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ABSTRACT 

 

According to the 2013 ASCE report card America’s infrastructure scores only a D+.  There are more than four 

million miles of roads (grade D) in the U.S. requiring a broad range of maintenance activities. The nation faces a 

monumental problem of infrastructure management in the scheduling and implementation of maintenance and 

repair operations, and in the prioritization of expenditures within budgetary constraints.  The efficient and 

effective performance of these operations is crucial to ensuring roadway safety, preventing catastrophic failures, 

and promoting economic growth. 

 

Current inspections primarily consist of localized visual evaluations, are highly subjective and time consuming, 

require traffic blockage, provide limited information, and are not performed on a regular basis.  As a result, 

critical maintenance decisions are often based on limited, subjective, extrapolated, and outdated information.  

There is a critical need for technology that can cost-effectively monitor the condition of a network-wide road 

system and provide accurate, up-to-date information for maintenance activity prioritization. 

 

The Versatile Onboard Traffic Embedded Roaming Sensors (VOTERS) project provides a framework to shift 

from periodical localized inspections to continuous network-wide health monitoring.  Initial research focused on 

the development of a cost-effective, lightweight package of advanced radar, acoustic, optical, and GPS sensor 

technology.   

 

Now that VOTERS’ sensing technology is installed beneath a prototype vehicle, it can monitor road conditions 

at both the surface and sub-surface levels while the vehicle is navigating through daily traffic going about its 

normal business, thereby allowing for network-wide frequent assessment of roadways.  This paper will elaborate 

on the VOTERS framework for continuous network-wide health monitoring and present some early promising 

results from a field test in Brockton Massachusetts. 
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INTRODUCTION  

 

Civil infrastructure construction and maintenance represent a large societal investment.  Despite being the 

lifeline of commerce, civil infrastructure is just at the beginning of benefiting from the latest advances in sensor 

technologies.  According to the latest ASCE report card (ASCE 2013) the US infrastructure scores only a D+ 

and it is estimated that a $3.6 trillion investment is needed by 2020. 

 

There are four million miles of roads in the U.S. (FHWA 2008) requiring a broad range of maintenance 

activities. The ASCE report card (ASCE 2013) gives roads only a grade of D, commenting that “Forty-two 

percent of America’s major urban highways remain congested, costing the economy an estimated $101 billion in 

wasted time and fuel annually. While the conditions have improved in the near term, and Federal, state, and 

local capital investments increased to $91 billion annually, that level of investment is insufficient and still 

projected to result in a decline in conditions and performance in the long term. Currently, the Federal Highway 

Administration estimates that $170 billion in capital investment would be needed on an annual basis to 

significantly improve conditions and performance.” 
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The nation faces a monumental problem of infrastructure management in the scheduling and implementation of 

maintenance and repair operations, and in the prioritization of expenditures within budgetary constraints.  The 

efficient and effective performance of these operations is crucial to ensuring roadway safety, preventing 

catastrophic failures, and promoting economic growth.  Roadway work zones used for assessment and repair are 

a major source of traffic congestion, which results in lost productivity and wasted fuel.  It is a critical need to 

make the right roadway repairs in the right place and at the right time. 

 

Current inspection strategies characterizing roadway conditions are not well suited to fulfil this need, because 

they typically only inspect small localized areas, only periodically (order of years if at all), and mainly through 

visual inspection.  In the following sections a framework is outlined and compatible technology that can provide 

a continuous network-wide health monitoring of roadways in an economic way is introduced.  Additionally, a 

prototype test vehicle is introduced along with promising results from an initial field test in Brockton 

Massachusetts. 

 

ROADWAY DEFECTS 

 

Roadway deterioration frequently takes place below the surface and cannot be evaluated by visual means 

(Figure 1). 

 
Figure 1. Some common defects and deteriorations found in concrete bridge decks with asphalt pavement 

overlay 

 

Common types of roadway damage are transverse cracks, longitudinal cracks, tracking, corrugation, potholes, 

delamination, and seepage.  Transverse cracks occur more often than longitudinal cracks and can start with a 

fine crack of less than 0.5 mm in width and of less than 2 cm in depth.  Such cracks are hardly visible when it is 

sunny, but are visible after rain due to the vaporization of the surface water that leaves water in the cracks.  

Small cracks need to be treated to prevent them from developing into larger cracks.  Large cracks often have 

widths of more than 1 mm, depths of 5 cm, and run meters in length.  If large cracks are not sealed, 

delamination and scaling will follow.  If the adhesion between pavement and concrete deck decreases, the 

overlay may debond from the deck’s top surface.  The loss of adhesion may be caused by seepage from cracks 

or potholes.  Local debonding may span only several square centimeters and can be difficult to detect because 

the pavement surface remains intact.  Large area delaminations may develop into large cracks at the pavement 

surface and eventually cause large potholes and loss of pavement.  Feedback effects can complicate and 

accelerate damage progression.  Cracks and potholes are often accompanied by seepage.  Water enters into the 

overlay through cracks.  The adhesion between asphalt and concrete deck is extremely vulnerable to water 

penetration.  Water within cracks of a pavement will stay and seep.  This is most harmful to asphalt pavement. 

 

CONVENTIONAL INSPECTION METHODS AND LIMITATIONS 

 

A common approach for roadway inspection is the ASTM Pavement Condition Index (PCI) (ASTM D6433, 

2011). This method requires a rigorous inspection of approximately 20 distresses (cracking, rutting, potholes, 

etc...) that is repeated for every street in the city according to the manual, "Standard Practice for Roads and 

Parking Lots Pavement Condition Index Surveys." Values for PCI are in the range 0-100 (100 = best, 0 = worst).  

Alternatively, PCI can be represented as labels such as Good, Fair, and Poor.  Limitations of the PCI method 

include that it is time consuming, causes traffic interruptions, there is a safety concern for inspectors, trained 

experts are required, results are low resolution (i.e. only a single PCI per street), and subsurface pavement 

condition is not considered. 
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NEW FRAMEWORK FOR ROADWAY INSPECTION 

 

In 2009 the National Institute for Standards and Technology (NIST) funded the VOTERS (Versatile Onboard 

Traffic-Embedded Roaming Sensors) project (www.neu.edu/voters) under their Technology Innovation Program 

(TIP) program.  It aims to provide a continuous stream of accurate, up-to-date information about the state of 

roadways gathered by sensor systems mounted on multiple Vehicles Of Opportunity (VOO), while also 

eliminating the hazardous, congestion-prone work zones that are often set up to gather this critical data and 

improving the safety for the driving public and inspection personnel. 

 

VOOs are considered roaming sensor platforms that are driving around a city or other area going about their 

usual business and at the same time collecting information on the state of the roadways as a by-product.  One 

can envision taxis, buses, US postal service vehicles, city or private vehicles, transportation or other fleet 

vehicles.  They would have the VOTERS system mounted on it, which operates autonomously from the host 

vehicle, with the exception of supplying the power.  Each VOTERS system will be in contact with a control 

center via a wireless communication link.  This framework allows the collection of sensor data containing 

surface and subsurface information at traffic speeds and will achieve over time a continuous network-wide 

health monitoring of roadways.  One key element is the accurate registration of all data streams geographically 

and in time.  The collected or onboard processed data will be transferred to the control center for further analysis, 

visualization and decision making, i.e. prioritizing areas to be repaired.  An important additional benefit will be 

the creation of time-lapse data sets that allow the analysis of deterioration at multiple time intervals that are 

much closer than typical repeat survey intervals with traditional methods, thereby providing experimental results 

that can be compared with existing life-cycle models (Lamptey 2005; Galehouse et al. 2003; FHWA 1998). 

 

Any realization of this concept will depend on the VOTERS system being economical, light-weight, compact 

packaging, and non-interfering with the normal operation of the VOO.  Therefore the initial research focused on 

the development of sensor subsystems that can be integrated into an overall VOTERS system that matches those 

criteria.  Those new sensor systems have been installed on a prototype vehicle and are undergoing extensive 

field testing. 

 

Sensor Systems 

 

Two new electromagnetic sensor systems are created, one being a fast, light-weight, and affordable GPR array 

that can achieve dense spatial coverage at normal traffic speeds.  This sensor system will characterizing the first 

50 cm of the subsurface for roadway layer thickness’ and electromagnetic material properties, rebar locations 

and corrosion, subsurface moisture, and voids.  It is complemented by a 24 GHz millimeter-wave radar array 

which interrogates the roadway surface for its roughness and attempts to determine liquids such as ice, snow, 

and water.  The second surface and subsurface sensing system is acoustics based and listens to tires hitting the 

road surface with the goal to filter out and detect defects such as the debonding between layers of pavement, a 

typical precursor before large potholes evolve, subsurface material properties, which are indicators of the actual 

health of the pavement, and quantify the overall quality and condition of roadways.  The fourth method 

deployed is an optical video-based system which will not be discussed in any detail.  The most important 

supporting sensor system is a positioning system utilizing information from several sensor subsystems such as a 

Global Positioning Systems (GPS), a Distance Measurement Instrument (DMI), and an Inertial Measurement 

Unit (IMU) with six degrees of freedom.  More details of the sensor systems are provided in the following 

sections. 

 

All four of those major sensor systems need to be integrated into one system, which will be controlled by an on-

board controller, which is an embedded system considered to be the focal point of the roaming part of the 

VOTERS system.  It is in charge of communication between the sensor subsystems and also with the VOTERS 

control center, collecting the data registration information and providing it to subsystems as needed, time 

synchronization of all embedded systems on-board allowing for accurate geo-referencing and comparison of 

data from different sensors, on-board processing, controlling and collecting auxiliary sensor data (e.g. 

temperature, etc.), and temporary data storage as needed. 

 

VOTERS data and results will be made available through the VOTERS control center, a centralized, temporal 

and geospatial database coupled with GIS applications for data access.  Web-based access will be provided in 

several varieties depending on security restrictions to administrators, researchers, decision makers, and the 

public. 
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Tire Excited Acoustic Sensor Systems 

 
Figure 2.  Mechanism of tire/road interaction and different acoustic sources 

 

Tire excited acoustic sensors measure acoustic waves generated by tires during normal driving to extract the 

condition of asphalt pavement on the road and the condition of the concrete deck beneath it (Figure 2).  The 

VOTERS project has developed two innovative complementary sensor systems to capture this information, a 

Dynamic Tire Pressure Sensor (DTPS) system and a system using a directional microphone. 

 

The DTPS possesses the capability to inspect pavement conditions from a moving vehicle.  By measuring the 

dynamic pressure changes (the pressure variation rather than the static pressure) inside the tire, useful signals 

from tire/road interaction can be amplified and isolated from environmental noise.  Comparisons between the 

DTPS, a ground-mounted accelerometer, and a directional microphone were made successfully.  In addition, the 

DTPS can also measure the dynamic response of the tire-road interaction and reduce the cost of currently used 

road profile measuring systems which use vehicle body-mounted profilers and/or axle-mounted accelerometers.  

The DTPS system has been successfully demonstrated on a testing van at speeds from 5 to 80 mph.  A data 

analysis algorithm has been developed and optimized to enhance the detection accuracy and to remove axle 

dynamic motions from the measured DTPS data and to find the transfer function between the dynamic tire 

pressure change and the road profile.  Comparisons between the DTPS response and known Pavement 

Condition Index (PCI) values for different roads have been carried out.  The road profile resolution is 

approximately 5 to 10 cm in width and sensitivity is 0.3 cm for the height road surface features at driving speeds 

of 5 to 80 mph. 

 

The results of a road test driving over six road sections with a variety of conditions (ascending defect densities) 

are shown in Figure 3 to illustrate the value of the DTPS data. 

 

 
Figure 3.  DTPS Road test results driving over different road features. (a) Smooth road level 1; (b) Smooth road 

level 2; (c) Smooth road level 3; (d) Damage road level 1; (e) Damage road level 2; (f) Damage road level 3 

 

The results show tire pressure changes over 0.15 psi (1000 Pa) but usually less than 1.0 psi (6,894 Pa) for most 

surface defects.  Different road features, such as potholes, manhole covers, joints, and railroad tracks; can be 

distinguished from frequency analysis within the frequency range of 0 to 150 Hz. 

 



Figure 4 shows example DTPS measurement for four road sections with known Pavement Condition Index (PCI) 

values.  For road sections with PCIs equal to 7, 12, 55, and 90, DTPS responses to the road with different 

pressure changes ranging from 0.2-2 PSI.  The dynamic tire pressure change aligns closely with known PCI 

values and agrees qualitatively with images taken by an onboard high speed camera for different road conditions.  

Note, when comparing road sections with similar PCI values (difference < 10), the result depends on different 

sections (selections) of the test road.  From their frequency plots, the different road conditions also can be 

qualitatively identified with their energy amplitudes. 

 

 
Figure 4.  Example DTPS results in time and frequency domain for roads with different PCI values 

(a) PCI = 7; (b) PCI = 12; (c) PCI = 55; (d) PCI = 90. 

 
Further comparisons have been made among different road features, such as finger joint, rumble strip and 

manhole.  Example results of different frequency spectra are shown in Figure 5.  There are two main frequency 

peaks around 3 Hz and 13 Hz, which correspond to vehicle natural resonance frequency and engine rotational 

frequency.  Beside a slightly frequency shift observed from 10 - 15 Hz, the main difference can be identified 

from the energy amplitude values for different road features. More details on DTPS system components and 

algorithm can be found in (Wang, McDaniel, Sun and Wang, 2013) 

 

 
Figure 5. DTPS results for different road features. (a) finger joint; (b) rumble strip; (c) manhole cover 

 

The second acoustic sensor system is a directional microphone mounted behind the rear tire.  Based on 

Sandberg’s research on the tire/road noise (Sandberg and Ejsmont, 2002), as well as the VOTERS’ research 

work on pavement macro-texture estimation (Zhang et al., 2012), it is concluded that tire/road noise collected by 

this setup could be used for asphalt pavement condition assessment.  The Mean Texture Depth (MTD) of a 

pavement as shown in Table 1 is physically related to tire/road friction coefficient and the severity of raveling. 

MTD can be used to gauge frictional properties of the pavement surface (skid resistance) and to detect bleeding 

or segregation of asphalt concrete during and after pavement construction.  Low value indicates a smooth 

surface and high value indicates a coarser surface. 

 

  



Table 1. Physical Meaning of Pavement Macrotexture (Note: The length of the ruler is 15 cm.) 

MTD (mm) 0 ~ 0.4 0.4 ~ 1.2 > 1.2 

Physical Meaning 
(Level of Skid Resistance) 

Dangerous Fair Good 

Sample Surface 

   

 

A method to estimate MTD values based on the measurement of acoustic noise between tire and road surface 

while vehicle is moving has been developed.  The MTD is estimated by matching the principal component 

vector set derived from the pavement with known MTD values from existing roadways. 

 

Figure 6 represents the corresponding picture of the tested pavements with the predicted MTD as shown in 

Table 2.  One MTD value is estimated for every 1.3 m in real time.  The predicted MTD values matched very 

well with existing one that was evaluated on site in according with ASTM standards. 

 

The measured sound pressure has also been processed by the Principal Component Analysis (PCA) method to 

remove noise and be normalized to extract the subsurface debonding between layers of pavement structures as 

shown in Figure 7.  The subsurface debonding can be emulated through frequency shift due to subsurface layer 

property change.  It is expected that the debonding and delamination will introduce changes in the “effective” 

material properties of layer and between the layers.  Therefore, these initial results provide critical evidence that 

the measured acoustic pressure will contain information about subsurface features of a pavement. 

 

 
Figure 6. Macrotexture of four different pavements 

 

Table 2: Predicted MTD from Figure 6 

Pavement NUMBER 1 2 3 4 

MTD by PCA METHOD (mm) 0.5 0.9 1.2 2.5 

MTD by ENERGY METHOD (mm) 0.38 0.96 1.08 2.63 



 
Figure 7. Pavement subsurface debonding detection 

 

Millimeter-Wave Radar Array 

 

The millimeter-wave radar (Figure 8) operates at 24 GHz.  Such systems are typically used in stationary 

applications, e.g. to measure the distance to an objects or in airport body scanners.  In this mobile application it 

is mounted underneath the mobile sensing platform and points at the road.  The measurements of the in-phase I 

and out-of-phase Q components contain unique information on the roughness and quality of the ground surface.  

Currently a 5 channel array is mounted underneath the VOTERS survey van. All channels are collected 

simultaneously providing 5 parallel profiles, distributed over the width of the van.  This data set contains road 

surface condition information complementary to the acoustic measurements. 

 
Figure 8.  Schematic of installed 5 channel millimeter-wave radar array underneath the VOTERS survey van. 

 

Fast Ground Penetrating Radar Array 

 

 
Figure 9.  Photographs of fast GPR system. (Left) Single channel radar circuit board.  (Right) Sample packaged 

system, with radar board mounted vertical between two antennas. 

 

One of the new sensing technologies developed is an improved GPR array system that is geared towards 

mapping subsurface defects such as corroded rebar, trapped moisture, voids, and the pavement layers 

(thicknesses and electromagnetic properties) (Oden and Birken 2011, 2012, and 2013).  The main requirement 

for this system was that it would be fast, i.e. capable of collecting GPR traces at cm intervals at traffic speeds.  

The resulting fast GPR system was developed by the VOTERS partner Earth Science Systems (ESS) and is able 

to collect 1000 traces per second.  In addition it is low-profile (Figure 9 left), low-cost, low-power, array-

capable, and can operate at a low or high frequency range.  Its design allows for the collection of diverse data 
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sets in frequency, geometry, and polarization.  The VOTERS project has developed custom antennas that are 

compatible with the fast GPR system for air-coupled or ground-coupled deployment (Li et al. 2013). 

 

The GPR system is currently not yet mounted to the prototype van, but the build-up of an array using the single 

channel modules (Figure 9) is underway. 

 

Test Vehicle  

 

The VOTERS prototype vehicle as used in the field test in Brockton Massachusetts is shown in Figure 10. 

 
Figure 10. VOTERS test vehicle 

Field Test 

 

Brockton Massachusetts (MA) was selected because city officials and CDM Smith (a consulting, engineering, 

construction and operations firm headquartered in Cambridge MA) agreed to share an existing condition survey 

that is used to compare and validate our results against.  The field test route for Brockton is shown in Figure 11. 

 
Figure 11. Field test route in Brockton MA 



 

A total of 21 two-lane roads (one lane each direction) were considered. They are highlighted and labeled with 

their known condition in Figure 11. 

Results 

 

A primary objective of the Brockton field test was to use data from the test vehicle to predict PCI.  The 

predicted VOTERS PCI (VPCI) could then be compared to PCI values from the existing condition survey from 

CDM Smith to assess the performance.  Results are summarized in Figure 12. 

 

 
Figure 12. Initial results from Brockton field test 

 

The x-axis indicates all streets that were predicted.  The y-axis indicates the PCI condition, which is broken into 

the three levels good, fair, and poor.  The triangles indicate each street’s actual condition and the diamonds 

indicate the VOTERS prediction.  A data fusion Support Vector Machine (SVM) approach was used to make 

predictions, which combines time and frequency domain features from various sensors on the test vehicle to get 

an optimal prediction.  More details on the data fusion SVM method can be found in (Vines-Cavanaugh et al, 

2013).  Note that only 12 of the 21 roads were predicted.  This is because the other 9 roads had to be used for the 

SVM training and calibration process. 

 

The overall conclusion is that the data fusion SVM approach does very well at predicting PCI.  The accuracy is 

35/36 (97%).  Additionally, it can be said that the method is repeatable. To explain, it can be seen on the x-axis 

of Figure 12 that there are 3 runs for each street where each run represents a different time of day that the street 

was traversed by the test vehicle. The fact that predictions do not fluctuate from one run to the next provides 

evidence that the method is repeatable/stable. 

 

SUMMARY 

 

There is a critical need for inspection technology that can cost-effectively monitor the condition of network-

wide roadways and provide accurate, up-to-date information for maintenance activity prioritization.  This paper 

introduced the VOTERS project which provides a framework to shift from periodical localized inspections to 

continuous network-wide health monitoring of roadways. 

 

Any realization of this concept depends on the overall VOTERS system being economical, light-weight, 

compact packaging, and non-interfering with the normal operation of the VOO.  Therefore the research focused 

on the development of sensors that can be integrated into the VOTERS system matching those criteria.  The 

following sensor subsystems have been developed and are tested on a prototype vehicle: millimeter-wave radar, 

acoustic, optical, and positioning sensor technology.  VOTERS’ technology, once installed beneath a VOO, can 

monitor road conditions at both the surface and sub-surface levels while the vehicle is navigating through daily 

traffic going about its normal business, thereby allowing for network-wide frequent assessment of roadways. 

 

A VOTERS test vehicle has been developed.  An initial field test using this vehicle was introduced in this paper.  

Results were shown where data from multiple sensors on the vehicle were utilized in a data fusion approach to 



predict pavement condition.  The data fusion approach performed well (97% accuracy), which was a promising 

result that serves as a proof of concept for the VOTERS project.  More comprehensive field testing and 

development of data fusion methods are scheduled for the future.  An expansion of the number of prediction 

classes is underway. 
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