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Abstract:

The objective of this transportation pooled fund study was to carry out a field demonstration of the Traffic Speed Deflectometer
(TSD) in the nine participating state highway agencies (SHAs) and present an approach of how the results of TSD testing could
be implemented within a pavement management system (PMS). The testing was performed on a total of 5,928 miles (some
repeated) during three time periods: November 2013, May to July 2014, and June to September 2015 and the results are
summarized in this report. Specifically this report (1) describes the TSD and its measurement methods, (2) describes the
collected data and the data processing performed (with details in the Appendix), (3) evaluates the short-term and long-term
repeatability of the TSD, (4) presents a comparison between TSD and falling weight deflectometer (FWD) measurements, (5)
presents a comparison between the data derived from TSD measurements and typical PMS data collected by state highway
agencies, (6) shows how information obtained from the collected TSD data can be used to identify structurally strong and weak
pavement sections, and (7) presents an approach that can be implemented by state highway agencies to incorporate indices
derived from TSD data into their PMS decision-making process. Companion reports, documenting SHA-specific data analysis,
findings, and recommendations have also been prepared and provided to each participating SHA.

The results of the testing showed good short-term and long-term repeatability of the TSD, as it was found that repeated
measurements followed similar trends. However, there could still be improvements in TSD repeatability, especially in terms of
temperature correction of TSD measurements and the TSD device calibration procedure in few sections. TSD measurements
were also found to be comparable to FWD measurements in that measurements from both devices followed similar trends.
Comparing TSD measurements with PMS surface condition data found, as suspected, that the TSD provided valuable
information about the structural condition of the tested pavement sections that cannot be derived from the already available
pavement surface condition as part of an agency’s PMS. The TSD was found to be capable of differentiating between relatively
structurally strong and weak sections and provide more detailed assessment when used in conjunction with SHA’s PMS data. An
example of how TSD information can be used to refine the triggered treatment category as part of a network-level PMS analysis
is presented for a roughly 75-mile section of I-81 south in Virginia.
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FIELD DEMONSTRATION OF THE TRAFFIC SPEED DEFLECTOMETER: FINAL REPORT

Samer Katicha'!, Gerardo Flintsch!, Shivesh Shrestha!, and Senthilmurugan Thyagarajan?

INTRODUCTION

This report summarizes the results from the Traffic Speed Deflectometer (TSD) demonstration
transportation pooled fund project performed with the participation of nine state highway
agencies (SHAs): Caltrans, Georgia Department of Transportation (DOT), Idaho Transportation
Department, Illinois DOT, Nevada DOT, New York DOT, Pennsylvania DOT, South Carolina
DOT, and Virginia DOT. There are two main objectives and three secondary objectives to the
project. The two main objectives are:

1. Develop a framework that state highway agencies can adopt to obtain a structural
classification of the road network in terms of good, fair, and poor condition. The
classification is based on structural indices and threshold values for those indices.
Threshold values could be based on a mechanistic-empirical approach (e.g., predicting
remaining fatigue life) or on the distribution of index values (i.e., based on percentiles of
the data; e.g., 25™ and 95" percentiles of the selected index could be chosen to
differentiate between good and fair, and between fair and poor). The two main indices
presented in this report are the Structural Curvature Index 300 (SCI300) and Deflection
Slope Index (DSI). Some example sections for which layer thicknesses were available
were also used to show that the effective structural number (SN.y) can be calculated from
TSD measurements.

2. Demonstrate how structural information obtained from the TSD can be incorporated into a
SHA’s pavement management system (PMS). An example using a simplification of
Virginia’s approach is presented. The example uses a 74.1-mile section of I-81 south to
determine which treatment category would be triggered without and with consideration of
the structural condition.

The three secondary objectives focus on the evaluation of the quality of the measurements
collected by the TSD and whether TSD measurements provide information that cannot be implied
from the pavement surface condition data that are already being collected by most state highway
agencies. These three secondary objectives are:

1. Short-term and long-term repeatability of TSD measurements. Short-term repeatability is
evaluated with measurements performed on the same section during the same day or
within a few days (generally a day or two). Long-term repeatability is evaluated with
measurements performed on the same section at about a one-year interval. The focus in
this project is network-level structural evaluation, and therefore the repeatability was

! Virginia Tech Transportation Institute
2 Engineering & Software Consultants, Inc.
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evaluated based on whether the trends of two repeated measurements were similar. The
conditions (especially temperature) during repeated tests could be very different (although
an experimental temperature correction approach is applied to the measurements), and
therefore the focus is not on the actual magnitudes of the measurements but rather on how
they vary along the tested sections. Note that previous studies have performed detailed
evaluation of the repeatability of the TSD under more controlled testing conditions (e.g.,
Rada et al., 2016; Flintsch et al. 2013).

2. Comparison of TSD measurements with falling weight deflectometer (FWD)
measurements. This evaluation was to assess whether the measurements from the two
devices followed similar trends and whether the ranking of pavement sections (from
weakest to strongest) based on TSD measurements is compatible with ranking based on
FWD measurements.

3. Comparison of TSD measurements with PMS pavement condition data. The value of the
TSD is its ability to collect information about the pavement (structural) condition that is
not already reliably or adequately captured by other parameters currently collected and
stored in a PMS. This comparison is made with pavement condition indices used by SHAs
(namely Virginia, Pennsylvania, and Illinois), as well as fatigue cracking data (from
Virginia), which is a load-related pavement distress.

OVERVIEW OF THE TSD

The TSD, shown in Figure 1, is an articulated truck with a rear-axle load that can be varied from
58.7to 127.6 kN (13,196 to 28,686 Ibf) by using sealed lead loads. The TSD has a number of
Doppler lasers mounted on a servo-hydraulic beam to measure the deflection velocity of a loaded
pavement. The TSD evaluated in this study used seven Doppler lasers. Six Doppler lasers were
positioned to measure deflection velocity at 100, 200, 300, 600, 900, and 1,500 mm (3.9, 7.9,
11.8, 23.6, and 59 inches) in front of the loading axle. The seventh sensor was positioned 3,500
mm (11.5 ft) in front of the rear axle, largely outside the deflection bowl, to act as a reference
laser. The beam on which the lasers are mounted moves up and down in opposition to the
movement of the trailer in order to keep the lasers at a constant height from the pavement’s
surface. To prevent thermal distortion of the steel measurement beam, a climate control system
maintains the trailer temperature at a constant 20°C (68°F). Data are recorded at a survey speed of
up to 96 km/h (60 mph) at a rate of 1000 Hz.
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Figure 1. TSD used during testing (left) and computer-generated schematic (right) (Krarup,
2012).

Measurement Technology

The TSD uses Doppler lasers mounted at a small angle to the vertical to measure the overall
velocity that comprises the following components: (1) vertical pavement deflection velocity, (2)
horizontal vehicle velocity, and (3) vertical and horizontal vehicle suspension velocity. Due to its
location midway between the loaded trailer axle and the rear axle of the tractor unit, the pavement
under the reference laser is expected to be outside the zone of load influence (undeformed). Its
response is therefore used to remove the unwanted vertical and horizontal vehicle suspension
velocity from the six measurement lasers. The horizontal velocity is also measured independently
and used to determine the horizontal component of the velocity measured by the Doppler lasers.
To remove the effect of vehicle speed, the deflection velocity is divided by the instantaneous
vehicle speed to give a measurement of deflection slope, as illustrated in Figure 2. The deflection
slope is calculated as follows:

S= (1)

S|

where S is the deflection slope, V. is the vertical pavement deflection velocity, and V} is the
vehicle horizontal velocity. Typically, deflection velocity is measured in mm/s and vehicle speed
is measured in m/s; therefore, the deflection slope measurements are output in units of mm/m and
generally averaged and reported at 10-m (33-ft) intervals. At a speed of 80 km/h (50 mph) and a
data collection frequency of 1000 Hz, this corresponds to an average of 450 individual
measurements over the 10-m section.
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Figure 2. Measurement principle of the TSD (Krarup 2012 and Flintsch et al. 2013).
POOLED FUND STUDY PARTICIPANTS AND TOTAL MILES TESTED

Nine SHAs participated in the pooled fund study, with testing performed over three years: in
November 2013, between May and July in 2014, and between June and September in 2015. Two
data collection cycles were performed in all SHAs except Idaho and Virginia, which joined the
pooled fund during the 2015 data collection cycle. In total, 5,928 lane miles (with some repeated
testing) of testing were performed. The details for each state are shown in Table 1.
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Table 1. Participating states and total tested lane miles.

Participating SHA Testing month and year Tested lane miles
Caltrans June 2014 and August 2015 980
Georgia DOT May 2014 and July 2015 646
Idaho Transportation Department September 2015 1,040
Illinois DOT June 2014 and September 2015 400
Nevada DOT June 2014 and August 2015 352
New York DOT November 2013 and July 2014 595
Pennsylvania DOT July 2014 and June 2015 567
South Carolina DOT May 2014 and July 2015 726
Virginia DOT June 2015 622
Total 5,928

TSD DATA COLLECTION AND PROCESSING

Greenwood Engineering performed the data collection and provided the processed data in a series
of Microsoft® Excel® files that included the data and roadway image files collected during testing.
Details of the files provided in the external hard drive are given in Appendix A. Measured Global
Positioning System (GPS) coordinates during testing were used to obtain the Google Map links to

the location of the performed tests. Table 2 shows an example of generated links for the first
round of testing performed in Illinois in 2014. Figure 3 shows an example of a link opened in a

Web browser.

Table 2. Map link to location of performed tests in Illinois in 2014.

2014
Test File Name Road Name Map Link
No.
1. T7201406280001 157 South 1 https://goo.gl/maps/n6xCNIT1hBF2
2. T7201406280002 157 North 1 https://goo.gl/maps/GQPU6pEsd8n
3. T7201406280003 157 South 2 https://goo.gl/maps/yF2tdFLbKFJ2
4. T7201406280004 157 North 2 https://goo.gl/maps/79mUCNkg2nr
5. T7201406280005 157 South 3 https://goo.gl/maps/bxkQf5jynEN2
6. T7201406280006 157 North 3 https://goo.gl/maps/Culla2bZuSs
7. T7201406280019 | 3602 N Mattis Ave - 900 County | https://goo.gl/maps/mop8QzUAWz72
Rd 3000 N
8. T7201406300001 157 South — 174 East https://goo.gl/maps/8x7anEQRAVD2
9. T7201406300002 174 West - 157 North https://goo.gl/maps/RsNGhrQFfN22
10. T7201406300003 157 South 4 https://goo.gl/maps/61dwdSK96XT2
11. T7201406300004 172 West https://goo.gl/maps/h7swrWc3ETS82
12. T7201406300005 SR29 East https://goo.gl/maps/UmevQeidy Yk
13. T7201406300006 US51 North https://goo.gl/maps/t1tGvDHatcA2
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Figure 3. Google Maps® link showing test location on I-57 and 1-74 for file
“T7201406300001” in Table 2.

The calculated deflections provided by Greenwood Engineering were normalized with the
measured dynamic load during testing and used to calculate the SCI300 and DSI as follows:

SCI300 = D0 - D300 )
DSI = D100 — D300 (3)

where DO is the deflection at the point of load application (mid-point between the dual tires), and
D100 and D300 are the deflections at 100 mm and 300 mm away from the point of load
application.

The SCI300 and DSI were then corrected to a mid-depth reference temperature of 70°F using the
procedure developed in Rada et al. (2016). The mid-depth temperature during testing was
estimated using the BELLS3 equation (Lukanen et al. 2000) and the pavement surface
temperature measured during testing. The overall procedure is outlined in the section
“Temperature Correction Procedure.” Finally, the temperature-corrected SCI300 (or DSI) was
used to classify the pavement structural condition into the three categories of good, fair, and poor
as outlined in the section “Determination of Default Thresholds for Pavement Structural
Condition Classification.” Figure 4 shows an example of calculated SCI300. The color-coded
pavement structural condition was also plotted in Google Earth. Figure 5 shows the tested Nevada
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network structural condition as an example. The detailed condition of a road near Carson City is
shown in Figure 6.

® Poor Fair e Good
0 = T T T T
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Figure 4. Example color-coded plot of structural condition SCI300 from the file
“1720150100005.”

QFahoe City

Figure 5. Google Earth color-coded pavement structural condition of tested pavements in
Nevada with good (green), fair (yellow), and poor (red) ratings (© 2016 Google Image
Landsat/Copernicus).
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Figure 6. Detail from Figure 5 near Carson City, Nevada (© 2016 Google Image
Landsat/Copernicus).

Calculation of Indices

The TSD measures the deflection slope of the deflection basin rather than pavement deflection.
The deflection can be obtained from the deflection slope by integration as follows:

d(x)=["s(y)dy )

where,
s(y) = slope at distance y measured from the applied load;
d(x) = deflection at distance x measured from the applied load.

Greenwood Engineering uses a parametrized model for the shape of the deflection slope
developed by Pedersen et al. (2013) to obtain deflections from the deflection slope by optimizing
the model parameters to fit the deflection slope data. The deflections computed from this model
are reported in the data file (with extension .tsd.tsddefl.xls) and are used in this report. From the
calculated deflections, the SCI300 and DSI were calculated. From the SCI300 and DSI, the tensile
strain is calculated using Equation 5:

g=a(DSI)" £=d'(SCI300)" (5)
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The parameters a, b, a’, and b’ are given in Table 3 and Table 4. These parameters depend on the
thickness of the asphalt layer and were obtained by Rada et al. (2016).

Table 3. Relationship between DSI and maximum tensile strain at the bottom of the asphalt

layer.
AC Layer Thickness Parameter
a b

3-4 inches 66.96 0.9351
4-5 inches 62.567 1.0174
5-6 inches 64.660 1.0379
6-7 inches 71.646 1.0005
7-8 inches 74.381 0.9757
8-9 inches 76.458 0.9427
9-10 inches 77.802 0.9107
10-11 inches 77.868 0.8674
11-12 inches 76.861 0.8395
12-13 inches 75.154 0.8149
13-14 inches 72.194 0.778
14-15 inches 70.196 0.7824
15-16 inches 66.402 0.7525
3-6 inches (Thin) 69.100 0.9348
6-9 inches (Medium) 75.100 0.9532
9-16 inches (Thick) 75.170 0.8579
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Table 4. Relationship between SCI300 and maximum tensile strain at the bottom of the

asphalt layer.
AC Layer Thickness Parameter
a' b

3-4 inches 52.438 0.9620
4-5 inches 50.814 1.0200
5-6 inches 53.725 1.0240
6-7 inches 59.704 0.9870
7-8 inches 62.539 0.9520
8-9 inches 64.595 0.9120
9-10 inches 65.645 0.8820
10-11 inches 65.656 0.8373
11-12 inches 64.639 0.8103
12-13 inches 63.058 0.7895
13-14 inches 60.592 0.7479

14-15 inches
58.494 0.7594
15-16 inches 55.386 0.7285
3-6 inches (Thin) 57.818 0.9270
6-9 inches (Medium) 63.202 0.9350
9-16 inches (Thick) 62.538 0.8412

Calculation of Effective Structural Number (S/Nep)

The SN.jcan be calculated from TSD measurements using the method of Rohde (1994) as
follows:

1. Determine the structure index SIP of the pavement as follows:
SIP =D, - DLSHp (6)
where:
Dy = peak deflection under the 9,000-1b load
D spp = deflection at lateral distance 1.5 times the pavement depth
Hp = pavement depth — thickness of all layers above the subgrade

2. Determine the existing pavement SNy as:

SN, =k SIP“H (7)

where for asphalt pavements, k1 = 0.4728, k> = —0.4810, and k3 = 0.7581. Do used in the
calculation was corrected to a reference temperature of 68°F using the procedure
described in Lukanen et al. (2000). D15y, was assumed to be farther enough to be affected
by temperature and consequently not temperature corrected.
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Temperature-Correction Procedure

The temperature-correction procedure used was developed by Rada et al. (2016). The procedure
corrects for the strain at the bottom of the asphalt layer, calculated using Equation 5, based on the
change of the asphalt mix dynamic modulus as a function of temperature and the relationships
between dynamic modulus and strain. After the temperature-corrected strain is obtained, the
temperature-corrected indices (SCI300 and DSI) were obtained with the inverse of Equation 5.
The steps for this procedure (from Rada et al. 2016) are as follows:

1. Compute the asphalt layer dynamic modulus at the test temperature, Ey, based on the
calculated strain (from DSI or SCI300 using Equation 5) using the following equation:
E, =cx &’ (8)
where ¢ and d are model parameters that depend on the asphalt layer thickness. When the

thickness is not known, default values are provided.
2. Compute a temperature-correction factor, 7., for the dynamic modulus as follows:

T, =19.791 (6—0.043T,4 _ MY ) o
where 7 is the reference temperature (typically 70°F) and 7y is the asphalt temperature

during the test.
3. Compute the dynamic modulus, E,, at the selected reference temperature as follows:

Ef
B =L (10)

4. Compute the strain, &, at the selected reference temperature by rearranging Equation 6 as

follows:

o[22
c

5. Calculate the temperature-corrected TSD index using the inverse of Equation 5.

The asphalt temperature 77 is taken as the mid-depth temperature and calculated from the
measured surface temperature using the BELLS3 equation (Lukanen et al. 2000):

T, =0.95+0.892x IR
+[log(d)—1.25]x [~ 0.448 x IR + 0.621 x (Iday) + 1.83 x sin(hr18 — 15)] (12)
+0.042 x IR x sin(hr18 —13.5)

where:

Ty= pavement temperature at mid-depth d, °C
IR = pavement surface temperature, °C

log = base 10 logarithm

d = mid-depth of the AC layer, mm
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lday = average air temperature the day before testing, °C

sin = sine function on an 18-hr clock system, with 2x radians equal to one 18-hr cycle
hr18 = time of day, in a 24-hr clock system, but calculated using an 18-hr asphalt concrete
(AC) temperature rise-and-fall time cycle

Greenwood Engineering reported GPS location and time at each interval (10 m) in the file ending
with “.gpsimp.xls.” Note that GPS time is presented in Coordinated Universal Time (UTC).
Pavement surface temperatures are also reported along with deflections in the file ending with
“tsd.tsd.xls.” The previous day’s average air temperature was obtained at the closest weather
station from the National Center for Environmental Information weather site,
https://gis.ncdc.noaa.gov, and used in Bells equation to calculate mid-depth temperature. The
computed mid-depth temperature was used with the temperature-correction procedure described

earlier. The following points should be noted when the results from temperature correction and
repeatability analysis are evaluated:

e The temperature-correction model should be considered as an intermediate solution until
an accurate procedure is develop.

e Pavement layer details were not readily available for all the tested sections and therefore,
for the purpose of temperature corrections, all sections were assumed to be flexible
pavements. Consequently, the temperature corrected SCI300 should only be used for those
pavement sections that State DOT knows to be flexible pavements. For sections that are
not flexible pavements, it is recommended to use the uncorrected SCI300 or other indices
presented.

e AC layer thicknesses were obtained from the respective SHAs’ PMSs or, when these were
not available, assumed based on the road category (presented later in Table 5).

e Maintenance and rehabilitation (M&R) activities, if any, applied between the time of
initial and repeat data collection were not considered in the repeatability analysis.

Determination of Default Thresholds for Pavement Structural Condition Classification

A methodology based on the number of remaining Equivalent Single Axle Loads (ESALs) was
used to arrive at a preliminary estimate for the threshold between good/fair and fair/poor
segments. The remaining ESAL thresholds used in the report are only for illustrative purposes and
it is expected that they will be revised based on the experience gained from TSD implementation
efforts by individual SHAs.

Thresholds were obtained for three road categories—interstate, primary, and secondary roads—
based on asphalt layer thickness as shown in Table 5. The thresholds given in Table 5 are based
on a large database of simulated pavement sections by Rada et al. (2016). The responses from
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these simulated pavements were used to determine the number of load repetitions to failure, N,
computed using the Asphalt Institute equation (Asphalt Institute, 1982)

1 3.291 1 0.854
N, =Cx 0.00432(—j (—) (12)
* E

¢

where C is the calibration coefficient, & is the tensile strain at the bottom of the asphalt layer (load
corresponding to 9,000 Ibf loaded dual-tire configuration with 13.5-inch tire spacing and 116 psi
tire pressure), and E is the stiffness of asphalt mixture (psi). The value of C was set to 13.3 for
interstate and primary roads and 18.4 for secondary roads corresponding to the failure criteria of
10% and 45% of wheel-path cracking, respectively (Finn et al., 1977). To convert remaining
ESALs to remaining life, the following default levels of annual ESAL traffic were considered for
the three road categories:

e Interstate: 1.4 million ESAL — equivalent to about 6,500 Annual Daily Truck Traffic
(ADTT) (or 2,000 singles, 4,000 doubles, and 500 trains or triples)

e Primary: 0.2 million ESAL — equivalent to about 950 ADTT (or 700 singles, 220 doubles,
and 30 trains or triples)

e Secondary: 0.07 million ESAL — equivalent to about 375 ADTT (or 300 singles, 75
doubles).

Thresholds were set so that a pavement with 2 years or less of life remaining is considered
“poor,” between 2 and 5 years “fair,” and 5 or more years “good.” The two strain levels that
separate good from fair and fair from poor can be obtained from Equation 12. These strains were
then used to determine the appropriate SCI300 and DSI thresholds using Equation 5, which are
given in Table 5.

Table 5. Thresholds for SCI300 (TSD) and DSI.

Threshold for |  Threshold for Poor Threshold for Fair
Annual Fatigue
AC layer | Traffic,| Cracking at Ni, Ni,

Road |thickness, | million | Wheelpath, |million|SCI300,| DSI, | million |SCI300,| DSI,
Category inch ESAL % ESAL mil mil ESAL mil mil
Interstate >9 1.4 10 2.8 3.7 3.0 7.0 2.7 2.2
Primary 6-9 0.2 10 0.4 6.2 5.2 1.0 4.9 4.0
Secondary 3-6 0.07 45 0.14 9.7 7.7 0.35 7.3 5.8

SHORT-TERM AND LONG-TERM REPEATABILITY OF THE TSD

Two examples of short-term repeatability and four examples of long-term repeatability are
presented in this section. The reason more focus is placed on long-term repeatability is because
comparatively it has been much less investigated than short-term repeatability. Figure 7 and
Figure 8 show two examples of short-term SCI300 repeatability of tests (corrected to a reference
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temperature of 70°F) performed in New York and Virginia, respectively. In both cases, the
repeated runs followed similar trends. The tested section in Virginia being much longer, a
smoothed SCI300 is also shown in the figure to better highlight the trends.

Figure 9, Figure 10, and Figure 11 provide examples of long-term repeatability of sections tested
in Pennsylvania, Georgia, and Illinois, respectively. In all cases, the repeated SCI300 (corrected
to a reference temperature of 70°F) followed similar trends, although Figure 10 shows a
significant difference in the average measured SCI300 in Georgia, with 2014 collected
measurements having higher SCI300.

In both cases the repeated SCI300 (corrected to a reference temperature of 70°F) follow similar
trends although relatively less closely than in the case of short-term repeatability. This would be
expected as, in general, more factors affect the long-term repeatability than that for the short-term.
For example, the TSD had probably been recalibrated between the two repeated runs in the case
of long term repeatability assessment and that could have contributed some of the differences.
Similar to FWD and other pavement condition data collection devices, TSD sensors need to be
periodically calibrated for accurate measurements. The calibration process is needed to derive a
correction for the difference between the angles of the Doppler Lasers and the correction needs to
be made to a high degree of precision. The calibration procedure ideally requires an
approximately 1000 feet relatively straight, stiff and homogeneous pavement section. However,
during the pooled fund testing, calibrations had to be conducted in the best available pavement
sections within the vicinity of the testing locations and some of those sections may not have met
all the required attributes of an ideal calibration section. In such cases, the correction may not
have been precise and that could have contributed to some of the observed differences in the long-
term repeatability assessment. For the short-term repeatability, the two runs were performed on
consecutive days with the same calibration parameters. Also, any unexplained discrepancies in
the long-term repeatability assessment that may be attributed to calibration shortcomings were
isolated and affected only a few cases. Other factors are environmental conditions, especially
temperature. For tests performed on consecutive days the environmental conditions are expected
to be more similar than those performed a year apart.

In general, the long-term repeatability of the TSD was good, as is illustrated in Figure 12, which
shows all repeated measurements in South Carolina. Note the difference observed in I85 North
could be attributed to it being a composite pavement These represent measurements on different
roads, with a cumulative total tested distance of more than 240 miles. Overall, the TSD
measurements followed similar trends.
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Figure 10. Long-term repeatability on Route 16 in Georgia.
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Figure 12. Long-term repeatability of the TSD on roads tested in South Carolina.

COMPARISON OF TSD AND FWD MEASUREMENTS

The FWD is a widely used and accepted device for the structural evaluation of pavement sections.

Between 2006 and 2008, the Virginia Department of Transportation (VDOT) performed a

network-level structural evaluation with the FWD at 0.2-mile intervals on the state’s interstate
network. This evaluation was used to compare TSD and FWD test results on a 74-mile section of
I-81. The TSD was also used to test other interstate sections (namely on [-64 and 1-95); however,
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the selected I-81 section includes a rehabilitated section that has detailed before and after FWD
tests that are relevant to the comparison of the TSD to the FWD. Figure 13 shows both TSD and
FWD DO (deflection at the center of the applied load). The TSD measurements shown in the
figure are averaged over 0.2 mile to match with the 0.2-mile testing interval of the FWD. Note
that the scale of the measurements is different for each device; however, the measurement trends
are similar (TSD measurements where not corrected for temperature in this comparison).

The section between mileposts 214 and 218 was rehabilitated (using a variety of recycling
methods) in 2011, and detailed FWD data are available for this segment before and after
rehabilitation. FWD data between 2007 and 2010 show that the structural condition of the section
did not change significantly in the 3- to 4-year period. (If any change is observed, the data suggest
that the pavement slightly strengthened during that time period, although no treatment was
applied, with the average temperature-corrected 2010 DO being 10.86 mil and the average
temperature-corrected 2007 DO being 12.17 mil). The rehabilitation work improved the structural
condition of the pavement section as reflected in the decreased DO of FWD measurements
performed in 2011, 2012, and 2013. The TSD-calculated DO from the 2015 test follows the trend
of the FWD results of 2011, 2012, and 2013, suggesting that the improved structural condition of
the pavement section was also captured by the TSD measurements.

Structural Condition 181 South

25 35
2007 FWD
—2010 FWD
20 2012 FWD - 30
—2013 FWD
- 2011 FWD —
E 15 F 25 =
£ —2015TSD £
3 2
o a
z 10 F20 @
5 L 15
ﬁ |
]
0 10
150 160 170 180 190 200 210 220
Milepost

Figure 13. Comparison of TSD and FWD DO on I-81 South in Virginia.

The section between mileposts 150 to 162 is another interesting one showing a difference
between the TSD and FWD. The section is a composite pavement that underwent a series of
rehabilitations, most notably jacking and grouting of the concrete slab in 2013 along with mill and
overlay work that ranged from 3 to 5.5 inches. The weak spots measured by the FWD (high peaks
observed in the plot) were strengthened by this series of rehabilitations, and this strengthening is
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reflected in the TSD data. In summary, the results obtained on this section of [-81 show that the
TSD and FWD measurements have similar trends and that changes in the structural condition,
mainly improvement by rehabilitation, are reflected in the TSD measurements.

COMPARISON OF TSD MEASUREMENTS WITH PMS DATA
Comparison with Overall Surface Condition Data

Pavement condition data for some of the sections tested were obtained from three of the
participating states: Pennsylvania, Illinois, and Virginia. Pennsylvania uses the Overall Pavement
Index (OPI), which ranges from 0 to 100 (0 failed and 100 new), to summarize the condition of
pavement sections. Virginia uses the Critical Condition Index (CCI), which also ranges from 0 to
100, while Illinois uses the Condition Rating Survey (CRS), which ranges from 0 to 10. The OPI
and CCI are recorded at a 1-unit resolution, while the CRS is recorded at a 0.1-unit resolution.
Figure 14, Figure 15, and Figure 16 show the structural condition measured by the TSD compared
to the OPI, CRS, and CCI, respectively. For all three figures, there is practically no relationship
between the TSD measurements and the respective surface condition index. For example, Figure
14 shows Pennsylvania data; the road section between mile 18 and 22 and the road section
between mile 35 and 40 have similar SN, values (around 3). However, the two sections have
significantly different OPI values, with an average of 95 for the first section and an average of 65
for the second section. This shows that the observed surface condition of the pavement is not
representative of the structural condition of the pavement as measured by the TSD. A typical
example of how the surface condition in the PMS and the structural condition obtained from the
TSD can give different results would be a relatively structurally weak pavement section that has
just been resurfaced with a 2-inch mill and overlay. The CCI for this pavement section would be
close to 100, which is very good, while the structural condition is poor (weak pavement).
Alternatively, a structurally strong pavement section could have an old surface that experienced
top-down cracking, and therefore have fair or poor CCIL. This shows the importance of evaluating
the structural condition, and that the TSD provides information that is currently not available as
part of SHAs’ PMSs.

Page 20



Distance (miles)

8 I 100
a1, N
F] - - -
- 14 anz ¥ r| - -
7h o IRl cL P! ]
" il [ ) Iy ]
I 1 | | In 1 -
| 1 Iyt (LI | N | —
1 1 I 1 I 1ol %0
odi L P 0o
6! Lo T AR R I T i
2! [ I T Loy by -
g |1 g 1, J I 1 I e vl
EAE I T % RS Lt -
Z 5 1 | L _| I i J .|||.II T30
= g ) T I § 1
| I_I I J " Iy i :III T
B8 4r I ! N hiyn I ]
g ! UL L B N
N |- -l el Tty kA0 .
Ak e vyl B e
2 5Lk SRR R I USRS 14y L i 170
5 UL S T
2 iy oy
= I |: ) ! h
L 1A 7
TSD calculated SNeff I: :|I||r = 160
vl I
1k -« - Smoothed TSD SNeff !.' i n
- -PMS OPI =
! ! ! L h ! !
00 10 20 30 40 50 60 30

Figure 14. Comparison of TSD calculated SN.and PMS OPI in Pennsylvania.

e Poor « Fair e Good e CRS

8 ‘ 7 10
° 3 | 9
/2% L o mn SECECERFERERRRERPRRE EESRSRRSRRAS |
I

SCI300 (mil)
Y

%}
CRS

Distance (miles)

Figure 15. Comparison between TSD SCI300 and PMS CRS

Page 21

in Illinois.

OPI



25— u" T {— W ‘| — — 100
‘ N V m M'llv \Hl‘ I||| ~ ‘ 'N ! “ r F_
| l Hll\ J H "Hw 'n ;" , v‘.laﬂmw ‘H [ l Hv U f UM,
.| ‘ U \,,' | ||‘ | b W '\ \“‘J |” ‘F | 30
| \ ' n \r |
E 1.5 ‘ I ‘ ‘ —160 :
| |
. | 40
v W
05 -120
0| | | | | | 0
150 160 170 180 190 200 210 220

Figure 16. Comparison between SCI300 and CCI in Virginia.

Comparison with Layer Coefficient Estimated Structural Number

The comparison between TSD-calculated SNeyand SNeestimated based on the American Society
of State Highway and Transportation Officials (AASHTO) 1993 layer coefficient approach was
performed for data from Pennsylvania and Idaho. The Pennsylvania PMS records a calculated
SN for their pavement sections based on layer thickness, layer structural coefficient, and layer
structural coefficient reduction as a function of layer age. The calculation is similar to the
AASHTO 1993 design method except that the layer coefficients are reduced as the layer ages.
Figure 17 shows a significant discrepancy between the TSD-calculated SNy and the Pennsylvania
PMS-calculated SN, between mile 12 and mile 25. This shows that the PMS-calculated SN.; does
not reflect the actual pavement structural condition. The SN¢y approach used in the PMS makes
assumptions about how the structural condition of the pavement will deteriorate; however, the
actual field deterioration can be different than assumed. On the other hand, the TSD takes
measurements that are directly related to the actual structural condition of the pavement. Note that
the capability of the TSD to represent the true pavement structural condition has been validated
with FWD results (see Figure 13 and Flintsch et al. 2013) and with instrumented pavement
sections by Rada et al. (2016).

Figure 18 reinforces the argument that the structural condition cannot be obtained from currently
available PMS data. The figure shows an example of a road in Idaho where detailed layer
thickness and composition were collected using ground penetrating radar (GPR) in conjunction
with the TSD testing (both at 10-m intervals). The layer thickness and composition were used to
calculate the AASHTO 1993 SN, using a layer coefficient of 0.44 for the asphalt layer and 0.25
for the base layer, which represents the as-constructed SN.;. The SN was also calculated from
the TSD data using the Rohde (1994) method (equation 7). Again, the TSD SNy is different from
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the one estimated based on layer thickness information. This shows the importance of getting
actual field measurements to characterize the structural condition and not relying on design
parameters that are not representative of the true current structural condition.
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Comparison with Detailed Fatigue Cracking Data

The Virginia PMS records pavement fatigue cracking at three severity levels (from 1 to 3, with 1
being least severe and 3 most severe) at 0.1-mile intervals. Figure 19 shows little correlation
between SCI300 and Severity 1 fatigue cracking on I-81. Most sections on [-81 had zero to little
measured fatigue cracking—mostly Severity 1 (see Figure 19). The same observation was also
made for [-64. However, a more significant number of sections on I-95 had non-zero measured
fatigue cracking. Figure 20 shows the Severity 1 fatigue cracking for the three interstate roads.
More than 90% of [-64 and 1-81 sections had practically no fatigue cracking compared with 50%
of I-95 sections. Between 2011 and 2012, most of I-95 had received a 3- to 4.5-inch mill and
overlay, but fatigue cracking reappeared rather quickly. On the other hand, some sections on I-81
and [-64 received a mill and overlay treatment and are still performing well in terms of fatigue
cracking. Furthermore, I-81 sections that have not received a mill and overlay between 2007 and
2014 are still generally performing well in terms of fatigue cracking. Figure 21 shows the
distribution of temperature-corrected TSD SCI300 for the three roads. The 1-95 distribution shows
higher SCI300 values and as such a weaker pavement. This sheds light on why more cracking is
observed on 1-95. Although a large portion of it had been recently resurfaced, these portions are
still relatively weak, which is leading to fatigue cracking in a short time period. A subpopulation
on [-95 has low SCI300 values, but this consists of a strong composite pavement. Figure 22
shows the distribution of FWD SCI300 (collected between 2006 and 2007 and not temperature
corrected) for I-81 and 1-95, which also shows that I-95 has in general higher SCI300 values. The
Spearman rank correlation between SCI300 and Severity 1 fatigue cracking was 0.20 for I-81, and
0.16 for I-95, and 0.40 for both combined. These results suggest that, in general, weaker
pavement sections will exhibit more cracking (I-95 weaker than I-81); however, this is a very
broad trend and observed cracking cannot be a substitute for pavement structural condition
measurements (for both I-81 and I-95, cracking does not correlate well with structural condition).
Also, surface cracking is a lagging indicator, which limits cost-effective alternatives that would
otherwise have been possible if the structural deterioration is identified well before the fatigue
cracks appear on the surface.
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Pavement Condition on I81 South
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Figure 19. Comparison of TSD SCI300 and Severity 1 fatigue cracking on I-81 South.
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Figure 20. Observed frequency of Severity 1 fatigue cracking on tested interstate sections in
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FRAMEWORK FOR ROAD CLASSIFICATION INTO GOOD, FAIR, AND POOR STRUCTURAL
CONDITIONS

TSD measurements can be used to classify pavement sections into structurally strong, fair, and
weak categories (good, fair, and poor). The definition of good, fair, and poor can be based on
different parameters. Figure 23 shows an example of such a classification of secondary roads in
Virginia based on the thresholds reported in Table 5. Another method to determine thresholds
could be based on percentiles of the cumulative distribution of the measurements. Figure 24
shows a classification based on percentiles, where the 25" percentile is used to separate good and
fair sections, and the 90" percentile is used to separate fair and poor sections of a road near
Carson City in Nevada (seeFigure 25). The classification could be used to determine the required
type of treatments, if any. For example, identified poor sections could be assigned as candidate
sections for some structural treatments; sections identified as fair could be assigned as candidates
for lighter treatments, such as preventive maintenance if needed based on surface distress
measurements, or no treatment. For comparison, the classification based on the thresholds
reported in Table 5 is shown in Figure 26.
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Figure 23. Map. Identified good/strong (green) and poor/weak (red) sections (O 2016 Google
Image Landsat/Copernicus).
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Figure 26. Structural condition classification based on SCI300 thresholds from Table 5.
INCORPORATING STRUCTURAL CONDITION INFORMATION INTO THE PMS DECISION PROCESS

VDOT uses a set of pavement management decision matrices with distresses as inputs and
treatment activities as outputs. The matrices are separated based on the following roadway
classifications: Interstates, Primary Routes, Secondary Routes, and Unpaved Roads, in addition to
the following pavement types: bituminous-surfaced (BIT), bituminous-surfaced composite
pavements (with jointed concrete pavement below the surface, BOJ), bituminous-surfaced
composite pavements (with continuously reinforced concrete pavement below the surface, BOC),
continuously reinforced concrete (CRC), and jointed concrete pavements (JCP). Additionally,
updated cost estimates per mile for each treatment are available for each road category. The
decision process is a two-phase approach (Figure 27). In 2008, this two-phase approach was
modified to include structural condition and truck traffic volumes, and the enhanced decision tree
was integrated into the process. One of the main features of the approach is that the addition of
the pavement structural information did not alter the core of the decision process already in place
but provided an additional step that can be used when pavement structural condition is available.
If structural information becomes unavailable, the decision process can revert to the core process
already in place. VDOT currently uses the following five treatment categories (from do nothing to
heavier treatments): Do Nothing (DN), Preventive Maintenance (PM), Corrective Maintenance
(CM), Rehabilitation Maintenance (RM), and Reconstruction (RC). At the preliminary treatment
stage, one of these five categories is selected based on the condition index and the decision
matrices. In the enhanced decision process, based on the structural condition (and traffic level and
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construction history), the selected preliminary treatment can be either retained or modified to a
heavier or lighter treatment.
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Figure 27. DOT two-phase decision process (Virginia Department of Transportation, 2008).

Example of PMS Decision Process with TSD-Derived Structural Condition

This section presents an example of how the structural condition will affect the triggered
maintenance category at the network-level analysis for the tested I-81 section in Virginia. The
approach is based on the CCI recommended treatment used by VDOT. It should be noted that in
the actual VDOT decision process, the different distresses—e.g. cracking, rutting, etc.—are used
to trigger the maintenance category and the CCI is used as an additional filter. Here the process is
simplified for a clearer exposition. Figure 28 shows the maintenance categories as a function of
CCI for the different road systems used by VDOT. This example uses [-81 and therefore the
triggered categories for the interstate road system are used. The different treatment categories are
codified with a numerical value as follows: DN =1, PM =2, CM =3, RM =4, and RC = 5. After
the triggered maintenance category is obtained from the CCI, the structural condition information
is used to potentially bump up the triggered maintenance category. The structural condition
information used is the one obtained from the SCI300 with thresholds determined from Table 5.
The approach to bump up the triggered maintenance category is as follows: if all the SCI300
measurements in the pavement section have good structural condition, keep the maintenance
category triggered by the CCI with a maximum category of 3; if there are SCI300 measurements
within the pavement section that are classified as fair, bump up the maintenance category
triggered by the CCI by one not to exceed a maintenance category of 5; if there are SCI300
measurements within the pavement section that are classified as poor, bump up the maintenance
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category triggered by the CCI by two not to exceed a maintenance category of 5 and a minimum
category of 4.

In total there are 747 0.1-mile sections tested in I-81. The triggered maintenance categories
obtained before and after taking into account the structural condition are shown in Figure 29. Of
the 747 sections, 66 (8.8%) had the triggered maintenance category bumped up; 50 by one, and 16
by 2. The total number of sections in each maintenance category before and after incorporating
the structural condition are DN 384 before, 345 after; PM: 338 before, 347 after; CM: 6 before,
25 after; RM: 14 before, 23 after; RC: 5 before, 7 after. The number of sections in the DN
categories decreased, while the number of sections in all other categories increased. Again, this
example is simplified, and other factors such as traffic level and pavement age can be considered
(as is done by VDOT). It is expected that different state highway agencies will tailor their
approach for their specific needs.
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Figure 28. Maintenance activities for each road system (from Chowdhury, 2008).
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CONCLUSION

This report summarizes the results and findings from the TSD testing performed in nine SHAs
that participated in the transportation pooled fund study “Demonstration of Network Level
Pavement Structural Evaluation with Traffic Speed Deflectometer.” Companion reports,
documenting SHA-specific data analysis, findings, and recommendations have also been prepared
and provided to each participating SHA. Based on the findings from this effort, the following
conclusions are made:

1.

The short- and long-term repeatability of the TSD is generally good. Repeated
measurements performed on consecutive days or in two different years followed similar
trends. However, work is needed to more accurately account for the effect of temperature
on TSD measurements.

A comparison of the TSD with the FWD on a section of [-81 in Virginia showed that the
two devices followed similar trends along the tested road. Rehabilitation work performed
on parts of the tested road suggests that the structural improvement is reflected in FWD
testing. TSD measurements followed the trend of FWD measurements, which suggests
that the structural improvement is also picked up by TSD measurements.

Comparison between TSD indices and PMS surface condition data suggests little
relationship. Detailed investigation between TSD SCI300 and PMS-recorded fatigue
cracking shows that structurally weaker pavement sections in general exhibit more fatigue
cracking. However, this is a broader trend and observed fatigue is not a robust indicator of
the pavement structural condition.
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4. State highway agencies can choose from a number of approaches to use for classifying the
structural condition of their pavement network. A mechanistic approach based on tensile
strain at the bottom of the asphalt layer developed in Rada et al. (2016) is presented and
preliminary values for thresholds are given. An alternative approach based on percentile
from the cumulative distribution of SCI300 is also discussed. Finally, SN.; derived from
TSD data could also be used. The choice of which approach to use will ultimately be made
by the individual SHA to best meet their needs and capabilities.

5. A framework to incorporate the TSD-measured structural condition within a SHA’s PMS
is presented. The framework is based on the current two-stage approach followed by
Virginia DOT. In the first stage, the triggered maintenance category in the PMS is based
on surface condition. In the second stage, the triggered maintenance category is combined
with structural condition information to determine the final recommended maintenance
category. An example of the two-stage approach on 741 0.1-mile sections on I-81 is
presented, and a total of 66 sections had the final suggested maintenance category bumped
up from the original triggered maintenance category based solely on pavement surface
condition.
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APPENDIX A: TSD DATA COLLECTION AND PROCESSING

Greenwood Engineering performed the data collection and processing and provided the processed
data in a series of Microsoft® Excel® files that included the collected data and roadway image
files collected during testing. Figure 30 shows the naming of the provided files. All files start with
the TSD unit number (T7 indicating the seventh TSD produced by Greenwood), the testing date
(year/month/day), a file number based on the test sequence on the given day, and file type
extension. Table 6 shows the different file types; those highlighted in bold were used to process
the data in this report. The file type “.tsd.tsd.xls” is the main data file, containing the chainage
(10-m interval), raw deflection velocities, the deflection slopes, the applied dynamic load
measured with a strain gauge, and the pavement surface and air temperatures. The file type
“tsd.tsddefl.xIs” contains the calculated deflections from the deflection slopes at each of the
chainage points. The files “.tsd.gpsraw.xlIs” and “.gpsimp.xls” contain the GPS coordinates, with
gpsraw containing the raw GPS measurements in the time domain and gpsimp containing the
interpolated GPS coordinates that match the location of the reported deflections. Data processing
combined data from the three files into one Excel file with filenames and .xls extension as
follows:

e From .tsd.tsd.xls: Chainage, deflection slope measurements, pavement surface
temperature, air temperature, and dynamic load obtained from two strain gauges. The
strain gauges were used to normalize the deflection to a standard axle load. This was
performed for all testing except the first round of testing in New York in 2013, when the
strain gauge was not yet installed. Also, the strain gauge data collected during the
Pennsylvania 2015 testing had to be recalibrated with strain gauge data collected from all
other 2015 testing.

e From tsd.gpsraw.xls or gpsimp.xls: The GPS coordinates of collected measurements.

e From tsd.tsddefl.xls: The calculated deflections by Greenwood from the deflection slopes.
These are provided at 100-mm intervals between 0 mm and 1,500 mm (location from the
center of the wheel load).

Filename : T7201407210010.abc

j —EFiIe Type
TSD Number

Year

Month| File Number

Date

Figure 30. Naming convention for collected files.
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Table 6. Provided data files.

Header file .tsd.hea.xls
Event file .tsd.evt.xls
GPS tsd.gpsraw.xls &
.gpsimp.xls
Profile .pro.xls
TSD data .tsd.tsd.xls
Deflection data .tsd.tsddefl.xls
Slope data .tsd.tsdslope.xls
International Roughness Index (IRI) Lirixls
Image Folder .Fow.img
Right-of-Way pictures .row.img.xls

Once the three files were combined, Google Map links to the location of the performed tests were
generated and provided in a table. Table 7 shows an example of generated links for the first round
of testing performed in Illinois in 2014. Figure 31 shows an example of a link opened in a Web

browser.
Table 7. Map link to location of performed tests in Illinois in 2014.
File No. File Name Road Name Map Link
1. T7201406280001 157 South 1 https://goo.gl/maps/n6xCNJT1hBF2
2. T7201406280002 157 North 1 https://goo.gl/maps/GOPU6pEsd8n
3. T7201406280003 157 South 2 https://goo.gl/maps/yF2tdFLbKFJ]2
4. T7201406280004 157 North 2 https://goo.gl/maps/79mUCNkqg2nr
5. T7201406280005 157 South 3 https://goo.gl/maps/bxkQf5jynEN2
6. T7201406280006 157 North 3 https://goo.gl/maps/Culla2bZuSs
7. T7201406280019 | 3602 N Mattis Ave - 900 County | https://goo.gl/maps/mop8QzUAWZ72
Rd 3000 N
8. T7201406300001 157 South — 174 East https://goo.gl/maps/8x7anEQRIVD2
9. T7201406300002 174 West - 157 North https://goo.gl/maps/RsNGhrQFfN22
10. T7201406300003 157 South 4 https://goo.gl/maps/61dwdSK96XT2
11. T7201406300004 172 West https://goo.gl/maps/h7swrWc3ET82
12. T7201406300005 SR29 East https://goo.gl/maps/UmevQeidy Yk
13. T7201406300006 US51 North https://goo.gl/maps/t1tGvDHatcA2
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Figure 31. Google Maps® link showing test location on I-57 and 1-74 for file
“T7201406300001” in Table 2.

Figure 32 shows an example file containing the processed data where most of the column
containing the deflection slopes and deflections are hidden for clarity. The SCI300, DSI, Base
Damage Index (BDI), and Area Under Pavement Profile (AUPP )were calculated and shown in
columns “Z” to “AC” (see Equations A.1 to A.4 at end of Appendix A). The asphalt layer
thickness shown in column “AF” was either obtained from the states’ pavement management data
or assumed to fall in the range of 9 to 16 inches for interstate roads, 6 to 9 inches for primary
roads, and 3 to 6 inches for secondary roads. These default values for the different road categories
correspond to integer values of O for interstate roads, —1 for primary roads, and —2 for secondary
roads (e.g., entering a value of 0 in the thickness columns sets the thickness value to the default
range of 9 to 16 inches). Negative integer values were used to differentiate between default-
assumed values and actual thickness values, which are entered as positive numbers.

The column “Bells Corrected Mid-Depth Temp” which is column “AD” in Figure 32, contains the
calculated asphalt layer mid-depth temperature using the BELLS3 equation (Lukanen et al. 2000)
(see Equation A.7 at end of Appendix A). The mid-depth temperature is used to normalize the
SCI300 and DSI measurements to a reference temperature of 70°F using the procedure developed
in Rada et al. (2016) and outlined in the section “Temperature-Correction Procedure.” This is
performed by first estimating the tensile strain at the bottom of the asphalt layer from SCI300 or
DSI measurements, temperature correcting the estimated strain, and finally calculating the
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temperature-corrected SCI300 or DSI using the inverse relationship between strain and SCI300
and DSI (see Equation A.6 at end of Appendix A).

This three-step procedure is implemented in columns “AH,” “Al,” and “AJ” for the DSI, and
“AK,” “AL,” and “AM” for the SCI300 (note that these columns could be slightly different in
different files and it is recommended to look at the column headings for confirmation). The
columns of temperature-corrected SCI300 and DSI include a color-coded identifier that reflects
the estimated structural condition, with green corresponding to good, yellow corresponding to
fair, and red corresponding to poor. These are based on thresholds entered in columns “AV” to
“AY” (Figure 33) that include suggested default threshold values for different road categories
(interstate, primary, and secondary).

The color-coded identifiers, as well as the calculation of SCI300 and DSI, are interactive;
changing the threshold values will be reflected in the color of the identifier, and changing the
reference temperature, or the asphalt layer thickness will be reflected in the calculated SCI300
and DSI, which will also change the identifier color. Figure 33 shows an example where the
thresholds were (arbitrarily) reduced and the color of the identifier changed accordingly (compare
with Figure 32).

Columns “AZ” to “BC” show calculated thresholds based on user-selected percentiles, which
could also be used to define the good, fair, and poor categories. It should be noted that the user
could also decide not to do any temperature correction by entering the value 70 in column “AG.”
This is not recommended, however. The research team recognizes that the temperature-correction
procedure used is still under investigation, and the SHAs might want to evaluate the effect of the
procedure on the normalized SCI300 and DSI (as well as the tensile strain at the bottom of the
asphalt layer).

The Excel files also include color-coded charts for SCI300 and DSI in separate sheets that are
also interactive (i.e., the index values as well as the colors will change). Figure 34 shows an
example for SCI300. Finally, Google Earth files with color-coded conditions are also provided.
These are, however, not interactive, as they are not linked to Excel files and the colors are not
automatically adjusted when the thresholds are changed. The Google Earth files have to be
regenerated with the new thresholds. Figure 35 shows the tested Nevada network structural
condition as an example in Google Earth. Detailed conditions of a road near Carson City are
shown in Figure 36.
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Figure 32. File “T720150100005” from the testing performed in Pennsylvania.
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Figure 33. File “T720150100005” from the testing performed in Pennsylvania with modified
threshold and corresponding changed condition.
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Figure 34. Example color-coded plot of structural condition SCI300 from the file
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Figure 35. Google Earth color-coded pavement structural condition of tested pavements in
Nevada with good (green), fair (yellow), and poor (red) ratings (© 2016 Google Image

Landsat/Copernicus).
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Figure 36. Detail from Figure 5 near Carson City, Nevada (© 2016 Google Image
Landsat/Copernicus).

Equations for Indices and BELLS3 Temperature Correction

SCI1300=D0-D300
DSI = D100—- D300
BDI = D300- D600

5d(0)-2d(300)—-2d(600)—- d(900)

AUPP =
2
g=a(DSI)" ¢ =d'(SCI300)"
! 1
DSI = (f)b SCI300 = [i)b
a a

The coefficients a and b are given in Table 3; a"and b’ are given in Table 4.

Page 41

(A.1)
(A2)

(A.3)

(A.4)

(A.5)

(A.6)



BELLS3 equation is calculated as follows (Lukanen et al. 2000):

T, = 0.95 + 0.892xIR

where:

+ {logd — 1.25}{—0.448xIR + 0.621 x (1-day) + 1.83 x sin(hr18 — 15.5)}
+ 0.042 XIRX sin(hr18 — 13.5)

T, = pavement temperature at mid-depth d, °C

IR = pavement surface temperature, °C

log = base 10 logarithm

d = mid-depth of the AC layer, mm

1-day = average air temperature the day before testing, °C

sin = sine function on an 18-hr clock system, with 2x radians equal to one 18-hr cycle
hr18 = time of day, in a 24-hr clock system, but calculated using an 18-hr asphalt concrete
(AC) temperature rise-and-fall time cycle
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APPENDIX B: TSD PROFILOGRAPH

The TSD profilograph was provided to each participating SHA by Greenwood Engineering on a separate
USB drive. The profilograph can be used to view the collected IRI, deflection indices, longitudinal profile,
IR, forward-facing images of the tested road, and test location on a map. Figure 37 shows the layout of the
profilograph window.

Information Bar

;dmmmum
w-daadfesvvonip

Deflection Bowl

DOffed). SCIFN0(Black), SCISUB(Pusple) [pn]

Image

R T S 2 Cursors

_Deflection Indices

Longitudinal Profile

lll?’*l ;w
| =
IRI| GPS Coordinates | = *

Figure 37. Overview of TSD profilograph.
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To launch the profilograph, select the folder TSD Viewer262 as shown in Figure 38.

G@vlm » Computer » TSD2015 Virginia (F) » v [ 43 | [ Search 1502015 Virgin

Organize v 3 Open Include in library » Share with » Burn New folder 8
I Favostes Name - Date modified Type Size
Bl Desktop | TSD demo SC2015 1/8/2016 8:49 AM File folder
|18 Downloads TSD Viewer 12/10/20157:10 AM  File folder
] Recent Places I | TSD Viewer262 I 3/28/2016 2:27 PM  File folder
|| pa.og.va.pg2 11/17/2015 8:01 AM  PG2 File TKB
4 Libraries T7201506150001.1p.dist.evt 12/9/201511:42 AM  Microsoft Excel 97... 61 KB
Documents || T720150615000L.Ip.dist.gpx 12/9/201511:42 AM  GPX File 226,553 KB
o Music T7201506150001.Ip.dist.hea 12/9/201511:42 AM  Microsoft Excel 97... 5KB
[E=] Pictures D T7201506150001.1p.dist.idx 12/9/201511:42 AM  IDX File 162,654 KB
B videos || T7201506150001.Ip.dist.iri.pgre 12/10/201510:02 ...  PGRC File 46,475 KB
@ T7201506150001.1p.dist.iri 12/9/201511:43 AM  Microsoft Excel 97... 948 KB
1% Computer || T7201506150001.Ip.dist.pg2 6/15/201512:25PM  PG2 File 176,701 KB
& Local Disk (C3) || T7201506150001.lp.dist.pgi 12/10/201510:02 ...  PGIFile 106 KB
a My Passport (E) || T7201506150001.pge 6/15/20159:29 AM  PGC File 3KB
. TSD2015 Virginia (], || T7201506150001.row.pg2 6/15/201512:25PM  PG2 File 389,978 KB
|| T7201506150001.tsd.be.gpx 3/21/2016 331 PM  GPX File 2KB
€ Network |_] T7201506150001 tsd.bc.idx 3/21/2016 3:31 PM  IDX File 2KB
|| T7201506150001 tsd.be.pgre 12/10/201510:02...  PGRC File 557,674 KB
B 7720150615000 tsd.evt 12/9/201511:22 AM  Microsoft Excel 97... 61 KB

Figure 38. TSD Viewer262 folder.
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In the TSD Viewer262 folder, select the application pghw as shown in Figure 39.

Organize « Open Burn New folder
A Favorites MName . Date modified Type Size
B Desktop ). Bitmaps 1/8/2016 8:47 AM  File folder
8 Downloads 1 Cenfig 1/7/2016 10:06 AM  File folder
&l Recent Places ) Language 1/8/20168:47 AM  File folder
L Layout 1/8/2016 8:47 AM File folder
(Al Libraries. 4 Manuals 1/8/2016 8:47 AM File folder
|4 Documents 1 Models 1/8/20168:47 AM  File folder
&' Music )l Plugin 1/8/20168:47T AM  File folder
=/ Pictures 1. Skins 1/8/2016 8:47 AM File folder
. Videos . Template 1/8/2016 8:47 AM File folder
2] basthrm.dil 4/21/20159:42 AM  Application extens... 85 KB
% Computer %] dex3.dil 3/10/2015 5:37 AM  Application extens... 1196 KB
& Local Disk (C) T1 Guide to TSD Viewer 262 1/8/2016 8:13 AM Adobe Acrobat D.. 1,301 KB
& My Passport (E) (%] iconv.dil 3/10/2015 5:37 AM  Application extens... 852 KB
s T5D2015 Virginia (F;] [ libxml2.dIl 3/10/2015 5:37 AM  Application extens... T4 KB
Q mencoder 3/10/2015 5:37T AM  Application 16,284 KB
ﬁ Network |%| model_deflection_basin.dll 3/10/2015 5:37 AM  Application extens... 35KB
] pgeldi 1/7/2016 9:38 AM Application extens... 11,493 KB
&) pghw 3/28/2016 2:27 PM 1BM DB2 Control ... 3KB
| | B pahw | 1/7/20169:52 AM  Application 17,565 KB
2 3/28/2016 2:27 PM FCF File 4 KB
2] pghw 3/28/2016 2:27 PM Configuration sett... 14 KB
& pghw 1/7/20169:52AM  Application 17,565 KB

Figure 39. TSD profilograph application pghw.

The profilograph window will open as shown in Figure 40. Before opening a file, the user can set the
preferences.

E Profilograph for Winda

Open

Figure 40. Main window of TSD profilograph.
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The preferences can be used to select the units used to display the data as shown in Figure 41.

[E)- Toolbars

- Main window
- Profile American
- Video

- Image
- GPS Lengths (long) In‘l
3 g::s;" Lengths (short) [mm
- View 2D Angles | ¢
- View 3D

- View transversal
- View video Velodties Ikﬂ'lﬁ‘l
:z: L;asge Accelerations Ikl'l‘lﬂ'l2

- View collection IRI values |ind1)'rrile
- View map

- View compare
- Colors Bearing capacities Il-lm

- Header information
- Files V¥ Show menu icons

= Export [V Show status bar
- Text )
- Excel ™ Large menu icons

[+ Processing ¥ Show cursors by default
i Inertial profile
..HRM profie ¥ Indude beam displacement by default

- TSD [V Indude beam rotation by default

Select the
desired
units

Areas |n'|2

Slopes | pm/m

Ll Led LefLef el Lef LefLef |

Figure 41. Window to adjust preferences.
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In the preferences, click Files from the list in the left pane and select the appropriate path for the
profilograph viewer (this will usually be the USB drive) as shown in Figure 42.

- General
() Toolbars
i b Main window Index file path IC :‘\Wsers\sshrestha\Desktop\TSSD2015 Virginia\,
- Profile
- Video
. Image Result file path |C:\Users\sshrestha\Desktop\TSSD2015 Virginia\
i Collection
- Compare Map file path IC:VJsers\s&resﬂlaDesktop \TSSD2015 Virginia\,

- View transversal /
- View video
Cvenere Change the file path
i View collection

- View map

i L View compare
Colors
i Header information

Data file path IC:\leers\ss!'lresmaDesktop \TSSD2015 Virginia\

Temporary file path IC:\leers\ss!'lresmaDesk.top\,TSSDm 15 Virginia\

[=)- Export

i LoText

§ o LeExcel

[=)- Processing

: E----Inertja1 profile
- HRM profile
L. TSD

Figure 42. Selecting the file path.
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Once the correct paths have been selected, click the Open icon as shown in Figure 43.

Figure 43. Opening folder.
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A window will open. Select a file with the extension “.pgc” as shown in Figure 44. The first time the file is
opened, the data are synchronized, which may take more than 30 minutes (depending on the file size). If
the file has already been processed, an error message shown in Figure 45 will pop up; just click Ok.

T

My Computer

Cf

Network

.ﬁ
I
Favorites

1a

y

Recent files

—
oV
Last search

Nata faldar

| 7 lﬁﬁlﬁwlm-\@i%v

“1 Operator AON -
Assigner VA DOT (4
Road number 29 to 64 to 81 to 220
Road path
Road side Default
Lane rigth
Comment

Equipment

DiqiProf version #2
DigiProf version #3

Recorder dIl version
St b

Profile recorder versic1.7.0.1026

DigiProf version #0 |DPFAPP (TSD) 1.8.0 Build 14:13:38 Apr 8 2014
DiaiProf version #1  DPFFPGA rev. 1000 build 9 DPF flags: TSD FK

Provides information about
the file selected

DigiProf

VCS: 315 ftrunk
Hardware: DPF 1.3
1.7.0.1249 S

Name l Sizel v Type I Modified l Aftrib... l Operator | Claimant | Date Road nu... I Road ~
1TSD demo SC2015 Folder 3/22/2016 1:07:0... =
C1TSD Viewer Folder 3/22/2016 1:07:0...

| i 262 Eolder 3/22/2016 12:14:
%T?ZDISOGIEOUOLDQC 2 KB _pqc 6/15/2015 9:29:4... A AON 29 to 64 I
T7201506150002.pgc 2KB pgc 6/15/2015 1:36:2... A AON 220 to 2.

[ 177201506150004.pgc 2KB pgc 6/15/2015 3:38:5... A AON 29 south
[1T7201506150005.pgc 2KB pgc 6/15/2015 4:37:3... A AON 640 north
[177201506150006.pgc 2KB pgc 6/15/2015 6:20:4... A AON 40
[ 177201506150007.pgc 2KB pgc 6/15/2015 6:45:3... A AON 29 north
[177201506160002.pgc 2KB pgc 6/16/2015 9:53:1... A AON 501to 2... south
[ 1T7201506160004.pgc 2KB pgc 6/16/2015 12:11:... A AON 58 east _
[ T01 6084 £ANAE e AvA e £14cimniE nunge  a ann e Attt
Pl \ 1 | g
Filenarr [T7201506150001.pqc Ulilick Upen

~| Filetvoe |Proﬁlograph measurement files (*.bin; *.pg2;*.pgc) Qpen Cancel

Figure 44. Browse window to select file.

The parameters used earlier for processing the
measurement file "t7201506150001.tsd.pg2
(TSDMinDrivingSpeed)" are different from
the currently configured settings.

Please make sure that these differences are
correct. If not, use the reindex function to
reprocess the measurement with the current
settings.

Figure 45. Message showing that the selected file had already been processed.
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The software will combine all the results into one window as shown in Figure 46.

B Colechon Sound Wew Heb
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e
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01201
- e
T T =
| |
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— - — —— S==" = ERA—. I Cursors -
‘-. 101 o ‘ 242 i i
Longitudinal Prafile [rch] / -
L5 o
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> ‘-\ Satclites 1 10
—t i ol
e —— o =
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Figure 46. Display windows after file is synchronized.
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Different commands can be accessed through the Collection menu. Click on the command bar as shown in
Figure 47. A menu opens up with the options, Speed, Events, Displacement, Jump, and Make Video.
(Note: Currently, Make Video is not available, and clicking it will cause the program to crash.)

Play: The Play button is also represented by a green button in the Command bar. It can be used to
play and pause the data in the main window.

Speed: The Speed menu represents the relative speed of playback and can be used to control the
speed of the data shown in the main window. As shown in Figure 47, the speed can be set to Half,
Normal, and Double.

W || p | «<— Play/Pause

Relative Speed
of Progress

Figure 47. Play button and play speed adjustment option.
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Events: The Events option displays the event input made by the operator during measurement
recording. You can see the same information if you place the cursor on one of the tiny black
triangles in the grey bar at the bottom of the window, as shown in Figure 48. Clicking Events
in the menu will cause a window to pop up that shows a list of all the events and the distance
at which each is located (Figure 49).

& Sroficguaph for Windomn L1IIR =@
Ble olecion o Yew pei

g-laad R e neew p

{

Figure 48. Event bar.
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Yes 13425 601.61 1005.69 m |:|

Event1
Event 2 2 Yes 35867 1607.20 78.83 m Bridge
Event 3 3 Yes 37626 1686.12 2036.96 m Bridge End
Event4 4 Yes 83081 | 3723.08 125.88 m Bridge
Event 5 5 Yes 85890 3848.96 436.57 m Bridge End
Eventé 6 Yes 95632 | 4285.53 148.11m Bridge
Event 7 7 Yes Q8037 4433.63 380.37 m Bridge End
Eventd 8 Yes 107425 4814.00 595.74 m on to 29
Event 9 9 Yes 120719 | 5409.74 754.02 m Bridge
Event 10 10 Yes 137545  6163.76 7193.15m Bridge End
Event 11 11 Yes 208061 13356.92 6958.56 m 130 West
Event 12 12 Yes 453342 20315.48 920.86 m rte 604
Event 13 13 Yes 473801 | 21236.33 2272.72 m 05014
Event 14 14 Yes 524607 | 23509.05 971.00 m rte62s
Event 15 15 Yes 546275 | 24480.05 2582.51 m past exit
Event 16 16 Yes 603904 27062.56 78.11m Bridge i
Chasmmt 17 17 Ve  ANEEAT ITIAN ET PAS 1K mn Dridan End
Use counter events Ok Cancel Apply
= = — == ——

Figure 49. List of events.

Displacement: Click Displacement to adjust the distance between the image, profile, and TSD
data. A window will pop up where you can change the distance for the main image, TSD profile,
and the longitudinal profile, as shown in Figure 51.

B pcierop o indors 13

File | Collection Sound View Help

E
‘[ﬁ'ﬁ'EIa? Space ‘+f|
Speed

Events Ctrl+Enter

Displacement
Jump Ctrl+]

Make Wjdeo Ctrl4v

Figure 50. Displacement adjustment between collected data.
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Collection displacemer

Main image

TSD profile

Longitudinal profile

KN | KN (KN (K

Ok Cancel

Figure 51. Displacement adjustment between collected data.

Jump: To jump to a chainage with respect to a relative position, click the Collection menu and
then click Jump (Figure 52). A window appears (Figure 53) where you can set up the position you
want. Click the box, enter the position you want, and click Ok. If you want to change the relative
position, click the arrow pointing downward, as shown in Figure 54, and choose the relation you
need.

File | Collection Sound View Help

E
‘ = | P pay Space ‘ A~
Speed

Events Ctrl+Enter
Displacement

T Cctri+) |
Make Video Cirl+v

Figure 52. Option to jump to different parts of the data collection.
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Position [tooo0  FHm  ~

Relation Beginning of measurem [

ok Cancel | Apply |

Figure 53. Jump from beginning of measurements.

Position 10000 [ m |

Relation End of measurement -

Beginning of measurement
After first event

Before last event

End of measurement

Figure 54. Jump from end of measurements.

Make Video (Warning—Do Not Click): This command is not available at the moment. Clicking
this command will crash the program.

Profilogra

File | Collection Sound View Help

| B
‘ = | P Play Space ‘ Y
Speed

Events Ctrl4+Enter
Displacement

Jump

Make Video  Ctrl+V

Figure 55. Make video option (not active).
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