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ABSTRACT: Technology for the monitoring of pavement condition does not appear to have 
kept pace with other technological improvement over the past several years.  Research and 

development are underway to advance the monitoring of pavement condition to provide better 

relationships among distresses, performance, traffic, maintenance, and other significant 
variables.  Presently, two approaches are typically taken to monitor the condition of pavements: 

Manual distress surveys and automated condition surveys using specially equipped vehicles (e.g 

imaging technology for distress survey and transverse profiling for the wheel path rutting). 
However, these monitoring approaches remain rather reactive than proactive in terms of 

detecting damage, since they merely record the distress that has already appeared. Other testing 

approaches are also used (e.g. deflection testing). However, most of these methods either 

require significant personnel time or the use of costly equipment. Thus they can only be used 

cost-effectively on a periodic and/or localized basis. Currently, pavement instrumentation for 

condition monitoring is done on a localized and short term basis. The current technology does 

not allow for continuous long-term monitoring and the deployment of existing systems on a 

network level remains unfeasible due to cost, unease of installation and data collection 

techniques. Long term monitoring of mechanical loading for pavement structures could reduce 
maintenance cost, improve longevity, enhance safety, and advance research in pavement design 

and construction operation.  

In this paper we discuss the limitations of existing monitoring sensors and the challenges needed 
to overcome in order to achieve efficient monitoring on a network level. On-going research to 

develop a smart pavement monitoring system is described. The system consists of a novel self-

powered wireless sensor based on the integration of piezoelectric transduction with floating gate 

avalanche injection and capable of detecting, storing and transmitting strain history for long-

term monitoring, a novel passive temperature gauge, a load cell and a moisture gauge based on 

existing technologies. Preliminary laboratory results from a fabricated prototype of the strain 

sensor indicate that the device can compute cumulative statistics of electrical signals generated 

by the piezoelectric transducer for strain cycles that simulate input loads experienced in 

pavement structures.  
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1 INTRODUCTION 

Autonomous structural health monitoring has received significant attention in recent years due 

to the declining state of aging civil infrastructure in the United States (Elvin et al.(2006),  Lynch 

et al. (2004)). As new “smart” structures are being designed, special consideration has been paid 
towards embedding health monitoring capabilities directly into the construction material during 

the manufacturing and deployment process (Elvin et al.(2006),  Tanner et al. (2004)). 

Currently, pavement instrumentation for condition monitoring is done on a localized and short 

term basis. The available technology does not allow for continuous long-term monitoring 

mainly because of the limitations caused by the use of batteries: The life span of a battery is 

about 1 to 2 years; in addition it is impractical to replace batteries for embedded sensors. 

Though recently there has been significant research activity in distributed wireless sensors for 

monitoring industrial process parameters and environmental conditions (see for example 

Watters et al. (2003)), all of the commercially viable sensors developed to date require either 

solar or battery power. It is unlikely that such powering means would be practical for 
monitoring pavement structures, where periodic replacement of batteries or the expense of solar 

power technology would be cost-prohibitive and in some cases impractical (e.g. due to safety on 

highly trafficked or inaccessible roads). It is believed that energy harvesting could constitute a 

viable solution (Sirohi & Chopra (2001), Rahimi et al. (2003), Sodano et al. (2004), Roundy et 

al. (2002)). Energy harvesting (often referred to as energy scavenging) is the process of 

converting ambient energy into electrical energy that can be used to power the sensor. A myriad 

of potential self-powering energy sources have been identified, (e.g. solar power, thermal 

gradient, piezoelectric, vibrational); yet few are capable of providing the 600µW of continuous 

power widely believed to be the absolute minimum required to operate a single sensor currently 
available (Warneke et al. (2002)). Also, the deployment of existing systems on a network level 

remains unfeasible due to cost, difficulty of installation and data collection techniques (need for 

fixed and rather massive data acquisition systems), and low durability attributed to the required 
wiring. Thus, the creation of a low-cost, autonomous self-powered usage monitoring sensor 

would be a significant improvement to the field of pavement monitoring and management. One 

particular technology, which our group has been working on, is called the “smart” pebble 
technology which refers to a batteryless sensor whose size is comparable to the grain size of the 

construction material. A multitude of these sensors can then be embedded inside the structure 

and can monitor the statistics of localized strain which could be particularly important for early 

damage detection and future condition evaluation in the context of pavement network 

management. 

2 PAVEMENT MONITORING SYSTEM 

To characterize the integrity of pavements at lower cost and on a more frequent and broadly 

distributed basis, a low-cost monitoring system, which can be economically embedded in 

pavement structures either during construction or anytime during routine maintenance operations, 

will be developed. This system can monitor and communicate the pavement response under 

service conditions. The system will consist of:  

(1) A novel self-powered wireless sensor capable of detecting damage and loading history for 
pavement structures. The design will be based on the integration of a piezoelectric transducer 

with an array of ultra-low power floating gate computational circuits. The miniaturized sensor 

will enable continuous battery-less monitoring of pavement structures. The integrated wireless 
sensor can provide many benefits including but not limited to: (i) detecting possible damage, (ii) 

monitoring mechanical load history, and (iii) predicting the fatigue life of the monitored 

pavements. This should help facilitate more effective pavement maintenance and 
rehabilitation/preservation decision making. 
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(2) A passive temperature gauge. The probe can be integrated on the same chip as the strain 

sensor or manufactured on a separate chip (for monitoring temperature at different depths within 

the HMA or any other layer). The sensor will be interrogated wirelessly and will not require any 

powering source (battery-less operation). The temperature will not be monitored continuously. 

Instead, the pavement temperature data will be provided for the condition during the 
interrogation time only. For example, data could be gathered during non-destructive 

(FWD/RWD) tests as part of a pavement management program.  

(3) A load cell and a moisture gauge. Off-the-shelf instruments will be used to monitor stress 
(for example in the subgrade layer) and moisture (throughout the pavement structure). These 

instruments will be integrated with a remote interrogation interface.  

3 TEMPERATURE SENSOR 

Complementary metal-oxide semiconductor (CMOS) technology provides a mean for 

integrating temperature and fatigue monitoring functionality on the same silicon substrate. This 

will significantly reduce the form factor of the sensor and will obviate the need for interfacing 
auxiliary temperature sensors. Conventional methods for temperature sensing rely on a 

differential bipolar referencing technique where the base-to-emitter voltage of two transistors 

(with different sizes) produces a voltage that is directly proportional to the absolute temperature. 

In our sensor, we will directly use a proportion to absolute temperature (PTAT) current 

reference as a temperature sensor. Because the fatigue sensing module also uses a PTAT 

reference circuit, the temperature and fatigue sensing modalities can be combined together as 

shown in Figure 1. The PTAT reference current (IR) is copied and supplied to the fatigue sensor 

as well as to a current analog-to-digital converter (ADC). When all transistors are biased in 

weak-inversion, the PTAT current is given by ( )MeRkTIR log= , where k is the Boltzmann’s 

constant, e is the charge of an electron, M is the aspect ratio of transistors Q1 and Q2, R being the 
resistance in Figure 1 and T is the absolute temperature in degree Kelvin. The reference current 

will be presented as an input to a current mode analog-to-digital converter which will produce a 

digitized representation of the PTAT current. Even though the resistance in the PTAT circuit 

will exhibit variations with temperature, the dependency is weaker than the sub-threshold 

response of the transistor. A calibration database stored on the reader will compensate for any 

manufacturing artifacts which includes mismatch and non-linearity. 

 

Figure 1. System level architecture of the temperature sensor integrated with the fatigue sensor. 
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4 PIEZO-FLOATING-GATE SENSOR 

4.1 Power harvesting in piezo-electric transducers 

The direct piezoelectric effect is the ability of certain crystalline materials to generate electric 

charge from an applied mechanical stress. For a piezoelectric material with dimensions hbL ××  

polled through its thickness, the open-source voltage generated across the material (V) for an 

applied mechanical force (F) along its length is given by: 
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where g31 and d31 are piezoelectric constants, S is the applied mechanical strain, YE is the short 

circuit elastic modulus and ε is the electrical permittivity. Another important property of 

piezoelectric materials is its intrinsic capacitance (C) given by: 

h
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The piezoelectric transducer can be modeled by a quasi-static electrical circuit [8, 9] that consist 

of an open AC voltage source (computed according to equation (1)) coupled to a series 
capacitance given by equation (2). In Figure 2, the sensor is assumed to be a simple resistive 

load Rz and its intrinsic capacitance has been ignored.  

 

 

Figure 2. Quasi-static electric model of a piezoelectric transducer.  

 

For a harmonic mechanical loading of the piezoelectric transducer at a frequency f Hz, the 

magnitude of the voltage across the load is given by: 

2/12222 )41(

2
)(

CRf

CVfR
fV

z

z
z π

π
+

=  (3) 

The power delivered to the processor (load), given by 
zzz RfVP /)(2= , can be optimized with 

respect to the load. The Optimal Rz is then obtained as fCRz π2/1= . Combining with equations 

(1) and (2), the maximum power density (watts per volume) that can be delivered to the load can 

be written as: 

επ /2 22
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Figure 3 shows the power density plot obtained for two different classes of piezoelectric 

material: lead zirconate titanate (PZT) and semi-crystalline plastic polyvinylidene fluoride 

(PVDF). These two materials have very different properties (YE, d31) and are typically used for 

different applications. In Figure 3, the strain level is assumed to be 100µε. It can be seen that for 

a “smart” pebble of dimensions less than 1cm, the maximum power that can be delivered to the 

sensor is 10µW. Considering losses due to coupling, approximately 1%-10% of the power could 

be transferred to the sensor, which leads to a nanowatt power budget. 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

- 6 - 

 

Figure 3. Maximum power that can be delivered to the sensor using two different piezoelectric materials 
when subjected to mechanical loading of 100µε at 1Hz. 

4.2 Floating-gate Array 

A simplified piezo-floating-gate sensor consists of a p-channel floating-gate metal-oxide-
semiconductor (MOS) transistor which is connected to a constant current source I0 that is 

powered by the piezoelectric transducer. The energy harvested by the piezoelectric transducer is 

used to inject electrons from the transistor channel onto the floating gate Vg. The injection 
current Iinj can be expressed as: 

injsd VV

inj eII 0β=  (5) 

where Vsd is the drain to source voltage and I0 is the source current. In weak-inversion, the 

expression for source current through the pMOS transistor is given by: 
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where Is is a pre-exponential current, Vg is the floating gate voltage, κ  is the floating gate 

efficiency and Ut is the thermal voltage (26mV at room temperature). For a fixed reference 

current
0I , the gate transistor current, according to the IHEI model, is given by: 
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where β and Vinj are constants, and Ct is the total capacitance of the floating node Vg.  

The solution of equation (7) gives the change in floating gate voltage Vg with respect to time t 

and drain current I0 as: 
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where Vg0 is the initial gate voltage, and t represents the total duration for which the injector is 

operational. The constants K1 and K2 are device parameters and can be written as: 
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A circuit implementation of an array of floating-gate injectors with an integrated current 

reference is shown in Figure 4. The micrograph of the fabricated sensor is shown in Figure 5. 

The reference current generator circuit is implemented using transistors M1-M8 and resistor R. 

Transistors S1, S2 form a start up circuit for the current reference. The reference current is copied 

by mirrors P1, P3, P5, which drive the floating gate cells F1-F3. Diode connected transistors are 

used to control the potential drop between the supply terminal and source (O1, O2, and O3) of 
the floating gate transistors, which ensures that each of the floating gate cells (F1-F3) start 
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injecting at different supply potential (V
+
-V

-
). Thus the circuit in Figure 4 measures the duration 

of events when the amplitude of the input signal exceeds different thresholds. 
  

 

Figure 4. Circuit level implementation of the complete self-powered monitoring sensor. 

 

Figure 5. Micrograph of the circuit in Figure 4. 

5 PRELIMINARY RESULTS 

To demonstrate the capabilities of the developed strain sensor in monitoring and recording low 

frequency events, an integrated system (piezoelectric transducer and a floating-gate array 

prototype) was subject to periodic loading cycles. An external capacitor (100nF) was chosen 

which is equivalent to a voltage swing of up to 8V across the rectifier when a 20V pulse is 

generated by the piezoelectric transducer. A commercially available 35mm diameter piezo-

transducer disc (CEB-35D26, CUI  Inc., Tualatin, OR) was used as the piezoelectric generator 

in this experiment. The generator consists of a brass disk of 35mm diameter and 0.28mm 

thickness, and a unimorph lead-zirconate-titanate piezoelectric (PZT) disk of 25mm diameter 
and 0.25mm thickness. The electro-mechanical properties of the used transducer were 

experimentally estimated using a non-linear least square fitting routine. The determined values 

are: stiffness (K=986N/m), damping ratio (ζ=1.2%), mechanical coupling coefficient 

(Θ=6.25x10
-4

C/m), and capacitance (C=25.2nF). An over-voltage protection and clamping 

circuitry (consisting of zener diodes) was integrated at the output of the diode bridge to prevent 

damage due to unwanted piezoelectric surges. Figure 6(a) shows a sample waveform recorded at 

the output of the half-wave rectifier integrated on-chip with the injector array when loading 

pulses of duration 0.1s are applied to the transducer. The measured response for each of the 

injectors in the array is shown in Figure 6(b). The results clearly show monotonic response 

across the three injectors and that each response is proportional to the total duration for which 
the strain levels exceeded the programmed thresholds. The cumulative loading statistics 

calculated at a given time are indicated on Figure 6(b), which shows that 30% of the time the 
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structure experienced strain levels exceeding the threshold for injector 1, 16% of the time 

experienced strain levels exceeding the threshold for injector 2 and less than 1% of the time 

experienced strain levels exceeding the threshold for injector 3. 

 

Figure 6. (a) Voltage generated by a piezoelectric transducer in response to periodic loading (b) Measured 

response of the floating-gate injector array. 

6 FUTURE PLANS 

Planned future efforts include evaluating this system in the laboratory and in full scale pavement 

sections. Fatigue tests of both asphalt and concrete beams will be performed. The observations 
and predictive capabilities of the developed system will be validated with respect to 

conventional techniques. The system durability will be also tested in the laboratory under 

simulated construction conditions. The system will be then installed in two APT facilities in 

Florida and California in both asphalt and concrete sections. Patterns in the monitoring data will 

be compared to observed variations in the structural integrity of the studied sections. Finally, the 

sensors will be deployed in paving projects and their performance evaluated under in-service 
conditions. 

7 CONCLUSION 

In this paper we discussed the feasibility of a smart autonomous pavement monitoring system. 

Successful development of the presented system could dramatically transform the economics of 

pavement preservation/management, improve pavement design construction operation, and 

ultimately improve the serviceability of pavements. Preliminary results measured on a 
fabricated prototype of the strain sensor shows that the self-powered piezo-floating-gate array 

can be used to sense, compute and store statistics of periodic loading events.  
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