called cumu-
288lative voltage time (CVT) for piezoelectric Sensors H3 and H7, re-
289spectively. The CVT is calculated when the input signal (voltage)
290exceeds one or more of the preset threshold levels, after which, the
291integrated voltage-time value is recorded (Alavi et al. 2016). The
292resulting value is proportional to the strain above the selected
293threshold level, and it is referenced to in this paper as a threshold
294level, see Fig. 1.
295Fig. 15 shows that the rate of increase in CVT for piezoelectric
296Sensor H3 (longitudinal sensor voltage) increases after about
297600,000 load repetitions, which is linked to the waking-up of
298higher thresholds (Levels 4 and 5). The same behavior is seen after
299about 800,000 load repetitions in which the highest thresholds
300(Levels 6 and 7) wake up. Fig. 16 does not show a clear increase
301in rate for the higher threshold values (Levels 4 and higher); how-
302ever, it shows a mild increase after about 400,000 cycles, sug-
303gesting an appearance of damage initiation.

304Discussion

305Deflection profiles, see Fig. 10, have shown that the higher varia-
306tion in deflections occurred between 18 and 24 m of the test section.
307Fig. 17, on the other hand, summarizes these variations in percent-
308age considering the entire deflection basin between 0.5 million
309loads, see Fig. 8, 39and 1.0 million loads, see Fig. 9, repetitions. Once
310again it is seen that the main differences occurred in the upper
311layers (from G1 to G3), whereas the outer geophones (G6 and be-
312yond) show relatively lower changes. Based on this, it can be
313concluded that most of the damage is taking place in the asphalt
314layer.
315Fig. 18 shows the theoretical reduction in the asphalt layer
316modulus with the increase in load repetitions, between 0.5 and
3171.0 million load repetitions. This research has found a reduction
318in the asphalt moduli of 3%, 52%, 49%, and 32% for Stations
31912, 18, 24, and 29 m, respectively. Reductions of 50% or more
320in the asphalt concrete modulus is considered as a failure criterion

Table 2. Back-calculation average values at 0.0, 0.5, and36 1.0 million load37 repetitions

T2:1 Load (millions)

Layer

T2:2 T (°C) AC (MPa) AC 20°C (MPa) STDV UGM (MPa) STDV Subgrade (MPa) STDV

T2:3 0 27.9 10,524 16,395 1.08 122 1.04 202 1.03
T2:4 0.5 10.3 27,529 17,973 1.16 115 1.09 167 1.03
T2:5 1 12.6 18,423 13,152 1.91 98 1.28 158 1.08

Table 3. Average pavement responses at 0.0, 0.5, and38 1.0 million load
repetitions

T3:1 Load
(millions)

Horizontal tensile strain Vertical compressive strain

T3:2 Average STD RSD (%) Average STD RSD (%)

T3:3 0.0 −116.13 6.8 −5.9 212.93 9.2 4.3
T3:4 0.5 −125.90 13.8 −10.9 252.95 20.7 8.2
T3:5 1.0 −211.75 106.14 −50.1 306.30 85.94 28.1

F12:1 Fig. 12. Condition of the pavement after 1.0 million load repetitions.

F13:1 Fig. 13. Evolution of sensor responses with number of load repetitions.

© ASCE 7 J. Transp. Eng., Part B: Pavements
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321 (Manosalvas-Paredes et al. 2017). This research found the lowest
322 asphalt modulus, after 1.0 million load repetitions, at Station 22 m
323 with a value of 4,361 MPa.
324 This research focuses on pavement responses; hence, Fig. 19
325 shows the theoretical changes in calculated strains using the
326 back-calculated moduli. For Stations 12, 18, 24, and 29 m, the in-
327 crement in the longitudinal strain, between 0.5 and 1.0 million load
328 repetitions, is 5%, 95%, 70%, and 99%, respectively. Furthermore,
329 Figs. 18 and 19 show a clear inverse relation between their re-
330 sponses (decrease in modulus results versus an increase of the
331 strain). These results confirm what was presented in Fig. 10, show-
332 ing that the critically damaged area is located between Stations 18
333 and 29 m.
334 Visual observations are clearly not a good approach for
335 detecting early pavement deterioration because it may be too late
336 when cracks appear at the surface of the pavement (for classical
337 bottom-up fatigue). In this experiment, the first surface cracks were

338observed shortly after 900,000 load repetitions; on the other hand,
339piezoelectric sensors with the novel data approach showed an in-
340crease in responses just after 600,000 load repetitions, thus warning
341the user of possible surface cracks in the near future so it could be
342avoided or delayed through proper maintenance activities. This
343behavior is seen in Fig. 15 (H3 longitudinal sensor voltage) in
344which the CVT starts activating (change in trend) more levels after
345600,000 load repetitions indicating that damage is starting to occur.
346Highest levels (Threshold 6 and 7) are only activated after 900,000
347load repetitions, which relates perfectly with the visual observation.
348Fig. 16 on the other hand shows a weaker increase in trend, indi-
349cating that the appearance of surface cracks will take a longer time
350to materialize, suggesting that fatigue cracking was better assessed
351using piezoelectric Sensor H3.
352When the strain amplitude starts to increase under the repetitive
353loading, the harvested voltage increases as well, which resulted in
354activating higher threshold levels. Finally, it is seen that the

F14:1 Fig. 14. Longitudinal strain and sensor voltage evolution throughout the entire test (DY2 data in microstrain and H3 data in voltage).

F15:1 Fig. 15. Sensing approach responses from Sensor H3 versus number of loads.

© ASCE 8 J. Transp. Eng., Part B: Pavements
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355 threshold level activation is a good indicator of damage severity.
356 Higher levels are sensitive to high strains (i.e., to severe cracking)
357 whereas lower levels are useful to detect the early onset of fatigue
358 cracking.

359 Conclusions

360 This paper presented, for the first time, an approach for monitoring
361 pavement condition based on piezoelectric sensors technology
362 through a full-scale accelerated pavement testing experiment.
363 The novel idea in this research is to use the cumulative strain sta-
364 tistics experienced by the pavement structure instead of the entire
365 time-history. This will benefit self-powered sensors by reducing the
366 amount of data to transmit wirelessly and optimize the energy con-
367 sumption of the whole system.

368From the results and discussion presented, in which pavement
369deterioration increased with increasing number of load repetitions,
370it is concluded that the new type of piezoelectric sensor has been
371successfully validated with a worldwide known strain gauge in full-
372scale testing environment.
373This research has found that the cumulative loading time of pie-
374zovoltage is a good indicator of damage progression and the timing
375of the activation of sensor thresholds with different voltage levels
376are good indicators of damage severity. This finding is significant
377given that the results are from sensors that have been installed in a
378full-scale pavement section that has been subjected to fatigue test-
379ing, thus confirming the validity of the sensors early detection of
380fatigue damage outside laboratory conditions.
381The results of this phase validated the potential of using self-
382powered piezofloating-gate sensors for fatigue assessment of pave-
383ments under real operating conditions. Thus, the next research

F16:1 Fig. 16. Sensing approach responses from Sensor H7 versus number of loads.

F17:1 Fig. 17. Deflection changes from 0.5 to 1.0 million load repetitions.

© ASCE 9 J. Transp. Eng., Part B: Pavements
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384 step will focus on implementing a larger number of piezoelectric
385 sensors in an actual in-service road.
386 Further research should investigate the optimization of the
387 number and location/layout of sensors within the pavement section
388 under real traffic loading conditions.
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