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ABSTRACT

Recent research studies have shown the usefulness and applicability of traffic-speed
deflection devices (TSDDs) in support of network-level pavement management processes. There
is, however, no accepted procedure for verification of the TSDD measurements, and
consequently, some State highway agencies have reservations about implementing them in their
network-level pavement management efforts. To address this need, NCHRP Project 10-105 was
undertaken to develop a proposed TSDD verification procedure for consideration by the
American Association of Highway Transportation Officials. A two-phase approach was executed
to accomplish the stated objective. The project commenced with an information-gathering effort,
and the results were used to develop a list of relevant deflection measurement characteristics and
factors affecting them. Field experiments were then carried out in Minnesota, and the resulting
data were used to develop the falling weight deflectometer-TSDD relationships—to estimate
TSDD deflection velocities from measured FWD deflections—required by the TSDD
verification procedure. A draft of the proposed practice was prepared around these relationships,
and it was revised based on the outcomes from field tests in Texas and Virginia. The findings of
the research are documented in this report and the proposed practice is included as an
attachment. These findings are based on measurements by one device and may not apply to other
devices; however, the general approach should be applicable in verifying other devices.

xii
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CHAPTER 1. INTRODUCTION

PROBLEM STATEMENT

State highway agencies (SHAs) have traditionally relied on surface conditions, such as ride
quality and distresses, to characterize the condition of their pavement network and to assess their
maintenance and rehabilitation needs. However, surface conditions do not adequately reflect the
structural condition of the pavements, which is an important driver of deterioration. Ignoring
structural condition can result in less-than-optimal treatment selection at the network level.
Moreover, the correlation between surface conditions and structural measurements is weak
(Flora 2009, Bryce et al. 2012), while the rate of pavement deterioration is affected by the
structural condition (Katicha et al. 2016). Incorporating structural conditions, along with surface
conditions, into the pavement management decision-making process can lead to better-informed
and more cost-effective decisions (Ferne et al. 2013, Zaghloul et al. 1998, Steele 2015).

Several SHAs have used falling weight deflectometer (FWD) measurements to enhance their
network-level pavement management processes (Flintsch and McGhee 2009, Katicha et al.
2013), but FWDs are not practical devices for network-level testing. The limitations of the FWD
and the desire to characterize the network-level structural condition have led to research efforts
to investigate, validate, and demonstrate traffic-speed deflection devices (TSDDs). These include
the Second Strategic Highway Research Program 2 (SHRP 2) RO6(F) (Flintsch et al. 2013), two
Federal Highway Administration (FHWA)-sponsored research projects (Rada and Nazarian
2011, Rada et al. 2016), two national Transportation Pooled Fund (TPF) studies TPF-5(282)
(Katicha et al. 2017) and TPF-5(385), and State-sponsored projects in Louisiana (Elseifi et al.
2012), Texas (Stokoe et al. 2011), and Virginia (Katicha et al. 2020).

These research efforts have shown the usefulness and applicability of TSDDs, but no widely
accepted practices for verifying the TSDD measurements are currently available. Consequently,
there was an urgent need for developing a TSDD verification procedure. The purpose of the
verification procedure is to check that TSDD-measured data reflects the actual pavement
deflections.

PROJECT OBJECTIVE

The objective of the research carried out under National Cooperative Highway Research
Program (NCHRP) Project 10-105 was to develop a proposed practice for verification of the
measurements obtained by TSDDs on highway pavements for consideration by the American
Association of Highway Transportation Officials (AASHTO).

RESEARCH APPROACH

NCHRP Project 10-105 commenced with a literature review to identify relevant deflection
measurement characteristics and the factors that affect them. The literature review results
confirmed that loading characteristics and pavement structure and properties are critical and that
deflections are affected by temperature, moisture, and aging. Moreover, it was determined that
the development of the TSDD measurements verification procedure would benefit from the
instrumentation of pavement test sections. Consequently, field experiments were conducted at
the MnROAD facility in Minnesota, and they produced the instrumentation, FWD, and TSDD
data needed to develop the FWD-TSDD relationships—to estimate TSDD deflection velocities
from measured FWD deflections—required by the proposed practice.

1
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The resulting FWD-TSDD relationships were field tested at pavement sections in Virginia
and Texas, which offered varying pavement structure, subgrade soil, traffic, and environmental
conditions. The field test results were first used to validate and calibrate the FWD-TSDD
relationships that resulted from the MnROAD field experiments. They were then used to prepare
the draft of the proposed practice. Finally, a report documenting the entire research effort was
prepared, which includes the proposed practice as an attachment.

When formulating this research approach, it was anticipated that multiple TSDDs would be
included in the field experiments and testing, but only one device could be used. Therefore, the
findings of this research are based on measurements by one device and those findings may not
apply to other devices. However, the general approach should be applicable in verifying other
TSDDs.

REPORT ORGANIZATION

This final report is organized into seven chapters. Chapter 1 provides the problem statement
and project objective, summarizes the research approach, and describes the report’s organization.
Chapter 2 details the literature review as well as the resulting list of relevant deflection
measurement characteristics and factors that affect them. The field-testing experiments carried
out at the MnROAD facility and the validation of the resulting TSDD measurements are detailed
in Chapter 3. The development of the FWD-TSDD relationships required to estimate TSDD
deflection velocities from FWD deflections are detailed in Chapter 4. The validation and
calibration of the FWD-TSDD relationships based on the Texas and Virginia field testing results
are detailed in Chapter 5, while the development of the recommended proposed practice is
addressed in Chapter 6. The most salient findings, conclusions, and recommendations from the
research effort are detailed in Chapter 7. The references used throughout the report are included
after Chapter 7.

In addition to the referenced chapters, this report includes three appendices: Appendix A
documents the effects of spatial averaging on the TSDD measurements, Appendix B documents
the evaluation of the 3D-Move models, and Appendix C documents the evaluation of the FWD-
TSDD relationships. The report also includes one attachment containing the proposed practice
for verification of TSDD measurements.
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CHAPTER 2. LITERATURE REVIEW

The objective of the literature review was to gather information related to TSDD
measurements, with a focus on available technologies, deflection measurement characteristics,
and verifications. The literature defines continuous deflection devices (CDDs) (Flintsch et al.
2013) or moving measurement platforms (MMPs) (Andersen et al. 2017, Madsen and Pedersen
2019) as a group of devices that measure the surface deflections produced by the device’s weight
as it travels over the pavement. TSDDs are a sub-group of these devices, which measure
pavement deflections at or near traffic speeds (35 mph [55 km/h] or higher, as defined by
Flintsch et al. 2013, or 25 mph [40 km/h] or higher as defined by Elseifi et al. 2011).

The development of TSDDs began in the 1990s, with the initial working prototypes released
in the late 1990s and early 2000s (Arora et al. 2006, Hildebrand and Rasmussen 2002). After
those early prototypes, numerous studies have been performed to assess their performance and
how to best use them for pavement structural evaluations. A few example studies include Rada
and Nazarian 2011, Rada et al. 2016, Flintsch et al. 2013, Elseifi and Elbagalati 2017, Arora et
al. 2006, Rada and Nazarian 2011, and Flintsch et al. 2013 in the United States and Andrén 2006
and Brezina and Stryk 2015 abroad.

AVAILABLE TECHNOLOGY

The road deflection tester (RDT), rolling wheel deflectometer (RWD), rapid pavement tester
(RAPTOR) and traffic speed deflectometer (TSD) were identified in the literature and considered
for use in the project.

RDT

The RDT was developed by the Swedish National Road and Transport Research Institute
(VTI) during the 1990s for network-level pavement structural evaluations (Andrén 1999, 2006).
Andrén (2006) provides the RDT development history, from its early prototype stage to the first
trial runs on in-service pavements. The RDT used a modified single-unit truck with the engine at
the back to redistribute the weight towards the rear axle, and the dual wheels in the rear axle
were substituted by super-wide single tires. During testing, a load of 25,117 1b. (112 kN) was
applied via the rear axle (Andrén 2006).

The RDT deflection measurements were taken using two arrays of 20 laser sensors
symmetrically distributed and mounted on an 8.2-ft (2.5-m) aluminum bar perpendicular to the
direction of travel; i.e., the deflection bowl was measured perpendicular to traffic unlike other
TSDDs that measure the deflection bowl in the travel direction. One array was located 1.6 ft
(0.50 m) behind the rear axle and the other 8.2 ft (2.5 m) in front of the rear axle. The first array
collected data from the deflection basin caused by the rear axle load, while the other array
collected measurements from a non-deflected area (Andrén 2006). RDT deflections were
sampled at a 1-kHz frequency, which at a travel speed of 44 mph (70 km/h) yielded deflection
basins at 19.4-mm (0.76-in.) intervals (Andrén 1999). However, to account for road roughness
that resulted in the truck bouncing, the deflection measurements were spatially averaged at about
164-tt (50-m) intervals (Andrén 1999). The 164 ft (50 m) averaging was considered adequate
because the top speed of the truck was 56 mph (90 km/h =25 m/s) and the bouncing frequency
was lower than 2 Hz. The resulting data were used to compute various deflection parameters,
including the “deflection area” (area of deflection profile) and “wire deflection area” (area
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between deflection profile and line drawn between left-most and right-most points) (Andrén and
Lenngren 2002, Andrén 2006).

In 1997, the RDT became the property of the Swedish VTI (Andrén 2006), while Rada and
Nazarian (2011) reported that further RDT development had stopped.

RWD

The RWD was developed by Applied Research Associates (ARA) in collaboration with the
FHWA. Development commenced in the 1990s, and a first-generation unit was launched in 2003
for demonstration projects throughout the United States (Arora et al. 2006, Rada and Nazarian
2011, Wilke 2014, Steele et al. 2015, Flintsch et al. 2013, Rada et al. 2016). This device
measured the deflection basin produced by the load applied by its rear axle—a dual-wheel single
axle with a total load of 18 kips (80 kN). The RWD instrumentation was mounted on a 53-feet-
long (16.2-m) trailer to isolate the rear axle basin from the deflections produced by the tractor
unit axles. The trailer was climate-controlled to maintain the sensing equipment at a constant
temperature (Rada and Nazarian 2011, Steele et al. 2015).

In the first-generation RWD, the deflection measuring system consisted of four triangulation
lasers mounted on a longitudinal beam ahead of the trailer’s rear axle. The lasers had a resolution
of 0.7 mils (18 um) with an accuracy of 0.2% of the measuring range (Steele et al. 2002). The
pavement deflection was calculated using the spatially coincident methodology first proposed by
Dickerson and Mace (1976) and developed by Harr and Ng-A-Qui (1977). The data sampling
frequency was 2 kHz (which at 55 mph [88 km/h] returns a measurement every 0.5 in. [12.7
mm]), but measurements were spatially averaged at 100 ft (33 m) (Arora et al. 2006, Flintsch et
al. 2013, Rada et al. 2016) or 0.1-mile (0.16-km) intervals (Steele et al. 2015, Rada et al. 2016).
Although the lasers themselves had a resolution of 0.7 mils (18 pum) and an accuracy of 0.2
percent of the measuring range, the random measurement errors were affected by factors such as
pavement surface texture and roughness. These errors were larger than 4 mils (102 um) for the
data averaged over 1 m, which is larger than the laser resolution (Elseifi et al. 2012).

After the Rada et al. (2016) evaluation, the RWD underwent a redesign of the deflection
measuring system. This redesign is documented in Steele (2020) and some of the more
significant changes, as detailed in Steele (2020), are summarized over the remainder of this
paragraph. The laser measuring system was replaced with a camera light combination called
RWD-Vision. The new system allowed for measurement of the full deflection basin as opposed
to specific spot deflections obtained from the lasers. The determination of pavement deflections
still relied on the spatially coincident methodology, but with two images—one of the undeflected
pavement and another of the deflected pavement. Light-emitting diodes (LEDs) were used to
light the areas captured by the cameras to reduce the changes in lighting conditions between the
deflected and undeflected images. Customized image-processing software was used to determine
pavement deflections based on the two captured images. The imaging system captured the
pictures of the pavement every 25 ft (7.62 m), and the deflection basins were reported as the
average deflection over 500-ft (152.4-m) intervals.

RAPTOR

The RAPTOR was jointly developed by Dynatest and the Technical University of Denmark.
The truck’s trailer unit encases the deflection measurement instrumentation, the independent
wheels with their corresponding suspension system, and additional weight units to adjust the load
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to 11.2 kips (50 kN) on each rear wheel (Andersen et al. 2017, Athanasiadis and Zoulis 2019,
Skar et al. 2020). The device uses an array of 12-line lasers—located ahead and behind the
vehicle’s rear wheels and mounted onto a beam—to scan a strip of the pavement (Andersen et al.
2017, Deep et al. 2020). Each line laser sweeps an 8-in. (200-mm) long transverse line. All lasers
measure the distance to the pavement surface and the pavement texture at a frequency of 4 kHz.
Proprietary image correlation software detects specific features in the pavement texture and uses
those to match the imagery from all sources and different timestamps. A gyroscope and
accelerometer are mounted on the support beam to measure the changes in its horizontal and
vertical alignments. Unlike other TSDDs, the pavement response is measured by the RAPTOR at
an offset from the wheel load travel path.

Andersen et al. (2017), Madsen and Pedersen (2019), Athanasiadis and Zoulis (2019), and
Skar et al. (2020) report that pavement deflections are determined from RAPTOR measurements
by the spatially coincident methodology, based on a principle like the one used by the ARA
RWD. Unlike the ARA RWD, where the three reference laser sensors are placed far from the
wheel load to measure the undeflected pavement, the RAPTOR sensors are more closely spaced
so that two spatially coincident measurements occur in the deflected pavement.

The measurement obtained from the RAPTOR consists of the curvature, which is a second-
order differential equation of the deflections (Andersen et al., 2017). Another important factor
considered by the RAPTOR that is not considered by the RWD is the horizontal rotational
movement of the beam on which the sensors are mounted. This rotation results in a variable
angle between the laser sensors and a vertical plane, which influences the measured deflection.
The gyroscope and accelerometer mounted on the beam are used to determine that angle and
make appropriate corrections (Andersen et al. 2017, Athanasiadis and Zoulis 2019).

TSD

Information about the TSD is found in the reports by Hildebrand et al. (1999), Hildebrand
and Rasmussen (2002), Flintsch et al. (2013), and Rada et al. (2016). The TSD was developed by
Greenwood Engineering in collaboration with the Danish Road Institute. It is an articulated truck
with a rear-axle load that can be varied from 13 kips to 29 kips (60 kN to 130 kN). The device
has lasers mounted on a servo-hydraulic beam to measure the deflection velocity of a loaded
pavement. The TSD operating in the United States prior to this study used six lasers, positioned
at nominal distances of 4, 8, 12, 24, 36 and 60 in. (100, 200, 300, 600, 900 and 1,500 mm) in
front of the loading axle. A seventh sensor was positioned 11.5 ft (3.5 m) in front of the rear axle
to act as a reference laser. The beam on which the lasers was mounted moved up and down
opposite to the trailer movement to keep the lasers at a constant height from the pavement’s
surface. To prevent thermal distortion of the beam, a climate control system maintained the
trailer temperature at 68°F (20°C). Data were collected at speeds up to 60 mph (100 km/h) with
sampling rates between 250 and 1,000 Hz.

The TSD measurements are deflection velocities rather than deflections. These
measurements are collected by lasers that rely on the Doppler effect (Hildebrand et al. 1999,
Hildebrand and Rasmussen 2002). Each laser sends a wave that is reflected from the pavement
surface to a receiver within the laser. If an object is moving toward the laser, each successive
wave peak reaches the object in a shorter time than the original time interval between the two
peaks. In the case in which an object is moving away from the laser, the effect is reversed, and
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the reflected wave will exhibit a decreased frequency. Moreover, since the wave speed is known,
the change in frequency is used to determine the velocity at which the object is moving.

The TSD lasers are mounted at an angle of about 2 degrees (to the vertical) to measure the
vertical pavement deflection velocity together with components of the horizontal vehicle speed
and the vertical and horizontal vehicle suspension velocities (Hildebrand et al. 1999, Hildebrand
and Rasmussen 2002). The reference laser, located midway between the loaded trailer axle and
rear axle of the tractor unit, takes measurements outside the load influence zone, and can be used
to remove unwanted signals from other lasers (Hildebrand et al. 1999, Hildebrand and
Rasmussen 2002).

The measured deflection velocity depends on the driving speed. To remove this dependence,
the deflection velocity is divided by the instantaneous vehicle speed to obtain the deflection
slope. Typically, deflection velocity is measured in in./s (mm/s) and vehicle speed is measured in
mph (km/h), so deflection slope measurements are output in units of in./ft (mm/m) and typically
reported at 33-ft (10-m) intervals (Flintsch et al. 2013). At a speed of 50 mph (80 km/h) and a
data collection frequency of 1 kHz, an average of 446 measurements over a 33 ft (10 m) length
are made. Newer versions of the Doppler laser operate at a sampling rate of 250 kHz, which
results in more than 10,000 measurements per 3.3 ft (1 m).

DEFLECTION CHARACTERISTICS AND FACTORS AFFECTING MEASUREMENTS
TSDD versus FWD Measurements

TSDDs and FWDs are different in terms of the loading type, load contact area, measurement
technology, and the way pavement deflections are estimated. Most TSDDs are full-sized trucks
that house the measuring equipment. The load is imparted via the trailer’s rear axle while the
device is in motion. Since the load is transmitted via tire-pavement interaction, the contact area is
elliptical with non-uniform contact pressure (Elseifi et al. 2019). FWDs, on the other hand, use
stationary impulse loading dropped onto the pavement surface through a circular steel load plate.

Another difference is the pavement response recorded by each device. TSDDs measure the
instantaneous pavement response experienced by the sensors. This response occurs at the same
time the maximum load is applied. Because of the time needed for the stress wave caused by
wheel load to propagate and the viscoelastic nature of hot-mix asphalt (HMA) pavements, the
instantaneous response does not correspond to the maximum deflection response. In the case of
FWDs, the recorded deflection measurements correspond to the maximum deflection
experienced by the sensors (Shrestha et al. 2018). Consequently, it is difficult to obtain a direct
relationship between TSD and FWD measurements (Saremi 2018). The difference becomes more
pronounced for sensors further from the load (Chatti et al. 2017).

Factors Affecting TSDD Measurements
Pavement Factors

Characteristics such as pavement type, layer materials, pavement smoothness, gradient, and
curvature affect TSDD measurements. While several studies were found in the literature on the
effect of these parameters, they were limited in scope. Elseifi and Zihan (2018) evaluated TSD
measurements on sections having different roughness and found that rougher pavements resulted
in a higher coefficient of variation (COV). Flintsch et al. (2013) looked at the effect of pavement
surface on the laser capabilities and found that new binder-rich surfaces—which does not imply
all new asphalt pavements—cause faulty operation of the TSD Doppler lasers. Therefore, it is
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not recommended to use TSDs in these conditions; however, as the surface becomes less
reflective due to traffic, the TSD can provide reliable measurements regardless of surface type.

Rada et al. (2016) pursued the effect of pavement characteristics and found that the accuracy
of the TSD and RWD measurements is affected by pavement stiffness but not the International
Roughness Index (IRI). Diefenderfer 2010 evaluated the RWD in Virginia and found surface
mixture type influenced the standard deviation of the measurements. Elseifi et al. (2012)
compared RWD and FWD on sections with varying structural condition and found the agreement
improved for sections in structurally sound condition and speculated that for roads not
structurally in sound conditions, the increase in road roughness may cause greater truck bouncing
and vibrations, which may explain the differences between FWD and RWD measurements.

Saremi (2018) conducted a numerical analysis using 3D-Move to simulate the responses of
TSD at different speeds for 10,000 different pavement sections with different layer thicknesses
and moduli to relate TSD deflection parameters to FWD. The study showed that for pavements
with an HMA thickness of less than 4 in. (100 mm), varying the modulus of the HMA between
200 ksi and 700 ksi to account for viscoelasticity, resulted in less than 5% variation in the
deflection velocity of the TSD measurements. Thus, the impact of viscoelasticity was found to be
much less than the uncertainty of the TSD measurements, which is often greater than 20%.
Moreover, the study indicated that the TSD deflection parameters at speeds varying from 30 mph
to 60 mph were similar; however, the TSD pavement response under stationary conditions was
somewhat different from those obtained under moving conditions. The difference in the
deflection basins was mostly evident in the farther sensors.

Environmental Factors

Surface and subsurface moisture and temperature conditions influence TSDD measurements.
In addition, temperature has a significant effect on the beams on which the TSD and RWD lasers
are mounted. As a result, both devices incorporate a climate control system that maintains a
trailer temperature of 68°F (20°C) (Flintsch et al. 2013). Rada et al. (2016) analyzed the impact
of temperature on TSD and RWD precision and found that TSD measurements precision
decreased with increases in temperature but increased for the RWD. The precision was measured
in terms of the COV of the measurements and the authors found that for the RWD, the tests
performed in the afternoon were more precise (COV decreased by 7%) than the tests performed
in the morning. On the other hand, for the TSD, afternoon tests had COV values that were 32%
greater than the tests performed in the morning.

Rain also affects TSDD measurements as they are based on laser technology, which cannot
report accurate measurements on wet pavement surfaces. Elseifi et al. (2011) reported that the
presence of rain on the pavement surface can lead to erroneous data. Flintsch et al. (2013)
reported that the TSD failed to measure deflection parameters correctly when the road was damp
or wet. Rada et al. (2016) recommended testing not be performed if the pavement surface is wet
or during precipitation, as the TSD and RWD sensors are affected by moisture.

In addition, a crosswind perpendicular to the trailer can cause asymmetric loads between the
two sides of the TSDD. Zofka et al. (2015) performed a theoretical evaluation of the effect of
wind on the load distribution between the two sides, while Rada et al. (2016) recommended that
testing not be performed under strong crosswind conditions, especially if the applied load on
each side of the trailer was not being measured. If the load is measured, then the measured
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response can be normalized by the applied load, which will account for the asymmetric loading
caused by the crosswind (Katicha, 2017).

Operating Conditions

TSDD measurements can be affected by operating conditions. A theoretical investigation by
Elseifi and Zihan (2018) suggested speed had a limited impact on surface deflections, although
increasing speed slightly reduced deflections. Rada et al. (2016) reported on the impact of
vehicle speed on the accuracy and precision of the TSD and RWD. They calculated the COV of
the RWD and TSD on different pavement sections at the MnROAD testing facility. The authors
found that the COV increased by a factor of 5 to 10% as the testing speed increased from 30 mph
(48 km/h) to 60 mph (96 km/h).

Horizontal and vertical curves may also affect TSDD measurements. Flintsch et al. (2013)
looked at the effect of road geometry based on data collected in the United Kingdom in 2010 and
2011 and concluded there was no obvious relationship between longitudinal profile, gradient,
transverse slope, or curvature on TSD measurements. Rada et al. (2016) analyzed the impact of
vertical gradient and horizontal curves on the precision of the TSD and RWD on an 18-mile (29-
km) loop using 33-ft (10-m) interval data. The authors did not observe a clear correlation
between a vertical gradient and COV. For the case of horizontal curves, the study reported that
most of the high COVs corresponded to sharp turns or stop sign locations, but quantitatively
there was no clear correlation between horizontal curvature and COV.

TSDD EVALUATIONS
TSD Evaluations

Numerous studies have been performed throughout the world to assess the accuracy and
precision of TSD measurements. Some of the more relevant studies to the project at hand are
detailed here in chronological order. Hildebrand et al. (1999) determined the precision of the
Doppler lasers’ to be 5.5 mils/s (0.14 mm/s). For measurements averaged over 33-ft (10-m)
intervals and collected at 45 mph (72 km/h), this corresponds to a deflection slope precision of
0.084 mils/ft (7 um/m). The authors also estimated the deflection slope precision to be about 0.2
mils (5 um).

Ferne et al. (2009) looked at short- and long-term TSD repeatability. For the short-term
repeatability evaluation, six TSD runs were conducted at a test track on the same day and the
results were plotted. For long-term repeatability, an investigation was conducted of possible
causes linking temperature variations to variations in the TSD data. Detailed temperature
measurements at various points on the beam were collected during the surveys. The authors
described that the short-term repeatability of the TSD was acceptable based on visual inspection
of repeated measurements; however, according to Ferne et al. (2009), a comparison of the
temperature measurements with the survey results showed that the repeatability at beam
temperatures below 59°F (15°C) was poor.

Bryce et al. (2012) and Flintsch et al. (2013) assessed the repeatability of TSD measurements
at 45 mph (72 km/h) and found that the repeatability was relatively constant over a range of
measurements, and the bias was generally not significant. In both publications, the repeatability
was defined as the standard deviation of the difference between repeated measurements. For 3.3-
ft (1-m) averaged TSD measurements, the average repeatability standard deviation for deflection
slope measurements was 1.68 mils/ft (0.14 mm/m) and the standard deviation was reduced by a
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factor of 3.3 for measurements averaged over 33 ft (10 m) and by a factor of 10 for
measurements averaged over 330 ft (100 m). Similarly, Katicha and Flintsch (2015) presented
the results of TSD testing in New York and concluded that the measurements agreed well,
suggesting the TSD is repeatable, and that the measurement variations were due to the pavement
structural conditions.

Muller and Wix (2014) conducted a series of field trials at three locations to evaluate the
repeatability of the maximum TSDD deflection measurements. Five or six runs were made at
each location and the authors found the TSD maximum deflections to be repeatable (R% = 0.88).

Ferne et al. (2015) compared two first-generation TSDs and one second-generation TSD. The
resulting measurements followed similar trends, but they were sensitive to the laser angle
calibration. The authors observed a maximum variation of 0.003 degrees in the angle of the
calibrated second-generation TSD using two concrete pavement sections. For the first-generation
TSDs, the maximum observed angle difference was 0.007 degrees. These differences were large
enough to produce different measurements, which equal to 60% and 140% of the range used by
Highways England to define the pavement structural condition categories.

GeoSolve (2016) carried out TSD repeatability studies at different vehicle speeds. They
found the measurements varied slightly at speeds over 19 to 25 mph (30 to 40 km/h). At lower
speeds, the measurements tended to be higher, sometimes by a factor of 2 or more, as speeds
diminished toward 0 mph (0 kph).

Rada et al. (2016) performed field tests in Minnesota to evaluate the TSD at different speeds
and times of the day (hence different temperatures). The authors found that the TSD could
provide reasonably accurate and precise measurements. The overall comparison of deflection
velocities measured with the TSD and by geophones embedded in the pavement resulted in a
correlation coefficient of R> = 0.97 and a standard error 49.2 mils/s (1.25 mm/s). The analyses
were used to recommend the optimum operational conditions and device limitations. More
specifically, the researchers recommended the optimal placing of the lasers. For example,
sensors at distances of 4, 8, 12, and 18 in. (101.6, 203.2, 304.8, and 457.2 mm) from the center of
the wheel load were recommended to evaluate fatigue cracking and 24 and 48 in. (609.6 and
1,219.2 mm) were recommended to evaluate subgrade rutting. In terms of testing speed, Rada et
al. (2016) recommended testing at the lowest possible speed as lower speeds reduce the
measurement error. The authors also recommended a conservative operational temperature range
of 45°F to 85°F (7.22°C to 29.44°C). In terms of limitations, testing is not recommended during
precipitation; the effect of temperature and seasonal variation on the interpretation of the
measurement has not been thoroughly investigated, and the calibration procedure of the TSD
should still be improved.

Katicha et al. (2017) conducted TSD field demonstrations in nine states to demonstrate how
TSD results could be implemented within network-level pavement management and to evaluate
the TSD’s short- and long-term repeatability. Based on subjective visual inspection of the plots,
they found the short- and long-term repeatability to be good; repeated measurements on
consecutive days or two years apart followed similar trends.

Other studies have attempted to evaluate the TSD accuracy and precision by comparing their
measurements with other deflection-based testing devices, such as the FWD. Some of the more
significant studies in the United States are listed next in chronological order. Flintsch et al.
(2013) performed TSD and FWD measurements on asphalt- and concrete-surfaced pavements to
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assess the comparability of the device measurements using two surface indices: surface curvature
index (SCI) and base damage index (BDI). The authors concluded that the TSD-derived indices
were comparable to those from the FWD. For the SCI index, the authors found that the standard
deviation of the difference between TSD and FWD measurements depended on the average SCI
value. The standard deviation changed linearly from 0.4 mils (10 um) for average SCI values of
0.4 mils (10 um) to about 4 mils (100 pm) for average SCI values of 20 mils (500 pum).

Jansen (2017) reported on TSD measurements made on 188 mi (300 km) of German roads
with different structural conditions. The measurements were supplemented with FWD,
Deflectograph, and Curviameter measurements. The author concluded that the TSD results were
similar to those from other devices and, while a correlation between TSD and FWD
measurements was not reported by the author, the same deflection levels were observed via plots
of the TSD and FWD measurements along the roads tested.

Elbagalati et al. (2018) used TSD and FWD measurements to train and validate an artificial
neural network (ANN) model that converted TSD deflection measurements to FWD
measurements. The authors found acceptable accuracy (coefficient of determination of 0.90) and
good agreement between the back-calculated moduli from the FWD and TSD measurements.

Saremi (2018) used numerical analyses to relate FWD and TSD deflection measurements. A
total of 10,000 asphalt pavement sections with randomly distributed layer thickness and moduli
were considered. The software 3D-Move was used to simulate the responses under TSD and
FWD loads. The authors found strong relationships between the deflection measurements from
the two devices and developed relationships using symbolic regression for estimating FWD
deflections from TSD measurements. Their best model had a correlation greater than 0.98 and
consisted of the following equation, which converts TSD deflection to FWD deflection:

drsp(x)
Hyc

where dpyp(x) is the FWD deflection at location x measured from the center of the applied
load, dgp(x) is the TSD deflection at location x, Hy is the asphalt layer thickness, and £ (x) is
given by the following equation.

Bx) = {0.0017x2 —0.078x + 0.92 for0<x<0.24
~10.02 for0.24 <x <0.48

Unlike the TSD-FWD studies in the United States, some international studies observed no
direct correlation between the TSD and FWD (Kannemeyer et al. 2014, Muller and Wix 2014,
Jansen 2017). However, other studies have shown that a strong correlation exists when curvature
indices are used (Muller and Robert 2013, Chai et al. 2016, Lee et al. 2019). For example, Muller
and Roberts (2013) observed a correlation between the TSD and FWD of 0.89 for the maximum
deflection and 0.85 for the surface curvature index 12 (SCI12) [SCI 300], which was defined as
the difference between the deflections measured at 0 in. (0 mm) and 12 in. (300 mm) (0 mm)
from the center of the applied load.

drwp(x) = 0.85d7sp (x) + B (x)

Muller (2015) explored the combined use of TSD and ground penetrating radar (GPR)
technology for assessing the potential for rapid pavement nondestructive investigations.
Approximately 6,250 mi (10,000 km) of TSD data were collected for comparison with FWD and
GPR data. The authors found that the overall patterns of the TSD appeared similar in shape and
magnitude to those from the FWD when normalized to 11 kips (50 kN).
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A couple of international studies have also verified TSD measurements using instrumented
pavement test sections. Kannemeyer et al. (2014) conducted a verification of the TSD
measurements by instrumenting—with eMU coils, strain gauges, pressure cells, multi-depth
deflectometers, thermocouples, and time-domain reflectometers— eight asphalt test sections in
South Africa. They found the TSD measurements to be repeatable. They also concluded that the
stiffer pavements were more sensitive to changes in speed.

Lee et al. (2019) documented the results of testing performed on two deflection validation
sites established in Australia. The ground response for different deflection equipment was
measured using embedded arrays of geophones and accelerometers to demonstrate that in-ground
sensors can validate the TSD measurement. The authors found that the geophones were less
susceptible to integration errors than the accelerometers. Moreover, they suggested that a system
was needed to assist the driver of the TSD to travel as close as possible to the instrumentation
array and minimize wander.

RWD Evaluations

Various studies have been carried out in the United States to assess the accuracy and
precision of the RWD measurements. Elseifi et al. (2012) describe a field evaluation of the RWD
at 16 different test sites in Louisiana representing a wide range of pavement conditions. The
measurements were used to assess RWD repeatability, evaluated in terms of the COV, and the
effect of speed. The authors found the RWD repeatability was acceptable, with an average COV
at all test speeds of 15%. Flintsch et al. (2013) evaluated the repeatability, evaluated in terms of
the standard deviation of the difference between two measurements of the RWD with data
collected from three runs over 20 mi (32 km) on I-64 (both directions) in Virginia. The runs were
averaged at 0.1-mi (160-m) intervals and the repeatability was found to be 2 mils (51 um). The
repeated runs had, on average, a statistically significant bias of 0.43 mils (10.9 um).

Rada et al. (2016) evaluated the RWD at the MnROAD facility to quantify the precision and
accuracy of the surface deflections. They concluded that the RWD could provide reasonably
accurate and precise pavement response measurements for network-level analyses. The authors
characterized accuracy in terms of the calculated regression slope between repeated
measurements and the standard error of the regression. The slope varied between 0.84 and 1.68
and the average standard error was 1.45 mils (36.83 um). The precision was characterized in
terms of the regression slope and standard error between RWD measurements and embedded
geophones sensors in the pavement sections. The average regression slope was 0.95 and the
average standard error was 4 mils (101.6 um). Similarly, Briggs et al. (2000) conducted a study
for the Washington Department of Transportation to compare the RWD and FWD results along a
stretch of SR-18. They found, based on the visual inspection of plots, that the RWD and FWD
trends were similar; however, various anomalies were identified.
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CHAPTER 3. TSDD MEASUREMENTS VALIDATION

This chapter contains the results of the process that led to the development of the TSDD
validation procedure. The process was probabilistic in nature—the variability in the FWD and
TSDD deflection measurements, being due to variability in the pavement structure or the
uncertainty in the device measurements, was considered in the analysis. After addressing the
variability, the accuracy of measurements was ascertained at six accuracy test sections, and the
validity of the measurements was determined.

Field experiments were conducted at the MnROAD facility in Albertville, Minnesota, to
establish the variability and accuracy of the TSDD measurements and to support development of
the TSDD verification procedure. Information collected as part of the experiments included
TSDD, FWD, and geophone data. It was anticipated that multiple TSDDs would be included in
the experiments. However, only one device could be included and consequently, the findings of
this research are based on measurements by one device and may not apply to other devices.

FIELD EXPERIMENTS

The MnROAD facility was selected as the site for the field experiments, since it provided a
multitude of test cells in one location. The facility consists of a 3.5-mi (5.6-km) mainline (ML)
roadway comprising 45 cells. In addition, a 2.5-mi (4-km) closed-loop low-volume road (LVR)
containing 28 cells is also available. The cell lengths were typically about 500-ft (150-m) long.

Experiment Test Cells

Six accuracy test cells, covering a range of factors affecting the deflection measurement
characteristics, were selected for instrumentation and for conducting TSDD and FWD tests.
Information for the six test cells is provided in Table 1, including pavement and surface type,
surface layer and total pavement thicknesses, length, SCI12 ([SCI300], and ride quality as
measured by the IRI. Three test cells were selected along the ML, while the other three were
selected along the LVR. This allowed for the accuracy testing of the three cells in each facility to
take place on the same day.

Five other test cells were selected for conducting FWD and TSDD tests (without
instrumentation) to verify the repeatability of the devices on a wider variety of surfaces,
pavement types, and stiffnesses. The information for these test cells is also presented in Table 1.

In addition to the test cells listed in Table 1, TSDD measurements were performed on the
remaining ML and LVR test cells and transition areas to assess the macro- and micro-variability
of the TSDD device. Macro-variability refers to the variability of the TSDD measurements as
determined from the data collected over the length of the MnROAD facility. Micro-variability,
on the other hand, refers to the variability associated with the measurements collected at the
individual accuracy test cells—i.e., measurements over shorter, more uniform pavement lengths.
Both the macro- and micro-variability are discussed in more depth later in this chapter. These
variability analyses were limited to the TSDD as they are well-documented for the FWD (Irwin
etal. 2011, Rocha et al. 2014).
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Table 1. MnROAD accuracy and precision test cells.

- Surface HMA/PCC* PaYement Length [SCI12 |IRI
Facility | Test Cell |Cell Tvpe Thickness Thickness (ft) (mils) | (in/mi)
yp (in.) (in.) 118)anmi

215 HMA 14.8 14.8 283 4.1 92

ML Accuracy 12 PCC 2(5) YRV 13.5 499 1.7 141

70 HMA/PCC 6.0 PCC 17.0 480 1.4 63

186 HMA 3.5 19.0 201 4.2 90

Accuracy |728 HMA 3.5 18.5 131 13.0 177

31 HMA 4.0 20.0 500 23.7 1307

135 HMA 1.5 17.5 425 205 |119

LVR 233 Chip Seal |0 16.0 425 43.0 [169

Precision 139 PCC 3.0 13.0 2755 (94 193

238 PCC 8.0 13.0 270 1.7 91

124-
624 PCC 6.0 12.0 568 2.4 78

*PCC: Portland Cement Concrete
Instrumentation

Three geophones were embedded in the outer wheel path of each MnROAD accuracy test
cell to measure the velocity-time histories from the FWD impulse loading and the TSDD
transient loading. The geophones were encased in metallic holders to protect them. The top of
the geophone assemblies was flush with the pavement surface, and the bottom was at a depth of
about 2 in. (50 mm). Since the geophones were embedded in rigid casing, the differential
movements between the top of the pavement and base of the geophone were minimal.

As shown in Figure 1, the geophones were spaced 3 ft (1 m) apart along the center of the
wheel path. The deflections measured with the three geophones were averaged and compared
with the average deflection measurements from the consecutive TSDD passes—averaged over 2
in. (50 mm) or 3.3 ft (1 m)—and the average of the FWD deflection measurements at the
location of the geophones.

The performance of the geophones was verified using FWD test data. For that purpose, one
of the FWD sensors was placed directly on top of one of the geophones. The deflections reported
by the FWD were then compared with the corresponding deflections reported by the geophones.
The results from the comparison are presented in Figure 2. The deflections from the FWD
sensors and the geophones were quite similar. Based on the reported statistics in Figure 2, the
deflections of the FWD and geophones were within about 0.2 mils (0.005 mm) of one another.
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Figure 2. Comparison of field geophones and FWD deflections.
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TSDD Pressures and Weights

The TSDD tire pressures and axle weights are important parameters that were measured at the
MnROAD facility. The TSDD tire pressure and axle load measurements are listed in Table 2.
The axle loads were measured one axle at a time using portable truck scales.

Table 2. TSDD tire pressures and axle loads.

Tire Pressures (psi [kPa]) Axle Loads (Ibs. [kg])
Tire Type | Left Left Right Right .

QOuter Inner Inner Outer Left Right
Tractor

N/A 110 (759) | 110 (759) | N/A 5,200 (2,360) | 5,247 (2,380)

Front (Steer)
TractorRear | |5 254y | 105 (724) | 105 (724) | 110 (759) | 8.465 (3.840) | 9,127 (4,140)

(Drive)
Trailer 110 (759) | Could not | Couldnot |55 059y 19 560 (4.200) | 10,780 (4,890)
accCess accCess

Temperature Data

The ambient temperature during the MnROAD field experiments ranged from 64°F (18°C) in the
morning to 80°F (27°C) in the afternoon. The subsurface temperatures for the accuracy and
precision test cells were taken every 15 minutes with thermocouples located at various depths.
Figure 3 illustrates the temperatures at three depths for test cell 31; 0, 4, and 48 in. (0, 100, and
1,200 mm) from the surface. The subsurface temperatures for the accuracy and precision test
cells had similar ranges to the ambient temperatures illustrated in Figure 3.
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Figure 3. Subsurface pavement temperatures during field experiments — test cell 31.

The temperatures shown in Figure 3 are for the period of 0 hours on Monday September 27
to 24 hours on Friday October 1, 2021, which corresponds to the field experiments period. Little
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change was observed at the 48 in. (1,200 mm) depth, with values ranging between 72°F and 78°F
(22°C and 26°C), but the changes at or near the surface were significant, ranging from 61°F to
99°F (16 and 37°C). However, since FWD and TSDD measurements at each test cell were
performed roughly at the same time of the day, temperature adjustments were not deemed
necessary.

Moreover, it was originally envisioned that environmental factors such as temperature and
moisture condition would be incorporated into the project analyses and model development
efforts. After further consideration, however, the research team concluded that this was not
necessary. The objective of the project was not to develop temperature or moisture correction
procedures to estimate deflections under different temperature and moisture regimes, but rather
to develop a procedure for verifying the TSDD measurements based on FWD measurements.
Accordingly, the research team opted for a proposed practice that requires TSDD and FWD
testing to be carried out on the same day, under similar conditions. By doing this, temperature
becomes a non-issue, which in turn, results in a simpler verification procedure.

Distress Data

The surface condition of the six accuracy test cells was mapped using the TSDD-mounted
camera. Besides surface distresses, the camera captured the location of the geophones at each test
cell as well as the FWD locations. The resulting images were used to identify valid TSDD runs
based on the location of the load relative to the geophones.

DEFLECTION-BASED DEVICES

A series of FWD drops were conducted at the test cells listed in Table 1, at a nominal 10 kips
(45 kN) load on a 5.91-in. (150-mm) radius plate that nominally exerted a 90-psi (550-kPa)
pressure. The FWD was configured with a modified Long-Term Pavement Performance (LTPP)
sensor configuration, with sensors located at the distances shown in Figure 4. At each test cell,
FWD tests were conducted every 3.3 ft (1 m) at up to 13 locations. Each FWD test consisted of
collecting deflection data for three consecutive drops after applying three seating drops.

Sensor Spacing, in. -12 8 12 18 24 36 48 60 72

| | | | | | | | |

f — T T T T T 1
Pavement ® Load Plate ®
Surface D_i, Dy TD72

Figure 4. Modified SHRP FWD sensor configuration.

The available TSDD had the axle, load and Doppler laser configurations shown in Figure 5.
A tire pressure of 120 psi (827 kPa) and a nominal load of 5,200 Ibs. (2,350 kg) per tire were
measured. Three Doppler laser sensors were mounted behind the tire at distances of 18, 12, and 8
in. (450, 300, and 200 mm) from the load center. Eight more sensors were located ahead of the
tire at 5, 8, 12, 18, 24, 36, 48, and 60 in. (130, 200, 300, 450, 600, 900, 1,200, and 1,500 mm)
from the center of the two tires.

At each accuracy test cell, the TSDD data were recorded at 2-in. (50-mm) intervals over a
distance of 46 ft (14 m), starting 23 ft (7 m) before the middle geophone and ending 23 ft (7 m)
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ahead of it. For the LVR cells, five runs were conducted at 30 mph (48 km/h) and six runs at 45
mph (72 km/h) mph. For the ML cells, six, five, and six passes were conducted at operating
speeds of 30, 45, and 60 mph (48, 72, and 96 km/h), respectively. The raw deflection velocities
collected at a speed of 30 mph (48 km/h) at cell 31 are illustrated in Figure 6 for the TSDD
sensors located at 8, 24, and 60 in. (200, 600, and 1,500 mm).

MACRO-VARIABILITY OF DEVICE MEASUREMENTS

Before moving on to the validation of the TSDD measurements, the TSDD macro-variability
was determined using the complete set of measurements collected at the MnROAD facility.
Figure 7 shows an example of the measured deflection velocity of two runs collected over the
entire LVR loop (28 test sections and transitions) at a resolution of 2 in. (50 mm) and at a speed
of 30 mph (18 km/h). Matching of the two runs was performed in two steps: (1) runs were
aligned using GPS coordinates and (2) cross-correlation was used to further match the two runs.
Although the two runs look similar, a plot of the difference in the measured deflection velocities
between the two runs highlights the discrepancies.

|:| Left Front Load = 5070 Ib/tire

X (23 kN/tire)
Left Rear Axle Load = 4740 Ib/tire Left 15 Driver Load = 4597 Ib/tire

(21 kN/tire) (20 kN/tire)

95 in. Tire Size Code 275/70 R22.5 90 in.
(242 cm) Tire Pressure = 120 psi (827 kPa) (230 cm)
Right Rear Axle Load = 5192 Ib/tire Right 15! Driver Load = 4222 Ib/tire

(19 kN/tire)

(23 kN/tire)
-t [ ]

13in. (33 cm)

I:l 187 in. (475 cm) I:l

531 in. (1350 cm)

Right Front Load|= 5026 Ib/tire
(22 kN/tire)

® TSD Doppler Laser

Top View of Tire

18 in
24 in
36in.
48 in
60 in
laser

— TSD Laser Beam

-18 in.

Reference

Figure 5. TSDD axle configuration, loads, and instrumented rear axle.
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Figure 7. Two TSDD runs collected at 30 mph on LVR.

Figure 8 shows the difference along the LVR and the absolute value of the difference as a
function of the average of the two runs. For the latter, a moving average estimate of the error
difference standard deviation as a function of the measurement is plotted. This was calculated by
first squaring the differences, applying the moving average at a specific window size (number of
points in the moving average), and taking the square root of the result (Fan and Yao 1998,
Ruppert et al. 1997). The best window size was selected by minimizing the Generalized Cross
Validation (GCV) criterion (Wahba 1990). The resulting estimate divided by the square root of
two gives an estimate of the TSD error standard deviation as a function of the measurement.

Finally, dividing that estimate by the measurement value gives the COV.
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Figure 8. Difference between repeated TSDD measurements at 30 mph on the LVR.

The COVs as a function of the measured deflection velocity for the tests performed at speeds
of 30 and 45 mph (48 and 72 km/h) are shown in Figure 9. Because the macro-analysis results
were the same for the two speeds, the measurements were combined and only one COV value for
each averaging length is included in the figure. As shown, the COV is initially high for low
measurements—the error standard deviation is never zero and dividing that quantity by a
measurement close to zero yields a high COV. The COV then drops rapidly and levels out
around 25% for the 2-in. (50-mm) measurement interval, and between 5% and 10% for the 3.3-ft
(1-m) and 33-ft (10-m) measurement intervals; see Table 3.
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Figure 9. COV versus TSDD deflection velocity at combined 30 mph and 45 mph.
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Table 3. COV as a function of speed and averaging distance.

Test Speed COV (%) for different data averaging distances
2 in. (5 cm) 3.3ft (1 m) 32.8 ft (10 m)
30 mph (48 km/h) 25 10 10
45 mph (72 km/h 25 10 10
60 mph (96 km/h) 35 15 10

The results for measurements collected at 60 mph (96 km/h) are presented in Figure 10. For
measurement intervals of 3.3 ft (1 m) and 32.8 ft (10 m), the COV decreases to values less than
10%, but at a slower rate than for those at 30 mph and 45 mph (48 km/h and 72 km/h). For the 2-
in. (50-mm) measurement interval, the COV decreases to less than 15% at deflection velocities
close to 1,000 mils/s (25.4 mm/s), but then increases to more than 30%. The tests at 60 mph (100
km/h) were only performed on the ML (due to safety concerns at the LVR), which had fewer
measurements of 1,000 mils/s (25.4 mm/s) or more, and most of these measurements were
obtained at the joints of concrete pavements, which are less homogeneous and therefore less

reliable—e.g., small deviations in the path between two runs can result in large differences in the
measurements, which increases the COV.
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Figure 10. COV versus TSDD deflection velocity at 60 mph.
MICRO-VARIABILITY OF DEVICE MEASUREMENTS

The macro-variability presented in the previous section was considered appropriate for
defining the TSDD operational limits but too general for validation of the TSDD measurements.
While the available TSDD can record deflection velocities at 2-in. (50-mm) intervals, the results
are averaged over 3.3-ft (1-m) or 33-ft (10-m) intervals in consideration of data variability. For a
rational validation, however, the measurement uncertainty needs to be understood and
considered. Figure 11 shows the average FWD deflection from the 39 drops (three drops at 13
locations) for each sensor at each test cell. Error bars represent the +1 standard deviation for the
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deflections. The corresponding COVs are shown on top of each bar. FWD deflections exhibited a
maximum COV of 25% for the ML and a maximum COV of 10% for the LVR.
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Figure 11. FWD deflection measurements at LVR and ML test cells.
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Statistical information about the 2-in. (50-mm) TSDD measurements at different speeds is
shown in Figure 12 and Figure 13 for the LVR and ML test cells, respectively. To eliminate
outliers, only measurements between the 10" and 90" percentiles were used in the analysis. As
shown in the two figures, the data variability is significantly different between sensor locations
and test cells. The COVs for the two farthest sensors exceeded 100% for almost all cells, but the

COVs decreased as the sensors got closer to the tire load.

The COVs are also notably higher for the ML cells compared to the LVR ones. They
exceeded 100% for most sensors, even those close to the load. This is attributed to the stiffer
concrete pavements in the ML. To study the effect of spatial averaging, measurements at 3.3-ft
(1-m) intervals were averaged for each sensor. The analysis outcomes are presented in Appendix
A; they show the deflection velocity COVs decrease significantly for averaged data when
compared to the 2-in. (50-mm) data. The COV decreases for sensors with larger deflection
velocities are more pronounced, but the variability at the ML cells for many sensors is still

significant, as the COVs still exceed 50%.
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Figure 12. Variability of TSDD measurements at LVR test cells for 2-in. data interval.
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Figure 13. Variability of TSDD measurements at ML test cells for 2-in. data interval.

The TSDD deflection velocity variability for all sensors, speeds and test cells is plotted
against the corresponding average deflection velocities in Figure 14. An inverse relationship is
observed between the average deflection velocity COVs and average deflection velocities. The
variability seems to increase with speed. Also, lower deflection velocities correspond to
measurements made with sensors located farther away from the load or measured at stiffer
pavements. The COV of less than 20% corresponds to measurements greater than 200 mils/s (5

mm/s).
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Figure 14. Deflection velocity COVs for 3.3-ft data interval.

To minimize the effects of vehicle speed, the deflection velocities were converted to
deflection slopes by dividing the velocities by the corresponding TSDD vehicle speed. As shown
in Figure 15, the variability increases as the slope decreases. To maintain measurements within a
20% COV, the deflection slopes should be greater than 4 mils/ft (0.33 mm/m).
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Figure 15. Deflection slope COVs for 3.3-ft data interval.

ACCURACY OF DEVICE MEASUREMENTS

To evaluate the accuracy of the TSDD measurements, the deflection velocities were
compared with the corresponding geophone measurements. To properly perform this
comparison, the three TSDD passes with the best alignments at each test cell were identified by
review of the TSDD camera video recordings. Plots of deflection velocities from the geophones
and best aligned TSDD passes were then compared, as illustrated in Figure 16 for test cell 31, at
a speed of 30 mph (48 km/h). TSDD deflection velocities were selected within a range spanning
120 in. (3 m), starting 60 in. (1.5 m) before the first geophone to 60 in. (1.5 m) ahead of the third
geophone. Measurements within +2 in. (50 mm) were averaged for each sensor position. For
passes 3 and 4, one of the rear-axle tires passed directly on top of the geophone, causing a
geophone peak that is not present for pass 2. Despite the alignment complication, the TSDD
deflection velocities matched the geophone ones.
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Figure 16. Comparison of geophone and TSDD measurements for test cell 31 at 30 mph.

A finite element simulation using ABAQUS was done to corroborate the reason for the
geophone peaks. A 3-D dynamic model of the pavement was developed with the rear tires of the
instrumented trailing axle simulated passing on top of a response point, representative of a
geophone. Two scenarios were considered: (1) laser sensors pass directly on top of the geophone,
and (2) a tire passes directly on top of geophone. The deflection velocities generated by a TSDD
pass are shown in Figure 17 for test cell 31 and a speed of 30 mph (48 km/h). As shown, a peak
develops as the tire passes directly on top of the geophone, while the sensor between the tires
sees no peak. Past 6 in. (150 mm), the TSDD and geophones exhibit similar responses.
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Figure 17. Deflection velocity finite element simulation for test cell 31 at 30 mph.

The geophone and TSDD deflection velocities are plotted in Figure 18; the standard
deviation of each averaged parameter is presented as an error bar. TSDD deflection velocities
were selected within the earlier referenced 120-in. (3-m) range. As shown, the TSDD
measurements are closer to the geophone ones for the LVR cells—a significant number of data
points fall within the +20% uncertainty bounds, which were selected as a reasonable measure of
variability given the TSDD micro- and macro-variability. The deflection velocities tend to
deviate from the line of equality for those sensors closest to the load. As illustrated in Figure 17,
this may be due to the interaction of the vehicle and TSDD sensors, the lateral distance between
the tires, or the geophones.

The TSD deflection velocities for the ML cells exhibited higher variability than the LVR
cells. This is due to the stiffer ML pavements, leading to smaller magnitude measurements.
Speed also seems to affect the accuracy of the measurements. Other factors (e.g., IRT) may also
impact on the measurement deviations, but these parameters were not considered. Most of the
plots exhibit a greater overall deviation of the TSDD measurements from the corresponding
geophone deflection velocities at higher speeds compared to the 30 mph (45 kph) speed.
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CHAPTER 4. TSDD VERIFICATION PROCEDURE

The proposed TSDD verification procedure consists of the review of TSDD-generated data to
check that the equipment is producing reasonable results. The reference data for this verification
are FWD deflection measurements. However, a direct verification is not possible because (1)
FWDs record vertical deflections due to stationary, impact loading, while TSDDs record
deflections or deflection velocities as they move over the pavement; and (2) due to the stationary
and discrete nature of the FWD measurements versus the dynamic nature of the TSDD ones, the
number of measurement points and their locations are different. Since measurements from the
two devices cannot be directly compared, FWD-TSDD relationships were developed to estimate
TSDD deflection velocities from FWD deflections.

To establish the relationships, a database of pavement responses for different structures
subjected to FWD and TSDD loadings was assembled. It was not practical to assemble such a
database based on field measurements, so numerical techniques were used to simulate the
responses. The 3D-Move program was used to simulate the FWD and TSDD responses and, in
turn, to populate the database. This program predicts the response of pavement structures
subjected to moving loads. It is based on a continuum-based, finite-layer model that uses a
Fourier transform method, which enables users to simulate multiple loads, different tire print
shapes, and non-uniform tire contact stress distribution, with a constant speed. In addition to a
linear elastic response, 3D-Move allows rate-dependent material properties to accommodate the
viscoelastic behavior of asphalt. Frequency-domain solutions are also incorporated, which enable
direct use of HMA frequency sweep test data (Siddharthan et al. 2000).

To build confidence in the simulations, the results were validated and calibrated with data
from the MnROAD field experiments. In addition, to reduce execution time, the database was
used to train and validate ANN models to convert measured FWD deflections to estimated
TSDD deflection velocities. It is emphasized that the findings presented in this chapter are based
on measurements by one TSDD device and those findings may not apply to other TSDD devices.

DEVELOPMENT OF FWD-TSDD RELATIONSHIPS

A comprehensive database of linear elastic responses for three-layered asphalt pavements
and two-layered concrete pavements subjected to stationary FWD and dynamic TSDD loads was
assembled. Use of the stationary FWD loading was justified by the work of Chang et al (1992),
which noted that in the absence of a shallow stiff layer, the peak deflections from static and
dynamic analysis are virtually the same. The viscoelasticity of HMA layers was also not
considered for two reasons: (1) Saremi et al. (2018) demonstrated (as indicated in Chapter 2) the
viscoelastic impact to be negligible relative to the TSDD measurements’ uncertainties if the
HMA thickness is less than 4 in. (100 mm) thick; and (2) incorporation of viscoelasticity in the
ANN models requires other parameters that may be impractical for highway agencies to obtain.
Also, while most of the impact of the change in the deflection velocities due to the consideration
of viscoelasticity would be close to the TSD tires, the first TSD sensor is 8 in. (200 mm) away
from the center of the tire.

The resulting database was used to evaluate the sensitivity of the TSDD and FWD responses
to different input parameters. The database contained the following data:

1. Type of device: FWD or TSDD, and TSDD operating speed.
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2. Pavement structure and material properties: layer thicknesses and elastic moduli.

3. Pavement responses for structure and material properties subjected to FWD and TSDD
loadings: FWD deflections and TSDD deflection velocities.

The process used to assemble the database is illustrated in Figure 19. To consider different
pavement conditions, a Monte Carlo simulation was conducted using a range of structures, with
randomly selected layer thicknesses and moduli, to generate the 3D-Move inputs. Table 4 shows
the parameters considered for flexible pavements on unbound aggregate base courses—a total of
10,000 structures subjected to TSDD loadings and another 10,000 subjected to FWD loadings
were simulated. Increments of 0.1 in. for layer thicknesses and 1 psi for moduli were used.
TSDD speed was also incorporated as deflection velocities are speed dependent. Ultimately,
ANN models for speeds of 30, 45, and 60 mph (48, 72, and 96 km/h) were developed.

Generating uniformly-distributed
pavement properties (layers
thicknesses and moduli)

2
10,000 flexible (r 10,000 flexible B
pavement on unpound pavement on stabilized 1,000 rigid pavement
aggregate ll)ase inputs L base inputs ) |
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Figure 19. Database assembling process.

Table 4. Layer thicknesses and material properties for numerical modeling.

HMA/Slab Base HMA/Slab Base Subgrade
Pavement Type | Values | Thickness | Thickness | Modulus | Modulus | Modulus
(in.) (in.) (ksi) (ksi) (ksi)
Flexible on Minimum | 1 6 300 5 4
Unbound Base Maximum | 12 18 700 85 45
Flexible on Minimum | 1 6 300 85 4
Stabilized Base Maximum | 12 18 700 2,000 45
. . Minimum | 5 - 2,000 - 4
Rigid Pavement 17y r & um | 15 i 8,000 i 45

The procedure was repeated for 10,000 flexible pavements on stabilized base layers to
consider the stiffer base moduli. The range of layer thicknesses and asphalt and subgrade moduli
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were identical to those for the flexible pavements on unbound aggregate base, but the stabilized
base moduli were randomly selected within the ranges shown in Table 4.

In terms of rigid pavements, the use of TSDDs to date has focused on joint load transfer and,
to a much lesser degree, structural evaluations. Consequently, the rigid pavement simulations
were limited to linear elastic analyses of a two-layer structure. The slab thickness varied between
5 and 15 in. (125 and 375 mm), while the PCC and subgrade moduli varied within the limits
shown in Table 4. In all, 1,000 cases were simulated using 3D-Move at three TSDD speeds and
the stationary condition for the FWD.

VALIDATION OF NUMERICAL MODEL

To assess the reliability of the models for use in development of the FWD-TSDD
relationships, the 3D-Move numerical responses were validated with data from the field
experiments as detailed in Figure 20. The FWD and TSDD data from the LVR cells were
considered as the reference for comparison. Given the uncertainties in the data collected at the
MnROAD ML cells, the research team could not justify considering them in the model
validation. Layer elastic moduli were back-calculated using the measured FWD deflection
basins. The resulting moduli, together with the layer thicknesses for the three LVR cells, were
used as inputs to obtain the FWD surface deflections and the TSDD deflection velocities. A
summary of the results for each cell and device is contained in Appendix B. As shown, the
numerical and experimental responses from the FWD agreed with an uncertainty better than
+10% for all cells and sensor locations, indicating the backcalculated layer moduli were
reasonable. The mean measured TSDD deflection velocities were also within £10% of the
estimated ones in most cases; however, as indicated by the error bars, the uncertainty of the
measured values was high, especially for the stiffer sections.

TSDD deflection velocities Layer thicknesses as per FWD deflection bowls at
at LVR cells construction layout plans LVR cells

Backcalculated layers W

moduli of LVR cells <
using PCASE J
Simulating TSDD at LVR Simulating FWD at LVR
cells using 3DMove cells using 3DMove
Numerical TSDD Numerical FWD
deflection velocities deflections
Comparison of numerical and Comparison of numerical and
experimental TSDD results experimental FWD results

Figure 20. Procedure for validation of 3D-Move models.
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Developing ANN Models

For purposes of the TSDD verification procedure, ANN numerical models were developed
using the 3D-Move software to predict the equivalent TSDD pavement responses from FWD
measurements. An ANN approach was selected because of its predictive analytics and machine
learning components, which provide powerful material behavior predictive capabilities while
lowering computing effort and time. The ANN model development procedure is shown in Figure
21. FWD and TSDD pavement responses were recorded at several sensor locations. The inputs
included the thicknesses of the asphalt and concrete pavement layers, as well as the FWD
deflections at sensor locations of 8, 12, 18, 24, 36, and 60 in. (200, 300, 450, 600, 900, and 1500
mm). Pavement layer moduli were not used as input to eliminate the need for back-calculation.
The outputs consisted of the TSDD deflection velocities at the same sensor locations as the
FWD.

ANN models inputs: ANN models outputs:
Layer thicknesses and FWD vertical TSDD deflection velocities at selected
deflections at selected sensor sensor locations at 30,45 and 60 mph
locations for each pavement category for each pavement category
7 N
Train ANN models
using 70% of data
.
v
-
Validate ANN models
using 15% of data
\
v
~N
Test ANN models
using 15% of data
\ i J
v v
Flexible pavement on Flexible pavement on .. N
Rigid pavement ANN models
unbound aggregate base ANN stabilized base ANN models 2 f(ﬁ- diffel'en?s' eeds'o
models for different speeds for different speeds speed

Figure 21. ANN model development procedure.

A multilayered feed-forward ANN with a Levenberg-Marquardt algorithm was used (Ilonen
et al. 2003, Hastie et al. 2009). For HMA pavements, the input layer consisted of nine neurons,
while the output layer consisted of seven neurons. The input and output layers for rigid
pavements consisted of eight and seven neurons, respectively. All models included two hidden
layers with 10 and seven neurons each.

The ANN models were formulated using 10,000 and 1,000 deflection velocity basins for the
flexible and rigid pavements, respectively. The data were divided into three subsets: 70%, 15%,
and 15% for training, validation, and testing, respectively, as this resulted in the best model
performance. The pavement structures in the subsets were randomly selected. To avoid
overfitting, the training was terminated when the validation error leveled. For each pavement
type, separate ANN models were developed for speeds of 30, 45, and 60 mph (48, 72, and 96
km/h). Using the testing dataset, the ANN models predicted the theoretical TSDD surface
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deflection velocities for the various combinations of pavement type and speed with correlation of
determination values close to unity and maximum standard error estimate of about 1 mil/s
(0.0254 mm/s). Appendix C summarizes the results of the validation of the ANN models.

VERIFICATION OF TSDD MEASUREMENTS

The ANN validation showed that the models can estimate TSDD deflection velocities well
based on pavement layer thicknesses and FWD deflections. To further evaluate the performance
of the ANN models, MnROAD field data were used to verify the models. The LVR cells were
selected for this evaluation as the variability of the ML measurements was significant. Since the
FWD tests were conducted at 3.3-ft (1-m) intervals, while TSDD measurements were recorded at
2-in. (50-mm) intervals, both the ANN-predicted and field TSDD data were averaged over a
length of 3.3 ft (1 m). The cross plots of the ANN-predicted and field-measured TSDD
parameters at 30 and 45 mph (48 and 72 km/h) are shown in Figure 22 for the three LVR test
cells; the standard deviations are presented as error bars. As shown, TSDD deflection velocities
were predicted using the ANN models within an uncertainty level of less than 20% for all TSDD
sensors except the one at 8 in. (200 mm) and, for test cells 31and 186, at 12 in. (300 mm).
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Figure 22. ANN-predicted versus experimental TSDD measurements for LVR.

Ideally, the uncertainty bounds associated with any device would be much tighter than the 20%
selected in this study. However, a careful review of the macro- and micro-variability of the raw
data collected by the TSD in Minnesota, Texas, and Virginia led the research team to set the
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uncertainty bound at 20%. As shown in Figure 14 (and later in Figure 28), a COV of 20% would
allow deflection velocity measurements of greater than 200 mils/sec (HMA on unbound granular
base [UGB] pavements) to be considered reasonable. If the limit is reduced to 10%, the

deflection velocities will be limited to values greater than 500 mils/sec, corresponding to very
thin HMA over UGB pavements.
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CHAPTER 5. VALIDATION OF ANN MODELS

This chapter summarizes the field testing carried out in Virginia (August 2022) and Texas
(October 2022) to validate the appropriateness of the ANN models discussed in the previous
chapter for conditions different than those at MnROAD. Three test sections were selected in each
State based on the following criteria: (1) closeness of test sections to each other; (2) HMA or
HMA over PCC pavement structures only; (3) range of structural conditions; and (4) sites with
relatively low traffic volumes to help mitigate traffic and safety concerns. Geophones were
installed at each test section in support of the field-testing objective. Like the field experiments,
the Virginia and Texas field testing findings are based on measurements by one device and may
not apply to other devices.

FIELD TESTING

The three Virginia test sections were located on US 460 between Appomattox and Farmville.
The pavement structure information is summarized in Table 5. The HMA surface layer varied
between 8.1 in. and 9.9 in. (202 mm and 248 mm), while the underlying macadam layer varied
between 2.1 in. and 4.5 in. (52 mm and 112 mm). These two layers were constructed on top of
6.6 in. (165 mm) of granular base (based on ground penetrating radar [GPR] testing) and the
subgrade layer. (Note: macadam is not a common base layer material. Its presence was not
established until coring performed well after the FWD and TSDD field testing activities had been
completed. It is hypothesized the presence of the macadam may have contributed to the TSDD
measurement variability, and hence the reason GPR or coring to confirm the pavement layer
thicknesses and material types was incorporated into the proposed practice).

Table S. Layer thicknesses and material for Virginia validation test sections.

Test Core No. Layer Thicknesses, in. (mm)
Section Asphalt Macadam
1 8.7 (217) not recovered
VA-1 2 8.1(202) not recovered
3 9.0 (226) 2.1(52)
1 7.4 (184) not recovered
VA-2 2 9.2 (229) 4.5(112)
3 7.7 (193) not recovered
1 8.9 (222) 2.2 (56)
VA-3 2 9.9 (248) not recovered
3 9.2 (229) 3.2 (80)

After establishing the center of each test section, markings were painted along the outer
wheel path at 3.3-ft (1-m) intervals up to 16.5 ft (5 m) on each side of the center as well as at the
center. These marks established the 11 FWD testing locations. In addition, two geophones were
installed 1.7 ft (0.5 m) on each side of the section center, along the outer wheel path. In addition
to the 11 FWD testing locations, FWD tests were also conducted directly on top of the
geophones to confirm that the geophones were properly functioning.

The Texas field testing followed the process used in Virginia, but marking of the test sections
was achieved by first conducting FWD tests at 10-ft (3-m) intervals along 100 ft (30 m) to
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identify a length of pavement that was reasonably uniform. The test sections were located
approximately 7 miles outside of College Station, Texas on State Highway (SH 47). The
pavement structure information, as determined from coring, is summarized in Table 6. The HMA
surface layer varied between 2.5 in. and 5.5 in. (64 mm and 140 mm). At the first section, the
HMA layer was constructed on top of 9 in. (229 mm) of cement-treated base (CTB), 6 in. of
UGB, 6 in. of lime-treated base (LTB), and a clay subgrade layer. The asphalt layer in the other
two sections was constructed on 14 in. (356 mm) of UGB and a clay subgrade layer.

Table 6. Layer thicknesses and material for Texas validation test sections.

Test Layer Thicknesses, in. (mm)
Section | HMA CTB UGB LTB
TX-1 [2.5(63.5) 9 (229) 6 (152) 6 (152)
TX-2 [5.5(140) - 14 (356) -
TX-3 | 5127 - 14 (356) -
ANALYSIS RESULTS

To verify the installation of the geophones, the deflections measured by the third FWD
sensor and the two geophones at each test section were compared. The third FWD sensor was
used to avoid damaging the embedded geophones by directly impacting on them with the load
plate. Figure 23 shows the comparison results; the geophone and FWD deflections compare well,
as evidenced by the 1.01 slope of the best fit line and a coefficient of determination of
approximately 1.00. The trend in Figure 23 does not necessarily follow the one that would be
observed if using the FWD sensor directly under the load center, so it cannot be used to confirm
if the Texas test sections were stiffer or not compared to the Virginia test sections.
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Figure 23. Comparison of field geophones and FWD deflections.

TSDD data at the Virginia and Texas test sections were nominally recorded at 2-in. (50-mm)
intervals over a distance of 45 ft (14 m). The raw deflection velocity measurements, collected at
45 mph (72 km/h) along a length of about 45 ft (14 m) at one of the Texas sections, are
illustrated in Figure 24.
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Figure 24. Example TSDD deflection measurements at Texas test section.

Figure 25 shows the average FWD deflections from the 22 drops (two drops at 11 locations).
Error bars represent the one standard deviation range. The corresponding COV's are shown on
top of each bar. FWD measurements exhibited a maximum COV of 49% for the Virginia test

sections and a maximum COV of 20% for the Texas test sections.
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Figure 25. FWD deflection measurements at Virginia and Texas test sections.

Statistical information about the 2-in. (50-mm) TSDD measurements at different speeds is
presented in Figure 26 and Figure 27 for the Virginia and Texas test sections, respectively. Both
figures show that the average deflection velocities seem to increase as the pavement sections
become less stiff when compared to the deflections shown in Figure 23. However, other factors
may affect the TSDD responses. The TSDD data variability is significantly different between
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sensor locations and test sections. For the Virginia test sections, most sensors exhibited COVs of
more than 100%. The farther sensors generally showed higher COVs compared to those closer to
the load. Although the COVs for the Texas test sections were notably lower, the two farthest
sensors still show COVs of more than 100%.
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Figure 27. Variability of Texas TSDD deflection measurements for 2-in. data interval.

As with the MnROAD field experiments data, the Virginia and Texas TSDD deflection
velocities were averaged at 3.3-ft (1-m) intervals for each sensor to study the effect of spatial
averaging on the deflection. Like the MnROAD findings (see Appendix A), the outcome of this
analysis showed that decreases in the COVs of the sensors with larger deflection velocities were
more pronounced. However, the variability of the data for the Virginia test sections for many

sensors was still significant, as the COVs exceeded 100%.

The variability of the TSDD deflection velocities at the Virginia and Texas test sections is
plotted against their corresponding average deflection velocities in Figure 28. Like the
MnROAD results, an inverse relationship is observed between the average deflection velocity
COVs and average deflection velocities. Unlike the MnROAD results, the measurement
variability does not seem to have a specific relationship with speed. Lower deflection velocities
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correspond to measurements made with sensors located farther away from the loading or
measured at sites with stiffer pavements. Also, while in many cases COVs less than 20%
corresponded to deflection velocities greater than about 200 mils/s (5 mm/s), in some cases the

COVs were greater than 20%. For deflection velocities greater than about 600 mils/s (15 mm/s),
the COVs were always less than 20%.
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Figure 28. Average COV as a function of average deflection velocity for 3.3 ft interval.

The effects of vehicle speed were minimized by converting the deflection velocities to
deflection slopes by dividing the velocities by the corresponding vehicle speed. As shown in
Figure 29, the variability increases as the deflection slope decreases. The COV of less than 20%
corresponded to deflection slopes greater than about 8 mils/ft (0.7 mm/m).
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Figure 29. Average COV as a function of average deflection slope for 3.3 ft interval.

To evaluate the accuracy of the TSDD measurements, the deflection velocities for each test
section were compared with the corresponding geophone measurements. The TSDD passes with
the best alignments were determined based on the TSDD camera video recordings or the absence
of geophone peaks. The geophone deflection velocities are plotted against those of the TSDD
sensors for the Virginia and Texas test sections in Figure 30 and Figure 31, respectively. Only
two of the three Virginia test sections are shown due to a hard disk failure associated with the
data acquisition system computer.

For the Virginia test sections, the TSDD results are outside the £20% uncertainty bounds at
some of the TSDD sensors, and the deviation seems to increase with higher vehicle speed. The
Texas test sections, on the other hand, generally exhibited less deviation, as most of the TSDD
sensors’ deflection velocities fall within the +£20% uncertainty bounds.
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To improve the ANN estimates, calibration factors were introduced to make the ANN
estimated deflection velocities closer to the experimental values. For each test section, the ANN
models were used to estimate the TSDD deflection velocities corresponding to the FWD data and
layer thicknesses of the test sections; since the temperatures measured by the two devices at each
test section were close, temperature adjustments were not deemed necessary. The results were
then averaged along the test section for each sensor for comparison with the average
experimental TSDD values.

The average estimated and measured values for each MnROAD LVR test cell are compared
in Figure 32. A linear regression model was used to find the relationship between the two sets for
each sensor, and the slope of the best-fit line was used as the calibration factor. The MnROAD
ML datasets were not included in Figure 32 nor used for the calibration factors because they
comprise TSDD measurements with significant variability.
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Figure 32. Comparison of measured and estimated ANN deflection velocities.

The final cross plots of the calibrated ANN-predicted parameters and field TSDD parameters
for 30 mph (48 kph) are shown for the MnROAD LVR cells and Texas sites in Figure 33. The
standard deviation of each averaged parameter is presented as an error bar. The MnROAD ML
and Virginia datasets were not included because they comprise TSDD measurements with
significant variability. For the MnROAD LVR and Texas sites, the adjusted ANN-based values
predicted the TSDD deflection velocities within £20% uncertainty bounds for most sensor
locations and seem to work well in the estimation of the TSDD data.
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CHAPTER 6. PREPARATION OF PROPOSED PRACTICE

This chapter summarizes the development of the proposed practice for verification of TSDD
measurements on highway pavements, as reflected in Attachment A. In this proposed practice,
FWD measurements along with ANN models are used as the reference values against which
TSDD measurements are compared to assess their accuracy and precision. The preparation of the
draft of the proposed practice was largely driven by the outcomes from the MnROAD LVR field
experiments. It was then validated and revised based on outcomes from the field testing carried
out in Texas. Because these outcomes are based on measurements performed by one device, the
proposed practice may not apply to other devices.

Use of the proposed practice is limited to asphalt-surfaced pavements to help attain a less
than 20% level of uncertainty. Limiting the type of pavement to consider and quantifying a 20%
uncertainty stem from the limitations of the TSDD sensors, and from the uncertainty of the
measurements explained in Chapter 4. This indirect approach to setting limits was necessary
because the detectability limit of the mounted lasers (not the laser sensor as reported by
manufacturer, but the laser system as mounted on a gyroscope) was not available.

The actual operational aspects of the proposed practice begin by addressing the following
elements:

e General requirements, including safety and traffic control, environmental testing
conditions, longitudinal grade and horizontal radius of curvature, and surface
characteristics.

e Test section requirements, including the need for three 100-ft (30-m) test sections with a
safe operational speed of at least 30 mph (48 kph) and FWD maximum deflections of 5 to
10 mils (125 to 250 pm), 10 to 20 mils (250 to 500 um), and greater than 20 mils (500

pum), respectively.

e FWD test method, including AASHTO and ASTM standard specifications, FWD sensor
locations (to match TSDD Doppler laser locations), FWD testing (three repeat drops at 11
FWD test locations using a nominal load of 9,000 Ibs [40 kN]), and FWD data collection
(peak loads, peak deflections, air temperature, and surface temperature).

The proposed practice then addresses the determination of the accuracy and precision of the
TSDD measurements. These determinations require that the TSDD data be summarized at 3.3-ft
(1-m) intervals. Once done, the proposed practice requires conducting the following analyses:

e Repeatability between two synchronized runs and overall repeatability (average of
repeatability of all pairs of runs);

e Bias between synchronized runs and overall bias (average of bias of all pairs of runs);

e Variance (precision) between repeated runs and overall variance (average of precision of
all pairs of runs);

e COV from the overall variance and average of the repeated measurements from the three
valid runs.
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Lastly, the proposed practice addresses the verification of the TSDD measurements using the
FWD measurements. The verification starts by converting the FWD deflections to estimated
TSDD deflection velocities using the ANN models developed under this project. At each
pavement test section, the FWD estimated deflection velocities are then compared to the
measured TSD deflection velocities, and the percentage difference between the two
measurements is determined. If the percentage difference is less than the minimum acceptable
difference, then the TSDD is validated. If not, two possible actions are suggested: (1) perform
another three sets of TSDD measurements and repeat the validation procedure and (2) check for
any possible miscalibration in the TSDD or the FWD.

For the TSDD used in this project, the minimum acceptable percentage difference was
defined as less than 20% for deflection velocities higher than 5 mm/s (200 mils/s), or less than
30% for deflection velocities between 2.5 and 5 mm/s (100 and 200 mils/s). Verification of the
TSDD for deflection velocities less than 2.5 mm/s (100 mils/s) is not recommended because the
COV for those low measurements is high.

In general, the TSDD verification approach detailed in the draft of the proposed practice
remained the same after the Virginia and Texas field validations, but important improvements
were made, including:

e Number of FWD test point locations (for comparison with TSDD measurements) was
increased from 10 to 11 points at 3.3-ft (1-m) intervals, which defines a length of 33 ft
(10 m). Together with the 33-ft (10-m) approach and leave sides, the total test section
length is 100 ft (30 m).

e Preliminary use of FWD testing was recommended to identify test sections that meet the
target stiffness requirements as well as to confirm the uniformity of the test sections, in
terms of deflections, and help locate the center of the test sections.

e GPR testing or coring was recommended to establish the pavement layer thicknesses and
material types for the verification test sections, which are required by the ANN models to
converted FWD deflections into estimated TSD deflection velocities.

It is also worth noting that the use of pavement-embedded instrumentation is preferred over
the use of FWD measurements as it provides a direct comparison. The proposed practice
resulting from this project is of convenience to those highway agencies wishing to avoid the
complication of instrumentation.
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CHAPTER 7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The objective of this project was to develop a proposed practice for verification of the
measurements obtained by TSDDs on highway pavements. To achieve the objective, the project
started with a literature review to gather information related to TSDD measurements, with a
focus on available technologies, deflection measurement characteristics, and device verification.
Despite the availability of different TSDDs throughout the world, only one device was available
in the United States. Consequently, the findings of this research are based on measurements by
one device and may not apply to other devices; however, the general approach should be
applicable in verifying other TSDDs.

The literature review identified the factors affecting the TSDD measurements; pavement
factors, environmental factors, and operating conditions. To better understand the effects of these
factors, field experiments were conducted at the MnROAD facility. Information collected during
the experiments included TSDD, FWD, geophones, and environmental data. Using these data,
the macro-variability of the TSDD was calculated. It was determined that the COV varied as a
function of deflection velocity for a given testing speed. COVs were high for low-amplitude
measurements, but dropped rapidly and leveled out, which had implications in terms of the
acceptable range of TSDD measurements.

Because the macro-variability was considered too general for development of the TSDD
verification procedure, the measurement uncertainty (i.e., micro-variability) needed to be
understood and considered. FWD measurements exhibited maximum COVs of 25% for the
concrete and semi-rigid pavements and of 10% for the asphalt pavements. For the TSDD
deflection velocities, the COVs varied significantly for different sensor locations and test cells; it
increased the most for sensors farther from the load and for stiffer the pavements. In addition, the
COVs significantly decreased when the measurements were averaged over longer intervals. An
inverse relationship was also observed between deflection velocities and COVs, which seemed to
increase with vehicle speed. COVs of less than 20% corresponded to deflection velocities greater
than about 200 mils/s (5 mm/s).

To evaluate accuracy, the TSDD deflection velocities were compared with the corresponding
geophone measurements. Plots of deflection velocities for the two devices were used, and despite
complications aligning the laser sensors directly on top of the geophones, the TSDD deflection
velocities matched those measured by the geophones well.

Having established accuracy and precision, the next step was to review the TSDD-generated
data to validate that the device was producing reasonable results. The reference data for the
validation were the FWD deflection measurements. Because the measurements of the two
devices cannot be compared directly, FWD-TSDD relationships were developed to estimate the
TSDD deflection velocities from FWD measurements. To do this, a database of numerical
pavement response simulation for different pavement structures subjected to FWD and TSDD
loadings was developed.

To assess the reliability of the resulting relationships, the numerical responses were validated
with data from the field experiments. Data from the three LVR test cells were used as inputs into
the models to obtain FWD deflections and TSDD deflection velocities at each sensor location.
The numerical and experimental responses agreed with an uncertainty of about +£10% for all cells
and sensor locations, indicating that models were able to capture responses adequately. However,
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the large uncertainty level of the TSDD-measured values had to be considered. Using the
numerical simulations database, ANN models were trained and validated to convert FWD
deflections to the corresponding TSDD deflection velocities. Validation of the models showed
that they could estimate TSDD deflection velocities well based on pavement layer thicknesses
and FWD deflections. More specifically, it was determined that the average TSDD deflection
velocity can be predicted using the ANN models within a level of uncertainty less than 20% for
most TSDD sensors.

The resulting ANN models were then validated at test sections in Virginia and Texas. As
with the field experiments, the deflection velocities varied for different sensor locations and test
sections. For the Virginia test sections, most of the sensors exhibited COVs greater than 100%,
while the COVs for the Texas TSDD measurements were notably lower, which was attributed to
the uniformity and stiffnesses of the selected test sections. Spatial averaging of the deflection
velocities resulted in COV decreases. Again, as with the field experiments, an inverse
relationship was observed between deflection velocities and COVs of the deflection velocities.
Although in many cases COVs less than 20% corresponded to deflection velocities greater than
about 200 mils/s (5 mm/s), some COVs were higher than that limit. For deflection velocities
greater than about 600 mils/s (15 mm/s), the COV was always less than 20%.

To evaluate the accuracy of the TSDD measurements, the deflection velocities for each test
section were compared with the measurements recorded by the two geophones installed at each
test section. For the Virginia test sections, the TSDD results were outside the £20% uncertainty
bounds at some of the TSDD sensors. The Texas test sections exhibited less deviation of the
TSDD measurements from the geophones as most TSDD sensors’ deflection velocities fell
within the £20% uncertainty bounds.

Finally, to calibrate the ANN models, calibration factors were needed to make the ANN
estimated deflection velocity values closer to the experimental values. For each test site, the
ANN models were used to estimate the TSDD results corresponding to the FWD data and layer
thicknesses of the test sections. The results were then averaged along the test section for each
sensor to be compared with the average experimental TSD-collected values. It was determined
that the TSDD deflection velocities can be predicted using the calibrated ANN models within a
level of uncertainty of less than 20% for TSDD sensors that yielded reasonably low uncertainty
(COV of less than 50%). Ultimately, the calibrated ANN models were used to develop the
proposed practice contained in Attachment A. The resulting proposed practice is considered
ready for implementation, but it is again noted that the findings of this research are based on
measurements by one device and may not apply to other devices. Also, the proposed practice
would benefit from further calibration for conditions different from those encountered in the
MnROAD field experiments and Virginia and Texas field validations.

In addition to the proposed practice and this report, the project database and ANN software
application developed as part of the project are provided under separate cover as part of the final
project deliverables. The database contains the TSDD, FWD and geophone measurements
collected during the project, while the software application contains the ANN models developed
for use with the proposed practice. Finally, it is recommended that consideration be given to
developing a convenient field instrumentation system, which would decrease the uncertainty of
the measurements and provide both verification and validation of TSDDs.
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APPENDIX A: EFFECT OF SPATIAL AVERAGING ON TSDD MEASUREMENTS

Figures 1 and 2 summarize the effects of spatial averaging on the TSDD measurements for the
MnROAD LVR and ML test cells, respectively. The TSDD measurements were averaged at 3.3-
ft (1-m) intervals for each sensor. Both figures show that the COVs of the deflection velocities
decrease significantly for the averaged data when compared to the 2 in. (50 mm) data. The
decreases in the COVs of the sensors with larger deflection velocities are more pronounced.
However, the variability of the data of the ML test cells for many sensors is still significant, as

the COVs still exceed 50%.
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APPENDIX B: EVALUATION OF 3D-MOVE MODELS

Figure 1 compares the predicted FWD deflections using the backcalculated layer moduli
against the measured FWD deflections for Cells 31, 728, and 186 of the LVR. Based on the
FWD data, the backcalculation process was carried out properly, as the differences between the
modeled and measured deflections are typically within the £10% uncertainty lines for all three
cells.
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Figure 1. Comparison of 3D-Move simulated and FWD measured deflections — LVR cells.

The TSDD-predicted against measured deflection velocity plots for the three LVR cells are
shown in Figure 2. The 3D-Move models executed using the FWD backcalculated moduli on
average predict the results from the field experiment with an uncertainty of about 10%. However,
the error bars that represent one standard deviation are large and become larger as the cell
becomes stiffer.

The information provided in Figure 2 is reproduced in Figure 3 but using TSDD data
averaged over 3.3 ft (1 m) instead of the 2 in. (50 mm) data. The standard deviation error bars are
significantly shorter in this case.
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LVR cells and 2 in data.
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APPENDIX C: EVALUATION OF ANN MODELS

Before evaluation of the ANN models using field data, the performance of these models was
evaluated following established industry protocols (e.g., Fausett, 1994). Using these protocols,
the database was divided into three components — 70% of the data for training, 15% for testing,
and another 15% for evaluation. This appendix contains the results of the evaluation of the ANN
models with 15% of the data never seen by the ANN models before. As shown in Figure 1, the
ANN-based models predict the TSDD deflection velocity at three different speeds for HMA
pavements with an UGB layer well. The ANN predicted surface deflection velocities for speeds
of 30, 45, and 60 mph (48, 72, and 96 km/h) with coefficients of determination close to unity,
and standard errors of estimate SEEs of less than 0.2 mils/s (8 mm/s).
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Figure 1. Comparison of ANN-predicted versus 3D-Move simulated deflection velocities —
AC on UGB pavements.

Likewise, Figures 2 and 3 compare the TSDD deflection velocities under different speeds
predicted by the ANN-based models and determined using 3D-Move for the HMA pavements
with a stabilized base layer and rigid pavements, respectively. Based on these plots, the ANN-
based models predict the TSDD deflection velocity for both pavement types well with standard
error of estimates (SEEs) of less than 0.5 and 1 mils/s (20 and 39 mm/s).
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Figure 2. Comparison of ANN-predicted versus 3D-Move simulated deflection velocities —
AC on stabilized base pavements.
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ATTACHMENT A: PROPOSED PRACTICE

Proposed Practice for Verification of Traffic Speed Deflection Device (TSDD)
Measurements with the Falling Weight Deflectometer

Disclaimer: This proposed practice for “Verification of Traffic Speed Deflection Device
(TSDD) Measurements with the Falling Weight Deflectometer” is the recommendation of the
NCHRP Project 10-105 staff at WSP USA Environment & Infrastructure Inc. The findings that
led to this standard practice are based on measurements by one TSDD device and may not apply
to other TSDD devices This standard practice has not been approved by NCHRP or any
AASHTO committee nor formally accepted for the AASHTO specifications.

1. SCOPE

1.1. This practice describes a procedure for verifying traffic speed deflection device
(TSDD) measurements using falling weight deflectometer (FWD) measurements.
The TSDD measurements are obtained while the device travels along three
pavement test sections. FWD measurements are collected on the same three
pavement test sections according to the procedures described in AASHTO T 256-
01 (2011). This standard practice describes the procedures for TSDD and FWD
measurements, provides the general information that shall be obtained, and
explains the analysis method that shall be undertaken to perform the verification.

1.2. This practice is applicable to TSDD measurements performed on asphalt concrete
(AC) or semi-rigid (AC on stabilized base). Portland Cement Concrete (PCC)
pavements are not recommended for the verification of TSDD measurements.

1.3. The values stated in SI units are to be regarded as standard. The values in the U.S.
Customary units given in parentheses are for information purposes only.

1.4. This practice does not purport to address the safety concerns, if any, associated
with its use. It is the responsibility of the user of this practice to establish
appropriate safety and health practices and determine the applicability of
regulatory limitations related to and prior to its use.

2. REFERENCED DOCUMENTS

2.1 AASHTO Standards:

e R 32, Calibrating the Load Cell and Deflection Sensors for a Falling Weight
Deflectometer.

e T 256-01, Pavement Deflection Measurements.



2.2

3.1.

3.1.1.

3.1.10.

ASTM Standards:

o D4694, Standard Test Method for Deflections with a Falling-Weight-Type
Impulse Load Device.

e D4695, Standard Guide for General Pavement Deflection Measurements.

TERMINOLOGY
Definition of terms specific to this standard practice.

Laser Sensors: laser-based sensors mounted on the TSDD to measure the
pavement response as the device travels along each of the three (3) pavement test
sections.

Strain Gauge(s): sensor(s) mounted on the TSDD rear axle to measure the strain
that is caused by the load applied to the axle. The measured strains are used to
estimate the dynamic load applied to the axle during testing.

Load Cell: FWD load cell that is capable of accurately measuring the load applied
perpendicular to its loading plate.

Deflection Basin: the deformed pavement surface due to the FWD stationary
impact load or the TSDD rolling wheel load.

TSDD Deflection Response: the pavement surface response that is caused by the
movement of the TSDD and that is measured by the laser sensors.

Testing Speed: the speed at which the TSDD is moving on the three pavement test
sections.

Test Location: the point at which the center of the load plate is placed for FWD
testing. There are eleven (11) FWD test locations at each pavement test section,
which also define the path the TSDD laser-sensors shall follow.

Accuracy: the ability of a measuring device to collect measurements with an
expected value that is close to a selected reference value. For this standard
practice, the measuring device is the TSDD, and the reference device is the FWD.
Accuracy can be quantified with the statistical measure of bias, with zero bias
corresponding to perfect accuracy.

Precision: the ability of a measuring device to collect measurements at the same
location that are closely bunched together. Precision can be quantified with the
statistical measure of variance, with zero variance corresponding to perfect
precision.

Repeatability: the square root of the mean square of the difference among two or
more repeated measurements at the same location. Repeatability is closely related
to precision.



3.1.11. Reproducibility: the square root of the mean square difference of the
measurements of two (2) different measuring devices.

4. SIGNIFICANCE AND USE

4.1. This-practice consists of methods for measuring the pavement response to a
TSDD and verifying these measurements with FWD deflection measurements.
Each device is operated according to the standard operating procedure applicable
to that device.

4.2. This practice pertains to tests performed on AC and semi-rigid pavement sections.
This practice does not apply to PCC pavements.

4.3. Standards for collection of general information, such as test setup, ambient
temperature, pavement temperature, number of tests, and test locations, pertain to
all devices.

S. EQUIPMENT

5.1. The equipment used in this practice shall be a TSDD as described in Section 5.2
and the FWD device (see ASTM D4694).

5.2. Traffic Speed Deflection Device: a TSDD is an articulated truck with a rear-axle
load ranging between 60 kN and 130 kN (13 kips and 22 kips) and measures the
pavement response while traveling at speeds typically ranging between 50 km/h
and 100 km/h (30 mph and 60 mph). A TSDD has several lasers, mounted on a
beam, that measure the pavement response of the device as it travels along the
road. For purposes of this standard practice, lasers shall be located at 200, 300,
450, 600, 900, and 1,500 mm (8, 12, 18, 24, 36, and 60 in) from the tire load.
Additional laser sensors at locations other than the six specified will not be used
in the verification process.

6. EQUIPMENT CALIBRATION

6.1 The TSDD shall be calibrated according to the manufacturer's recommended
procedure to ensure readings are within the manufacturer’s specified limits.

6.2 TSDD Lasers Calibration: lasers measuring the pavement response shall be
calibrated following the manufacturer's recommended procedure.

6.3 TSDD Strain Gauges Calibration: strain gauges shall be calibrated prior to the
start of the Section 7 field testing activities using portable scales.

6.4 TSDD Distance Measuring Instrument (DMI) Calibration: perform DMI
calibration as recommended by the manufacturer.



6.5

6.6

7.1
7.1.1

7.1.2

7.1.3

7.1.4

7.1.5

7.1.6

7.1.7
7.1.8

7.2

TSDD Tire Pressure Check: tire pressure shall be checked prior to the start of the
Section 7 field testing activities, adjusted as needed, and recorded.

FWD Calibration: the FWD used to perform the verification of the TSDD device
shall be calibrated according to AASHTO R 32. The calibration shall be
performed less than six (6) months before verification of the TSDD.

FIELD FWD AND TSDD TESTING
General Testing Parameters and Conditions.

Environmental Testing Conditions: TSDD and FWD testing shall be performed on
the same day, under similar environmental conditions. Testing shall be performed
when the air ambient temperature is within the equipment manufacturer
recommended range and on a dry pavement surface. A surface is considered dry if
the laser measurements incur 25% or less dropout (i.e., no signal is detected). The
wind speed during testing shall be less than 30 km/h (20 mph) to limit the effect
of crosswind loading on the TSDD trailer.

Geometry of the Loading Area: for proper application of the verification
procedure, the pavement test sections shall be free of cracks or other forms of
distress. A visual inspection of the pavement test sections shall be performed, and
distresses shall be avoided. The longitudinal grade shall be less than 3% and
horizontal radius of curvature shall be more than 600 m (2,000 ft).

Surface Characteristic of Loading Area: the loaded area shall be selected so that
the collected data incur less than 25% dropout. Pavements with binder-rich
surfaces (does not imply all new AC pavements) less than 6 months old are not
appropriate for verification testing as they may cause faulty operation of the
TSDD laser sensors.

Load: record the TSDD loads measured by the strain gauge(s) during testing, and
the peak loads measured by the FWD load cell.

Time of Test: record the date and time the TSDD and FWD measurements are
obtained.

Stationing or Chainage: record the station number or location of the 11 FWD test
points at each pavement test section.

Repeated Measurements: record the TSDD and FWD test repeat numbers.

Air and Pavement Temperatures: record the ambient air temperature and
pavement surface temperature at the beginning and the end of testing.

Test Sections: three (3) pavement test sections with a safe operational speed of at
least 70 km/h (45 mph) shall be selected. The test sections shall cover a range of
stiffnesses as determined based on FWD measurements obtained directly under

4



the center of the load plate. The recommended ranges of FWD deflections are 127
to 254 um (5 to 10 mils), 254 to 508 um (10 to 20 mils), and greater than 508 um
(20 mils). Ground penetrating radar (GPR) or coring to confirm the pavement
layer thicknesses and material types is recommended.

7.2.1 Length of Test Sections: test sections shall have a minimum length of 30 m (100
ft). Preliminary FWD testing shall be performed at the three pavement test section
locations, at 3-m (10-ft) intervals, to confirm that the desired stiffnesses have been
achieved and the pavement test section produce uniform deflections, and to locate
the center of the test sections.

7.2.2 Test Locations: mark on each pavement test section the location of the 11 FWD
test points spaced at 1-m (3.3-ft) intervals along the wheel path!, roughly in the
longitudinal middle of the test section as shown in Figure 1. Record the locations
of the FWD test points using a Global Positioning System (GPS) tracking device.
Mark the wheel path at the beginning of the test section. In addition, reflective
tape shall be used at the start and end of the test section, as illustrated in Figure 1.

Section Start Section End
HED F e e e P e L O
Wheel path '

Figure/. Schematic of a test section

7.3 TSDD Tests: perform TSDD tests as discussed in this section.
7.3.1 General: operate the TSDD following the manufacturer's recommendations.
7.3.2 Calibration: all calibrations pertaining to the TSDD shall be performed as

described in Section 6.

7.3.3 TSDD Sensor Locations: the TSDD lasers sensors shall be located at 200, 300,
450, 600, 900, and 1,500 mm (8, 12, 18, 24, 36, and 60 in) from the load center.
As detailed in Section 7.4, FWD sensors will also be located at these six (6)

! The wheel path is the area that is between 0.3 m and 1 m (1 and 3 ft) from the shoulder edge.
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locations. Additional TSDD or FWD sensors will not be used in the verification
procedure.

7.3.4 TSDD Testing: perform at least three (3) valid repeat runs? (as defined in Section
7.3.5) for each of the three (3) test sections at two (2) different testing speeds.
These testing speeds can be selected depending on the site characteristics. The
testing speeds shall be chosen so that the highest testing speed is at least 25 km/h
(15 mph) higher than the lowest testing speed. The lowest testing speed shall be at
least 50 km/h (30 mph).

7.3.5 Valid Test Run: a run shall be considered valid if the eleven (11) FWD test
locations fall within the TSDD dual tire loading area during the run (see Figure
2). This shall be determined using a TSDD-mounted camera.

Valid dual tire positions during testing Invalid dual tire paositions during testing
Section Start \ Section End

# Wheel path -

Figure 2. Schematic showing valid and invalid tire positions.

7.3.6 TSDD Data Collection: collect TSDD data on each pavement test section over at
least 30 m (100 ft) — 10 m (33 ft) before the first marked FWD test location, and
10 m after the last marked FWD test location. Data collected shall consist of the
laser measurements, vehicle speed, strain gauge load measurements, air
temperature, asphalt pavement surface temperature, and video of the TSDD dual
ties as they pass over the eleven (11) FWD test locations.

7.4 FWD Tests: perform FWD tests following the process described below.

7.4.1 General: FWD testing shall be performed according to standard specifications for
the device such as described in AASHTO T256-01, ASTM D4694, and ASTM
D4695. The surface of the pavement shall be free of loose aggregate and other
materials before conducting the tests.

21t is recommended that more than three (3) runs be performed so that at least three (3) of the total number of runs
are valid runs.



7.4.2

7.4.3

7.4.4

7.5

FWD Sensors Locations: FWD deflection measuring sensors shall be configured
to match the location of the TSDD lasers that are in front of the loading wheel
(with respect to the center of the wheel load). The FWD sensors shall be located
at distances of 200, 300, 450, 600, 900, and 1,500 mm (8, 12, 18, 24, 36, and 60
in) from the load plate center. FWD sensors other than the six (6) specified will
not be used in the verification process.

FWD Testing: perform three (3) repeat drops (in addition to a seating drop) on
each of the 11 marked FWD test locations in each of the three (3) pavement test
sections by maneuvering the FWD so that the marked location is the center of the
loading plate. Testing shall be performed while the device is positioned in the
direction of the testing performed by the TSD. The FWD testing stress shall be
within 10% of the TSDD static stress measured during the calibration of the strain
gauges.

FWD Data Collection: record the peak load, peak deflections, air temperature,
and surface temperature during testing.

TSD and FWD data normalization: the collected TSDD and FWD data shall be
normalized to a reference load of 40 kN (9,000 Ib).

TSDD ACCURACY AND PRECISION

General Statistical Analyses: the TSDD data shall be summarized at 1-m (3.3-ft)
intervals for the statistical analyses.

Matching sets of measurements: use the method of cross-correlation described in
Appendix X1 to match the valid test runs determined in 7.3.5.

Repeatability: calculate the repeatability between two synchronized TSDD runs
using measurements collected over the 30-m (100-ft) length of the three pavement
test sections. For a given pavement test sections, the repeatability between two
matched runs is calculated as follows.

n

Repeatability = %Z(f(i) — g(i))2

=1

where fis the first run and g is the second run. The overall repeatability is then
calculated as the average of the repeatability of all pairs of runs (three pairs in the
case of three runs).

Bias between repeated runs: calculate the bias between two (2) synchronized runs
using the measurements collected over the 30 m (100 ft) length of the three
pavement test sections. The bias between two matched runs is calculated as
follows:



9.2.

9.3.

1 n
Bias = Zzl:lf(i) — g@@)|

The overall bias is then calculated as the average bias of all pairs of runs (three [3]
pairs in the case of three valid runs).

Variance (precision) between repeated runs: calculate the variance between two
synchronized runs using measurements collected over 30 m. The variance
between two runs is calculated from the following:

Variance = Repeatability?

The overall variance is then calculated as the average variance of all pairs of runs
(three [3] pairs in the case of three valid runs).

Coefficient of Variation (COV): calculate the COV from the variance as follows:

v Variance/2

cov =
Average

where Average is the average of the repeated measurements for the three (3) valid
runs.

TSDD VERIFICATION

Convert FWD deflection measurements to TSDD measurements. This shall be
done using the artificial neural network (ANN) software application developed for
this standard practice. The input to this software application includes the TSDD
and FWD measurements for sensors located at 200, 300, 450, 600, 900 and 1,500
mm (8, 12, 18, 24, 36 and 60 in) from the load, the peak FWD load, and the
thicknesses of the asphalt concrete surface and base layers.

Note 1 — This practice is based on measurements by one device and consequently
may not apply to other devices.

For each TSDD and FWD sensor (located at 200, 300, 450, 600, 900, and 1,500
mm [8, 12, 18, 24, 36, and 60 in] from the load), average the measurements
obtained from the three repeats at the eleven (11) FWD test locations (see Figure
1). This step shall be repeated for each of the three (3) pavement test sections. The
outcome will be one (1) measurement per sensor per device per pavement test
section.

For each pavement test section, determine the percentage differences between the
TSDD measurements, Ryspp, and the FWD measurements converted to
equivalent TSDD measurement, Rpy,p, for each TSDD sensor location as follows:

R —R
%Dif ference = ulley 15Dp

RTSDD

This will yield six (6) percent differences per test section, each corresponding to
one of the six (6) sensors. If the percent differences for all sensors and pavement



test sections are less than the minimum acceptable difference, then the TSDD is
validated.

Note 2 — For this practice, the minimum acceptable difference is defined as less
than 20% for deflection velocities higher than 5 mm/s (200 mils/s), or less than
30% for deflection velocities between 2.5 and 5 mm/s (100 and 200 mils/s).
Verification of the TSDD for velocities less than 2.5 mm/s (100 mils/s) is not
recommended because the COV for those low measurements is high.

If the TSDD fails the verification, then the following three possible actions can be
taken:

e Perform another three (3) sets of TSDD measurements and repeat the
validation procedure.
e Check for any possible miscalibration in the TSDD or the FWD.

94. Test Results: The results of the validation tests shall be documented by the testing
agency. Results of the validation shall include the following information:

94.1. Identification of the tested TSDD and the FWD device used for validation.

9.4.2. Date of test.

9.4.3. Operator of the TSDD.

9.4.4. Name of the individual from the testing agency who conducted the test.

94.5. Overall determination from the test: Pass or Fail.

94.6. Results of Repeatability, Bias, COV, and %Difference.

APPENDIX

(Nonmandatory Information)

X1. CROSS-CORRELATION
X1.1 Cross-correlate any pair of valid TSDD measurements using the following steps.

X1.1.1.  Step I: For the three valid TSDD measurements on each pavement test section and at
each testing speed, select all measurements from 5 m (16.5 ft) before the start of the
test section to 5 m after the end of the test section.

X1.1.2.  Step 2: Select a reference set of valid TSDD measurements for each test section and
test speed. It will also be considered the location reference. The measurements will
have a recording interval 4x of 1 m (3.3 ft).

X1.1.3.  Step 3: Offset the valid TSDD measurements to have a mean of zero.

X1.1.4.  Step 4: Calculate the cross-correlation between the reference set of measurements and
the remaining two sets of measurements g as follows.

c(m) = X o[f (@ - flgG +m) — g]



X1.1.5.

where frepresents the reference set of measurements, g represents any of the
remaining two sets of measurements, f is the average of the reference set of
measurements, g is the average of the second set of measurements, # is the total
number of measurements, in this case 40, and m, with -39 <m < 39 is the amount of
shifting.

Step 5: Determine the optimal amount of shifting m., as the value of m that
maximizes c(m).

10



