
ABSTRACT: A roadway section is typically designed to have a minimum lifetime of 15 and a target lifetime of 50 years. Traditionally, the condition of the road pavement is assessed by a designated truck carrying out measurements while driving. This takes a reactive approach to road maintenance. Having access to a live pavement condition index would allow proactive maintenance planning. The road administering entity would be able to allocate their resources more efficiently and reduce the cost of maintenance operations. An effective way to obtain live pavement condition index is by measuring the internal strain within the pavement at different locations. Fiber optic sensors are becoming key tools in building more robust and accurate structural health monitoring systems. Various implementations have been reported demonstrating the capability of fiber optic sensors as structural health monitoring systems. Distributed sensor strain measurements have been used to detect local crack and shrinkage formations. However, we believe the solutions are local in space and in time. The experiments were either site-specific or carried out in a lab environment. Therefore, we need a global, user-friendly, consistent, durable, environment-friendly solution with high system availability that would work on bridges, in urban areas and in tunnels. We believe precast slabs of road pavement embedded with sensors that are manufactured at a facility would give us the best opportunity to meet those demands.Smart Pavement Condition Monitoring Using Fiber Optic Sensors
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INTRODUCTION
Intelligent road pavement is emerging as a part of the smart infrastructure industry. An intelligent road pavement system will host an array of services including live pavement condition indexing (PCI), wireless connectivity, live traffic data, smart navigation, support autonomous electric vehicles, and dynamic wireless power transfer for electric vehicles. 
A typical roadway is designed to have a minimum lifetime of 15 and a target lifetime of 50 years. Design parameters are mainly based on the anticipated heavy traffic amount. However, the deterioration of the pavement is a complex process and is also based on climatic factors and how they affect the constructions materials of the pavement. For example, in a steel reinforced concrete pavement, steel bar corrosion is responsible for significantly reducing the lifetime of the structure [1]. Traditionally, condition of the pavement is assessed by equipped vehicles. This takes a reactive approach to pavement maintenance, disrupts traffic, and provides periodic information. This may lead to inefficient usage of resources and result in higher maintenance costs. 
To overcome the aforementioned difficulties in pavement condition monitoring; user-friendly, cost-efficient, real-time, accurate, consistent, and safe solutions are needed. Embedded sensing systems have recently been proposed as potential solutions. Comprehensive overview of proposed embedded sensing solutions is given in [2-5]. Fiber optic sensors (FOSs) have been utilized in various ways to serve this purpose. In this paper, we highlight some of the implementations with their key findings and suggest a scalable unified solution.
The remainder of this paper is organized as follows: In Section 2, fundamentals of FOSs are presented. Section 3 highlights some of the FOS based solutions. Analysis of the outcomes is given in Section 4. Section 5 concludes the paper.
FIBER OPTIC SENSORS
Over the last few decades FOSs have gained increasing attention from researchers and engineers in various fields. They are accurate, durable, immune to electromagnetic interference, require relatively less power, and have relatively low lifetime cost [6-8]. Due to these virtues, they are outperforming the conventional electrical sensors such as piezoelectric sensors and strain gauges. Understanding the physical characteristics of light waves and their interactions with surroundings have led to designs that act as strain, temperature, acoustic, magnetic fields, acceleration, rotation, pressure, humidity, corrosion, and viscosity sensors. They are employed in a wide range of industries such as oil and gas, energy, biomedical, civil, aerospace, and transportation [9,10]. 
Basic principle of all FOSs is to detect variations in intensity, phase, frequency, and polarization of light waves induced by the measured variable.
FOSs can be categorized into three types: single-point, quasi-distributed (multiplexed), and distributed sensors (see Fig. 1). Quasi-distributed sensors are essentially point sensors that are multiplexed and located on pre-determined locations.
Single-point sensors
The most straightforward single-point sensors are based on interferometry. Interferometer sensors, as the name suggests, exploit the interference between light beams. In an interferometer, the light is separated into two beams where one beam is subjected to the sensing environment experiencing a phase shift, while the other is used as a reference preserved from the sensing environment [11]. The light beams are then recombined. This results in either constructive or destructive interference. Monitoring the recombined beam yields information about the measured variable. Fabry-Perot, Michelson, Mach-Zender and Sagnac interferometers are some of the well-known configurations. A review of interferometric sensors is presented in [12,13].
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Figure 1. Fiber optic sensor categories: (a) single-point, (b) multiplexed, and (c) distributed [9].
There are also grating based single-point sensors such as fiber Bragg grating (FBG) and long period grating. A typical FBG has a sub-micron period whereas a long period grating has a period in the range 100 m to 1 mm [14]. A thorough review of long period grating sensors is given in [14,15]. A broad-spectrum light beam is transmitted through a fiber cable with an FBG. The FBG reflects a subset of the broad- spectrum light back to the source and transmits all other light. The resulting back-propagating spectrum presents a peak centered at the Bragg wavelength. The spectrum of the beam that passed through resembles the spectrum of a notch filter. The Bragg wavelength is dependent on the grating pitch, which is a design parameter, and the refractive index of the fiber. 
A variation in the environmental parameters, for instance, temperature and strain, influence both the pitch and the refractive index. This causes a shift in the reflected spectrum. In sensing applications, the Bragg wavelength (central frequency of the reflected spectrum) is monitored.
Typically, a Bragg wavelength written into a single mode fiber will shift approximately 1.24 pm/. Temperature change also causes variation in the effective refractive index and the grating pitch due to thermal expansion. A typical temperature induced Bragg wavelength shift is approximately 21 pm/C.
The accuracy of measurement is dependent on the optical interrogation unit. Interrogation unit wavelength resolution can be as low as 1 pm, at acquisition frequencies up to 1000 Hz [16]. The resolution may reduce to around 3 pm at 5000 Hz acquisition frequency.
Distributed sensors
 Distributed sensors can sense at any point along the fiber cable through scattering. When a light beam is transmitted into a fiber optic cable it experiences random Rayleigh, Brillouin and Raman scattering along the way and some of the scattered signal travel backwards. These scatterings arise from the interaction of the light waves with the particles within the fiber and with the fiber glass. Fluctuations in the density of the fiber glass and thermally generated acoustic waves change the properties of these backscattered waves. The local changes in temperature, strain, and vibration along the cable will modulate the signal. Monitoring the changes in the backscattered signals yields information about the measured variable. The backscattered signals are mapped to locations along the cable depending on their arrival time to the origin. The smallest length within which a significant change in the measured variable can be detected is defined as the spatial resolution [9]. Acquisition frequency and accuracy vary between the different technologies and will also depend on the length of the fiber, desired spatial resolution, and the time taken to make the measurement. Physics of distributed fiber optic (DFO) sensors are presented in detail in [17,18].
IMPLEMENTATIONS
Silva et al. [4] present various fiber optic strain sensing projects in concrete. The experiments were carried out in a controlled environment where external loads of up to tens of kNs were applied to the concrete. Cracks started appearing at strains within the range of 200 - 1500 . Some of the experiments were able to predict the crack widths within 2% error. The smallest crack widths that could be identified were in the order of few m.  
Pitawala et al. [19] attached FBGs, and distributed fiber optic sensors based on Rayleigh scattering onto foamed bitumen stabilized pavement beams. During the loading, the beam fractured at 1500  which the fiber optic sensors captured accurately. In another experiment, they repeated loading cycles 1000 times to investigate fatigue cracking. Their findings indicate the Haversine type loading produces higher accumulated strain values than the sinusoidal type ones. 
Meng et al. [20] tested the Pre-Pump-Pulse Brillouin Optical Time Domain Analysis (PPP-BOTDA) based DFO sensor to detect neighboring cracks on a steel plate. They showed that they could distinguish neighboring cracks that were 10 cm apart if the crack sizes were larger than 150 m each. The system’s ability is dependent on crack sizes, their separation, and the spatial resolution of the sensor. 
Hong et al. [21] attached PPP-BOTDA based DFO cables underneath a concrete beam to identify cracks under loading. They conclude that a good indicator of a crack is when the rate of strain change is much higher than compared to the rate when the beam is within elastic state. As the crack size grew larger than 0.5 mm debonding of fiber and concrete was observed. The largest detected crack size was 0.63 mm. The fiber optic cable was permanently damaged at 8000 .
Bao et al. [22,23] used single-mode fiber (SMF) -28e+ in their study and calculated the average strain strength of the cable before rupturing as 26x103 . The PPP-BOTDA based DFO sensor had 20 mm spatial resolution. Cables were embedded into 183 cm by 183 cm by 7.5 cm concrete panels reinforced with alloy polymer macro-synthetic fibers. They used mortars to help protect the cables. After 28 days of curing, the panels were applied with truck loads. Relatively higher strain locations along the fiber optic cable were accurate indicators of crack locations. The magnitude of the strain peaks was found to be correlated with the crack widths. Two cracks as close as 7 to 9 cm were detected. 
Wang et al. [24] installed FBG and BOTDA sensors in an 8m long cement stabilized gravel base layer with a cross-section size of 20 x 40 cm. They emphasize the importance of the sensor packaging method. For instance, the traditional fiber-reinforced polymer (FRP) may not accurately measure the strain in asphalt pavement because of the large stiffness difference of FRP material and asphalt concrete. They chose a flexible armoring wire for packaging. They determined that gauge length of the sensors are key as short-gauge length sensing elements may not be able to reflect the structural deterioration process from microscopic to macroscopic stage and long gauge-length sensing elements may be insensitive to microcrack initiation and propagation. Their study indicates that DFO sensors are not as sensitive to shrinkage compared to FBG sensors as they have lower sensitivity. The difference in the magnitude of the neighboring strain measurements can be used to locate occurrence of cracks. 
Chapeleau et al. [25] embedded a Rayleigh scattering based DFO sensor cable 7 cm deep into an asphalt road in a testing facility. The sensor cable had 1 cm spatial resolution and had epoxy overcoat as protection. They applied over a million loading cycles of 65 – 75 kNs within a year. The measurements were taken every 50,000 load cycles. After about 350,000 load cycles, the strain profiles started to change. They confirmed that it was about the same time where they could visually detect cracks on the surface of the asphalt. 
Maeijer et al. [26] embedded FBG sensors into two different layers of an asphalt test road. The sensors were placed in longitudinal and transverse directions. The longitudinal sensors were more sensitive producing higher peaks in the signal.
Nosenzo et al. [27] embedded a total of 840 FBG sensors along the hard shoulder of a 2.5 km long asphalt road to detect the cracks induced by an underground mining process. The sensing elements were placed 30 mm deep and protected by glass fiber-reinforced composite. The data collecting system ran for over 3 years with 99.95% reliability. The measured sensor values were highly correlated with the survey values, especially for the compressive strains. With these means, the higher compressive strain locations were identified. Transverse slots cut through the asphalt road were used to mitigate compressive strain at these points.   
Braunfelds et al. [28] installed FBG sensors 25 mm deep into an asphalt road in Riga, Latvia. They placed the sensors between glass/epoxy composite material plates for protection. Their results show that heavy trucks generated 282  on average and the strain values are temperature dependent. Higher temperatures produced higher strain values.
Zhang et al. [29] embedded 3-D glass fiber-reinforced polymer protected FBG sensors into concrete overlay in a testing facility in Minnesota, USA. The sensors had gauge lengths ranging from 53 mm to 76 mm. They were placed 13 mm deep from the surface.  The tests were run for a year with simulated traffic. The strain measurements were found to be indicators of cracks widening and shrinking. 
Quintana et al. [30] embedded FBG sensors into 18 cm high reinforced concrete slabs in a 300 m long roadway that is open to live traffic in Mexico. The expected number of vehicles per day on this highway is 26,300 and 40% of the vehicles are heavy vehicles. The sensors were attached onto reinforcement bars and placed into the concrete near the surface. The sensors on the reinforcement bars showed higher sensitivity values. They also found that lower temperatures yielded higher strain sensor sensitivity. They collected data for over a year. Authors argue that the significant changes in the strain profiles over a year can be attributed to pavement deterioration. 
Discussion
FOS in pavement monitoring
Evidently, fiber optic sensors, if utilized properly, can be useful in producing valuable structural data of both asphaltic and cementitious concrete pavements. The studies have shown that the strain strength of the standard fiber optic cables is higher than the pavement they are embedded in. This makes fiber optic sensing approaches suitable for pavement monitoring. 
Various crack widths ranging from few micrometers to a millimeter were successfully identified. Sensor gauge length and spatial resolution are key parameters in distinguishing neighboring cracks. 
Both FBG and DFO sensors were shown to have the capability to detect accumulated strain points within the structure. Though, FBG sensors were generally more sensitive to local strains than DFO type sensors. 
Temperature induced strain compensation was key in all studies. This was accomplished by a separate sensor near strain sensors that is mechanically decoupled from the surrounding. 
Fiber optic cables need appropriate packaging to survive harsh conditions. The packaging material needs extensive consideration as the selection can be a trade-off with the sensitivity of the sensor. Glass FRP, flexible armoring wire, and mortar were among the chosen materials for cable protection.
The scanning rate of the sensors were not as crucial and typically in the order of seconds since the condition of the pavement is a relatively slow changing parameter. 
A unified solution
Studies have demonstrated impressive proof of concepts with accuracy performances above 98%. However, we believe that solutions are local in space and in time. The experiments were only run for a few days on specific sites or in application-specific circumstances addressing a subset of health monitoring questions. There are some outstanding problems we would like to draw attention to.
Spatial diversity of the sensors was not addressed. In other words, the question “How many sensing points are needed for a given area” was not discussed. This is not surprising as most of the studies were carried out in a limited space. 
The other open problem is the question of attaching a condition index value to the pavement. A segment of roadway is attached a PCI value that ranges between 0 – 100, where 100 represents the pavement condition on the installation day and 0 represents a failed pavement. Even though the identification of local permanent deformations or cracks were successfully achieved, combining local bits of data into a more global understanding of the pavement condition to the best of our knowledge has not been tackled. 
To study both raised questions, we need a scalable solution and large amount of real data spread out over at least 15 years.
Most common challenge of the presented implementations was to achieve a healthy installation of the cables. Installation damages due to fiber breaking and warping in many cases led to no data or defective data from the sensors [4,19,24]. 
Surface installations are expensive to realize and maintain. A case of asphalt fiber installation based on micro-trenching (5-10 cm deep) was shown to crumble in about a year [31]. 
[image: ]We need a global, user-friendly, consistent, durable, environment-friendly solution with high system availability that would work on bridges, in urban areas and in tunnels. Precast slabs (see Fig. 2) of road pavement embedded with sensors that are manufactured at a facility would help with consistency, precision, and durability. This would prevent the potential inexact on-site installations, especially when workers are working in harsh conditions and attempting to complete the work under time constraints. This not only creates consistency in pavement condition indexing, but also prepares pavements for self-driving vehicles of the future where sub-centimeter accuracy levels will need to be reached. Manufacturing precise and identical slabs would avoid the need for conventional fine tuning of the system parameters. The networks of slabs would adopt the Plug and Play nature of the Internet. Since the sensors would be embedded in the precast slab, durability would not be as much of an issue compared to surface sensors.
Figure 2. Smart pavement with embedded FOSs.
CONCLUSION
Fiber optic sensors have been shown to be effective tools to identify cracks in road pavement in research facilities or controlled environments. It is time to start thinking in terms of scalability and widespread adoption. We believe precast slabs of road pavement embedded with sensors that are manufactured at a facility would give us the best opportunity to achieve a scalable, consistent, and durable solution.
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