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ABSTRACT
[bookmark: _Hlk116171251]The Traffic Speed Deflectometer (TSD) overcomes the Falling Weight Deflectometer (FWD) limitations in terms of traffic interruption and testing inefficiency, which has been used for network-level pavement structural evaluation. However, some challenges exist as applying the TSD for routine survey works. This study proposed an effective temperature correction method to achieve the speed and temperature correction of TSD deflections simultaneously based on the time-temperature superposition principle. To match the existing FWD-based pavement structure number (SN) records, an enhanced AASHTO method was proposed for calibrating TSD-based SN by the asphalt thickness. In addition, this study discussed potential uses of TSD slopes in terms of replacing deflection indices, estimating the inflection point location, and calculating the deflection lag distance. The feasibility of estimating pavement fatigue conditions from TSD lag distance was also evaluated. Finally, this study proposed an autoencoder to extract crack features and performed structure classification based on pavement crack images. Results from the present analyses suggest that TSD deflections are more sensitive to test temperatures than to test speeds. For normal TSD operating speeds, a 10 mph increase in test speed is approximately equivalent to a 1°C drop in temperature. The difference in AASHTO SN between TSD and FWD essentially came from the difference in the equivalent loading frequency, and the asphalt layer exhibited lower stiffness under TSD than under FWD. The lag distance can be used as an implicit indicator of the fatigue condition of the pavement to predict the initiation and growth of fatigue cracks. Fatigue cracking is expected to occur where the lag distance is relatively large. For crack images with more than 20% cracks, longitudinal cracks on wheel paths play the most important role in the structure classification, and their presence indicates potential pavement structural weakness.
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Pavement evaluation is an essential step in assessing the functional and structural conditions of existing pavements, guiding routine data monitoring, and selecting appropriate maintenance measures. The functional conditions are related to pavement distress and driving quality, such as roughness, rut depth, and fatigue cracks. The structural conditions deal with the pavement’s ability to withstand traffic loads and climate conditions [1]. 
The incompleteness of construction history and the resulting inaccurate estimates of pavement structural capacity necessitates the use of innovative techniques to obtain accurate network-level pavement structural data. Traditional methods of estimating the pavement structural strength through layer thickness and laboratory-determined material properties are destructive and costly. Currently, deflection measurements remain the only reliable non-destructive method for determining the structural strength of flexible pavements. The stationary Falling Weight Deflectometer (FWD) is the most prevailing method of deflection measurement. As of 2008, more than 90% of states in the United States routinely conducted FWD testing for pavement assessment [2]. 
The FWD is a trailer-mounted device that operates by dropping a weight onto the pavement and measures the resulting vertical pavement surface deflections using geophones placed at fixed radial distances (Figure 1‑1, all tables and figures are located in the Appendix). FWD has a wide range of applications because it collects various information. For example, the maximum pavement deflection indicates the overall pavement structural capacity [3]. The 1993 AASHTO design guide introduced an approach to estimate pavement structural number (SN) through FWD deflections [4]. In addition, pavement deflections can be used to back-calculate the related layer modulus given the pavement structure [5]. Upon testing, FWD must remain stationary at each test point, so lane closures are required, which interrupts traffic and limits the productivity of FWD. Typical FWD productivity is approximately 20-25 lane miles per day if FWD data are collected every 0.2 miles [6]. Therefore, issues of time, expenses, and traffic control hinder FWD testing at network-level, and FWD is the preferred device for project-level structural evaluation.
Recent technological advancements have led to the development of continuous deflection measurement devices, including the traffic speed deflectometer (TSD), which is capable of performing deflection measurements at traffic speeds [7,8]. Since the first prototype device was developed in Denmark in the late 1990s, TSD has been constantly evolving with new features, but the concept remains the same [9]. As shown in Figure 1‑2, TSD uses a set of Doppler lasers mounted on a servo-hydraulic beam near the rear axle (at the centerline of right dual tires) to measure the deflection velocity (horizontal and vertical) of the pavement surface [7]. The horizontal proportion of the deflection velocity is related to the TSD moving speed. To eliminate the dependence on the moving speed, the measured deflection velocity is divided by the instantaneous moving speed to obtain the deflection slope [10]. The deflection slope is the first-order derivative of the deflection, which is converted to actual pavement deflection by curve fitting and numerical integration [11]. The last sensor is located at about 138 inches in front of the rear axle. This laser is located outside the deflection bowl and is primarily used as a reference laser, so its response can be used to eliminate unwanted measurements [12]. 
TSD can provide better spatial coverage and efficiency than FWD. The findings of a Federal Highway Administration (FHWA) research project confirmed that TSD measurements meet the accuracy requirements for pavement structural assessment at network-level [13]. However, some challenges exist in applying TSD for routine survey works. The accuracy and precision of TSD measurements can be influenced by several internal and external factors. Therefore, there is a need to develop a reliable TSD deflection correction procedure, which may include the load or temperature correction for TSD deflections, so that TSD deflections collected at different trips or under different conditions will be comparable. 
[bookmark: _Toc119062860]Comparison of TSD and FWD
Since TSD is a relatively new device, it is imperative to compare it with the existing measurement devices to validate its applicability and reliability [12]. In addition, the more widely used one (FWD) usually has sufficiently comprehensive and detailed evaluation systems and methods, but the applicability of the new device (TSD) is yet to verify [6]. Simple replications usually lead to discrepancies. Therefore, a detailed comparison of FWD and TSD is required to determine their underlying different mechanisms.
Table 1‑1 illustrates the comparison between TSD and FWD. The deflection measuring techniques for FWD and TSD are quite different, and the measured deflection is conceptually different even if the load magnitudes are the same. Since most of the current deflection tests are performed using FWD, FWD is used as a reference device to evaluate the accuracy of TSD. However, given the difference in the pavement responses under TSD and FWD, FWD may not be a true reference. Previous studies have shown that although the deflection of FWD and TSD are different, it is clear from the visual inspection that the two measurements follow the same trend and have the same peak points [12].
[bookmark: _Toc119062861]Applications of TSD
Many studies have been conducted to improve and expand the application of TSD. These studies were mainly inherited from FWD, such as using TSD deflections to calibrate the FWD-based equations [6,14,15]. Therefore, studies on TSD have mainly focused on the deflection itself and ignored the potentially useful information in the TSD slope. Since the TSD slope is the raw measurement, the intensive use of deflection may accumulate errors caused by curve fitting. The potential use of TSD slope in pavement structural evaluation should be explored. 
In addition, the viscoelasticity of the asphalt concrete (AC) and the inertial damping of the pavement structure could result in a lag between the time when the TSD crosses over the point and the time when the maximum response occurs [13]. Figure 1‑3(a) shows that there is a lag between the load center and the maximum deflection point in the deflection basin. A similar lag phenomenon between load and response, i.e., phase angle, is observed in the dynamic modulus tests of asphalt (viscoelastic) materials, as shown in Figure 1‑3(b). According to the cyclic fatigue test specified in AASHTO TP 133-21, the phase angle gradually increases with increasing loading cycles, indicating that the phase angle has the potential to indicate the fatigue condition of the asphalt material. The TSD deflection lag may be closely related to phase angle and may also be served as an index to indicate pavement crack conditions.
An accurate assessment of existing pavements provides essential inputs to maintenance and rehabilitation (M&R) strategies makers, thereby helping optimize the use of limited funds. However, the current pavement management system (PMS) focuses mainly on the pavement functional conditions and fails to identify the underlying reasons for pavement deterioration. Pavement structural conditions are rarely incorporated into the PMS. With the development of measurement technology, in addition to deflection, the TSD is also equipped with an Automatic Crack Detection (ACD) system that collects high-quality images of pavement surface cracks, as shown in Figure 1‑4. The combination of pavement functional and structural information allows for a more comprehensive and accurate assessment of pavement performance, thereby facilitating more appropriate decisions on M&R strategies and more accurate predictions of pavement conditions. Therefore, a framework that integrates TSD deflection with the pavement functional condition should be developed.
[bookmark: _Toc119062862]Numerical Simulation
There is currently no TSD database of various pavement structures available, so mechanical-based approaches are preferred to simulate load configurations and obtain theoretical pavement responses. In the early 1960s, mechanistic procedures were introduced to estimate the pavement response caused by traffic loads and have been evolving ever since. The 3D-Move program developed by the University of Nevada, Reno [16] is ideally suitable for simulating pavement responses under moving loads. The applicability and accuracy of the 3D-Move program have been verified in the literature [10,13,16]. In addition, the 3D-Move is a versatile program that comprehensively considers material viscoelasticity, non-uniform contact pressure, and variable vehicle speed, making it suitable for FWD and TSD simulations [9].
The 3D-Move program uses the finite layer method and Fourier transform technology to simulate pavement responses under moving loads [10]. The finite layer method takes advantage of the layered characteristics of the pavement structure, so it is an efficient tool for simulating pavement responses compared to the more complicated and general-purpose finite-element programs such as ABAQUS [17]. In addition, traditional multi-layer elastic programs such as BISAR are easy to use, but they cannot accurately simulate pavement responses associated with moving loads. Most of them are limited to static uniform circular loads, while TSD loads need to be defined as moving dual tires loads. Therefore, the 3D-Move program allows a more efficient and practical consideration of the interaction between the load and the pavement [18]. In addition, 3D-Move allows the incorporation of viscoelastic materials, so that the asphalt layer can be simulated as either linear elastic or viscoelastic. To characterize the viscoelastic behavior of the AC layer, the dynamic modulus curve needs to be fed into the 3D-Move program.
The main input parameters of the 3D-Move program include analysis type (static or dynamic), loading configuration (load magnitude, tire contact shape, and vehicle speed), and material properties (thickness and modulus). The 3D-Move program outputs critical pavement responses such as stress, strain, and displacement. In static analysis, the 3D-Move calculates the pavement responses at the specified locations. For dynamic analysis, the 3D-Move will output a continuous pavement response over time. By multiplying the time by the moving speed, the pavement response at the specified locations can be calculated from the time-varying curves [19]. 
In this study, the TSD loading configurations were based on the Intelligent Pavement Assessment Vehicle (iPAVe) operated by the Australian Road Research Board (ARRB) group Inc. 
[bookmark: _Toc119062863]Objectives
The overall objective of the proposed doctoral study is to investigate the use of TSD deflection in network-level pavement evaluation. The research scopes are to (1) provide a reliable TSD deflection correction procedure considering the effects of load magnitude, test temperature, and test speed; (2) assess the applicability and substitutability of existing FWD-based methods for TSD; (3) develop TSD-oriented evaluation methods and applications; (4) correlate TSD deflections with pavement functional conditions.
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[bookmark: _Ref114662952][bookmark: _Toc119062963]Figure 1‑3. Lag: (a) in TSD deflection basin; (b) in dynamic modulus (phase angle) test


[image: ]
[bookmark: _Ref114663127][bookmark: _Toc119062964]Figure 1‑4. Automatic crack detection system
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	TSD
	FWD

	Load
	moving load
	impact load

	Measurement
	deflection velocity
	deflection 

	Social benefit
	· non-destructive
· time saving
· little or no traffic control
	· non-destructive 
· time-consuming
· traffic closure

	Test scope
	network-level (preferred)
	project-level (preferred)
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SPEED AND TEMPERATURE SUPERPOSITION ON TRAFFIC SPEED DEFLECTOMETER MEASUREMENTS
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[bookmark: _Hlk116171299][bookmark: _Hlk116172038][bookmark: _Hlk110951360]The traffic speed deflectometer (TSD) is capable of conducting deflection surveys at traffic speeds and is an efficient tool for collecting network-level pavement structural data. Due to the viscoelastic nature of asphalt concrete (AC), the raw TSD deflections need to be corrected to the reference temperature and speed so that data from different tests can be comparable. Although the topic of temperature correction for deflections has been extensively discussed, however, the correction of traffic speed on pavement deflection has rarely been investigated. According to the principle of time-temperature superposition, the time (speed) effect on pavement responses can be evaluated by the concept of “pseudo temperature”. Combined with the test temperature, the time and temperature dependence of AC materials can be integrated into a single factor, the effective temperature. By correcting raw TSD deflections from the effective temperature to the reference temperature, speed correction and temperature correction can be achieved simultaneously. It also provides some insights into eliminating the need for temperature correction by artificially presetting the TSD speed so that the TSD deflection collected at the preset speed and test temperature is equal to the TSD deflection at the reference speed and reference temperature. Results from the present analysis suggest that TSD deflections are more sensitive to test temperatures than to test speeds. The equivalence between speed and temperature depends on the activation energy of the AC material. For normal TSD operating speeds, a 10 mph increase in test speed is approximately equivalent to a 1°C drop in temperature. In general, a practical preset speed range of 20-60mph can accommodate temperature variations of approximately 4°C.
[bookmark: _Toc119062868]Introduction
The incompleteness of construction history and the resulting inaccurate estimates of pavement structural capacity necessitates the use of innovative techniques to obtain accurate network-level pavement structural data. Currently, deflection measurements remain the only reliable non-destructive method for determining the structural strength of flexible pavements. The stationary Falling Weight Deflectometer (FWD) is the most prevailing method of deflection measurement [1]. However, FWD is the preferred device for project-level structural evaluation, but issues such as time, expenses, and traffic control hinder FWD testing at the network-level. Recent technological advancements have led to the development of continuous deflection measurement devices, including traffic speed deflectometer (TSD) [2], to overcome the limitations of FWD. 
Unlike static measurement devices, TSD is capable of performing deflection surveys at traffic speeds, which provides a safe and efficient tool for collecting network-level pavement structural data [3]. However, some challenges exist in applying TSD for routine survey works. The accuracy and precision of TSD measurements can be influenced by several internal and external factors, e.g., calibration procedures, travel speed, wind and temperature during the test, and tire-pavement interaction [4,5]. Therefore, it is necessary to develop a reliable TSD deflection correction procedure so that TSD deflections collected at different trips or under different conditions can be comparable. 
The load magnitude directly affects pavement deflections. TSD nominally applies a load of approximately 50kN to the pavement, while the actual dynamic load varies continuously due to changes in pavement conditions. TSD continuously records the applied axle load during the test. According to the homogeneity of linear viscoelastic materials, the pavement response is proportional to the load magnitude. Therefore, TSD deflections can be corrected to a standard load level (reference load) by load correction [6].
In addition, due to the viscoelastic nature of the asphalt concrete (AC) layer, the TSD deflection is influenced by temperature and test speed. The temperature correction for FWD deflection has been widely discussed. The 1993 AASHTO Pavement Design Guide proposed a general temperature correction procedure for the FWD deflection at the loading point (D0) [7]. Chen et al. showed that only FWD deflections with radial distances of 0 (D0) and 8 inches (D8) were strongly affected by temperature, and they developed temperature correction equations for D0 and D8 for flexible pavements in Texas [8]. Mun Park et al. developed temperature correction equations for FWD deflections at varying radial distances from the loading point based on deflections measured on flexible pavements in North Carolina [9]. Subsequent related studies focused on the local calibration of the temperature correction factor [10,11]. The temperature correction equations for TSD deflections are still under investigation. Nasimifar et al. proposed a temperature correction equation for adjusting the TSD-based surface curvature index (SCI, the deflection difference between D0 and D12 (the deflection at a radial distance of 12 inches)) based on numerical simulation results [12].
Since the FWD must remain stationary at each test point, the speed correction for deflections, unlike the temperature correction, has rarely been investigated. The TSD speed varies depending on the road grades and traffic conditions. In addition, the TSD may move slowly due to traffic jams or even stop due to traffic signals. Elseifi et al. conducted TSD tests at 30 mph, 45 mph, and 60 mph to investigate the effect of TSD speed on TSD measurements [13]. The COV (coefficient of variation) of the deflection slope collected at 30 mph was approximately 24% lower than the 45 mph measurement, while the COV at 60 mph was approximately 38% higher than the 45 mph measurement. The results suggested that the deflection was sensitive to the TSD moving speed. Therefore, it is necessary to set a reference speed for the TSD deflection and to develop a speed correction method. TSD deflections should be corrected to the same reference speed so that raw TSD measurements collected at different speeds can be compared.
According to the equivalence of time (speed) and temperature on the AC dynamic modulus, the speed correction can also be equivalent to the temperature correction, i.e., the speed correction for deflections can be achieved by means of temperature correction. The objective of this study was to introduce a single factor that combines both temperature and time (speed) effects based on the time-temperature superposition principle. This single factor is referred to as “effective temperature”. With only one factor (effective temperature) instead of two (test temperature and test speed), the speed correction and temperature correction can be performed simultaneously. In addition, the possibility of eliminating the need for temperature correction by artificially presetting the test speed can be assessed. 
Since deflection measurements of concrete pavements are almost negligible [14] and almost independent of test temperatures and speeds [4], this study focused only on asphalt pavements and concrete pavements were not included.
[bookmark: _Toc96888433][bookmark: _Toc119062869]Speed Correction Method
[bookmark: _Toc119062870]Effective temperature
The AC dynamic modulus master curve can be mathematically modeled by a sigmoidal function [15,16]:
                                            (1)
where:  = dynamic modulus, ksi;  = reduced frequency, Hz; Max = limiting maximum modulus, ksi; Min = limiting minimum modulus, ksi;  = fitting shape parameters. 
It is well known that the AC dynamic modulus master curve is developed based on the time-temperature superposition principle. Dynamic modulus data tested at different temperatures can be “shifted” relative to the loading frequency (time) so that the different curves can be aligned to form the master curve [17]. The shift factor  defines the required shift at a given temperature  and can be calculated using the Arrhenius equation.
                                                    (2)
                                                  (3)
where:  = reduced frequency, Hz;  = loading frequency at the test speed, Hz;  = shift factor at temperature ;  = test temperature, Kelvin;  = reference temperature, Kelvin;  = activation energy (treated as a fitting parameter), J/mol. 
According to the time-temperature superposition principle, the effects of loading time (speed) and temperature on the AC dynamic modulus are equivalent. Therefore, the effect of time (speed) on the AC dynamic modulus can be evaluated by the concept of “pseudo temperature”. Combined with the test temperature, the time and temperature dependence of the AC material can be integrated into a single factor known as the “effective temperature”. The dynamic modulus at the test speed and test temperature can be equated to the dynamic modulus at the reference speed and effective temperature. Equation (2) can be rewritten as: 
                      (4)
where:  = reduced frequency, Hz;  = loading frequency at the test speed, Hz;  = test temperature, Kelvin;   = loading frequency at the reference speed, Hz;  = effective temperature, Kelvin. Substituting Equation (3) into Equation (4), the following equation can be obtained to calculate the effective temperature:
                                              (5)
Determining the loading frequency from the loading time (speed) has been a controversial topic [18]. There are several different time-to-frequency conversion methods [18–20], and choosing an appropriate one can be very difficult. However, the effective temperature is not directly related to the loading frequency but rather to the ratio of  to , which can be calculated from the following form: 
                                                                    (6)
where:  = loading frequency at the test speed, Hz;  = loading frequency at the reference speed, Hz;  = test speed;  = reference speed. Therefore, the effective temperature can be calculated from:
                                                   (7)
where:  = test speed;  = reference speed;  = test temperature, Kelvin;  = effective temperature, Kelvin;  = activation energy, J/mol. 
The pseudo temperature () is the difference between the effective temperature and the test temperature:
                                                               (8)
[bookmark: _Hlk110009794]The calculation of the effective temperature and pseudo temperature avoids the common errors caused by time-to-frequency conversion and is therefore concise and trustworthy. According to Equation (7), the effective temperature for any TSD speed at any test temperature can be calculated. The effective temperature combines the effects of both the test speed and the test temperature. On this basis, only the (effective) temperature correction is needed to achieve both temperature and speed correction for raw TSD deflections.
[bookmark: _Toc119062871]Influencing factors
[bookmark: _Hlk110010326][bookmark: _Hlk110010262]From Equations (7) and (8), it can be found that the effective (or pseudo) temperature is not related to the reference temperature, but to the reference speed. In addition, the effective (or pseudo) temperature is also associated with the test temperature and the activation energy of the asphalt mixture. Pellinen et al. measured an average activation energy of 205,000 J/mol for unmodified AC mixtures and 202,000 J/mol for modified AC mixtures [16]. The effects of the following different reference speeds, test temperatures, and activation energies on the effective (or pseudo) temperature were investigated:
· Reference speed: 20, 40, 60 mph.
· Test temperature: 10, 20, 30 °C. 
· Activation energy: 150,000, 200,000, 250,000 J/mol.
The default value for the reference speed, test temperature, and activation energy in this study is 40 mph, 20 °C, and 200,000 J/mol, respectively.
The AC dynamic modulus increases with decreasing temperature or increasing loading frequency. The effects of temperature and loading frequency are equivalent but opposite. Therefore, a larger test speed (loading frequency) is expected to imply a smaller effective (or pseudo) temperature. The results in Figures. 1-3 (all tables and figures are located in the Appendix) confirm this expectation that the effective (or pseudo) temperature decreases as the test speed increases. The pseudo temperature (Figures. 1-3 (b)) is a translation (minus the test temperature) of the effective temperature (Figures. 1-3 (a)). When the test speed is exactly equal to the reference speed, the pseudo temperature is zero and the effective temperature is the test temperature. When the test speed is lower than the reference speed, the pseudo temperature is greater than zero, and the effective temperature is greater than the test temperature. Conversely, when the test speed is greater than the reference speed, a negative pseudo temperature occurs, and the effective temperature is smaller than the test temperature. Therefore, it can be concluded that the pseudo temperature comes from the difference between the test speed and the reference speed. 
The equivalence between speed and temperature is defined as the change in temperature corresponding to a unit change in test speed, i.e., the slope of the effective (or pseudo) temperature curve. The equivalence between speed and temperature is related to the test speed, because the slope of the effective (or pseudo) temperature curve is not constant but decreases with increasing test speed. Therefore, for smaller test speeds (0-20 mph), the unit change in speed corresponds to a great change in temperature. As the test speed increases (>20 mph), the slope of the effective (or pseudo) temperature curve tends to be constant, so that the equivalence between speed and temperature is nearly constant. Within the normal operating speed range of the TSD (20-60 mph), a speed change of 10 mph corresponds approximately to an effective (or pseudo) temperature change of 1°C.  Therefore, for TSD deflections collected at normal TSD operating speeds, a 10 mph increase in test speed is approximately equivalent to a 1°C drop in test temperature.
Figure 2‑1 shows the effect of the choice of the reference speed on the effective (or pseudo) temperature. For the same test speed, the lower the reference speed, the lower the pseudo temperature, and the lower the effective temperature. The slopes of different effective (or pseudo) temperature curves (within a test speed of 20-60 mph) are similar regardless of the reference speed, so the equivalence between speed and temperature is independent of the reference speed. Therefore, there is no preference for the choice of reference speed as far as the equivalence is concerned. However, it is recommended that the reference speed be the average test speed, which will always result in smaller absolute pseudo temperatures, thus reducing the need for temperature corrections.
Figure 2‑2 shows the effect of the test temperature on the effective (or pseudo) temperature. It can be found that at the same test speed, the lower the test temperature, the lower the effective temperature. However, the pseudo temperature curves for different test temperatures are very close, indicating that the effect of test temperature on the pseudo temperature is negligible. In addition, the slopes of the different effective (or pseudo) temperature curves are similar, so the equivalence between speed and temperature is independent of the test temperature. 
The effect of AC materials (activation energy) on the effective (or pseudo) temperature is shown in Figure 2‑3. At the same test speed, the absolute pseudo temperature is greater for AC materials with lower activation energies. For different AC materials (activation energy), the slope of the effective (or pseudo) temperature curve is different, so the equivalence between speed and temperature depends on the activation energy of the AC material. For AC materials with smaller activation energy, the same speed change corresponds to a larger temperature change.
[bookmark: _Toc119062872]Validation of the Speed Correction Method
[bookmark: _Hlk110628574]The numerical simulation method was employed in this study to verify the effectiveness of the proposed speed correction method. TSD models of a three-layer pavement structure were developed by the 3D-Move program [6,21], as shown in Table 2‑1. A typical plant-produced AC was used as the AC layer with an activation energy of 215900.1 J/mol. The viscoelasticity of the AC layer was incorporated through the dynamic modulus (temperature- and frequency-dependent). 
According to Equation (7), the test speed and test temperature are integrated into one single factor, i.e., the effective temperature. By correcting the TSD deflection from the effective temperature to the reference temperature, a double correction of both speed and temperature can be achieved. The TSD deflection collected at the test speed and test temperature can be corrected to the reference speed and reference temperature using the temperature correction method only. Therefore, the essence of speed correction is temperature correction. 
Since there is no satisfactory temperature correction method for TSD deflections, the most commonly used FWD-based method, i.e., the AASHTO temperature correction method, was employed in this study. Therefore, the applicability of the AASHTO method to TSD deflections should first be verified. Then, develop TSD models at different test speeds. Finally, apply the proposed speed correction method to TSD deflections at different speeds to verify its effectiveness.
[bookmark: _Toc119062873]AASHTO temperature correction 
[bookmark: _Hlk110248033]The AASHTO temperature correction method is based on the FWD deflection and is for D0 only [7]. The temperature correction is achieved by applying an adjustment factor to the raw D0, as shown in Figure 2‑4. When the test temperature is the reference temperature (20°C), no temperature correction is needed so the temperature adjustment factor is exactly 1.0. For test temperatures higher than the reference temperature, the AC layer tends to exhibit a lower stiffness than expected. As a result, the pavement deflection tends to be higher than expected and the adjustment factor will be less than 1.0. The opposite is true when the test temperature is lower than the reference temperature. In addition, the temperature adjustment factor is different for different AC thickness. Pavements with thicker asphalt layers are more affected by the test temperature and therefore require greater temperature adjustment.
To verify the applicability of the AASHTO method to TSD deflections, TSD models with different test temperatures were developed using the 3D-Move program. Nine test temperatures were considered: 0,10, 18, 19, 20, 21, 22, 30 and 40°C, and the theoretical TSD deflections at different test temperatures are shown in Figure 2‑5. It can be found that the TSD deflection near the loading point increases with the increase in temperature. In addition, deflections near the loading point are more sensitive to temperature than deflections at distant locations. TSD models with higher temperatures have steeper deflection basins.
The results in Table 2‑2 can be obtained by applying the AASHTO temperature correction method to the D0 of TSD. The D0 at reference temperature (20°C) is considered the reference D0. It can be found that the error of the corrected D0 is greatly reduced compared with the raw D0. The error in D0 is well corrected for temperatures close to 20°C and temperatures significantly different from 20°C. The closer the test temperature is to the reference temperature, the closer the corrected D0 will be to the reference D0, and the better the temperature correction will be. Overall, the FWD-based AASHTO temperature correction method is applicable to D0 of TSD.
[bookmark: _Toc119062874]TSD models at different speeds
TSD models with different test speeds were developed using the 3D-Move program. Seven test speeds were considered: 10, 20, 30, 40, 50, 60 and 70 mph, and the test temperature was set to 20°C. The theoretical TSD deflections at different speeds are shown in Figure 2‑6. It can be found that D0 increases as the TSD speed decreases, while the opposite is true for the distant deflection. This can be explained by the fact that as the TSD speed increases, the loading frequency increases and the AC layer exhibits higher stiffness, so D0 decreases. In addition, TSD deflections are more sensitive to lower TSD speeds (10-20mph), while the difference between higher speeds (50-70mph) is relatively insignificant, implying a nonlinear effect of test speed on TSD deflection. Overall, TSD deflections are less sensitive to TSD speeds than to test temperatures.
[bookmark: _Toc119062875]Application of the speed correction method
[bookmark: _Hlk99101168]As discussed above, the effective temperature combines the effects of both the test speed and the test temperature. Only the (effective) temperature correction is needed to correct the raw TSD deflections from the test temperature and test speed to the reference temperature and reference speed. The speed correction and temperature correction are achieved simultaneously rather than sequentially. The temperature correction method can be any method that is applicable to TSD deflections. In this study, the AASHTO temperature correction method was employed, and its applicability has been verified in the previous section. In addition, TSD deflections should first be normalized to the same reference load magnitude. The detailed procedure for TSD deflection correction is:
Step 1: Determine the reference load magnitude, reference speed, and reference temperature.
Step 2: Input the TSD deflections, load magnitude, test speed, and test temperature.
Step 3: Input the thickness of the AC layer. (Optional: Input the activation energy of the AC material, the default value is 200,000 J/mol.)
Step 4: Correct TSD deflections to the reference load magnitude.
Step 5: Calculate the effective temperature based on test speed and test temperature using Equation (7).
Step 6: Obtain the adjustment factor for the effective temperature based on AC thickness according to the AASHTO temperature correction method.
Step 7: Apply the adjustment factor to the load-corrected D0 of TSD to obtain the speed-and temperature-corrected D0.
[bookmark: _Hlk110440695]To verify the effectiveness of the proposed speed correction method, it was applied to the theoretical deflections at different TSD speeds, including:
· [bookmark: _Hlk110619739]Case 1: Constant test temperature (20°C, equal to the reference temperature). The test temperature is not expected to have an additional effect on TSD deflections, so no correction for the test temperature is actually needed. In this case, improvements from corrections for the test temperature can be excluded, so all possible improvements come from the speed correction. It should be noted that the speed correction is ultimately achieved by the AASHTO temperature correction method using the “effective temperature”.
· Case 2: Different test temperatures (0, 10, 19, 20, 21, 30, 40°C). Corrections for both test temperature and test speed are required, which can be achieved simultaneously with the effective temperature correction. 
[bookmark: _Hlk110617337][bookmark: _Hlk110617371][bookmark: _Hlk110440097][bookmark: _Hlk110440634]The activation energy of 215,900.1 J/mol was used in calculating the effective temperature. The D0 at the reference temperature (20°C) and the reference speed (40 mph) was considered as the reference D0 (15.91 mils). Table 2‑3 shows the D0 results before and after the speed correction. When the test speed is exactly equal to the reference speed (40 mph), the effective temperature is equal to the test temperature, and the raw D0 is equal to the corrected D0 and the reference D0. For Case 1 (the constant test temperature), the error of the corrected D0 is greatly reduced compared with the raw D0. The closer the test speed is to the reference speed, the closer the corrected D0 will be to the reference D0, and the better the speed correction will be. Even taking into account the different test temperatures (Case 2), the deviation of the corrected D0 from the reference D0 is greatly reduced. Therefore, the proposed method is effective for cases where only speed correction is required as well as cases where both temperature and speed correction are required. 
The effect of the activation energy estimation on the speed correction was also explored, as shown in Figure 2‑7. It can be found that the difference between the effective temperature and the test temperature, i.e., the absolute pseudo temperature, decreases with increasing activation energy for the same test speed. The effectiveness of the speed correction is related to the estimation of the activation energy. The closer the estimate of the activation energy is to the actual activation energy (215,900.1 J/mol), the closer the corrected D0 is to the reference D0. The error of the corrected D0 is always smaller than the error of the raw D0, even if the estimate of the activation energy is far from its true value. Therefore, the default value of 200,000 J/mol is a safe estimate of the activation energy. 
[bookmark: _Toc119062876]Preset Speed Method
[bookmark: _Toc119062877]Preset speed
The speed correction method combines the effects of test speed and test temperature by introducing the effective temperature, which is essentially temperature correction. The effectiveness of the speed correction depends on the effectiveness of the temperature correction method. However, there is no satisfactory temperature correction method for TSD deflection, especially for the whole TSD deflection basin. 
During the TSD test, the test temperature is not subject to human interference, while the TSD speed can be controlled by humans. According to the time-temperature superposition principle, the TSD test speed can be artificially set so that the pavement response at the preset test speed and test temperature is equal to the pavement response at the reference speed and reference temperature. This eliminates the need for temperature correction of the TSD deflections, thus avoiding errors caused by temperature correction.
Based on the assumption that the AC dynamic modulus at the preset test speed and test temperature is equal to the AC dynamic modulus at the reference speed and reference temperature, Equation (4) can be rewritten as: 
                           (9)
where:  = reduced frequency, Hz;  = loading frequency at the reference speed, Hz;  = reference temperature, Kelvin;  = loading frequency at the preset test speed, Hz;  = test temperature, Kelvin. 
Substituting Equations (3) and (6) into Equation (9), the preset test speed can be calculated by the following equation:
                                   (10)
where:  = loading frequency at the reference speed, Hz;  = reference temperature, Kelvin;  = loading frequency at the preset speed, Hz;  = test temperature, Kelvin;  = activation energy, J/mol;  = preset test speed;  = reference speed. The effect of test temperature is evaluated by “pseudo speed”. The pseudo speed () is defined as the difference between the preset speed and the reference speed:
                                                         (11)
[bookmark: _Toc119062878]Influencing factors
Similarly, the preset speed method avoids the time-to-frequency conversion. The preset test speed for different test temperatures can be calculated by Equation (10). In addition, the preset speed is related to the reference speed, reference temperature, and the activation energy of the AC material. The effects of the following different reference speeds, reference temperatures, and activation energies on the preset speed were investigated:
· Reference speed: 30, 40, 50 mph.
· Reference temperature: 15, 20, 25 °C. 
· Activation energy: 150,000, 200,000, 250,000 J/mol.
The default value for the reference speed, reference temperature, and activation energy in this study is 40 mph, 20 °C, and 200,000 J/mol, respectively.
Since speed and temperature have opposite effects on AC dynamic modulus, the preset test speed should be increased to counteract the effect of increasing test temperature, as shown in Figures. 8-10. The pseudo speed (Figures. 8-10 (b)) is a translation (minus the reference speed) of the preset speed (Figures. 8-10 (a)). In contrast to the pseudo temperature, the pseudo speed comes from the difference between the test temperature and the reference temperature. When the test temperature is exactly equal to the reference temperature, the pseudo speed is zero and the preset speed is the reference speed. When the test temperature is lower than the reference temperature, the AC layer exhibits a higher stiffness than expected and the collected TSD deflection will be smaller than expected. Therefore, the preset test speed should be less than the reference speed (pseudo speed is negative) to offset the gain effect caused by low temperature. Conversely, a test temperature higher than the reference temperature corresponds to a positive pseudo speed, and the preset speed should be greater than the reference speed.
[bookmark: _Hlk110960716]The slope of the preset speed curve is the change in preset speed caused by a unit change in test temperature, implying the ability to adapt to temperature variations by adjusting the preset speed. A small slope means that for the same temperature variation, only a small preset speed adjustment is needed to accommodate it, which is more beneficial for practical applications. In Figures. 8-10 (a), the slope of the preset speed curve increases with increasing test temperature. When the test temperature is very low (relative to the reference temperature), only small adjustments to the preset speed are needed to accommodate temperature variations. However, for higher test temperatures (relative to the reference temperature), a slight variation in test temperature will lead to a great change in the preset speed. In practice, the operating speed of the TSD is constrained by the performance of the TSD equipment, traffic conditions, and road speed limits. The preset test speed should be limited to a practical range of 20-60 mph, marked in red in Figures. 8-10 (a). In general, the preset speed range of 20-60mph can accommodate temperature variations of approximately 4°C. The annual average diurnal air temperature difference in the continental United States is about 13 °C [22], so the preset speed method is not sufficient to fully accommodate anticipated temperature changes in the field. Therefore, it is only recommended for short TSD trips.
Figure 2‑8 shows the effect of the choice of the reference speed on the preset (or pseudo) speed. It can be found that at the same test temperature, the greater the reference speed, the greater the preset speed. Although the slopes of the different pseudo speed curves are obviously different, what is important is the slope at the preset speeds of 20-60mph, which are very close to each other. The choice of reference speed does not affect the ability to adapt to temperature variations by presetting the TSD speed. However, the reference speed will affect the acceptable temperature range. For example, when the reference speed is 30 mph, the acceptable temperature is limited to about (reference temperature-1°C, reference temperature+3°C); when the reference speed is 40 mph, the acceptable temperature is limited to about (reference temperature-2°C, reference temperature+2°C). When the reference speed is the median of the feasible preset speeds (40 mph), the acceptable temperature range is symmetrical to the reference temperature. Therefore, the recommended reference speed is 40 mph.
The effect of the choice of the reference temperature on the preset (or pseudo) speed is shown in Figure 2‑9. At the same test temperature, the lower the reference temperature, the greater the pseudo speed, and the greater the preset speed. The slope of the preset speed curve (within 20-60mph) is also similar for different reference temperatures, showing no preference for the choice of reference temperature. When the reference speed is 40 mph, the acceptable temperature is within ±2°C of the reference temperature. Therefore, the recommended reference temperature is the average test temperature. 
Figure 2‑10 shows the effect of AC materials (activation energy) on the preset (or pseudo) speed. It can be found that at the same test temperature, the greater the activation energy, the greater the absolute pseudo speed. The slope of the preset speed curve (within 20-60mph) of different AC materials is different, so the AC materials will affect the ability to adapt to temperature variations by presetting the TSD speed. For AC materials with smaller activation energy (smaller slope), this method of presetting test speed can accommodate more temperature variations.
[bookmark: _Toc119062879]Validation of the Preset Speed Method
The detailed procedure for collecting TSD deflection at preset speeds is:
Step 1: Determine the reference speed and reference temperature.
Step 2: Input the test temperature. (Optional: Input the activation energy of the AC material, the default value is 200,000 J/mol.)
Step 3: Calculate the preset test speed based on test temperature using Equation (10).
Step 4: Collect TSD deflections at the preset test speed.
Step 5: Measure the test temperature continuously and adjust the test speed accordingly, then go to step 2.
Figure 2‑11(a) shows the TSD deflections at different test temperatures (18-22°C) and the reference speed (40 mph). To verify the effectiveness of the proposed preset speed method, TSD models for different test temperatures (18-22°C) at different preset speeds were developed using the 3D-Move program, and the theoretical deflection results are shown in Figure 2‑11(b). The activation energy of 215,900.1 J/mol was used in calculating the preset speed. The TSD deflection basin at 20°C (reference temperature) and 40 mph (reference speed) is considered the reference basin. Different TSD deflection basins were compared with the reference basin, and the errors were evaluated by the root mean square error (RMSE, in Equation (12)). It can be found that the TSD deflection basin collected at the preset speed is closer to the reference basin than the TSD deflection basin collected at the reference speed (40 mph). The closer the test temperature is to the reference temperature, the smaller the error of the preset speed method. When the test temperature is exactly equal to the reference temperature (20°C), the preset speed is equal to the reference speed, and the error of the TSD deflection basin is zero. TSD deflection basins at the preset speeds all essentially coincide with the reference basin, both in terms of deflections near the loading point and in terms of deflections at distant locations.
                                                   (12)
where  is the reference value;  is the predictions.
Table 2‑4 explores the effect of the activation energy estimation on the validity of the preset speed method. For different activation energies, the preset speeds corresponding to different test temperatures were calculated separately. A total of 15 TSD models were developed for five different test temperatures (18-22°C) and corresponding preset speeds. Their theoretical deflection basins were all compared with the reference TSD basins. It can be found that for the same test temperature, the difference between the preset speed and the reference speed, i.e., absolute pseudo speed, increases with increasing activation energy. The closer the estimate of the activation energy is to the actual activation energy (215,900.1 J/mol), the smaller the error (evaluated by RMSE) of the preset speed method. The preset speed method always leads to a more accurate TSD basin, regardless of how much the activation energy estimation differs from its true value.
[bookmark: _Toc119062880]Conclusion
Due to the viscoelasticity of the AC layer, TSD deflections are affected by both test temperature and test speed. TSD deflections should be corrected to the reference temperature and reference speed so that deflections collected at different temperatures and different speeds can be compared. According to the time-temperature superposition principle, the test speed and test temperature can be integrated into a single factor, the effective temperature. On this basis, only the (effective) temperature correction is needed to achieve both temperature and speed correction for raw TSD deflections. In addition, this study also investigated the possibility of avoiding temperature correction by artificially presetting the TSD speed, i.e., the TSD deflection collected at the preset test speed and test temperature is equal to the TSD deflection at the reference speed and reference temperature.  Based on the analyses presented, the following conclusions are drawn:
· TSD deflections are more sensitive to test temperatures than to test speeds. For normal TSD operating speeds (20-60 mph), a 10 mph increase in test speed is approximately equivalent to a 1°C drop in temperature. 
· The essence of speed correction is temperature correction. The FWD-based AASHTO temperature correction method is applicable to D0 of TSD. The effectiveness of the speed correction depends on the estimation of the activation energy of the AC layer. The default value of 200,000 J/mol is a safe estimate of the activation energy.
· [bookmark: _Hlk110960559][bookmark: _Hlk110960299][bookmark: _Hlk110960220]It is feasible to avoid temperature correction of TSD deflections by presetting the TSD speed. The activation energy of the AC layer will affect the ability to adapt to temperature variations by presetting the TSD speed. For AC materials with smaller activation energies, this method of presetting test speed can accommodate more temperature variations. In general, the practical preset speed range of 20-60mph can accommodate temperature variations of about 4°C. This is not sufficient to fully accommodate the expected temperature variations in the field. Therefore, the preset speed method is only recommended for short TSD trips.
· For the preset speed method, the recommended reference speed is the median of the feasible TSD speeds (40 mph in this study). In this case, the acceptable temperature is limited to about the reference temperature ± 2°C. The recommended reference temperature is the average test temperature.
· The accuracy of the preset speed method also relies on the estimation of the activation energy. However, the preset speed method always leads to a more accurate TSD basin regardless of how much the activation energy estimate differs from its true value.
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[bookmark: _Ref114663156][bookmark: _Toc119062965]Figure 2‑1. The effect of reference speed on: (a) effective temperature; (b) pseudo temperature
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[bookmark: _Ref114663169][bookmark: _Toc119062966]Figure 2‑2. The effect of test temperature on: (a) effective temperature; (b) pseudo temperature
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[bookmark: _Ref114663174][bookmark: _Toc119062967]Figure 2‑3. The effect of activation energy on: (a) effective temperature; (b) pseudo temperature
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[bookmark: _Ref114663185][bookmark: _Toc119062968]Figure 2‑4. Temperature adjustment factor (AASHTO)
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[bookmark: _Ref114663195][bookmark: _Toc119062969]Figure 2‑5. Theoretical TSD deflections at different test temperatures
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[bookmark: _Ref114663211][bookmark: _Toc119062970]Figure 2‑6. Theoretical TSD deflections at different test speeds
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[bookmark: _Ref114663219][bookmark: _Toc119062971]Figure 2‑7. The effect of activation energy on speed correction: (a) effective temperature; (b) corrected D0
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[bookmark: _Ref114663232][bookmark: _Toc119062972]Figure 2‑8. The effect of reference speed on: (a) preset speed; (b) pseudo speed
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[bookmark: _Ref114663247][bookmark: _Toc119062973]Figure 2‑9. The effect of reference temperature on: (a) preset speed; (b) pseudo speed
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[bookmark: _Ref114663256][bookmark: _Toc119062974]Figure 2‑10. The effect of activation energy on: (a) preset speed; (b) pseudo speed
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[bookmark: _Ref114663267][bookmark: _Toc119062975]Figure 2‑11. Theoretical TSD deflection basin at different test temperatures: (a) at the reference speed of 40 mph; (b) at the preset speed.

[bookmark: _Ref114663919][bookmark: _Toc119062945]Table 2‑1. Pavement structure design
	Layers
	Thickness (inch)
	Modulus (ksi)
	Poisson’s ratio
	Damping ratio 

	AC 
	8
	-
	0.30
	25%

	Base
	9
	30
	0.35
	0

	Subgrade
	-
	20
	0.40
	0





[bookmark: _Ref114663929][bookmark: _Toc119062946]Table 2‑2. Temperature correction for D0 of TSD (AASHTO)
	Test temperature (°C)
	0
	10
	18
	19
	20
	21
	22
	30
	40

	Raw D0 (mils)
	12.46
	13.78
	15.41
	15.66
	15.91 
	16.17   
	16.44                            
	18.94
	22.66

	Raw error (mils)
	3.45
	2.13
	0.50
	0.25
	0
	0.26
	0.53
	3.03
	6.75

	Corrected D0 (mils)
	16.35
	15.93 
	15.89
	15.90
	15.91
	15.89
	15.87
	15.66
	14.81

	Corrected error (mils)
	0.44
	0.02
	0.02
	0.01
	0
	0.02
	0.04
	0.25
	1.10





[bookmark: _Ref114663939][bookmark: _Hlk110966653][bookmark: _Toc119062947]Table 2‑3. Speed correction for D0 of TSD 
	Case 1: Constant test temperature (20°C): speed correction only

	Test speed (mph)
	10
	20
	30
	40
	50
	60
	70

	Test temperature (°C)
	20
	20
	20
	20
	20
	20
	20

	Raw D0 (mils)
	17.23 
	16.53
	16.15
	15.91
	15.74
	15.61
	15.52

	Raw error (mils)
	1.32
	0.62
	0.24
	0
	0.17
	0.30
	0.39

	Effective temperature (°C)
	24.66
	22.31
	20.96
	20
	19.26
	18.66
	18.16

	Corrected D0 (mils)
	15.84 
	15.86
	15.88
	15.91
	15.92
	15.94
	15.96

	Corrected error (mils)
	0.07
	0.05
	0.03
	0
	0.01
	0.03
	0.05

	Case 2: Different test temperatures: both temperature and speed correction

	Test speed (mph)
	10
	20
	30
	40
	50
	60
	70

	Test temperature (°C)
	0
	10
	19
	20
	21
	30
	40

	Raw D0 (mils)
	12.85
	14.14
	15.89
	15.91
	15.99
	18.47
	21.82

	Raw error (mils)
	3.06
	1.77
	0.02
	0
	0.08
	2.56
	5.91

	Effective temperature (°C)
	4.04
	12.16
	19.95
	20
	20.26
	28.57
	37.90

	Corrected D0 (mils)
	16.06
	15.87
	15.90
	15.91
	15.92
	15.73
	15.06

	Corrected error (mils)
	0.15
	0.04
	0.01
	0
	0.01
	0.18
	0.85



[bookmark: _Ref114663952][bookmark: _Toc119062948]Table 2‑4. Preset speeds for different activation energy estimates
	Activation energy
(J/mol)
	Test temperature (°C)
	18
	19
	20
	21
	22

	-
	Reference speed (mph) 
	40
	40
	40
	40
	40

	
	Deflection RMSE (mils)
	0.15 
	0.08
	0
	0.08
	0.16

	150,000
	Preset speed (mph) 
	26.21
	32.40
	40
	49.31
	60.69

	
	Deflection RMSE (mils)
	0.05
	0.03
	0
	0.03
	0.06

	200,000
	Preset speed (mph) 
	22.77
	30.21
	40
	52.86
	69.73

	
	Deflection RMSE (mils)
	0.02
	0.01
	0
	0.01
	0.05

	250,000
	Preset speed (mph) 
	19.77
	28.16
	40
	56.69
	80.14

	
	Deflection RMSE (mils)
	0.02
	0.01
	0
	0.01
	0.04
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DETERMINING PAVEMENT STRUCTURAL NUMBER WITH TRAFFIC SPEED DEFLECTOMETER MEASUREMENTS


[bookmark: _Toc289175834]A version of this chapter was published by Miaomiao Zhang, Hongren Gong, Xiaoyang Jia, Xi Jiang, Ning Feng, and Baoshan Huang:
Zhang, M., Gong, H., Jia, X., Jiang, X., Feng, N., & Huang, B. (2022). Determining pavement structural number with traffic speed deflectometer measurements. Transportation Geotechnics, 35, 100774.
My contributions were conducting literature reviews, performing numerical simulations, building machine learning models, and writing the text contained in the paper. Dr. Hongren Gong, Dr. Xiaoyang Jia, Dr. Xi Jiang, Dr. Ning Feng, and Dr. Baoshan Huang provided ideas, guidance, and comments throughout the whole research and offered editorial assistance with the text.
[bookmark: _Toc119062884]Abstract
[bookmark: _Hlk116171599][bookmark: _Hlk116172111]Traffic Speed Deflectometer (TSD) overcomes the slow operating speed of the conventional Falling Weight Deflectometer (FWD), but it also introduces new difficulties in estimating the effective structural number (SN) of existing pavements. Due to the different loading mechanisms of TSD and FWD, the FWD-based SN calculation procedure proposed in the AASHTO pavement design guide is incompatible with TSD measurements. To match the existing FWD-based SN records, the authors proposed a new approach to determine the SN with TSD measurements by modifying the AASHTO method. Simulation results show that the difference in AASHTO SN between TSD and FWD essentially came from the difference in the equivalent loading frequency, and the asphalt concrete (AC) layer exhibited lower stiffness under TSD than under FWD. The TSD-based AASHTO SN was generally smaller than the FWD-based AASHTO SN (error of 0.74), and the deviation increased with increasing AC thickness. Therefore, an enhanced AASHTO method was proposed for calibrating TSD-based SN by the AC thickness, which made great progress in estimating SN from TSD deflections with an error reduced to 0.17. The proposed method was verified by filed TSD and FWD measurements and was recommended for pavements with AC thickness greater than 4 inches.
[bookmark: _Toc289175835][bookmark: _Toc119062885]Introduction
Pavement evaluation is an essential step to assess pavement functional and structural conditions, guide routine data monitoring, and select appropriate maintenance measures. The functional conditions are related to pavement roughness and driving quality, while structural conditions deal with the pavement’s ability to withstand traffic loads and climate conditions [1]. The pavement structural number (SN) is a frequently used index of pavement structural strength due to its applicability to various material types and environmental conditions [2]. SN is a function of layer thickness, layer coefficient (a function of structural strength, which can be expressed by its elastic modulus), and layer drainage coefficient. SN was first defined by the AASHO Road Test [3] and has been embedded in pavement design procedures of organizations such as AASHTO [4] and the Transport and Road Research Laboratory [5]. 
Traditionally, the SN of existing pavement structures is estimated from its layer thickness and laboratory-determined material properties, which is destructive, expensive, and not always suitable for large-scale applications [6]. The 1993 AASHTO design guide introduced an approach to determine the pavement effective SN by non-destructive testing (NDT) [4], the Falling Weight Deflectometer (FWD) testing, which has become a prevailing method for assessing pavement structural conditions at the project-level [7]. Many highway agencies use FWD (for pavement deflections), supplemented by ground-penetrating radar (GPR, for layer thickness), to assess the structural performance of existing pavements [8]. As of 2008, FWD testing is routinely conducted in more than 90% of U.S. states [7]. 
However, issues such as time, expenses, and traffic control hinder FWD testing at the network-level, and the Traffic Speed Deflectometer (TSD) addresses these problems well. TSD is a continuous deflectometer operating at normal traffic speeds and is therefore an efficient and cost-effective test to characterize the pavement structural strength [9]. Field data suggested that TSD measurements had adequate repeatability. In addition, TSD measurements were broadly comparable to FWD measurements, although there were significant differences [10]. Currently, state highway agencies have been exploring the use of the TSD in network-level pavement evaluation [11–13]. 
One of the main applications of TSD is to estimate the pavement’s effective SN and to identify structurally weak spots. The SN calculated from TSD measurements should be comparable to the existing FWD-based SN records. There is currently no satisfactory method to determine the pavement SN using TSD measurements. Engineers generally convert TSD measurements to equivalent FWD values [11] or directly use the FWD-based AASHTO method [8]. Zihan et al. [14] proposed a regression model to estimate SN from TSD measurements collected in Louisiana and Idaho, but the regression model developed from a small number of measurements hindered its practical application on a large scale. Nasimifar et al. [15] used numerical simulation results to calibrate Rohde’s empirical equation [6] for TSD-based SN, and field validation showed that the validity of the proposed equation was affected by the thickness estimate. The TSD-based SN calculated from the core-estimated layer thickness was more accurate than that calculated from the GPR-estimated thickness. In contrast to Rohde’s empirical equation, the AASHTO procedure for SN calculation is a mechanistic-empirical method, and the TSD calibration based on the AASHTO method will help to understand the underlying mechanism of the SN differences derived from TSD and FWD. In addition, the AASHTO procedure is the most common method used by state highway agencies to estimate pavement SN [8], and calibration equations based on it will be more widely and easily applied. Therefore, it is necessary to calibrate the FWD-based AASHTO method to make it more applicable to TSD deflections.
A universal and reliable calibration method should be based on a comprehensive TSD database containing various pavement structures. Building such a diverse database from field data is laborious and expensive, and researchers often prefer analytical methods [16,17]. Compared to the more complicated finite-element method, the 3D-Move program developed by the University of Nevada, Reno [18] was considered an efficient tool to simulate moving loads [19], and the theoretical deflection output of the 3D-Move has been verified by field data [11,20]. 
The objective of this study was to develop a new approach to determine the SN with TSD measurements by modifying the AASHTO method so that the improved TSD-based SN can be comparable to the existing FWD-based SN records. Mechanistic simulation models were developed based on the 3D-Move program to simulate the loading mechanisms associated with TSD and FWD and to obtain a deflection database of a wide range of pavement structures. The TSD and FWD data collected at in-service pavement sections were then used to validate the proposed method.
[bookmark: _Toc119062886]AASHTO Procedure for SN Calculation
The FWD-based SN calculation procedure proposed in the 1993 AASHTO Pavement Design Guide is widely used in pavement maintenance and rehabilitation to evaluate the structural capacity of existing pavements [4]. With the total thickness of pavement layers and the effective pavement modulus, the effective SN can be obtained with the following Equation:
		                              (1)
where D is the total pavement thickness above the subgrade, inches; Ep is the effective pavement modulus of all layers above the subgrade, psi;  is the effective structural number.
The effective pavement modulus represents the overall strength of pavement layers above the subgrade. The effective pavement modulus can be obtained through the back-calculation analysis of deflections, as well as the subgrade resilient modulus, as shown in Equation (2)-(5).
	                                               	       (2)
where  is the subgrade resilient modulus, psi; P is applied load, pounds;  is Poisson’s ratio; x is subgrade radius, the radial distance at which the deflection is measured, inches;  is measured deflection at a radial distance of x, inches.
Given the subgrade resilient modulus and the total thickness of the pavement structure, the effective modulus can be calculated from the deflection measured at the center of the load plate. 
                                            (3)
where d0 is the deflection at the center of the load plate, inches. p is the contact pressure, psi. a is the radius of load plate, inches;  is the subgrade resilient modulus, psi; D is the total pavement thickness above the subgrade, inches; Ep is the effective pavement modulus of all layers above the subgrade, psi.
[bookmark: _Hlk98954385][bookmark: _Hlk99467524][bookmark: _Hlk98953154][bookmark: _Hlk98954267]The calculation of the subgrade resilient modulus is based on the assumption that, at a point sufficiently far from the loading center, the measured surface deflection is almost entirely due to the deformation in the subgrade [21]. In practical applications, the point must be far enough from the loading center so that the subgrade modulus can be estimated well without being affected by the above layers. It should also be as close to the loading center as possible so that the deflection is not too small to be measured accurately. AASHTO recommends that the subgrade radius x in Equation (2) should be greater than 0.7 of the effective radius, which can be determined from the following relationship: 
[bookmark: _Hlk98865773]                                                                   (4)
                                                          (5)
where  is the effective radius, the radius of the stress bulb at the subgrade-pavement interface, inches;  is the circular load radius, inches; D is the total pavement layer thicknesses, inches;  is the effective modulus of pavement layer, psi;  is the subgrade resilient modulus, psi. 
The effective radius is calculated based on the “method of equivalent thickness” or MET. For simplicity, the stress distribution for a typical subgrade is assumed to be at 45 degrees. The pavement layers with thickness D and effective modulus  can be transformed into an equivalent section with subgrade modulus . The thickness of the transformed section is given by an equivalent thickness .
                                                                  (6)
where is the effective modulus of pavement layer, psi;  is the subgrade resilient modulus, psi; D is the total pavement layer thicknesses, inches.
[bookmark: _Toc119062887] Numerical Simulation
[bookmark: _Hlk99468384][bookmark: _Hlk99468695]A general and reliable SN calibration method should be applicable to various pavement structures. However, a database of field TSD deflections from a wide range of pavements is not currently available, and key pavement structure information (e.g., layer thickness) is often lacking in field data collection. In addition, field data are always affected by temperature, traffic conditions in adjacent lanes, TSD speed, etc. Calibration models based on field data may introduce unnecessary errors. Therefore, in this study, the numerical simulation method was preferred to develop the calibration model. A database of 243 different three-layer pavement structures was considered in terms of three levels of asphalt concrete (AC), base modulus, subgrade modulus, AC thickness, and base thicknesses, as presented in Table 3‑1 (all tables and figures are located in the Appendix). Figure 3‑1 shows the dynamic modulus curves of three plant-produced AC materials considered in this study at the reference temperature (68 °F) [22].
[bookmark: _Toc119062888]3D-Move simulation
The 3D-Move program was used to simulate the loading mechanism related to TSD and FWD, so as to obtain the corresponding theoretical deflections. In this study, all loading mechanisms of the TSD were based on the Intelligent Pavement Assessment Vehicle (iPAVe) operated by the Australian Road Research Board (ARRB) group Inc. The iPAVe is a fully integrated survey vehicle that collects structural and functional pavement condition data at traffic speeds. Table 3‑2 summarizes the notable simulation parameters for TSD and FWD.
[bookmark: _Hlk99467429]Loading characteristics
[bookmark: _Hlk98954751]In the 3D-Move simulation, FWD was statically loaded using a single circular plate with a radius of 5.904 inches. A typical FWD load is nominally 9,000 pounds with a contact pressure of 82.2 psi [11]. The dynamic effects of FWD loading were considered through material properties (discussed below), while the inertia and damping of the pavement were neglected.
[bookmark: _Hlk99467578][bookmark: _Hlk99381445][bookmark: _Hlk98516115][bookmark: _Hlk98956297]For the TSD simulation, the moving speed was set to 40 mph. As shown in Figure 3‑2(a), the TSD load shape was simplified to a uniformly distributed dual circular load. For the TSD-based SN calculation, the area-equivalent single circular load (Figure 3‑2(b)) will be used, since the AASHTO SN calculation procedure assumes a single circular load. 
[bookmark: _Hlk99467626][bookmark: _Hlk98514866][bookmark: _Hlk98516037][bookmark: _Hlk98867694]The actual TSD load magnitude varies continuously during the TSD trip due to varying pavement conditions. TSD continuously records the applied axle load during the test, and the raw TSD measurements should be corrected to a standard load level before any analysis is performed. In this study, the same contact pressure as FWD (82.2 psi with a load magnitude of approximately 11,660 pounds) was used to eliminate the effect of load magnitude, thus facilitating comparisons between FWD and TSD. Due to the homogeneity of the linear viscoelastic material, the TSD deflection is proportional to the load magnitude, and the TSD load magnitude of 82.2 psi does not affect the back-calculation and SN calculation. 
Material properties
[bookmark: _Hlk99467644][bookmark: _Hlk98521406]The AASHTO procedure for SN calculation is based on linear elastic materials. For static FWD (moving speed of zero), only linear elastic materials are applicable in the 3D-Move program. Therefore, in FWD models, all pavement layers were defined as linear elastic materials. For the rate-dependent AC materials, the single dynamic modulus corresponding to the FWD equivalent loading frequency (16.7 Hz) was used [23,24], as listed in Table 3‑1. The equivalent loading frequency is described in detail by Zhang et al [25].
[bookmark: _Hlk98957293]For the moving TSD, it has been shown that pavement responses under moving loads were more sensitive to the viscoelasticity of the AC layer [26]. In TSD models, the AC layer was defined as a linear viscoelastic material, and the dynamic modulus curve was fed into the 3D-Move program. The AC layer was characterized by the rate-dependent modulus with a damping ratio of 25%. 
[bookmark: _Toc119062889]Simulation results and discussions
Based on the 3D-Move simulation results, 243 deflection basin pairs for TSD and FWD were obtained. To find out the underlying different mechanism of AASHTO SN derived from TSD and FWD, the deflection results under TSD and FWD should be compared. The deflection at the location x inches from the loading point was defined as Dx. Figure 3‑3 shows the deflection comparison between TSD and FWD.
The deflection at the loading center (D0) is the most important deflection indicator, which represents the strength of the overall pavement structure. There are many reasons for the difference in D0 between TSD and FWD. For example, when other loading conditions are consistent, the dual circular loading shape of TSD leads to a lower D0. The inertial damping and the AC viscoelasticity would result in a time difference between the time when the TSD crosses over the point and the time when the maximum response occurs [27]. Unlike FWD, the D0 of TSD is not the maximum deflection. 
However, it can be found from Figure 3‑3(a) that under the same contact pressure, the D0 of TSD was always greater than the D0 of FWD. In addition to the different loading radius of TSD and FWD (equivalent to 6.72 inches vs. 5.904 inches, which would result in a greater D0 of TSD but would not affect the back-calculation of layer modulus), a more important reason is the different equivalent loading frequency of FWD and TSD. Studies have shown that the equivalent loading frequency of TSD (moving at 40 mph) is about 2.6 Hz [25], which is lower than that of FWD (16.7 Hz). Due to the rate-dependent viscoelastic nature of the AC layer, the AC layer exhibits lower stiffness under TSD than under FWD. 
The surface curvature index (SCI) of the AC layer (SCI12, the difference between D0 and D12) is an important indicator of the strength of the AC layer. As shown in Figure 3‑3(b), the SCI12 of TSD was greater than that of FWD, which may also come from the lower stiffness of the AC layer under TSD. 
The surface curvature index of the subgrade (SCI_subgrade, the difference between D36 and D60) is often used to reflect the strength of the subgrade. Figure 3‑3(c) shows that the SCI_subgrade of TSD was always greater than that of FWD, which can also be explained by the different loading frequency. Compared to FWD, the AC layer tend to exhibit lower stiffness under TSD (lower loading frequency), and therefore, the subgrade is more heavily loaded and is expected to deform more. 
It should be noted that the equivalent loading frequency of TSD was not assumed in the TSD simulation, and the viscoelasticity of the AC layer was represented by its dynamic modulus curve. The Fourier transform technology and frequency domain solutions adopted in 3D-Move enable the direct use of the frequency swept dynamic modulus in the analysis. The description of TSD equivalent loading frequency was only an explanation of the underlying mechanism of different AC behavior under TSD and FWD. 
[bookmark: _Toc119062890]Sensitivity analysis
The influence of pavement structure variations on pavement deflections was also studied. An illustration of AC surface deflection basin for varying pavement structures is shown in Figure 3‑4. The default AC material, base modulus, subgrade modulus, AC thickness, and base thickness were level 1, 30 ksi, 15 ksi, 8 inches, and 9 inches, respectively. Obviously, the greater the stiffness or thickness, the smaller the deflection, as weaker pavement structures would result in greater deflections. The deflection was more sensitive to variations in subgrade modulus and AC thickness, but it was insensitive to the base layer. Therefore, both TSD and FWD deflections can be used to detect weak asphalt layers and weak subgrade, but they are not effective in detecting the damage in the base layer. 
The deflection at locations close to the loading center was more sensitive to different pavement structural factors, while the deflection at locations far from the loading center was almost exclusively related to the subgrade modulus. It confirmed the assumption that at a location sufficiently far from the loading center, the deflection of the AC surface (the cumulative deformation of all layers) was almost entirely due to deformation in the subgrade. Overall, the sensitivity of FWD deflections and TSD deflections to different pavement structure factors was almost the same.
In addition to the deflection itself, the deflection basin shape can also provide some useful information. At locations close to the loading center, the deflection of TSD was greater than that of FWD, while at locations far from the loading center, the opposite occurred. As a result, the deflection basins of TSD were steeper than those of FWD, and they crossed each other at about 48 inches from the loading center. The deflection basin shape depends on the stress distribution among different layers. Consider a series of pavement structures with the same subgrade modulus and the same upper layer thickness, but with different upper layer stiffness. Structures with softer upper layers will have narrower vertical stress distributions and therefore steeper basins. In contrast, structures with stiffer upper layers will have flatter deflection basins. Therefore, the steeper basin shape of TSD also came from the relatively lower loading frequency of TSD (lower stiffness of the AC layer under TSD). 
[bookmark: _Toc119062891]Determining SN from Theoretical TSD Deflections
[bookmark: _Toc119062892]AASHTO back-calculation analysis
After obtaining the 243 theoretical TSD and FWD deflection basin pairs, the back-calculation analysis (Equation (2) – (5)) was performed on each deflection pair according to the 1993 AASHTO Pavement Design Guide. For different pavement structures, subgrade radius, subgrade resilient modulus (AASHTO ), and effective pavement modulus (AASHTO ) derived from TSD and FWD can be obtained, respectively. The difference between TSD and FWD was evaluated by the Root Mean Squared Error (RMSE) in the following form:
                                                       (7)
where  is the value derived from TSD deflections,  is the value derived from FWD deflections.
[bookmark: _Hlk98953216]Subgrade radius in this study was defined as the radial distance of the deflection used for subgrade resilient modulus calculation in Equation (2). In the engineering practice of deflection collections, deflections are typically recorded at the following locations: 0, 12, 18, 24, 36, 48, and 60 inches from the loading center. Therefore, the subgrade radius should be selected from these specific locations (generally starting at 24 inches). The detailed process of SN calculation is:
Step 1: Input the layer thickness, deflection, and its position (offset). Set the subgrade radius to 24 inches.
Step 2: Calculate the subgrade resilient modulus based on the deflection at the subgrade radius using Equation (2).
Step 3: Calculate the effective pavement modulus based on D0 and the subgrade resilient modulus (calculated in Step 2) using Equation (3).
Step 4: Check whether the subgrade radius meets the requirements of Equation (4) and (5). If yes, stop; otherwise, go to Step 5.
Step 5: Update the subgrade radius to a greater one (among 24”, 36”, 48”, and 60”), then go to Step 2. 
Subgrade radius 
Figure 3‑5(a) compares the subgrade radius of TSD and FWD of different pavement structures. It can be found that there were 4 different FWD subgrade radius (24”, 36”, 48” and 60”) and 3 different TSD subgrade radius (24”, 36” and 48”) for these 243 pavement structures. When the TSD subgrade radius was 24 inches, the FWD subgrade radius could be 24 inches and 36 inches. When the TSD subgrade radius was 36 inches, the FWD subgrade radius could be 36 inches, 48 inches, and 60 inches. Similarly, when the TSD subgrade radius was 48 inches, the FWD subgrade radius could be 48 inches and 60 inches. Therefore, the subgrade radius of TSD was generally less than or equal to the subgrade radius of FWD.  It is assumed that starting from the subgrade radius, the surface deflection was almost only caused by the deformation in the subgrade and independent of other pavement layers. Therefore, the vertical stress in the pavement layers (above the subgrade) tended to be distributed over a narrower area under TSD loading compared to FWD, which was consistent with the steeper deflection basin of TSD. 
Subgrade resilient modulus
The subgrade resilient modulus calculated using TSD deflections and FWD deflections is shown in Figure 3‑5(b), which is colored by the assumed value in the simulation. It can be found that the AASHTO subgrade resilient modulus calculated using TSD deflections was always greater than that calculated using FWD deflections (RMSE was 3.04 ksi), and the difference increased with the increase of subgrade modulus. For pavements with stiff subgrades (subgrade modulus greater than 30 ksi), the subgrade resilient modulus back-calculated using FWD deflections was smaller than its assumed value, so the AASHTO back-calculation analysis tended to underestimate the stiff subgrade. For pavements with soft subgrades (subgrade modulus less than 5 ksi), the back-calculated subgrade modulus was greater than its assumed value, and the AASHTO back-calculation analysis tended to overestimate the soft subgrade. Overall, the subgrade resilient modulus calculated from theoretical deflections (both FWD and TSD) was close to its assumed value. It can be expected that the AASHTO subgrade resilient modulus derived from FWD and TSD deflections are both good estimates of the actual subgrade modulus. 
Effective pavement modulus 
The effective pavement modulus represents the overall strength of pavement layers above the subgrade, and it is a composite modulus that depends mainly on the stiffness of the AC layer and the thickness of the AC layer. It has been shown that AC layers tend to exhibit lower stiffness at TSD (lower loading frequency), so the effective pavement modulus is expected to be smaller for TSD than for FWD. As shown in Figure 3‑5(c), the AASHTO effective pavement modulus calculated using TSD deflections was generally smaller than that calculated using FWD deflections (RMSE was 97.09 ksi), and the difference increased with the increase of AC thickness. When the AC thickness was 4 inches, the effective pavement modulus calculated from TSD and FWD deflection was similar. This is because when the AC thickness is small, the smaller equivalent AC modulus under TSD is offset by the effects of dual circular loading and asymmetric basins of TSD. As described in Section 3.2, the dual circular loading shape and asymmetric basin of TSD make the D0 of TSD lower than expected, which may result in a greater than expected effective pavement modulus (back-calculated from D0). 
[bookmark: _Toc119062893]TSD-based SN calibration 
The AASHTO SN calculated from theoretical TSD and FWD deflections according to the AASHTO procedure is shown in Figure 3‑6(a). Similar to the effective pavement modulus, for most pavement structures, the AASHTO SN calculated using FWD deflections was greater than that calculated using TSD deflections. The SN difference between TSD and FWD increased with the increase of AC thickness. The difference (RMSE) between the two was about 0.74, which meant that the TSD-based AASHTO SN was expected to deviate by 0.74 from the FWD-based AASHTO SN. In pavement rehabilitation and overlay design, the difference in the effective SN estimates may result in a difference in the AC thickness of about 1.85 inches (Equation (8)). 
                                                                  (8)
where  is the required overlay structural number;  is the structural coefficient for the AC overlay, 0.4;  is the required thickness of AC overlay, inches.
Linear regression
The existing SN records in the PMS were calculated from FWD deflections, and the TSD-based SN needed to be calibrated to be comparable to the FWD-based values. Linear regression was performed on the TSD-based AASHTO SN to make it closer to the FWD-based AASHTO SN, which has the following form:
                                              (9)
where  is TSD-based AASHTO SN, and  is the TSD-based SN improved by linear regression. It (RMSE was 0.33) was more accurate than the direct application of the AASHTO procedure, but there was still room for improvement. 
Calibration by AC thickness
Since the simple linear regression cannot eliminate the difference between the FWD-based SN and TSD-based SN, more complex regression methods or the introduction of other variables were required. A machine learning method, Random Forests (RF), was employed to evaluate which factor was most important in predicting FWD-based SN. RF works by constructing a large number of decision trees during training and outputting them as class patterns (classification) or mean prediction (regression) [28]. As a tree-based learning algorithm, it is convenient to interpret RF models through variable importance information, which describes the relative contribution of the input variables to the prediction. 
The RF model was established using FWD-based AASHTO SN as the response variable. The influencing factors involved in the AASHTO SN calculation procedure, combined with the TSD-based AASHTO SN, were used as predictors of the RF model. Considering that the base layer thickness was less available than the AC thickness in the network-level application, the pavement thickness was divided into the AC thickness and the base layer thickness (both of which were used as predictors). The importance ranking of different predictors is shown in Figure 3‑6(b). It can be found that the TSD-based AASHTO SN was the most important factor in predicting FWD-based SN. AC thickness also contributed significantly, while other factors had little effect. 
For the sake of simplicity, only the most important factors were included in the calibration of the TSD-based SN. Therefore, taking into account the effect of AC thickness, the following form can be obtained:
                                  (10)
where  is TSD-based AASHTO SN,  is the thickness of AC layer, and  is the TSD-based SN calibrated by . The calibration effect of AC thickness is shown in Figure 3‑6(c). It can be found that the difference between SN calculated from TSD and FWD deflections has been well corrected, and the RMSE between them was 0.17, which was more accurate than the linear regression. 
The testing RMSE of the RF model was also 0.17. Since the RF model was too complex for engineering applications, the RF model in this study was only used as a reference to assess different methods. The accuracy of the TSD-based SN calibrated by AC thickness was very close to that of the RF model, so it was considered to be sufficiently accurate without further improvement.
Summary
In summary, the direct application of the AASHTO method to calculate SN with TSD deflections had a relatively large RMSE of 0.74, while the TSD-based SN improved by linear regression made great progress. The most accurate method for estimating SN with TSD deflections was the SN calibrated by the AC thickness, which had the smallest RMSE of 0.17. Moreover, it can even achieve the same accuracy as the much more complicated RF method, which can be considered sufficiently accurate in terms of its simplicity.
[bookmark: _Toc119062894]Field Evaluation of Proposed Method
The proposed calibration method was applied to field data to verify its effectiveness. The consistency of the SN calculated from TSD and FWD deflections was evaluated. Based on the field FWD and TSD measurements and layer thickness information presented by Elseifi et al. [11], the effective SN was calculated for five test sites in Louisiana. All deflections were corrected to the reference temperature (68 °F) and the standard load level (82.2 psi). Figure 3‑7 shows the SN calculation and calibration results for the five test sites. The AC thickness for each site is also given. It can be found that the direct use of the AASHTO method to calculate SN from TSD deflections had a relatively large error, and the difference (RMSE) between FWD-based AASHTO SN and TSD-based AASHTO SN was about 0.96. Both the linear regression (RMSE was 0.65) and the proposed method of calibration by AC thickness (RMSE was 0.62) improved the estimation of TSD-based SN. However, the improvement of the proposed method was limited, which may be due to the influence of other factors, such as the accuracy of TSD measurements and TSD speed, which need to be further investigated.
In addition, for pavements with a 4-inch AC layer, the proposed calibration method may introduce some errors. The difference between the TSD-based AASHTO SN and the TSD-based SN calibrated by AC thickness was small or even slightly increased. Due to the limited selection of AC thickness in the parametric study, the calibration method is recommended for pavements with AC thickness greater than 4 inches.
[bookmark: _Toc119062895]Conclusions
[bookmark: _Hlk47087026]The FWD-based AASHTO SN calculation procedure is the most prevailing method to assess the effective SN of existing pavements at the project level. However, issues such as time, cost, and traffic control limit applying FWD at a network level, and state highway agencies have been exploring the use of the TSD at network-level recently. There is currently no satisfactory method to determine the pavement SN from TSD measurements. To make the TSD-based SN comparable with the existing FWD-based SN records, new equations were developed to determine TSD-based SN by modifying the AASHTO method. A database of theoretical TSD and FWD deflections of various pavement structures was developed using 3D-Move program. Based on the analyses presented, the following conclusions were reached: 
· [bookmark: _Hlk47104297][bookmark: _Hlk85380137]There were many reasons for the difference in AASHTO SN calculated using FWD and TSD deflections. In addition to the obviously different loading characteristics (single vs. dual circular load, stationary vs. moving load), a more important but underlying reason was the different equivalent loading frequency of FWD and TSD. Due to the rate-dependent viscoelasticity of the AC layer, the AC layer exhibited lower stiffness under TSD than under FWD.
· The deflection basin of TSD was steeper than that of FWD. The AASHTO subgrade resilient modulus calculated using TSD deflections was always greater than that calculated using FWD deflections, but they were both good estimates of the actual subgrade modulus.
· The TSD-based AASHTO SN was generally smaller than the FWD-based AASHTO SN (RMSE of 0.74), and the deviation was related to the AC thickness. The deviation was insignificant when the AC thickness was 4 inches and increased as the AC thickness increased.
· An enhanced AASHTO method was proposed for calibrating TSD-based SN by the AC thickness. The proposed method provided the most accurate TSD-based SN estimates, with an RMSE of 0.17. Compared with more complicated methods such as random forests, the proposed method attained comparable accuracy while having a substantially simplified form.
· [bookmark: _Hlk47086833]The proposed method was verified by field TSD and FWD measurements and was recommended for pavements with AC thickness greater than 4 inches.
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[bookmark: _Ref114663288][bookmark: _Toc119062976][bookmark: _Hlk85330862]Figure 3‑1. Dynamic modulus for AC at 68 °F
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[bookmark: _Ref114663299][bookmark: _Toc119062977]Figure 3‑2. Equivalent uniform circular loads of TSD: (a) dual circular load; (b) single circular load
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[bookmark: _Ref114663316][bookmark: _Toc119062978]Figure 3‑3. Deflection comparison between TSD and FWD: (a) D0; (b) SCI12; (c) SCI_subgrade
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[bookmark: _Ref114663350][bookmark: _Toc119062979]Figure 3‑4. 3D-Move deflections for varying pavement conditions: (a) AC dynamic modulus; (b) base modulus; (c) subgrade modulus; (d) AC thickness; (e) base thickness
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[bookmark: _Ref114663360][bookmark: _Hlk99384821][bookmark: _Toc119062980]Figure 3‑5. AASHTO SN calculation process: (a) AASHTO subgrade radius; (b) AASHTO subgrade resilient modulus; (c) AASHTO pavement effective modulus
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[bookmark: _Ref114663385][bookmark: _Toc119062981]Figure 3‑6. TSD-based SN: (a) Linear regression; (b) Variable importance of the random forest model; (c) Calibration by AC thickness
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[bookmark: _Ref114663403][bookmark: _Toc119062982]Figure 3‑7. SN in pavement sections at Louisiana


[bookmark: _Ref114663975][bookmark: _Toc119062949]Table 3‑1. Design factors in the parametric study
	Levels
	Thickness (in.)
	Modulus (ksi)

	
	AC
	Base
	AC 
	Base 
	Subgrade

	Level 1
	12
	12
	1500*
	45
	30

	Level 2
	8
	9
	1350*
	30
	15

	Level 3
	4
	6
	1100*
	15
	5


[bookmark: _Hlk98521522]* Equivalent AC modulus corresponding to the equivalent loading frequency of FWD.



[bookmark: _Ref114663989][bookmark: _Toc119062950]Table 3‑2. Simulation parameters of TSD and FWD
	
	FWD
	TSD

	Load type
	Static
	Moving (40mph)

	Load shape
	Single circular
	Dual circular

	Load magnitude 
	82.2 psi 
	82.2 psi

	AC layer 
	Elastic 
	Linear viscoelastic

	Other layers
	Elastic
	Elastic
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USE OF DEFLECTION SLOPES FROM TRAFFIC SPEED DEFLECTOMETER FOR EVALUATING STRUCTURAL CHARACTERISTICS OF ASPHALT PAVEMENTS
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[bookmark: _Toc119062899]Abstract
[bookmark: _Hlk116171745]The Traffic Speed Deflectometer (TSD) overcomes the limitations of the Falling Weight Deflectometer (FWD) in terms of traffic interruption and testing inefficiency, making it an efficient tool for network-level pavement structural evaluation. The current research on TSD is inherited from FWD and mainly focuses on deflection. However, the raw measurement of TSD is the deflection slope, i.e., the first-order derivative of deflection. TSD deflection is calculated by curve fitting and integration, and the extensive use of deflection may accumulate the error caused by curve fitting. This study explores the potential use of TSD slope in assessing the strength of pavement structures, estimating the location of the inflection point, and calculating the lag distance. The results show that both the TSD deflection and slope are effective in detecting weak asphalt layers and subgrades, but they are not sensitive to damage to the base layer. It is recommended that TSD slopes at 5” and 60” (in front of the load center) be used to indicate the strength of the asphalt layer and subgrade, respectively. The location of the inflection point is related to the asphalt thickness and subgrade modulus, and it can be approximated by the location of the maximum slope measurement. In addition, the lag distance can be calculated by determining the maximum deflection point or by determining the zero-slope point. The zero-slope method is recommended over the maximum deflection method due to its accuracy and robustness.
[bookmark: _Toc119062900]Introduction
Structural assessment of existing pavements is important for maintenance and rehabilitation decisions. Estimating the structural strength of pavements through layer thickness and laboratory-determined material properties is destructive and costly. The only reliable non-destructive method currently available for determining the pavement structural capacity is the deflection measurement. The stationary falling weight deflectometer (FWD) is the most prevailing deflection measurement method, which is equipped with geophones at fixed radial distances from the loading center to measure the surface deflection of the pavement [1]. In the United States, more than 90% of states routinely conducted FWD testing as of 2008 [2].
FWD has a wide range of applications in pavement structural evaluation. The 1993 AASHTO design guide introduced a method to estimate the structural number (SN) of existing pavement through FWD deflections [3]. Combined with layer thickness, deflection can also be used to back-calculate the layer modulus [4]. In addition, an FWD-based benchmark method, namely Deflection Bowl Parameters (DBPs), provides a simple and fast way to estimate pavement structural conditions by deflection slope parameters [5]. The best-known deflection slope parameter is the surface curvature index SCI_12, which is the difference between the deflection at the loading point and the deflection at a radial distance of 12 inches and is commonly used to represent the strength of the asphalt layer [6,7]. However, FWD is a stationary device that must remain stationary at each test point. Traffic control and limited productivity hinder the FWD testing for network-level pavement structural evaluation.
Recent technological advancements have led to the development of continuous deflection measurement devices, including the traffic speed deflectometer (TSD), which is capable of performing deflection measurements at traffic speeds [8,9]. TSD uses Doppler lasers mounted on the centerline of rear dual tires to measure the deflection velocity (horizontal and vertical) of the pavement surface at traffic speeds [8]. The horizontal proportion of the deflection velocity is related to the moving speed of TSD. To eliminate the dependence on the moving speed, the measured deflection velocity is divided by the instantaneous moving speed to obtain the deflection slope [10]. The deflection slope is the first-order derivative of the deflection, which is converted to actual pavement deflection by curve fitting and numerical integration [11]. 
Many studies have been conducted to improve and expand the application of TSD. These studies were mainly inherited from FWD, such as using TSD deflections to back-calculate layer modulus or to calibrate the FWD-based equations [12–14]. FWD measures pavement deflection, so the TSD study also focuses on the deflection itself, ignoring potentially useful information in the TSD deflection slope. Since the TSD slope is the raw measurement, the intensive use of deflection may accumulate errors caused by curve fitting. In addition, the most commonly used deflection index, the surface curvature index, such as SCI_12 (as shown in Figure 4‑1, all tables and figures are located in the Appendix), is essentially the tangent of the deflection, which is an approximation of the deflection slope. The use of the TSD slope may avoid the introduction of additional deflection indices. 
The deflection basin has long been described as three distinct zones: positive curvature, curvature inflection, and reverse curvature, as shown in Figure 4‑2. Many studies have linked the structural integrity of different layers to the different zones [5,7]. The inflection point is where the deflection basin switches from a positive curvature to a reverse curvature. It has been shown that the drift of the inflection point is often observed in the presence of a weak subgrade [15]. However, the exact location of the inflection point is difficult to determine from the deflection, especially since the field deflection measurements are limited to pre-set distances (geophones), which makes it even more difficult to locate the inflection point. For the FWD deflection basin, a plot of the deflection tangents versus horizontal distance is often used to estimate the location of the inflection point [5]. Since the TSD slope is the first-order derivative of the deflection, the inflection point should be exactly where the maximum slope occurs. Therefore, it may be easier to use the TSD slope to determine the location of the inflection point.
In addition, the viscoelasticity of the asphalt concrete (AC) and the inertia and damping of the pavement structure could result in a lag between the time when the TSD crosses over the point and the time when the maximum response occurs [16]. Therefore, there is a lag between the load center and the maximum deflection point in the TSD deflection basin, as shown in Figure 4‑2. Several studies have suggested the possibility of using deflection lags to predict the fatigue condition of the AC layer [17,18]. It is also a new challenge to accurately estimate the deflection lag based on field TSD data. The maximum deflection point is exactly the zero-slope point, and it may be more accurate to calculate the deflection lag from the TSD slope.
The objective of this study was to explore the potential use of TSD slope in pavement structural evaluation. The substitutability of TSD slope for deflection in assessing the strength of pavement structures was investigated. The feasibility of estimating the inflection point by TSD slopes was evaluated. In addition, the advantages of using TSD slopes to calculate deflection lags were discussed. Numerical simulations based on the 3D-Move program were used to obtain TSD deflections/slopes of various pavement structures.
[bookmark: _Toc119062901]Pavement Structural Strength
In field TSD data collection, TSD uses several Doppler sensors to acquire slope measurements at discrete points. Typically, the Doppler sensors are installed in front of the load center and measure only half of the deflection basin before the load center [11]. However, since the maximum deflection point occurs behind the load center, only TSD devices that cover the deflection basin behind the load center can be used to investigate deflection lag. In this study, the TSD loading configuration and Doppler sensors arrangement were based on the upgraded version of the TSD device operated by the Australian Road Research Council (ARRB) Group Inc. As shown in Figure 4‑3, ten Doppler sensors are mounted at -18, -12, -8, 5, 8, 12, 18, 24, 36, and 60 inches in front of the load center. The slope at location r inches in front of the load center is defined as Sr, and the slope at location r inches behind the load center is defined as S.r. The TSD slope is converted to actual pavement deflection by curve fitting and numerical integration. The pavement surface deflection at any given location is the area under the fitted slope curve from the tail to that particular location. The deflection at location r inches in front of the load center is defined as Dr, and the deflection at location r inches behind the load center is defined as D.r. Notable TSD deflections are at 0, 8, 12, 18, 24, 36, 48, 60, and 72 inches in front of the load center. In the subsequent analysis, if not otherwise specified, the deflections and slopes at the discrete points are:
· Deflection: (D.18, D.12, D.8), D0, D8, D12, D18, D24, D36, D48, D60, and D72.
· Slope: (S.18, S.12, S.8), S5, S8, S12, S18, S24, S36, and S60.
For generality, the deflections and slopes at locations behind the load center were only used for the analysis of the deflection lag.
In this study, numerical simulations were used to obtain the TSD deflection and slope of different pavement structures. The numerical model was developed based on the 3D-Move program, which has been validated with field data in many studies [10,19]. In order to include as many pavement structures as possible, a database of 243 different three-layer pavement structures was considered. As shown in Table 4‑1, three levels of plant-produced AC materials, base modulus, subgrade modulus, AC thickness, and base thickness were considered. The AC viscoelasticity was characterized by its dynamic modulus curve because the Fourier transform technique used in the 3D-Move allows the direct use of the frequency swept dynamic modulus. The details of the TSD simulation can be found in the previous study [12]. The moving speed was set to 40 mph and the test temperature was 20 °C.
[bookmark: _Toc119062902]Sensitivity analysis
To evaluate the substitutability of the TSD slope for deflection, it is important to ensure that the slope contains at least as much information as the deflection. The use of TSD slope instead of deflection does not result in a loss of useful information for pavement structural evaluation. Therefore, the effect of pavement structure variations on TSD deflection and slope was investigated. Figure 4‑4 shows the TSD deflection (red, left axis) and slope (blue, right axis) for varying pavement structures. The default AC material, AC thickness, base modulus, base thickness, and subgrade modulus were level 1, 8 inches, 30 ksi, 9 inches, and 15 ksi, respectively. 
For the half TSD basin in front of the load center, the TSD deflection decreases monotonically as the horizontal distance increases. However, the TSD slope curve is not monotonic; it increases and then decreases with increasing horizontal distance. The slope curve is more complex and variable than the deflection curve, and it may include more useful information. In addition, it can be found that as the modulus or thickness increases, the TSD deflection and slope decrease. Weaker pavement structures can lead to greater deflections and slopes. There are significant differences in TSD deflections and slopes for different AC thickness and subgrade modulus. However, for other pavement structure parameters, the differences in TSD deflections and slopes are not significant. Therefore, the TSD deflection and slope are sensitive to AC thickness and subgrade modulus, but not to the base layer. The sensitivity of TSD slope to different pavement structures is similar to that of TSD deflection, so the substitutability between slope and deflection is satisfactory. Both deflection and slope are effective in detecting weak asphalt layers and subgrades, but they are not sensitive to the damage to the base layer. 
Among the TSD deflections at different locations, the TSD deflection at the loading point (D0) is the most sensitive to almost all pavement structure parameters. This is because D0 is the accumulation of deformations of all layers and is therefore related to the parameters of all layers. The deflection at the far end is almost entirely due to the deformation in the subgrade and is therefore exclusively related to the subgrade modulus. Similarly, the TSD slope at locations far from the loading point depends only on the subgrade modulus. However, compared to the slope at the loading point (S0), the maximum TSD slope is more sensitive to different pavement structure parameters. The maximum TSD slope usually occurs about 12 inches in front of the loading point.
Visual inspection of the TSD measurements (Figure 4‑4) shows that deflection and slope are correlated with related to AC thickness and subgrade modulus, while there appears to be little relationship with pavement structure parameters. However, there may be some patterns in deflection (or slope) that cannot be fully captured by visual inspection, such as interactions between deflections. More sophisticated methods are needed to fully and exhaustively investigate the pavement structure information contained in the deflection (slope). A machine learning method, namely the random forests (RF) method, was employed to achieve such a purpose.
The RF model was developed to predict pavement structure parameters by using the theoretical deflections (or slopes) at discrete locations as predictors. Five RF models were developed using theoretical deflections to predict the AC type, AC thickness, base modulus, base thickness, and subgrade modulus with testing R2 of 53.1%, 99.3%, 72.4%, 21.6%, and 99.9%, respectively. Another five RF models were developed using theoretical slopes as predictors, and R2 of 75.9%, 99.8%, 66.4%, 11.2%, and 99.7% correspond to the AC type, AC thickness, base modulus, base thickness, and subgrade modulus, respectively. 
A large R2 implies a better predictive performance, i.e., the deflection (or slope) contains enough information to predict the structure parameters. It can be found that the AC thickness and subgrade modulus can be well predicted by TSD deflections (slopes). The base thickness is the least predictable parameter because it has little effect on TSD deflections (slopes). Therefore, TSD deflections and slopes can only be used to detect weak asphalt layers and subgrades, either by visual inspection or by more sophisticated machine learning methods.
[bookmark: _Toc119062903]Correlation with pavement structures
TSD deflections (slopes) effectively indicate the AC thickness and subgrade modulus. The correlation analyses for deflections (slopes) at different locations were performed to find the deflection (slope) that is most relevant to the AC thickness (or subgrade modulus). Several FWD-based studies have shown that deflection by itself does not directly indicate pavement structure information and some additional deflection indices have been introduced as a supplement [20]. The most used deflection indices are: 
                                                             (1)
                                                           (2)
The surface curvature index (SCI) is the difference in deflection between two points. SCI_12 is an important indicator of the strength of the AC layer, while SCI_sub reflects the subgrade strength [21]. 
Figure 4‑5 shows the Pearson correlation between TSD indices and AC thickness (or subgrade modulus). Pearson correlation coefficient (the absolute value) is a measure of the linear correlation between two variables [22]. In Figure 4‑5(a), the TSD deflection itself is shaded in red, while the introduced deflection index is shaded in blue. It can be found that the TSD deflection itself is not highly correlated with the AC thickness. Among all TSD deflections, D0 shows the highest correlation with the AC thickness, while the Pearson correlation coefficient is only 0.51. As the horizontal distance increases, the correlation between the deflection and AC thickness decreases. SCI_12 helps to correlate TSD deflections to the AC thickness with a correlation coefficient of 0.81. Therefore, SCI_12 is a good complement to the TSD deflection. In TSD deflection applications, it is necessary to identify the weak AC layer with the help of SCI_12. 
In contrast, almost all TSD deflections are closely related to the subgrade modulus. The correlation between the deflection and subgrade modulus increases slightly with increasing horizontal distance (coefficients of 0.73-0.89). This is because the pavement surface deflection is an accumulation of deformation in each layer, of which the deformation in subgrade is the most important component, even if it is D0. Studies have shown that more than 70% of D0 comes from the deformation of the subgrade [9,23]. For the SCI_sub, the correlation coefficient is about 0.85, which does not improve the correlation between TSD deflections and the subgrade modulus. Therefore, there is no need to introduce SCI_sub, and TSD deflections at far ends are better indicators of subgrade modulus.
For TSD slopes (Figure 4‑5(b)), some TSD devices do not measure the TSD slope behind the load center, and these slopes are shaded in blue. S0 may be disturbed by the dynamic loading of the TSD and thus exhibits unexplained behavior, so the TSD device hardly measures S0. As the horizontal distance increases, the correlation between the TSD slope and AC thickness gradually decreases, while the correlation with subgrade modulus gradually increases. Slopes near the load center are almost entirely related to the AC thickness, while slopes at far ends depend almost exclusively on the subgrade modulus. The TSD slope itself can be well correlated with the AC layer thickness and subgrade modulus, so it can be used to identify weak AC layers and subgrades without introducing additional slope indices. 
The deflection of the pavement surface accumulates the deformation of all layers, while the deflection slope better distinguishes the deformation of the different layers. SCI originally came from the study of FWD, which measures deflection rather than slope. SCI is used to approximate the slope (see Figure 4‑1). However, TSD measures slope and calculates deflection by curve fitting and numerical integration. Therefore, using TSD slope to identify weak AC layers and subgrades is more accurate and less labor-intensive than using TSD deflection. TSD slopes near the load center are good indicators of the AC thickness. S.8 shows the highest correlation with AC thickness (correlation coefficient of 0.90), but the availability is poor because it is located after the load center. Therefore, S5 (with a correlation coefficient of 0.86) is recommended to indicate the AC layer. S60 is the most correlated with subgrade modulus (with a correlation coefficient of 0.86) and is recommended to represent the strength of the subgrade.
It is worth noting that the deflection slope is the first-order derivative of the deflection in the horizontal direction, while the vertical strain is the first-order derivative of the vertical deformation of the pavement (deflection). Under TSD vertical loading, the horizontal extension of the stress distribution in the different layers is different and increases with the depth of the pavement structure. Therefore, the deflection slope is more effective in distinguishing the different layers than the deflection itself (vertical deformation). However, the stress-strain relationship in the vertical direction can be used to back-calculate the layer modulus. In this respect, the deflection is certainly more valuable than the slope.
[bookmark: _Toc119062904]Inflection Point
As shown in Figure 4‑1, the deflection basin can be described as three distinct zones. In Zone 1, closest to the load center, the deflection basin has a positive curvature. This zone is usually within a radius of no more than 12 inches from the load center [7]. Zone 2, the inflection zone, is the area where the curvature of the deflection basin switches from positive to negative. Zone 2 is usually located within a range of about 12 inches to 24 inches from the load center, and the inflection point is located within this zone. Zone 3 is the farthest from the load center. In this zone, the deflection basin is switched to reverse curvature and extends to the normal pavement surface (zero deflection). Zone 3 usually starts at about 24 inches [7]. 
The concept of the three distinct zones has been proposed for many years; however, the exact locations of the three zones have yet to be determined. The location of the inflection point depends on the pavement structures and is almost impossible to obtain from the deflections at several discrete locations. The deflection acceleration is the first-order derivative of the TSD slope, while the TSD slope is the first-order derivative of the deflection. The dividing point between Zone 2 and Zone 3 should be Point A, where the minimum acceleration occurs. The dividing point between Zone 1 and Zone 2 should be Point A’, where the slope is equal to the slope at Point A. The inflection point of the TSD deflection is exactly where the maximum slope occurs. Therefore, the inflection point can be located simply by identifying the maximum slope point. The inflection point location is defined as the horizontal distance between the inflection point and the load center.
[bookmark: _Toc119062905]Influencing factors
To investigate the factors affecting the inflection point locations, the inflection point locations were calculated for different pavement structures (as listed in Table 4‑1) based on the 3D-Move simulation results. For each TSD model (pavement structure), the 3D-Move program outputs 1024 points of slope with an output interval of approximately 0.26 inches. The Modified Akima piecewise cubic Hermite interpolation method was employed to fit the 1024 slope points with an interpolation accuracy of 0.001 inches. Based on the fitted slope curve, the location of the maximum slope point can be determined, which is the inflection point location. 3D-Move simulation results show that the inflection point location is different for different pavement structures. The RF method was employed to rank the importance of different pavement parameters on the inflection point location, as shown in Figure 4‑6(a). Subgrade modulus and AC thickness are tied as the most important factors. The AC type, modulus and thickness of the base layer have little effect on the inflection point location.
Figure 4‑6(b) shows the influence of AC thickness and subgrade modulus on the inflection point location. As the AC thickness increases, the horizontal distance between the inflection point and the load center also increases. This can be explained by the fact that the extent of Zone 1 increases with the increase of the AC thickness. Zone 3 is more related to the subgrade, and a stiffer subgrade means a larger extent of Zone 3. Therefore, the horizontal distance between the inflection point and the load center decreases with the increase of the subgrade modulus. In the presence of very soft subgrades, a significant drift of the inflection point can be observed. 
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In practical applications of TSD, it is laborious to estimate the location of the inflection point from TSD slope measurements at discrete locations using curve fitting and interpolation methods. The location of the inflection point can be approximated by the maximum TSD slope measurement (among S5, S8, S12, S18, S24, S36, and S60). The detailed procedure for identifying the approximate inflection point location is:
Step 1: Compare S5, S8, S12, S18, S24, S36, and S60 to obtain the maximum TSD slope measurement Sx.
Step 2: Obtain the approximate inflection point location x. 
The approximate inflection point location for different pavement structures was calculated based on the 3D-Move simulation results. The theoretical and approximate inflection point locations were compared to assess the reliability of the proposed inflection point approximation method, as shown in Figure 4‑7. The theoretical inflection point occurs within a range of about 8 inches to 24 inches from the load center, while the approximate inflection point location is between 8, 12, 18, and 24 inches. The scatter plot of the theoretical and approximate inflection point locations is also shown in Figure 4‑7.
It can be found that the approximate inflection point location is close to the theoretical inflection point location with an R2 of 87.8%. The Root Mean Square Error (RMSE) of the proposed approximation method is 1.48 inches, which means that the approximate inflection point location is expected to deviate from the theoretical inflection point location by 1.48 inches. The approximate inflection point location is considered sufficiently accurate in terms of its simplicity. It is recommended to estimate the inflection point location based on the TSD slope, i.e., the location of the maximum TSD slope measurement.
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[bookmark: _Toc119062908]Lag distance calculation methods
The lag distance is defined as the horizontal distance between the load center and the location where the maximum deflection occurs. The location of the maximum deflection point is exactly where the TSD slope is zero (Figure 4‑2). Therefore, the lag distance can be calculated by identifying the maximum deflection point or by identifying the zero-slope point. 
· Maximum deflection method: 
Step 1: Fit the TSD slope curve.
Step 2: Integrate the TSD slope curve to obtain TSD deflection in discrete points.
Step 3: Fit the TSD deflection curve.
Step 4: Determine the location of the maximum deflection point.
· Zero-slope method:
Step 1: Fit the TSD slope curve.
Step 2: Determine the location of the zero-slope point.
The maximum deflection method has more steps since the TSD slope is the raw measurement and the TSD deflection is calculated by curve fitting and numerical integration. In contrast, the fitting of the TSD slope curve is included in the deflection calculation and does not require additional work.
The most important step to accurately calculate the lag distance is curve fitting. Typically, curve fitting is a process of constructing a predefined mathematical function and selecting the parameters by fitting that function to the data points. However, the shape of the TSD deflection (slope) curve is complex, and it is not symmetric about the load center due to the presence of deflection lag. It is also not symmetric about the maximum deflection (zero-slope) point, as the TSD deflection basin itself is asymmetric (steep at the leading edge and shallow at the trailing edge) [17]. It is difficult to construct a mathematical function that fits the TSD deflection (slope) well. Even if successful, this mathematical function must include many unknown parameters. Given the limited number of TSD Doppler sensors (slope measurements), fitting so many unknown parameters is unrealistic. Most curve fitting methods either ignore the deflection lag or assume that the deflection curve is symmetric [24]. The Greenwood method models the slope curve as a sum of symmetric (Gaussian) and asymmetric (stable distribution) functions, but is proprietary in its details [11]. 
Interpolation is commonly used to fit complex curves by applying different polynomial functions between consecutive measurement locations, which is suitable for fitting deflection (slope) curves. In this study, four interpolation methods with different levels of complexity were applied, including:
· Linear: Linear spline interpolation
· Cubic: Cubic spline interpolation
· Pchip: Piecewise cubic Hermite interpolation polynomial
· Makima: Modified Akima piecewise cubic Hermite interpolation
The linear spline interpolation is the simplest interpolation method, which connects adjacent data points by straight lines. The Cubic, Pchip, and Makima methods all perform different forms of piecewise cubic interpolation. Each method differs in the way it calculates the interpolant slope, leading to different behavior when the underlying data has flat areas or undulations [25]. 
In field TSD data collection, the TSD deflection of discrete points is always given by the TSD device operator, so Steps 1-2 in the maximum deflection method were skipped in this study. The fitted lag distances were calculated from the deflection curves fitted by the 12 TSD deflection points, namely D.18, D.12, D.8, D0, D8, D12, D18, D24, D36, D48, D60, and D72. For the zero-slope method, the fitted lag distances were calculated by fitting ten TSD slopes located at -18, -12, -8, 5, 8, 12, 18, 24, 36, and 60 inches from the load center.
[bookmark: _Toc119062909]Evaluation of lag distance calculation methods 
Based on the 3D-Move simulation results of different pavement structures (Table 4‑1), the fitted lag distances for the maximum deflection method and the zero-slope method were calculated. To evaluate the accuracy and feasibility of the four interpolation methods, the fitted lag distances of different interpolation methods were calculated separately. The theoretical lag distance was also calculated from the 3D-Move simulation results, but with a finer interpolation interval. The theoretical lag distance was calculated by the zero-slope method using the point spacing of 0.26 inches (1024 TSD points in total), which is the output spacing of the 3D-Move program. The Makima interpolation method was employed to fit the slope curve of 1024 data points with an interpolation accuracy of 0.001 inches.
Figure 4‑8(a) shows the fitted lag distance for the different interpolations calculated with the maximum deflection method. The maximum deflection point occurs behind the load center, and the lag distance is generally less than 8 inches. The calculation of the lag distance depends mainly on the interpolation between D.8 and D0. For the maximum deflection method, the essence of linear interpolation is to compare D.8 and D0, with a lag distance of only 0 (D0>D.8) or 8 (D0<D.8) inches. The same lag distance was obtained by the Pchip interpolation because the fitted deflection curve was locally over-flattened to avoid the overshoot problem. The fitted lag distances calculated by the Cubic and Makima interpolation are usually smaller than the theoretical lag distances. As the theoretical lag distance increases, the difference between the fitted and theoretical values increases. Overall, the fitted lag distances calculated by different interpolations vary considerably. The Makima method performs the best with the largest R2 (99.1%) and the smallest RMSE (0.35 inches). The accuracy of the maximum deflection method is greatly influenced by the selection of interpolation methods.
Figure 4‑8(b) shows the fitted lag distances calculated with the zero-slope method. The calculation of the lag distance depends mainly on the interpolation between S.8 and S5. For the linear interpolation, the lag distance  can be calculated as: 
                                                              (3)
The Pchip and Makima interpolation tie for the best with the smallest RMSE (0.38 inches). The linear interpolation shows the largest error (RMSE) while the highest R2. Compared with other interpolations, linear interpolation tends to obtain larger fitted lag distances, especially when the theoretical value is greater than 5 inches. Overall, the fitted lag distances for different interpolations are similar, so the zero-slope method is not sensitive to interpolation methods.
Due to the different spacing of the fitted data points, the Makima interpolation of the maximum deflection method (D.8 and D0) shows smaller RMSE and greater R2 than that of the zero-slope method (S.8 and S5). However, in field TSD applications where the TSD slope is the raw measurement and the deflection is integrated from TSD slopes, calculating the lag distance using the maximum deflection method will accumulate the error caused by curve fitting and integration. In addition, the maximum deflection method is more sensitive to the interpolation method than the zero-slope method. This is because the TSD deflection curve is not monotonic near the maximum deflection point, which increases the difficulty of curve fitting and limits the choice of interpolation methods. In contrast, the TSD slope curve is monotonic around the zero-slope point and is therefore more robust to different interpolation methods. Therefore, the zero-slope method is recommended over the maximum deflection method due to its accuracy and robustness. Considering the simplicity of linear interpolation of the zero-slope method (Equation (3)), it is considered sufficiently accurate and practical to provide at least an initial guess about the lag distance at the network-level.
[bookmark: _Toc119062910]Conclusion
TSD is capable of performing deflection measurements at traffic speeds and is therefore an efficient tool for network-level pavement structural evaluation. The current research on TSD is inherited from FWD, so it mainly focuses on deflection. However, TSD measures the deflection slope, and the extensive use of deflection may ignore the potentially useful information in the deflection slope and accumulate errors caused by curve fitting. This study explored the potential uses of TSD slopes, including using TSD slopes to assess the strength of pavement structures, estimate the location of the inflection point, and calculate the lag distance. In addition, the advantages of using slope rather than deflection were discussed. All analyses were based on the simulation results of the 3D-Move program. Based on the analyses presented, the following conclusions are drawn:
· The sensitivity of TSD slope to different pavement structure parameters is similar to that of TSD deflection. Both deflection and slope are effective in detecting weak asphalt layers and subgrades, but they are not sensitive to the damage to the base layer. 
· Deflection is not directly related to the AC thickness. The introduction of SCI_12 is a good complement to the deflection and can help to identify weak AC layers. In contrast, TSD deflections at far ends are directly related to subgrade modulus, so there is no need to introduce additional indices, such as SCI_sub.
· Deflection slope correlates well with the AC thickness and the subgrade modulus. The TSD slope itself can be used to identify weak asphalt layers and subgrades without introducing additional indices. S5 and S60 (slopes at 5 inches and 60 inches in front of the load center) are recommended to indicate the strength of the asphalt layer and subgrade, respectively.
· The location of the inflection point depends on the AC thickness and subgrade modulus. The horizontal distance between the inflection point and the load center increases as the AC thickness increases or as the subgrade modulus decreases. The location of the inflection point can be estimated from the location of the maximum TSD slope measurement.
· The lag distance can be calculated by identifying the maximum deflection point or by identifying the zero-slope point. The zero-slope method is recommended over the maximum deflection method due to its accuracy and robustness. The linear interpolation between S.8 and S5 (slopes at -8 inches and 5 inches in front of the load center) is considered sufficiently accurate and practical to provide an initial guess about the lag distance at the network-level.
· 
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[bookmark: _Ref114663413][bookmark: _Toc119062983]Figure 4‑1. Surface curvature index (SCI)
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[bookmark: _Ref114663425][bookmark: _Toc119062984]Figure 4‑2. Schematic diagram of the TSD deflection, slope and acceleration curves
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[bookmark: _Ref114663439][bookmark: _Toc119062985]Figure 4‑3. Schematic diagram of TSD slope collection
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[bookmark: _Ref114663449][bookmark: _Toc119062986]Figure 4‑4. TSD deflections and slopes for varying pavement conditions: (a) AC dynamic modulus; (b) AC thickness; (c) base modulus; (d) base thickness; (e) subgrade modulus
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[bookmark: _Ref114663485][bookmark: _Toc119062987]Figure 4‑5. Correlation between TSD indices and pavement structures: (a) deflection itself; (b) deflection slope
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[bookmark: _Ref114663537][bookmark: _Toc119062988]Figure 4‑6. Effect of pavement structures on the inflection point location: (a)importance ranking; (b) effect of AC thickness and subgrade modulus
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[bookmark: _Ref114663552][bookmark: _Toc119062989]Figure 4‑7. Approximate location of the inflection point
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[bookmark: _Ref114663572][bookmark: _Toc119062990]Figure 4‑8. The lag distance calculation: (a) maximum deflection method; (b) zero slope method
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	Levels
	Thickness (in.)
	Modulus (ksi)

	
	AC
	Base
	AC 
	Base 
	Subgrade

	Level 1
	12
	12
	-
	45
	30

	Level 2
	8
	9
	-
	30
	15

	Level 3
	4
	6
	-
	15
	5
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RELATIONSHIP BETWEEN FATIGUE CONDITION OF ASPHALT PAVEMENTS AND DEFLECTION LAG FROM TRAFFIC SPEED DEFLECTOMETER (TSD)
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[bookmark: _Hlk116171859]The phase angle is a good indicator of the current fatigue condition of asphalt concrete (AC) layers, but estimating phase angles from drilled core samples is destructive, expensive, and unsuitable for large-scale applications. Similar to the phase angle, a lag between load and response has recently been observed in the deflection basin of the non-destructive traffic speed deflectometer (TSD), i.e., the lag between the loading point and the maximum deflection point, and the deflection lag may be closely related to the phase angle. This study investigated the potential of TSD deflection lag as a non-destructive indicator of pavement fatigue conditions. The relationship between AC phase angle and TSD deflection lag was investigated using the 3D-Move program, and the effects of pavement structure, TSD speed, and test temperature on the deflection lag were also investigated. Field TSD data collected in Tennessee were used to verify the relationship between deflection lag and fatigue cracking. The results show that the lag distance increases uniformly with increasing fatigue levels (phase angles) until fatigue failure occurs. However, the lag distance is also closely related to the asphalt thickness and subgrade modulus; therefore, only the lag distance of pavements with the same structures can be compared to identify the fatigue sections. Overall, the lag distance can be used as an implicit indicator of the fatigue condition of the pavement to predict the initiation and growth of fatigue cracks. Fatigue cracking is expected to occur where the lag distance is relatively large.
[bookmark: _Toc119062915]Introduction
An accurate assessment of existing pavements provides essential inputs to the developers of maintenance and rehabilitation strategies, thus helping to optimize the use of limited funds. Fatigue cracking is the most common type of flexible pavement distress and usually occurs in the early stages of pavement performance deterioration [1]. Assessment of pavement fatigue conditions is a top priority in periodic pavement condition surveys, and researchers in both industry and academia have devoted significant efforts to this end [2–4].
Under repeated traffic loads and weather conditions, the fatigue condition of asphalt concrete (AC) layers tends to deteriorate with the increase of service age. Fatigue tests have been performed to investigate how the AC characteristics change with loading cycles [5–7]. According to the cyclic fatigue test [8], as specified in AASHTO TP 133-21, the curves of dynamic modulus and phase angle with loading cycles show four characteristic regions: internal heating, micro-crack formation, crack formation, and sample breakdown (in Figure 5‑1, all tables and figures are located in the Appendix) [9]. The dynamic modulus decreases continuously with the loading cycles [9]. In contrast, the phase angle increases gradually as the sample is repeatedly loaded. This is due to the increasing cracks and voids in the sample, resulting in an enhanced viscous response of the AC material [10]. When the sample starts to break down, the phase angle reaches a maximum and then begins to drop rapidly [8,11]. The failure cycle is defined as the cycle in which the phase angle drops sharply after a stable increase during cyclic loading. Such a pattern suggests that the phase angle is a good indicator of the current fatigue condition of the AC material.
The same conclusion about the phase angle can be extended to the actual pavement. The newly constructed AC layer has a low phase angle. With repeated loading, the phase angle gradually approaches its maximum value as the fatigue crack increases [10]. After that, the pavement will suffer severe fatigue damage [12]. Therefore, if the phase angle can be measured during the pavement service life, the current and impending pavement conditions can be effectively assessed and predicted [12]. However, the current cyclic fatigue test is performed on the Asphalt Mixture Performance Tester (AMPT), which requires AC samples with a height of 4.33 in [13]. Given that a typical asphalt layer is less than a few inches thick, it is usually impossible to obtain field AC samples of this size from actual pavements. Indirect tensile (IDT) testing of AC samples (with a height of 1.5 or 2 in.) is more suitable for evaluating existing pavements [14]. In addition, the pavement fatigue life is closely related to the maximum horizontal tensile strain of the AC layer [4]. Compared to the vertical phase angle measured by AMPT, the horizontal deformation characteristics in the IDT test are more representative of the fatigue cracking behavior of the AC layer [15,16].
In addition, estimating the phase angle of existing AC layers from drilled core samples is destructive and expensive, making it unsuitable for large-scale applications. The phase angle comes from the time lag between the peaks of stress and strain due to AC viscoelasticity (Figure 5‑2(a)). A similar phenomenon of the lag between the load and response has recently been observed in deflection basins measured with the traffic speed deflectometer (TSD) [17]. TSD is a continuous deflection measurement device that evaluates the structural strength of flexible pavements in a non-destructive manner [18]. TSD uses a set of Doppler lasers mounted on a servo-hydraulic beam near the rear axle to measure the pavement deflection velocity at traffic speeds [19]. The deflection velocity is converted to pavement surface deflection by curve fitting and integration [20]. Overall, TSD is a promising device that overcomes the limitations of the falling weight deflectometer (FWD) in terms of interruption disruption and testing inefficiency, and it has been used for network-level pavement structural evaluation [21–23].
Figure 5‑2(b) shows that the deflection basin obtained from TSD is asymmetric with a steep leading edge and a shallow trailing edge [10]. There is a lag between the loading point and the maximum deflection point, with the maximum deflection point falling behind the loading point. The viscoelastic nature of the AC layer and the inertial damping of the pavement structure could result in a lag between the time when the TSD crosses over the point and the time when the maximum response occurs [17,22]. Some studies suggested that the lag obtained from the TSD deflection basin is closely related to the phase angle of the AC material [10,12]. Therefore, the deflection lag has the potential to be a non-destructive indicator of pavement fatigue crack occurrence and growth. However, the deflection lag may be affected by the pavement structure, TSD moving speed, and test temperature, which will affect the use of the deflection lag in predicting the AC fatigue condition [10,12]. This study will investigate these challenges.
The objective of this study was to investigate the feasibility of assessing pavement fatigue conditions from TSD deflection lag. To achieve this objective, the relationship between the phase angle and the TSD deflection lag was established based on the finite layer method (through 3D-Move program). In addition, the effects of pavement structure, TSD moving speed, and test temperature on the lag distance were also investigated. Field TSD data collected in Tennessee were used to verify the relationship between deflection lag and fatigue cracking. 
Figure 5‑3 shows the relationship between the fatigue condition, phase angle, and TSD deflection lag of the asphalt pavement. Based on the AMPT cyclic fatigue test specified in AASHTO TP 133-21, a relationship between AC fatigue condition and phase angle was obtained, i.e., the phase angle increases with increasing AC fatigue conditions before fatigue failure occurs. In the next sections, the relationship between AC phase angle and TSD deflection lag will first be investigated using 3D-Move simulations, and the feasibility of linking TSD deflection lag to AC fatigue conditions will be discussed. After that, the effect of other influencing factors on the deflection lag will be investigated using 3D-Move program simulations, including pavement structures, TSD speeds, and test temperatures. At last, the relationship between fatigue conditions of asphalt pavements and TSD deflection lags will be validated by field TSD measurements collected in Tennessee.
[bookmark: _Toc119062916]Relationship Between Phase Angle and Lag Distance
[bookmark: _Hlk113964071]The phase angle of AC materials is defined as:
                                                               (1)
where  is the phase angle;   is the time lag between peaks of the stress and strain within one cycle;  is the period of the cyclic load. Similarly, the lag angle obtained from the TSD deflection basin can be defined as follows:
                                                               (2)
[bookmark: _Hlk113960196]where  is the lag angle of the deflection basin;   is the time lag when the TSD crosses over the point (loading point) and the time when the maximum response occurs;  is the period of the deflection basin. Assuming that the TSD speed is constant as it drives through the deflection basin, the Equation (2) can be rewritten as:  
                                                              (3)
where  is the lag angle of the deflection basin;   is the lag distance, i.e., the distance between the loading point and the location where the maximum deflection occurs; L is the total length of the deflection basin, i.e., the length that defines the extent of the pavement surface affected by the TSD loading. 
[bookmark: _Hlk113960682]Equation (3) shows that the lag angle of the deflection basin is related not only to the lag distance but also to the total length of the deflection basin. However, the latter is very difficult to estimate accurately in practice. The farthest sensor on the TSD is normally located 60 inches from the loading center, which is far from the end of the deflection basin (typically more than 138 inches). Calculating the length of the deflection basin implies the use of the fitted curve that is beyond the range of the observed data, which has a high degree of uncertainty. Therefore, to avoid introducing additional errors in the lag calculation, only the lag distance was considered in this study. 
[bookmark: _Toc119062917]TSD deflections of different phase angles
The relationship between the lag in the TSD deflection basin and the phase angle of the AC layer was investigated by numerical simulation methods. In this study, the 3D-Move program was used to simulate pavement responses under TSD loading. The accuracy of the 3D-Move program has been verified in many studies with field data [17,22]. The Fourier transform technology and frequency domain solutions adopted in the 3D-Move program allows the direct use of the frequency swept data, including the rate-dependent dynamic modulus and rate-dependent phase angles, making it ideal for studying the behavior of viscoelastic AC materials [24].
Assuming a three-layer pavement structure as shown in Table 5‑1, the AC layer was defined as a viscoelastic material. The AC viscoelasticity is represented by the rate-dependent dynamic modulus, shown as curve Level 1 in Figure 5‑4. The moving speed was 40mph, and the test temperature was 20°C. To investigate the effect of phase angle on TSD deflections, TSD models with four constant phase angles of 15, 25, 35, and 45 degrees were developed. The constant phase angle is represented by a constant damping ratio in the 3D-Move program. The damping ratio () of the AC layer can be estimated from the phase angle () by the following form [17]:
                                                              (6)
Similar to the AC phase angle, the AC damping ratio increases gradually with increasing AC fatigue conditions until fatigue failure occurs.
Figure 5‑5 shows the theoretical deflection curves for different AC phase angles. It can be found that the TSD deflection is not symmetric with respect to the loading point. The deflection at the loading point (D0) is not the maximum deflection; the maximum deflection occurs behind the loading point. As the phase angle increases, the maximum deflection increases slightly, while D0 decreases slightly. However, the difference between D0 and the maximum deflection is negligible compared to D0. In addition, the lag distance increases with the increase of the phase angle. 
[bookmark: _Toc119062918]Lag distance calculation
To calculate the lag distance of the TSD deflection basin, the curve fitting method based on the Modified Akima piecewise cubic Hermite interpolation was used [25]. The 3D-Move program outputs pavement surface deflections at 1024 points with an interval of approximately 0.26 inches. Therefore, the theoretical deflection curve was fitted to the 1024 data points. Based on the fitted deflection curve, the location of the maximum deflection point, which is the lag distance, can be determined. 
Table 5‑2 shows the lag distances of the TSD deflection curves for different phase angles. It can be found that the lag distance increases almost linearly with the increase of phase angle (R2 of 99.9% for the linear regression). A linear increase means that the lag distance increases uniformly with the phase angles, without inflection or turning points, so the lag distance has the potential to be a non-destructive indicator of the phase angle of the AC layer. 
The phase angle reflects the fatigue condition of the AC layer, and the lag distance is closely related to the phase angle. Therefore, the lag distance may be a simple and practical indicator to quantify the AC fatigue condition. The lag distance increases uniformly with increasing fatigue levels (phase angles).
[bookmark: _Toc119062919]Factors Influencing Lag Distance
[bookmark: _Hlk101370689]The use of the lag distance may help to assess the fatigue condition of the AC layer and allow for more accurate decisions on pavement maintenance and rehabilitation treatments. However, the lag distance may be influenced by factors besides the phase angle, which may affect the assessment of AC fatigue conditions. In this study, the effects of pavement structure, TSD moving speed, and test temperature were investigated using numerical simulations.
[bookmark: _Toc119062920]Pavement structure
To study the effect of pavement structure on the lag distance, TSD models of various pavement structures were developed using the 3D-Move program. In order to cover as many pavement structures as possible, a total of 243 different three-layer pavement structures were considered, including three plant-produced asphalt concrete (AC) materials, three base moduli, three subgrade moduli, three AC thicknesses, and three base thicknesses, as shown in Table 5‑3. Dynamic modulus curves of the three AC materials considered in this study at the reference temperature (20 °C) are shown in Figure 5‑4. The AC phase angle was set to an identical constant of 26.57 degrees for all pavement structures to exclude the effect of phase angle. The TSD speed was 40 mph, and the test temperature was 20 °C.
Based on the 3D-Move simulation results, the lag distances were calculated for 243 different pavement structures. The results show that different pavement structures show different lag distances even at the same AC phase angle. The importance of different pavement structure parameters on the lag distance was ranked using the random forest (RF) method, as shown in Figure 5‑6(a). It can be found that the AC thickness is the most important factor affecting the lag distance, and subgrade modulus also contributes significantly. The effect of the granular base layer on the lag distance is negligible.
Figure 5‑6(b) shows the boxplot of the lag distance grouped by AC thickness and subgrade modulus. The boxplot displays the distribution and skewness of continuous variables through data quartiles, including the minimum, first quartile, median, third quartile, and maximum. As the AC thickness increases, the lag distance also increases. In addition, soft subgrades will lead to larger lag distances. Therefore, the lag distance is related to the pavement structure, and the lag distances of pavements with different structures cannot be directly compared to identify the fatigue sections. For the same pavement structure, it is possible to identify the fatigued section by comparing the lag distance.
It is important to quantify the effect of different pavement structure parameters on the lag distance so that the fatigue level (by lag distance) of different pavement structure segments can be compared. However, there is a large overlap of lag distances between different groups, so it is difficult to isolate the effects of different factors. In the present study, some attempts were made in this regard.
AC thickness 
In Figure 5‑6(b), the lag distance seems to increase uniformly with the increase of the AC thickness. Assuming that a parameter  is:
                                                                  (5)
[bookmark: _Hlk114173707][bookmark: _Hlk114173754]where  is the lag distance, in inch;  is the thickness of the AC layer, in inch. The  was calculated for different pavement structures. Figure 5‑7(a) shows the boxplots of the lag distance and  for different AC thickness groups. The significance of the differences between groups was assessed by the t-test. It can be found that there is a significant difference in the lag distance between different AC thickness groups (p-values for all t-tests were less than 0.01). However, the  is similar for different AC thickness groups (p-value > 0.1). Therefore, by dividing the AC thickness (), the difference in lag distance caused by AC thickness can be elimiated to a large extent. The results may indicate that the lag distance is proportional to the AC thickness.
                                                                   (6)
Subgrade modulus
As shown in Figure 5‑6(b), the relationship between the lag distance and subgrade modulus is clearly nonlinear. From the preliminary analysis, assuming a parameter  as:
                                                     (7)
where  is the lag distance, in inch;  is the subgrade modulus, in ksi. The  was calculated for different pavement structures. Figure 5‑7(b) shows the boxplots of the lag distance and  for different subgrade groups. Similarly, the lag distances are significantly different between the different subgrade groups (p-value < 0.01). However, there is no significant differences in  between different subgrade groups (p-value > 0.1). The difference in lag distances caused by subgrade modulus can be greatly elimiated by . It may suggest that the lag distance is inversely proportional to the cube root of the subgrade modulus:
                                                             (8)
Constant AC modulus
Figure 5‑6(a) shows that the type of AC material has little effect on the lag distance, probably because the dynamic modulus curves of the three plant-produced AC materials used in the simulation are similar. To investigate more closely the effect of AC modulus on the lag distance, TSD models with different constant AC modulus were developed based on the pavement structure in Table 5‑1. For the rate-dependent AC modulus, it is difficult to determine the exact frequency and equivalent AC modulus to be used. Therefore, the constant AC modulus was used to quantify its effect on the lag distance. 
[bookmark: _Hlk116684864]Six constant AC modulus were considered, including 800, 1000, 1200, 1400, 1600, 2000, and 3000ksi, and their lag distances are shown in Figure 5‑8. The lag distance increases with increasing AC modulus. It is clear that the lag distance increases nonlinearly with the increase of AC modulus (the R2 of the linear regression is 96.7%). However, the relationship between the lag distance and the cube root of the AC modulus is basically linear (R2 of 99.7%). This may indicate that the lag distance is linearly related to the cube root of the AC modulus.
                                                             (9)
[bookmark: _Hlk113966443]where  is the lag distance, in inch;  is the AC modulus, in ksi.
Equivalent thickness
According to Equations (6)-(9), the lag distance is linearly related to the AC thickness and the cube root of the AC modulus, while inversely proportional to the cube root of the subgrade modulus. The following equation can be obtained:
                                                              (10)                                                           
where  is the lag distance, in inch;  is the AC thickness, in inch.  and  are modulus of the AC layer and subgrade, in psi.
The Mechanistic-Empirical Pavement Design Guide proposed a similar equation to calculate the equivalent thickness of the AC layer [4]. According to the “method of equivalent thickness (MET)” established by Odemark, the AC layer can be equivalent to a transformed layer with the subgrade modulus, as shown in Figure 5‑9.  The thickness of the transformed section is given by an equivalent thickness, , with the following form:
                                                           (11)
The stress distribution for a typical subgrade soil is assumed to be at 45 degree [4]. Therefore, the horizontal extension of the stress distribution in the middle of the AC layer is also . 
With the introduction of the equivalent thickness, Equation (10) can be rewritten as: 
                                                               (12)                                                           
The effects of AC thickness, AC modulus, and subgrade modulus can be integrated into a single factor, i.e., the effective thickness. Equation (12) suggests that the lag distance is closely related to the equivalent thickness of the AC layer. It should be noted that the equivalent thickness is introduced to quantify the effect of pavement structure parameters on the lag distance, for which further research is needed.
[bookmark: _Toc119062921]TSD speed
To evaluate the sensitivity of the lag distance to TSD speeds, 3D-Move models with different TSD speeds were developed based on the three-layer pavement structure presented in Table 5‑1. The viscoelasticity of the AC layer was characterized by the rate-dependent modulus and rate-dependent phase angle (AC characteristics Type I). The test temperature was 20 °C. Six TSD speeds were considered, and their lag distances are shown in Table 5‑4. 
For normal TSD operating speeds (10-60mph), higher TSD speeds (loading frequency) correspond to smaller AC phase angles and are expected to have smaller lag distances. However, Table 5‑4 shows that the lag distance increases with increasing TSD speed. This can be explained by the fact that the TSD speed (loading frequency) affects not only the phase angle but also the AC modulus, which is also related to the lag distance. To verify this, TSD models with AC characteristics Type II (rate-dependent modulus and constant phase angle) and Type III (constant modulus and constant phase angle) were developed. The constant AC modulus (988ksi) and constant phase angle (26.57 degrees) are chosen randomly because it is difficult to estimate their equivalent values accurately.
[bookmark: _Hlk113988527][bookmark: _Hlk113988836]It can be found that for AC with constant modulus and constant phase angle (Type III), the lag distance is almost independent of the TSD speed. For AC with rate-dependent modulus and constant phase angle (Type II), the AC modulus increases with increasing TSD speeds (loading frequency), and therefore the lag distance increases. For AC with rate-dependent modulus and rate-dependent phase angle (Type I), as the TSD speed increases, the weakening effect of the decreasing phase angle on the lag distance is offset by the gaining effect of the increasing modulus, and the lag distance increases slightly. Therefore, compared to the speed-induced phase angle change, the lag distance is more sensitive to the speed-induced modulus change.
Deng et al. also found that the lag distance increased with increasing speeds, and the moving speed showed a significant effect on the lag distance due to the assumption of the constant phase angle [10]. However, considering the more realistic rate-dependent phase angle (AC characteristics Type I), the difference in the lag distance is insignificant, i.e., the lag distance is not sensitive to the variation in TSD speeds. Therefore, during TSD deflection collection, TSD speed variations would not greatly affect the use of lag distance to assess the fatigue condition of the AC layer.
[bookmark: _Toc119062922]Test temperature
[bookmark: _Hlk113988364][bookmark: _Hlk113988382]To evaluate the effect of test temperature on the TSD lag distance, 3D-Move models with different test temperatures were developed based on the assumed pavement structure in Table 5‑1. The test speed was 40mph. The AC characteristics with temperature-dependent modulus and temperature-dependent phase angle were used in the 3D-Move simulation, and the lag distance of different temperatures is shown in Table 5‑5. According to the time-temperature superposition principle, the effects of test temperature and test speed (time) on pavement responses are equivalent. The phase angle of the AC layer increases as the test temperature increases (within 0-30°C), while the modulus decreases. The lag distance is more sensitive to temperature-induced modulus changes; therefore, the lag distance decreases with the increase in temperature.
The lag distance varies more at different test temperatures than at different TSD speeds, so the lag distance is more sensitive to the test temperature than the TSD speed. In addition, the variation of the lag distance is greater at lower temperatures (below 10°C) than at higher temperatures (greater than 20°C). Therefore, in order to minimize the lag distance difference caused by the test temperature variation, it is recommended to perform the TSD test in the warm season.
[bookmark: _Toc119062923]Field Lag Distance Evaluation
Based on field TSD measurements collected from in-service pavements in Tennessee, lag distances were calculated for various pavement structures and conditions. Field TSD slopes were collected using the TSD device operated by the Australian Road Research Council (ARRB) Group Inc. TSD slopes were measured at ten points (Doppler sensors are mounted at -18, -12, -8, 5, 8, 12, 18, 24, 36, and 60 inches in front of the load center), and lag distances were calculated by curve-fitting and interpolation. In addition to the interpolation error, the testing error of the TSD device is not negligible, especially when the TSD slope measurement is small. Therefore, in this study, the lag distance was calculated only for pavement sections with high TSD slopes, i.e., S5 (slope at 5 inches in front of the load center) is greater than 100μm/m.
[bookmark: _Hlk101370642]The percentage of fatigue crack area is usually used to reflect the fatigue condition of the pavement, and it can be divided into different levels to reflect the different stages of fatigue crack development. Wang et al. considered 3.6% as the cut-off point between the slow and rapid growth of fatigue cracking [26]. FHWA defines pavements with less than 5% fatigue cracks as good condition and those with more than 20% fatigue cracks as poor condition [27]. In this study, fatigue crack development was divided into four stages: no crack (0), early (0-5%), intermediate (5%-20%), and late (>20%), corresponding to pavement fatigue conditions of crack-free, good, fair, and poor, respectively.
Figure 5‑10 shows the lag distances for the field TSD routes (including all field pavement structures). Since the lag distance is greatly affected by the pavement structure, pavement sections of different structures cannot be directly compared. Therefore, Figure 5‑10 only provides an overview of the relationship between the field lag distance and pavement fatigue cracking. It can be found that the lag distance is the smallest for pavements without fatigue cracks. The lag distance increases gradually with increasing fatigue crack area (early-stage) and reaches a peak at the intermediate stage of crack development (5%-20%). Thereafter, the lag distance decreases as the fatigue crack area increases until fatigue failure occurs (late-stage). Note that under repeated loading, the lag distance shows the same pattern as the phase angle (Figure 5‑1). The four fatigue crack development stages: no crack, early, intermediate, and late, can be associated with the four characteristic regions of the phase angle, corresponding to the internal heating, micro-crack formation, crack formation, and breakdown, respectively.
However, in Figure 5‑10, the lag distances within each fatigue level vary considerably due to the inclusion of different pavement structures. In addition, there is a large overlap in the lag distances for different fatigue levels. Due to the great influence of the pavement structure, the lag distances for different pavement segments with unknown structures are not comparable. Figure 5‑11 shows the comparison of lag distances for different locations on the same road (assuming the same pavement structure). It can be found that for some road sections in Tennessee, the fatigue crack area is closely related to the lag distance. Although there are occasional differences, in general, the lag distance and fatigue crack area always follow the same trend. 
[bookmark: _Hlk116686059][bookmark: _Hlk116686189]The area of fatigue cracks does not always coincide with the lag distance. This can be explained as fatigue cracks explicitly reflect the fatigue condition of asphalt pavements, while the lag distance is an implicit indicator of the pavement fatigue condition. For example, some road sections show only a small amount of fatigue cracks, but with a large lag distance. In this case, it can be assumed that fatigue distress has already occurred in the AC material and more fatigue cracks are expected to appear soon. In Figure 5‑12, road SR-457-27 shows a small number of fatigue cracks (less than 3%), and the larger the lag distance, the more fatigue cracks there are. Similarly, on SR-372_92, fatigue cracking seems to follow the trend of lag distance, i.e., a few cracks start to appear at locations with relatively large lag distances. Therefore, the lag distance can be used to predict the initiation and growth of fatigue cracks. For pavements that are currently crack-free (SR-183_66, SR-366_27, SR-5_57), fatigue cracks are expected to initiate at locations with relatively large lag distances. 
Therefore, the lag distance can be used as an advance warning of pavement deterioration. The proposed lag distance method is complementary to the traditional fatigue cracking assessment for evaluating pavement fatigue conditions. In addition, the lag distance is a potential use of TSD measurements, whose main purpose is to non-destructively assess the pavement structural condition. Therefore, the use of the lag distance allows taking full advantage of TSD measurements without additional costs.
[bookmark: _Toc119062924]Conclusion
The phase angle, derived from the time lag between the peaks of stress and strain due to AC viscoelasticity, is considered a good indicator of the current fatigue condition of AC materials (the phase angle increases gradually with increasing fatigue levels until fatigue failure occurs). However, estimating the phase angle of existing AC layers from drilled core samples is destructive, expensive, and unsuitable for large-scale applications. Recently, a similar phenomenon of the lag between load and response has been observed in TSD deflection basins. This study investigated the potential of TSD deflection lag as a non-destructive indicator of pavement fatigue conditions. In addition to phase angle, the effects of other factors on the lag distance were investigated, including pavement structure, TSD moving speed, and test temperature. Field TSD data were used to verify the correlation between lag distance and fatigue cracking. Based on the analyses presented, the following conclusions are drawn:
· The lag distance increases almost linearly with the increase of phase angle (R2 of 99.9% for the linear regression). The lag distance increases uniformly with increasing fatigue levels until fatigue failure occurs.
· The lag distance increases as the AC thickness (AC modulus) increases or the subgrade modulus decreases. Therefore, the lag distances of different pavement sections with unknown structures are not comparable.
· The effects of AC thickness, AC modulus, and subgrade modulus can be integrated into a single factor, the effective thickness, and the lag distance is closely related to the equivalent thickness of the AC layer. 
· [bookmark: _Hlk116685206]The variation of TSD moving speed has little effect on the lag distance. However, the lag distance is more sensitive to the test temperature. The lag distance varies more at lower temperatures (below 10°C) than at higher temperatures (greater than 20°C). Therefore, it is recommended that TSD testing be performed in the warm seasons.
· The lag distance can be considered as an implicit indicator of the fatigue condition of the pavement to predict the initiation and growth of fatigue cracks. Fatigue cracking is expected to occur at locations with relatively large lag distances.
It should be noted that the proposed lag distance method is still under development. Due to the great influence of the pavement structure, the lag distances for different pavement segments with unknown structures are not comparable. Further investigation is recommended to quantify the effect of different pavement structure parameters on the lag distance in order to compare the fatigue levels (by lag distance) of different pavement structure sections. In addition, the decrease of AC modulus with increasing fatigue levels was not considered in this study, and further investigation is needed.
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[bookmark: _Ref114663596][bookmark: _Toc119062991]Figure 5‑1. AMPT cyclic fatigue test
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[bookmark: _Ref114663602][bookmark: _Toc119062992]Figure 5‑2. Lag in: (a) phase angle test; (b) in TSD deflection basin
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[bookmark: _Ref114663618][bookmark: _Toc119062993]Figure 5‑3. Relationship between AC fatigue condition, phase angle and deflection lag
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[bookmark: _Ref118819169][bookmark: _Toc119062994]Figure 5‑4. Dynamic modulus curves for the three AC materials
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[bookmark: _Ref114663625][bookmark: _Toc119062995]Figure 5‑5. TSD deflections of different phase angles
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[bookmark: _Ref114663641][bookmark: _Toc119062996]Figure 5‑6. Effect of pavement structure on lag distance: (a)importance ranking; (b) effect of AC thickness and subgrade modulus
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[bookmark: _Ref114663689][bookmark: _Toc119062997]Figure 5‑7. Lag distances of different: (a) AC thickness; (b) subgrade modulus
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[bookmark: _Ref114663716][bookmark: _Toc119062998]Figure 5‑8. Lag distance of different AC modulus
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[bookmark: _Ref114663732][bookmark: _Toc119062999]Figure 5‑9. Method of equivalent thickness (MET)
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[bookmark: _Ref114663737][bookmark: _Toc119063000]Figure 5‑10. Relationship between lag distance and fatigue cracking
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[bookmark: _Ref114663757][bookmark: _Toc119063001]Figure 5‑11. Lag distance for cracked pavements

[image: Diagram

Description automatically generated]
[bookmark: _Ref114663764][bookmark: _Toc119063002]Figure 5‑12. Lag distance for crack-free pavements
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	Layers
	Thickness (inch)
	Modulus (ksi)
	Poisson’s ratio

	AC 
	8
	-
	0.30

	Base
	9
	30
	0.35

	Subgrade
	-
	20
	0.40






[bookmark: _Ref118847015][bookmark: _Toc119062953]Table 5‑2. Lag distance of different phase angles
	Phase angle (degree)
	15
	25
	35
	45

	Lag distance (inch)
	1.25
	2.36
	3.67
	4.85






[bookmark: _Ref118819373][bookmark: _Toc119062954]Table 5‑3. Different pavement structures in 3D-Move simulations
	Levels
	Thickness (in.)
	Modulus (ksi)

	
	AC
	Base
	AC 
	Base 
	Subgrade

	Level 1
	12
	12
	-
	45
	30

	Level 2
	8
	9
	-
	30
	15

	Level 3
	4
	6
	-
	15
	5






[bookmark: _Ref118819398][bookmark: _Toc119062955]Table 5‑4. Lag distance at different test speeds
	AC characteristics
	Type I
	Type II
	Type III

	Modulus
	Rate-dependent 
	Rate-dependent 
	Constant

	Phase angle
	Rate-dependent
	Constant
	Constant

	Speed (mph)
	Lag distance (inch)
	Lag distance (inch)
	Lag distance (inch)

	10
	1.44
	2.25
	2.10

	20
	1.46
	2.41
	2.10

	30
	1.48
	2.51
	2.10

	40
	1.50
	2.58
	2.10

	50
	1.51
	2.64
	2.11

	60
	1.53
	2.68
	2.12






[bookmark: _Ref118819418][bookmark: _Toc119062956]Table 5‑5. Lag distance at different test temperatures
	Test temperature (°C)
	0
	10
	20
	30

	Lag distance (inch)
	1.88
	1.61
	1.49
	1.50
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AUTOMATIC CRACK DETECTION AND STRUCTURE CLASSIFICATION USING AUTOENCODER
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Currently used crack features are defined based on human experiences (length, area, etc.) and do not adequately reflect pavement crack information, making it difficult to relate pavement cracks to pavement structural conditions. This study proposed a computer-oriented method to extract crack features (called encoded features) from pavement crack images using the autoencoder, thus linking pavement cracks to their structural conditions. The original crack images (128*128 pixels) are compressed into the encoded features (4*4 pixels) by the proposed autoencoder. The encoded features are represented digitally and is difficult for humans to understand, but it retains as much useful information as possible and is therefore a more accurate representation of pavement cracks. On this basis, random forests (RF) classifiers were developed to classify the structural conditions (evaluated by deflection) of different crack images. The RF classifier trained on encoded features outperforms that trained on original images. For crack images with more than 20% cracks, longitudinal cracks on wheel paths play the most important role in the structure classification, and their presence indicates potential pavement structural weakness. However, for crack images with less than 5% cracks, cracks are randomly distributed and contain less structural information. Overall, it is recommended to encode crack features through autoencoders, which is beneficial for both data storage and structure classification.
[bookmark: _Toc119062929]Introduction
For decades, most pavement surface crack condition evaluations have been conducted manually. Although the highway agencies have realized some drawbacks, such as lower accuracy and lower efficiency [1], they have no or limited choice due to the less advanced data collection devices and the underdeveloped analytical algorithms. Nowadays, computerized technologies have undergone eye-catching advancements [2]. Large amounts of high-quality pavement surface crack image collections have become much easier. 
To complement the new data collection techniques, there have been some advances in the analysis algorithms for pavement crack images, but they still fall short of the advances in data collection. The characterization of pavement cracks has evolved from manually counting the number of cracks to extracting crack features through image processing algorithms [3] (Figure 6‑1(a)). However, such feature extraction (e.g., crack width, length, and area) is still based on human experiences [4,5]. There are some global or subtle features that cannot be generalized by human experiences, such as the shape and distribution of cracks, but may be important for accurate pavement evaluation. For example, pavement surface cracking should be related to the structural capacity of the pavement; however, some pavements show extensive cracking but are in good structural condition, or vice versa. This may be due to the fact that the currently used crack features (number, area, etc.) do not adequately reflect pavement cracking information. Therefore, new crack image processing and analysis algorithms are needed to be able to retain more crack features. 
In fact, there is no need to empirically extract crack features from crack images; the crack images themselves contain all the information about pavement cracks that may have known so far. Those crack features related to the structural condition of the pavement, if any, are hidden in the crack images. However, direct applications of crack images are rarely investigated due to limited data storage (an image typically contains 10k-500k pixels) and underdeveloped analytical algorithms [6]. With the development of computer technology, it has become possible to achieve accurate image dimensionality reduction through deep learning methods, such as the autoencoder [7,8]. The autoencoder is an unsupervised artificial neural network that learns how to efficiently compress the original image to obtain the encoded features [9]. The reconstruction is then performed from the encoded features to make it as close as possible to the original input [9]. Therefore, the encoded features retain as much crack information as possible and can even be used to reconstruct the original crack image, but at a much smaller size. 
To some extent, the autoencoder can also be considered a feature extraction method, and the encoded features are the extracted crack features [10]. Instead of extracting crack features based on human experience, the autoencoder is a computer-oriented method, i.e., the encoded features are represented in a digitalized manner and may be difficult for humans to understand (Figure 6‑1(b)). However, the encoded features retain as much useful information as possible and is therefore a more accurate representation of the crack features. The crack images encoded by the autoencoder may be able to capture crack features that are closely related to the pavement structural condition.
The objective of this study was to develop a computer-oriented method for automatic pavement crack evaluation. The autoencoder was used to reduce the dimensionality of crack images and retain useful crack features (encoded features). Based on the encoded feature, random forest classifiers were developed to classify crack images into strong and weak pavement structures. 
[bookmark: _Hlk115977212][bookmark: _Toc119062930]Autoencoder Development
[bookmark: _Toc119062931]Image pre-processing
The pavement crack images used in this study were collected by the Automatic Crack Detection (ACD) system equipped on the intelligent Pavement Assessment Vehicle (iPAVe), which is operated by the Australian Road Research Board (ARRB) [11]. The ACD system consists of two high-performance 3D sensors mounted on the rear of the iPAVe trailer. Each sensor consists of two main components: a high-power spread line laser and a high-speed 3D camera. When combined, the two 3D laser units project a 4-meter-wide laser line on the pavement surface consisting of more than 4,000 measurement points. By combining sequential transverse profiles, an image of the pavement surface can be built up, with only 5 mm between these profiles at 55 mph.
Figure 6‑2 shows the pre-processing steps of the crack images. The raw surface image is processed into a crack map by a proprietary Pavemetrics software algorithm [2], and all crack maps are provided by ARRB. By removing the pavement background from the crack map, an image with only cracks can be obtained. The size of the crack image usually varies from road segment to road segment, with an average size of about 600*500 pixels. The crack images were resized to the same size (128*128 pixels) for subsequent programming implementation. The color variation indicates the average width of each crack. In this study, RGB images (3 channels) were converted to binary images (1 channel).
[bookmark: _Toc119062932]Autoencoder configuration
The proposed autoencoder is inspired by the basic theory of U-net [12–14] with a similar U-shape, as shown in Figure 6‑3. Each blue box in the figure represents a multi-channel feature map. The values above the boxes represent the number of kernels. The size of the feature map is also given. The autoencoder can be divided into the encoder (left) and the decoder (right). The pre-processed binary crack images are used as inputs to provide information to the encoder. The encoder extracts the crack features using successive convolutional and pooling layers. For simplicity, fixed convolutional kernel size (3*3) is used to extract multi-level features [15]. The max-pooling operation is selected over the mean pooling based on the consideration that the cracks have the highest contrast with the background (non-crack area) [16]. After five max-pooling operations, the size of the feature map (4*4 pixels) is reduced to 1/322 of the original crack input (128*128 pixels). Neural networks typically get deeper and deeper because more complex and nonlinear relationships can be better learned from deeper neural networks [15,17]. However, the goal of the proposed autoencoder is to reduce the size of the crack images while retaining as much useful information as possible. Therefore, the depth of the proposed autoencoder, i.e., the number of kernels, first increases (from 16 to 32 to 64) and then decreases (from 64 to 32 to 16 to 4 to 1). The output of the encoder (the encoded feature) is the smallest feature map obtained in the encoder part, with a size of 4*4*1.
On the right side, the output of the encoder (the encoded feature) is fed to the decoder. The corresponding five-level transpose convolutions (up-convolutions) are conducted consecutively to restore the size of the encoded features (4*4 pixels) to the original size (128*128 pixels). The number of kernels in the transpose convolution direction is symmetrical to the encoder. Finally, the reconstructed crack image can be found in the output of the decoder. It should have the same size as the original input [12]. Compared with the original input, the size of the encoded features is greatly reduced after the encoding operation, and the loss of information caused by the smaller size is difficult to be compensated for. Therefore, the reconstructed image should be obviously different from the original input, but still reflects most of the crack features.
In addition, it is noteworthy that there is no concatenate layer in the proposed autoencoder. In the typical U-net, feature maps of the same size in the encoder and decoder are copied and added at each level of up-convolutions, which is called the “concatenate operation” [16]. The concatenate layer facilitates minimizing the backward loss in training because it provides additional useful information beyond the encoded features [18]. With the help of the concatenate layer, the performance of the reconstructed image will be boosted, however, the concatenate layer will also be an essential input to the reconstructed images. Then, the reconstructed image cannot be reconstructed by the encoded features only. It cannot force the encoded features to contain as much useful information as possible, nor can it achieve image dimensionality reduction. Therefore, the proposed autoencoder does not include the concatenate layer.
[bookmark: _Toc119062933]Autoencoder training
The proposed autoencoder has a total of 253,682 parameters (1,650 parameters are non-trainable), of which 108,529 are for the encoder and 145,153 are for the decoder. A total of 10,304 crack images were used in the autoencoder development, of which 50% were randomly selected as the training data to train the autoencoder, while the rest were kept as the test data. During the training process, 50% of the training data (with replacement) were randomly selected for validation in each epoch. Both the original inputs and the ground truth of the autoencoder are the pre-processed binary crack images. The batch size was 64 and the learning rate was gradually adjusted from 0.01 to 0.0001 during the training process. The binary cross-entropy was employed as the loss function, and the test loss was reduced from 0.8630 to 0.2557 after 745 epochs.
[bookmark: _Toc119062934]Autoencoder Evaluation
As shown in Figure 6‑4, six crack images with different numbers of cracks were randomly selected for encoding and decoding to show the performance of the proposed autoencoder. The original input of the autoencoder is the pre-processed binary crack images. The original inputs (128*128 pixels) are reduced to the encoded features (4*4 pixels) by the encoder, and the encoded features are restored to the reconstructed image (128*128 pixels) by the decoder.
It can be found that the original input and the reconstructed image are roughly similar, and the reconstructed images are able to reflect most of the crack features in the original input. The amount, shape, and distribution of pavement cracks are well reconstructed from the encoded features, so most crack features can be captured by the encoded features. However, due to the greatly reduced dimensionality of the encoded feature, there are still differences between the original input and the reconstructed image; specifically, the autoencoder is good at identifying cracks in the longitudinal direction, while cracks in the transverse direction are difficult to be reconstructed by the proposed autoencoder. This is because longitudinal cracks are often observed in the pavement centerlines and wheel paths, and they are more continuous and can be connected from pixel to pixel, making them easier to compress and store. For cracks in the transverse direction, they are more discontinuous, random, and irregular, making them difficult to compress and reconstruct. For images with a small number of cracks, the over-dominance of longitudinal cracks is more obvious, while for images with a large number of cracks, both longitudinal and transverse cracks can be recognized.
The encoded features are the most important intermediate of the autoencoder, which retains most crack features while having a very small size. However, it is represented digitally and is too abstract to be understood. Figure 6‑5 is an attempt to explain the meaning of the encoded feature. As shown in Figure 6‑5(a), the 4*4 pixels of the encoded features can be represented by 16 variables, namely X1, X2, …, and X16. In order to figure out what each of the 16 variables refers to, assume that one variable is 1 and the other 15 variables are all 0. These 16 variables (reshaped as 4*4) are then fed to the decoder to obtain the reconstructed plot. The reconstructed plot (128*128 pixels) is easier to understand because it is an approximation of the actual pavement crack image.
Figure 6‑5(b) shows the matrix of assumed encoded plots (1 for one variable and 0 for the other 15 variables) corresponding to the 16 variables. Figure 6‑5(c) is the corresponding matrix of reconstructed plots obtained from assumed encoded plots, each subplot representing one variable in the encoded feature. The subplot positions in Figure 6‑5(a) & (b) & (c) correspond to each other. It can be found that X5, X9, and X13 represent cracks near the left edge of the pavement, while X8, X12, and X16 represent cracks near the right edge of the pavement. X7, X11, and X15 represent longitudinal cracks on the right wheel path, while X10 and X14 represent longitudinal cracks on the left wheel path (near the pavement centerline). Therefore, the encoded feature corresponds well to the actual crack image or the original input. It should be noted that the 16 variables in the encoded features may not be independent but interrelated, so Figure 6‑5(c) is only one possible interpretation of the encoded feature.
[bookmark: _Toc119062935]Structure Classification for Crack Images
The pavement structural condition refers to the ability of the pavement to withstand traffic loads and weather conditions, and it is the underlying reason for pavement surface cracking. Generally, strong pavement structures tend to show few cracks, while weak pavement structures tend to show a large number of cracks. However, the opposite also happens. Some pavements show extensive cracking but are in good structural conditions, or vice versa. Identifying these counter-intuitive pavement sections (widely cracked but structurally sound, less cracked but structurally weak) facilitates more appropriate decisions on maintenance and rehabilitation (M&R) strategies, thereby helping to optimize the use of limited funds.
FHWA defines pavements with less than 5% fatigue cracks as good condition and those with more than 20% fatigue cracks as poor condition [19]. Two random forests (RF) classifiers were developed to classify pavement structures for crack images with more than 20% cracks and for crack images with less than 5% cracks, respectively. The pavement structural condition was assessed by the pavement deflection collected by the traffic speed deflectometer (TSD). In addition to the ACD system, the iPAVe is also equipped with the TSD device so that TSD deflections and pavement crack images can be collected simultaneously [20]. Based on field TSD deflections (and crack images) collected in Tennessee, the pavement structure can be classified into two levels:
· Strong structure: TSD deflection at the loading center is less than 5 mils.
· Weak structure: TSD deflection at the loading center is greater than 20 mils.
[bookmark: _Toc119062936]Structure classification for crack images with more than 20% cracks
RF classifier development
For crack images with more than 20% cracks, the RF classifier was developed to classify their structural conditions. As shown in Figure 6‑6, two different RF classifiers were trained on the original inputs (128*128 pixels) and on the encoded features (4*4 pixels), respectively. There are 2109 crack images with more than 20% cracks, of which 1591 are strong structures and 518 are weak structures. 80% of the crack images were randomly selected as the training dataset, while the remaining 20% were retained as the test dataset. 
To tune hyperparameters in the RF classifier, the randomized search combined with 3-fold cross-validation was performed for 100 iterations based on the training dataset [21]. Table 6‑1 shows all hyperparameters considered in this study [22] and the optimized hyperparameters for each RF classifier.
RF classification performance
Table 6‑2 shows the performance of each RF classifier evaluated on the test dataset, including accuracy, precision, recall, and F1-score. Considering the imbalance of the dataset, the balanced accuracy is also calculated. It can be found that in terms of accuracy, the RF classifier trained on the encoded features (0.97) performs better than the RF classifier trained on the original inputs (0.93), especially for the balanced accuracy (0.96 vs. 0.87). In addition, the various performance metrics of the RF classifier trained on the encoded features are more balanced and stable. This is because there are 16384 (128*128) predictors in the original input, which increases the difficulties of training the RF classifier. However, the encoded feature has only 16 (4*4) predictors, which makes the training of the RF classifier much easier and with less overfitting. In addition, it is verified from the side that the encoded features can capture most crack patterns in the actual crack images and contains sufficient information about the pavement structural condition. The encoded features are more valuable than the original input because it is smaller in size, contains complete pavement crack and structural information, and can be used to predict pavement structural conditions.
RF variable importance
Variable importance is a key concept in machine learning that refers to the relative importance of each variable in the training data [23]. Determining variable importance is one of the key steps in the machine learning model development pipeline. Using the RF classifier, the variable importance can be measured by the average impurity decrease calculated over all decision trees in the forest, i.e., the Gini index [24]. The variable importance helps to understand which variables are most important to the RF classifier and makes the RF classifier more interpretable.
Figure 6‑7(a) and (b) show the relative variable importance of the RF classifier (for crack images with more than 20% cracks) trained on the original inputs and on the encoded features, respectively. From Figure 6‑7(a), it can be found that for crack images with more than 20% cracks, longitudinal cracks on the wheel path play the most important role in the structure classification. Cracks at other locations are less important. This may be due to the fact that the wheel path cracks are mainly caused by the traffic load, while cracks at other locations may be caused by other factors, such as temperature variations. Load-induced cracks are more closely related to the pavement structural condition. It should be noted that the TSD's Doppler lasers are mounted on a servo-hydraulic beam near the rear axle (on the centerline of the right dual tire). The TSD measures the pavement deflection on the centerline of the right dual tire. Therefore, in Figure 6‑7(a), cracks on the right wheel path seem to be more significant than cracks on the left wheel path, but this may not be the case. 
Compared to Figure 6‑7(a), Figure 6‑7(b) is more abstract and less interpretable, because it is obtained from the RF classifier trained on the encoded features. Corresponding to Figure 6‑5, it can be found that X15 is the most important variable, representing cracks on the right wheel path. X13 also contributes significantly to the structure classification, representing cracks at the left edge of the pavement (near the left wheel path). The same is true for X9 and X11. Therefore, although it looks different at the first glance, the variable importance of the FR classifier trained on original inputs is essentially the same as that trained on the encoded features. In structural classification, the RF classifier extracts the same information from the original inputs and the encoded features.
Figure 6‑8 shows the comparison of strong and weak structures for crack images with more than 20% cracks, and five examples were randomly selected for each category. For strong structures in Figure 6‑8(a), no cracks are found on the right wheel path, and X15 in the encoded features are all less than 0.5. For weak structures in Figure 6‑8(b), there are many cracks on the wheel path, and X15 in the encoded features are all greater than 0.5. Therefore, cracks on the wheel path (X15 greater than 0.5) indicate potential pavement structure weakness.
[bookmark: _Toc119062937]Structure classification for crack images with less than 5% cracks
RF classifier development
For crack images with less than 5% cracks, the RF classifier was developed to classify their structural conditions. Similarly, two different RF classifiers were trained from the original inputs (128*128 pixels) and from the encoded features (4*4 pixels), respectively, as shown in Figure 6‑9. There are 2311 crack images with less than 5% cracks, of which 590 are strong structures and 1721 are weak structures. 80% of the crack images were randomly selected as the training dataset, while the remaining 20% were retained as the test dataset. To tune hyperparameters in the RF classifier, the randomized search combined with 3-fold cross-validation was performed for 100 iterations based on the training dataset. Table 6‑3 shows all hyperparameters considered and the optimized hyperparameters for each RF classifier. 
RF classification performance
Table 6‑4 shows the testing performance of each RF classifier in terms of accuracy, balanced accuracy, precision, recall, and F1-score. It can be found that although the accuracies are similar (0.83 vs. 0.82), the balanced accuracy of the RF classifier trained on the encoded features (0.74) is higher than that trained on the original inputs (0.69). Similarly, the various performance metrics of the RF classifier trained on the encoded features are more balanced and stable. Therefore, the same conclusion can be drawn that the encoded features rather than the original inputs are recommended for structure classification. 
Overall, the classification performance of crack images with less than 5% cracks is not as good as that of crack images with more than 20% cracks.  Especially for strong structures, the recalls (and F-1 scores) of both RF classifiers are unsatisfactory, which means that a significant portion of strong structures is misclassified. This may be due to the fact that for crack images with less than 5% cracks, cracks are rather randomly distributed and contain less structural information. Even in the encoded features, only a few crack features are learned.
RF variable importance 
Figure 6‑10(a) and (b) show the relative variable importance of the RF classifier (for crack images with less than 5% cracks) trained on the original inputs and on the encoded features, respectively. From Figure 6‑10(a), it can be found that for crack images with less than 5% cracks, cracks on the wheel path are relatively more important than cracks at other locations, but the importance difference is not significant. The same is true for the encoded features in Figure 6‑10(b), where all 16 variables seem to have an equal impact on the structural classification, with X14 (cracks on the left wheel path) and X15 (cracks on the right wheel path) being slightly more important.
Figure 6‑11 shows the comparison of strong and weak structures for crack images with less than 5% cracks, and five examples were randomly selected for each category. There is no significant difference between crack images of strong and weak structures.
[bookmark: _Toc119062938]Conclusion
In this study, a computer-oriented method was developed to extract crack features (encoded features) from pavement crack images using the autoencoder, thus linking pavement cracks to their structural conditions. The original pavement crack images (128*128 pixels) are compressed to the encoded features (4*4 pixels) by the proposed autoencoder. Two RF classifiers were developed to classify pavement structures for crack images with more than 20% cracks and for crack images with less than 5% cracks, respectively. Based on the analyses presented, the following conclusions are drawn:
· The original crack images (128*128 pixels) are compressed to the encoded features (4*4 pixels) by the proposed autoencoder. The encoded features are able to capture most features of pavement cracks (e.g., number, shape, and distribution), while having a very small size. 
· Longitudinal cracks on the pavement surface are more regular, while cracks in the transverse direction are more discontinuous, random, and irregular. The autoencoder is more capable of identifying longitudinal cracks than it is of identifying transverse cracks. 
· RF classifiers trained on encoded features outperform those trained on original inputs. The huge size of the original input (128*128 pixels) increases the difficulty of training the RF classifier, while the small size of the encoded features reduces the risk of overfitting. The encoded features rather than the original images are recommended for pavement structure classification.
· Some pavements show extensive cracking but are in good structural conditions. For crack images with more than 20% cracks, it contains sufficient structural information so that strong and weak pavement structures can be classified with high accuracy (0.87 for the original input and 0.96 for the encoded feature). Longitudinal cracks on the wheel path play the most important role in the structure classification, and their presence indicates potential pavement structural weakness. 
· Some pavements show few cracks but are in poor structural conditions. For crack images with less than 5% cracks, cracks are randomly distributed and contain less structural information. The accuracy of structure classification is unsatisfactory, with 0.69 for the original input and 0.74 for the encoded feature. 
Overall, it is recommended to encode the original crack images without loss of crack information, which is beneficial for both data storage and structure classification.
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[bookmark: _Ref118846937][bookmark: _Toc119063003]Figure 6‑1. Pavement crack evaluation: (a) human-oriented; (b) computer-oriented
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[bookmark: _Ref116229161][bookmark: _Toc119063004]Figure 6‑2. Crack image pre-processing
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(a)                                      (b)                                       (c)
[bookmark: _Ref116229191][bookmark: _Toc119063007]Figure 6‑5. Encoded features: (a) schematic diagram; (b) assumed encoded plots; (c) corresponding reconstructed plots
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(a)                                                      (b)
[bookmark: _Ref116229260][bookmark: _Toc119063008]Figure 6‑6. Structure classification of cracks more than 20%: (a) original inputs (128*128 pixels); (b) encoded features (4*4 pixels)
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[bookmark: _Ref116229275][bookmark: _Toc119063009]Figure 6‑7. Variable importance of RF classifiers for cracks more than 20%: (a) original inputs (128*128); (b) encoded features (4*4)
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(a)                                                  (b)
[bookmark: _Ref116229310][bookmark: _Toc119063010]Figure 6‑8. Cracks more than 20%: (a) strong structure; (b) weak structure
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(a)                                                                    (b)
[bookmark: _Ref116229333][bookmark: _Toc119063011]Figure 6‑9. Structure classification of cracks more than 20%: (a) original inputs (128*128 pixels); (b) encoded features (4*4 pixels)
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(a)                                                                     (b)
[bookmark: _Ref116229344][bookmark: _Toc119063012]Figure 6‑10. Variable importance of RF classifier for cracks less than 5%: (a) original inputs (128*128); (b) encoded features (4*4)
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(a)                                          (b)
[bookmark: _Ref116229385][bookmark: _Toc119063013]Figure 6‑11. Cracks less than 5%: (a) strong structure; (b) weak structure


[bookmark: _Ref118847082][bookmark: _Hlk116166667][bookmark: _Toc119062957]Table 6‑1. Hyperparameters of RF classifiers for cracks more than 20% 
	Hyperparameter
	Description
	Possible values
	Optimized values

	
	
	
	Original inputs (128*128 pixels)
	Encoded features 
(4*4 pixels)

	n_estimators
	number of trees
	50-500
	300
	250

	max_depth
	maximum depth of a tree
	100-500
	260
	460

	max_features
	number of features for split
	[log2, sqrt]
	sqrt
	sqrt





[bookmark: _Ref116229482][bookmark: _Toc119062958]Table 6‑2. Performance of RF classifiers for cracks more than 20% 
	Performance metrics
	Original inputs (128*128 pixels)
	Encoded features (4*4 pixels)

	
	strong structure
	weak structure
	strong structure
	weak structure

	Precision
	0.92
	0.99
	0.98
	0.96

	Recall
	1
	0.73
	0.99
	0.92

	F-1 score
	0.96
	0.84
	0.98
	0.94

	Accuracy
	0.93
	0.97

	Balanced accuracy
	0.87
	0.96







[bookmark: _Ref116229492][bookmark: _Toc119062959]Table 6‑3. Hyperparameters of RF classifiers for cracks less than 5% 
	Hyperparameter
	Description
	Possible values
	Optimized values

	
	
	
	Original inputs (128*128 pixels)
	Encoded features 
(4*4 pixels)

	n_estimators
	number of trees
	50-500
	350
	300

	max_depth
	maximum depth of a tree
	100-500
	500
	200

	max_features
	number of features for split
	[log2, sqrt]
	log2
	log2





[bookmark: _Ref116229499][bookmark: _Toc119062960]Table 6‑4. Performance of RF classifiers for cracks less than 5%
	Performance metrics
	Original inputs (128*128 pixels)
	Encoded features (4*4 pixels)

	
	strong structure
	weak structure
	strong structure
	weak structure

	Precision
	0.93
	0.80
	0.82
	0.83

	Recall
	0.38
	0.99
	0.52
	0.95

	F-1 score
	0.54
	0.89
	0.64
	0.89

	Accuracy
	0.82
	0.83

	Balanced accuracy
	0.69
	0.74




[bookmark: _Toc119062941]
CONCLUSION
 




[bookmark: _Toc119062942]Conclusions
The proposed doctoral study investigated the application of TSD deflection in network-level pavement evaluation, and five tasks were included: 1) developed a speed correction method for TSD deflections based on the time and temperature superposition principle; 2) developed a new approach to determine the pavement SN with TSD measurements by modifying the FWD-based AASHTO procedure; 3) explored the potential use of TSD slopes in pavement evaluation, including replacing deflection index, estimating the inflection point location, and calculating the deflection lag distance; 4) investigated the feasibility of assessing pavement fatigue conditions from TSD deflection lag; 5) developed a computer-oriented method for automatic pavement crack detection and structure classification from pavement crack images. The following is a summary of the major findings:
· The effects of speed (loading time) and temperature on TSD deflections are equivalent, so the speed effect on pavement responses can be evaluated by the concept of “pseudo temperature”. TSD deflection is more sensitive to temperature than speed.  At normal TSD driving speeds (20-60 mph), a 10 mph increase in speed is approximately equivalent to a 1°C decrease in temperature.
· The loading frequency of a TSD is lower than that of an FWD, and the AC layer exhibits lower stiffness under a TSD. The TSD-based AASHTO SN is generally smaller than the FWD-based SN (error of 0.74). The TSD-based SN can be calibrated by AC thickness.
· Deflection is not directly related to the AC thickness. The introduction of SCI_12 is a good complement to the deflection and can help to identify weak AC layers. However, the deflection slope correlates well with the AC thickness. The TSD slope itself can be used to identify weak asphalt layers and subgrades without introducing additional indices. S5 and S60 (slopes at 5 inches and 60 inches in front of the load center) are recommended to indicate the strength of the asphalt layer and subgrade, respectively.
· The lag distance increases with increasing fatigue levels until fatigue failure occurs. The lag distance is also related to pavement structures, temperature, and speed. For the same pavement structure, it is possible to identify the fatigued section by comparing the lag distance. Fatigue cracking is expected to occur at locations with relatively large lag distances.
· It is recommended to encode the original crack images without loss of crack information, which is beneficial for both data storage and structure classification. For crack images with more than 20% cracks, longitudinal cracks on the wheel path play the most important role in the structure classification, and their presence indicates potential pavement structural weakness.




[bookmark: _Toc119062943]VITA
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