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Executive Summary

Extreme heat events expose pavements to more intense and prolonged stress. These events,
coupled with soil movement from heavy rainfall and drought threaten pavement functional and
structural life. Current practices to identify and address premature failure rely on visual
inspections and localized testing which disrupts traffic and introduces potential safety concerns.
State and local agencies have benefited from innovative technologies and tools developed to
rapidly assess pavement conditions, namely, traffic speed deflection devices (TSDDs). TSDDs
collect pavement deflection data at traffic speeds so there is no need for traffic control. This
allows for pavement structural data to be collected over a vast roadway network in a relatively
short period of time. In particular, the traffic speed deflectometer (TSD) utilized by ARRB
systems to collect data in the United States, called the intelligent Pavement Assessment Vehicle
(iPAVe), has been outfitted with a large array of sensors that allow the system to collect data on
pavement functional metrics such as grade, cracking, rutting, and roughness in addition to
pavement deflections. In this research, a hybrid approach that combines TSD and air-coupled
ground penetrating radar (GPR) is evaluated that allows for large-scale data collection and
analysis for use in Oklahoma pavement management systems. Researchers defined four tasks
to accomplish this goal.

Initial tasks included a literature search of what departments of transportation (DOTs) have
been doing with the TSDD data to meet their pavement management needs, including reporting
experiences with TSD in Texas. It will include information gained from the national TSDD
webinars organized by the University of Virginia. Additionally, one of the initial tasks was
completed with a research team from the University of Oklahoma. Oklahoma had recently
collected approximately 250 miles of TSD data on its interstate highways (IH). The Texas
Transportation Institute (TTI) research team provided GPR and FWD data collection along
selected sections of IH 35 and IH 40. These sections were defined by the Oklahoma team.

Another project task provided direction for the Oklahoma DOT to merge the TSD data with GPR
data. Integration of the data can greatly enhance the usefulness of the deflection and condition
data collected by the TSD. This would also allow districts to gain a more wholistic knowledge of
pavement structural conditions and better understand the impact of structural
anomalies/deficiencies on functional pavement metrics to promote more informed decisions
within pavement management decision trees.

The final task included developing a process to make determinations of pavement structural
condition and to predict the remaining life of the pavement. Such a framework currently exists
for FWD deflection measurements, but due to the localized nature of FWD testing, the resulting
predictions were not suitable for network-level pavement management decisions.

Six key indices are recommended, as reported by the TSD, that can be used to make
determinations on overall pavement condition: maximum deflection (DO), the TSD surface
curvature index (SCI8), the subgrade curvature index (SCI36-60), the total cracking (reported as
a percentage), the rut depth in the outside lane, and the international roughness index (IRI)
reported in inches per mile. This study provides the development of the first iteration of software
that integrates TSD measurements with GPR. TSD data was also used in a remaining life
routine that had good agreement with FWD predictions of pavement remaining life until failure
due to cracking.



Chapter 1. Introduction

Extreme heat events expose pavements to more intense and prolonged stress. These events,
coupled with soil movement from heavy rainfall, flooding (example shown in Figure 1), hard
freezes, and drought, while also incurring greater traffic loads, threaten pavement functional and
structural life. Transportation agencies must address the resulting severe distresses and
premature pavement failures within their pavement networks. A goal of this project is to
leverage new technologies to rapidly assess pavement structural conditions by integrating them
into existing pavement structural analysis practices and network management systems.

Figure 1. Aerial Photography of Hurricane Harvey Flooding in Texas
(Civil Air Patrol, 2022).

Traffic speed deflection devices (TSDDs) are testing equipment used to measure, or otherwise
report, pavement deflections beneath a moving load. Such devices have been in broad use in
Europe, but the use of TSDDs in the United States has been limited to the intelligent Pavement
Assessment Vehicle (iPAVe) operated by ARRB Systems shown in Figure 2. This system will
be referred to as the Traffic Speed Deflectometer (TSD) in this report. The TSD is capable of
collecting continuous pavement deflection data at posted traffic speeds. This ability presents a
large improvement over current testing strategies that use falling weight deflectometers (FWDs)
on both a logistical and safety front. Due to the stop-and-go nature of FWD testing, deflection
data is limited to localized, discrete points along the roadway. The standard reporting interval is
every 0.1 mile, but the operator may choose to test at a higher or lower frequency. Additionally,
traffic control is required for this testing. These limitations prevent FWD testing from being
feasible for network-level structural assessment operations. The TSD, however, collects
continuous data, and can report data every 2 inches if desired. Because data collection is
completed at traffic speeds, there is no need for disruptive traffic control.



intelligent Pavement Assessment Vehicle

+Geometry
x Cross tail, Grade, Horizontaland Vertical
Curvature
+3D Roughness Full A S——
|

Measuring your road network
+3D Cracking Full
[l
’ - 4 i
FullLane .
Continuous DeﬂAection Measurement Roughness
Pavement Velocity Leftand Rightwheelpaths
Full Deflection Bowl
Applied Load +Texture "
Surface & Air Temperature

ntetigent Pavement Assessment Vehicle

......

KoMt

Figure 2. ARRB Systems’ iPAVe TSD (ARRB Systems, n.d.).

Because the TSD has the ability to collect vast amounts of structural data in such a short
amount of time, this technology is well suited for network-level pavement structural evaluations
and analysis, and several DOTs are actively working to implement TSD data into their pavement
management systems. The TSD could feasibly be utilized to build a deflection database for a
state or organization’s roadways that will allow engineers access to up-to-date pavement
structural data.

Task 1: Texas TSD Data Collection and Literature Search

The goal of task 1 was to conduct literature review and to assist agencies in disseminating the
TSD data to the appropriate personnel and to teach district engineers how to leverage the data
to identify project sections of interest for closer evaluation. Such sections may have needed
maintenance or structural repair, been recently constructed, or were in good condition. In this
way, the collected data could be used to assist the districts in pavement management activities
and/or assess district priorities. The result of this task would be that district personnel had a
greater understanding of TSD testing and data, and greater trust in the technology would be
established.

Task 2: Assist Oklahoma Researchers in Oklahoma Testing Program

Task 2 was completed with a research team from the University of Oklahoma. Oklahoma had
recently completed around 250 miles of TSD data collection on their interstate highways. The
TTI research team provided GPR and FWD data collection along the selected sections of IH 35
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Figure 3. Map of Oklahoma TSD and Test Sections.

Task 3: Integration of TSD and GPR Data

Task 3 included developing a prototype software package that integrated TSD data with GPR
data. GPRis currently used at the project-level to determine pavement layer thickness and
identify structural anomalies/deficiencies. It is the belief of the researchers that layer thickness
data is required to make an appropriate pavement management decision. When combined with
FWD, layer thickness data enables engineers to backcalculate the pavement layer modulus
values.

A primary motive of this research is to utilize TSD data to provide meaningful network-level data
for use within existing pavement management structures. This task addresses it by integrating
TSD and GPR data. This would allow districts to gain a more wholistic knowledge of pavement
structural conditions and better understand the impact of structural anomalies/deficiencies on
functional pavement metrics to promote more informed decisions within pavement management
decision trees.

Task 4: Pavement Structural Analysis and Remaining Life Prediction

Task 4 developed a process to categorize pavement structural condition and predict remaining
life. Remaining life predictions are used within DOT pavement management systems to develop
rehabilitation and maintenance plans. Therefore, the results of the proposed remaining life
routine developed for TSD data would need to be easily interpreted within any DOT pavement
management system to support development of maintenance plans. Such a framework currently
exists for FWD deflection measurements, but due to the localized nature of FWD testing, the
resulting predictions are not suitable for network-level pavement management practices.



Chapter 2. Literature Review

The TSD measures pavement responses beneath the moving load by way of Doppler Laser
sensors as shown in Figure 4. Pavement deflections are reported at 12 locations surrounding
the load center: 18, 12, and 8 inches behind the load center, directly beneath the load center,
and 8, 12, 18, 24, 36, 48, 60, and 72 inches in front of the load center. These deflection values
are derived from the vehicle speed and the vertical deflection velocity of the pavement, which is
being measured by the Doppler sensors, via the Area Under the Curve Method (ARRB
Systems, n.d.). The TSD measurement methodology is illustrated in Figure 5. It is important to
note that the TSD does not directly measure pavement deflection like FWD. This difference in
measurement principle indicates that, while the deflection outputs from both devices should be
similar in amplitude, the TSD and FWD are not expected to provide exact one-to-one deflection
results.

Deflection Slope = Vv/VH

Figure 5. TSD Deflection Survey Methodology (ARRB Systems, n.d.).



The section describes the uses of FWD data within the Texas Department of Transportation
(TxDOT) for developing structural strength indicators. A similar system can be developed for
Oklahoma. TxDOT currently uses a database within its pavement management system to
classify pavement type (Scullion, et al., 2024). The 10 pavement classifications listed below
describe the pavement material and thickness:
Continuously reinforced concrete pavement.
Jointed reinforced concrete pavement.
Jointed plain concrete pavement.
Thick asphaltic concrete pavement (greater than 5.5 inches).
Intermediate thickness asphaltic concrete pavement (2.5 to 5.5 inches).
Thin surfaced flexible base pavement (less than 2.5 inches).
Asphalt surfacing with heavily stabilized base.
Overlaid and/or widened old concrete pavement.
Overlaid and/or widened old flexible pavement.

10 Thin surfaced flexible base pavement (surface treatment/seal coat combination).
The pavement type classifications can be used to enhance the structural strength index (SSI) of
pavement. SSl is determined by table lookup and depends on the temperature corrected
surface curvature index (SCI) given by Where:

WO = maximum deflection recorded directly beneath the load center (mils)

—
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W12 = deflection recorded at the second FWD sensor located 12 inches away from the
load center (mils)
Equation 1 and the subgrade support represented by the deflection measured at the outer
sensor (W7) (Scullion, 1988). An example of the FWD SSI schema is given in Error! Reference s
ource not found. for pavement type 10.

SCI=W0—-W12
Where:
WO = maximum deflection recorded directly beneath the load center (mils)
W12 = deflection recorded at the second FWD sensor located 12 inches away from the

load center (mils)
Equation 1. Surface Curvature Index.



Table 1. SSI for Pavement Type 10.

W7 (mils) SCI (mils) SSI
<1.2 <20 1.00
<1.2 20-25.9 .80
<1.2 26 — 30.9 .60
<1.2 31-35.9 40
<1.2 36 —40 .30
<1.2 > 40 .20

1.3-1.9 <20 .90
1.3-1.9 20-25.9 .70
1.3-1.9 26 —30.9 .50
1.3-1.9 31-35.9 .35
1.3-1.9 36 —40 .25
1.3-1.9 > 40 15
>2.0 <20 .80
>2.0 20-25.9 .55
>2.0 26 —30.9 40
>2.0 31-35.9 .30
>2.0 36 —40 .20
> 2.0 > 40 10

The MODULUS software is used to backcalculate pavement layer moduli and estimate
remaining life within TxDOT’s pavement design practices. MODULUS utilizes the W7 and SCI
FWD indices to make determinations of subgrade and pavement strength classifications, but the
software also incorporates the base curvature index (BCI) given by Where:
W24 = deflection recorded at the third FWD sensor located 24 inches away from the
load center

Equation 2 to determine the strength of the base material in a pavement structure.
Table 2,

Table 3, and Table 4 display the MODULUS software schema for all three deflection indices to
estimate the pavement layer strength for different asphalt thicknesses, based on a FWD 9,000
pound load (Texas A&M Transportation Institute, 2019).

BCI =W12 — W24

Where:

W24 = deflection recorded at the third FWD sensor located 24 inches away from the
load center
Equation 2. Base Curvature Index (Li, 2020).

Table 2. MODULUS Upper Layer Strength Classification.

Asphalt Thickness | 5 | 55 5 | 1_25 | <1 Condition
(inches)
SCI (mils) <4 <6 <12 <16 Very Good
SCI (mils) 4-6 6-10 12-18 | 16-24 Good
SCI (mils) 6-8 10-15 | 18—-24 | 14-32 Medium
SCI (mils) 8-10 15-20 | 24-30 | 32-40 Poor
SCI (mils) >10 >20 > 30 >40 Very Poor




Table 3. MODULUS Lower Layer Strength Classification.

Asphz::hh;:;‘“ess >5 | 25-5 | 1-25 | <1 Condition
BCI (mils) <2 <3 <4 <8 Very Good
BCI (mils) 2-3 3-5 4-8 8-12 Good
BCI (mils) 3-4 5-9 8-12 12-16 Medium
BCI (mils) 4-5 8-10 12-16 | 16 -20 Poor
BCI (mils) >5 >10 > 16 > 20 Very Poor

Table 4. MODULUS Subgrade Layer Strength Classification.
W7 (mils) Condition
<1 Very Good
1-14 Good
1.4-1.8 Medium
1.8-22 Poor
>2.2 Very Poor




Chapter 3. Materials and Methodologies

All backcalculation procedures conducted in this study are in accordance with TxDOT’s
standard practices. The methodology used to backcalculate layer modulus and estimate
pavement remaining life are outlined as follows.

Pavement Layer Modulus Backcalculation Methodology

The MODULUS program is a flexible pavement backcalculation software that was developed by
TTI for TXDOT. It is designed to function with deflection data gathered using FWD and is widely
used by TxDOT for project-level applications, including layer modulus backcalculation. The
MODULUS software utilizes a linear-elastic program to calculate a database of deflection bowls.
The software searches the database to match the measured FWD deflection bowl, such that the
error between the calculated and measured deflection bowl is minimized (Uzan, et al., 1988).

The MODULUS landing page is shown in Figure 6. To begin the backcalculation procedure, the
user must first read the .fwd file produced by the FWD into MODULUS by clicking the “Read
FWD” dropdown menu and selecting the desired data. Once the user has loaded the .fwd file,
the “Drop Select” page is automatically opened so the FWD data can be viewed.

Input FWD Data Data Analysis Postprocessing Help

> F D ..H
= G 2, = & = ?Eﬁ ] 4 ?
& v -g- = FliD E =
Read FWD Load Transfer Drop Select Stat. Select Remaining Life | Backcalculation| Segmentation | Load To Excel | Chart Output | View Comment | Check GPS Map| Exit Program

Figure 6. MODULUS Software Landing Page.

After the FWD data has been loaded into the program, clicking the “Backcalculation” button will
open the input window shown in Figure 7. In this window, the user must input the layer
thickness data gathered from construction typical sections or field testing, as well as the layer
material types. Adjusting the asphalt temperature and material types will automatically adjust
the expected moduli range. Alternatively, the user has the ability to manually input the expected
moduli range. Lastly, the user may choose to assume a semi-infinite subgrade layer by
checking the “semi-infinite” box to the left of the window. Clicking run will execute the
backcalculation procedure and open the window in Figure 8. The graph at the top of the screen
displays the measured deflection values from each of the seven sensors over the test section
distance, while the graph at the bottom of the screen displays the backcalculated moduli values
for each pavement layer over the test section distance. From this window, the user can continue
to view the output from the backcalculation procedure in graphical format or open the results in
text format by clicking the “View Result File” icon in the menu ribbon.

10
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Pavement Remaining Life Estimation Methodology

MODULUS estimates two remaining life values. The first estimate is the remaining life until the
pavement fails due to rutting, which is related to the strength of the subsurface unbound layers.
The second is the remaining life until the pavement fails due to cracking, which is related to the
SCI and existing surface distresses.

The process to load .fwd data into the MODULUS software to perform a remaining life analysis
is the same as the process to conduct backcalculation. After loading and reviewing the FWD
data, the user selects the “Remaining Life” button on the MODULUS landing page and the input
window shown in Figure 9 opens. The user is prompted to input information collected from
pavement surveys, including the number of lanes, the surface layer thickness, the average rut
depth in inches, the percentage of alligator cracking in the lane, and the traffic load. This
information is typically collected and stored within TxDOT’s pavement management system.
When the required information has been entered, the user clicks the “Run” button, and the
window shown in Figure 10 is opened. The chart at the top of the screen displays the crack and
rut remaining life in years along the test section, while the chart in the middle of the screen
shows the layer strength category for each FWD drop along the test section. The bottom chart
displays the deflection indices for each FWD drop along the test section. The user has the
ability to manipulate the displayed data by selecting the boxes in the menu ribbon. The user
may also choose to view the result in tabular form.

i

0B E3

Pavemnent Pavement Survey

Distict [ 17 iFr_l,lan M
Mumber of Lanes 2

County [ 21 *BRAZOS *

ACP Thickness [in) 5.00
Highway |SH 47
dverage Rut Depth (in] [ 19
Alligator Cracking (] 1.0
Month of PwD Test 3 -
FuwD Test Temp, Stat (F] [g200 End (F] [2z00 20%'zar 18 KIPz [millonz)| 3. 447
Fu/D Senszor Digtance From Load Plate (in)
oo 120 j24o fmo [480  |E00 720 Bun Exit |

Figure 9. MODULUS Remaining Life Analysis Input Screen.
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Chapter 4. Results and Discussion

Researchers developed and completed the following 4 tasks to address the problem statement:

Task 1: Texas TSD data collection and analysis.

Task 2: Assist Oklahoma researchers in Oklahoma testing program.
Task 3: Integration of TSD and GPR data.

Task 4: Pavement structural analysis and remaining life prediction.

The format of this chapter will address the findings of each task.

Results of Texas TSD Data Collection and Analysis

TSD data was collected in the state of Texas in 2023 through TxDOT's participation in
transportation pooled fund study-5(385) (Federal Highway Administration, 2024). Collection
included roadways of specific interest to individual regions. Researchers coordinated with each
region to assist with data analysis and facilitate understanding of TSD technology.

Using TSD Outputs to Define Project Sections

At the project level, 3 deflection indices from FWD are used for structural evaluation:

1. Maximum deflection (D0)
2. Surface curvature Index (SCI)
3. Outer sensor deflection (W7)

To evaluate the use of TSD at the project level, researchers used 3 corresponding deflection
indices calculated from the TSD:

1. Maximum deflection (DO0)

2. TSD surface curvature index (SCI8)
3. Subgrade curvature index (SCI36-60)

The SCI8 and SCI36-60 TSD indices are calculated from Equation 3 and Equation 4.
Subgrade Curvature Index.

, respectively.

SCI8 = D0 — D8

Where:
D0 = maximum deflection calculated directly beneath the load center (mils)
D8 = deflection calculated at the second TSD sensor located 9 inches away from the

load center (mils)
Equation 3. TSD Surface Curvature Index.
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SCI36 — 60 = D36 — D60

Where:

D36 = deflection calculated at the sixth TSD sensor located 36 inches away from the
load center (mils)

D60 = deflection calculated at the eighth TSD sensor located 60 inches away from the
load center (mils)
Equation 4. Subgrade Curvature Index.

The proposed TSD deflection indices were analyzed with pavement functional indices to
evaluate pavement surface condition along TSD collection routes to identify project sections.
The functional indices are listed below:

1. Rut depth in the outside wheel path (OWP) in inches.
2. Surface roughness reported as the international roughness index (IRI).
3. Total cracking reported as a percentage.

Together, the TSD deflection indices and functional metrics allowed researchers to wholistically
evaluate current pavement conditions in a manner that emphasized the relationship between
pavement surface condition and structural strength.

The TSD DO and rut data was used to identify a change in pavement structure along the same
roadway. Although the pavement type within the pavement management system was
homogeneous between the two pavements, the DO and rut measurements increased drastically
from one section to the other. Further inspection of the SCI8 and SCI36-60 indices revealed that
the subgrade in the high deflection and rut depth section was significantly weaker than the low
deflection and rut section. With this information, the rehabilitation plans for the roadway could be
adjusted to address the distresses appropriately.

In central Texas, a hard freeze in early 2024 caused premature failure along roadways. By
evaluating the structural and functional conditions from TSD data collected in 2022, TxDOT
personnel hoped to detect additional sections that may have experienced failure due to the
adverse weather conditions. In this way, the forecasting capabilities of TSD data were
assessed. Evaluation of TSD DO, rutting, and cracking data discovered two at-risk pavement
sections. The first section had higher deflections and rut depth than surrounding pavement that
indicated a structural issue. Imagery data of the site confirmed faulting in the OWP. Following
the freeze event, the section experienced failure and was patched, but no structural repair was
completed. Visual inspection in the Spring of 2024 confirmed that the structural issue persisted.
The second site had increased rut depth and cracking, but the deflections reported at the site
were not abnormal. Imagery data confirmed previous maintenance at the site that had begun to
degrade. This section also failed and was patched following the freeze.

Oklahoma Testing Program — Results and Discussion

TSD data was collected along IH 35 and IH 40 as shown in Figure 11 in 2021 in Oklahoma as
part of a separate research project. The color-coded map indicates DO. The Oklahoma research
team collaborated with TTI to collect GPR and FWD data along 6 test sections within the
collection route to compare to TSD deflection data. The test sections were selected such that a
variety of pavement functional and structural conditions would be represented in the research.
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The test section pavement structures were estimated using GPR data, and the pavement layer
moduli were backcalculated from FWD deflection data. Estimations of the pavement structures
and moduli are summarized in Table 5.

It should be noted that the layer thickness and moduli estimates contained in this report are not
verified using construction plans or field samples. It is recommended that the results presented
in the table be verified before any design, maintenance, or rehabilitation work is initiated.

Table 5. Oklahoma Test Section Pavement Structure and Modulus Values.

Test SURFT | SURFE | BASET | BASEE | SUBBT | SUBBE | SUBGR
Section (in) (ksi) (in) (ksi) (in) (ksi) E (ksi)
IH35 S1 2.5 340 6* 102 8 39 14
IH35 S2 13** 2,216 — — — — 13
IH35 S3 8 240 10 14 — — 16
IH40 S4 1.5 663 8 118 8 25 11
IH40 S5 4.5 169 10 146 10 72 18
IH40 S6 20* 2004 — — — — 7

*Cement treated base (CTB)

**Concrete

Maximum Deflection (D0) (mil)

Lower value
-20

Upper value
0

Figure 11. Oklahoma TSD Data Collection Route, 2021.
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In total, 4 test sections had flexible pavement structures, and 2 were concrete/rigid pavements.
The initial prediction of the Section 1 structure made from the GPR data shown in Figure 12 was
a 2.5 inch HMA surface over 12 inches of concrete pavement, and the high dielectric reading
circled in the figure was thought to be the concrete reinforcement. However, the FWD maximum
deflections in Section 1 were 10 — 14 mils, which were deflection values consistent with flexible
pavement. The expected deflections recorded on rigid pavements is less than 5 mils. Further
analysis of the SCI and outer sensor deflection data indicated a weak subbase layer. For this
reason, the prediction of the pavement structure was amended to a thin HMA surface over a 6
inch CTB material with an 8 inch subbase layer. The resulting backcalculation of the layer
modulus produced an average error of 8 percent between the calculated and measured
deflection bowls.

(EEPCEE G B

44939

. :

Figure 12. Annotated GPR ban from Section 1.

The maximum deflection data measured and recorded by FWD and TSD for each test section is
displayed in Figure 13. Temperature data is not available within ARRB Systems’ Hawkeye TSD
data viewer, and the pavement temperature during FWD testing was 85-90 degrees. It is likely
that the pavement temperature at the time of testing influenced the magnitude of the FWD and
TSD deflections. The data in the figure is averaged over every 0.5 mile. In general, the
deflection measured by FWD is greater than the deflection reported by TSD. However, the
deflection trends between the two devices are very similar. The FWD and TSD identified the
same relative strong and weak sections. The magnitude of the deflections matched closest in
Section 3, but the TSD values recorded for the remaining test sections are roughly half the
measured FWD deflections, regardless of flexible or rigid pavement type.
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Figure 13. FWD and TSD Maximum Deflection Comparison.

Section 6

Analysis of TSD Outputs

TSD data has been successfully used by DOTs to categorize pavement conditions into 1 of 4
cases:

Pavement surface and structure are in good condition.
Pavement surface is in good condition, but the structure is in poor condition.
Pavement surface is in poor condition, but the structure is in good condition.
Pavement surface and structure are in poor condition.

PO~

The Hawkeye data viewer has the capability to overlay data filters on the TSD data map.
The filter queries used in this section were developed for use in Texas. It is
recommended that Oklahoma develops similar criteria to classify pavement conditions at
the network-level using TSD data. Table 6, Table 7,

Table 8, and Table 9 list the criteria developed for TxDOT for each condition case.

Table 6. Texas Pavement Condition Case 1 Criteria.

Distress Threshold

IRI (in/mi) <95
Total Cracking (%) <5
Rut Depth OWP (in) <0.2

DO (mils) <20

Table 7. Texas Pavement Condition Case 2 Criteria.

Distress Threshold

IRI (in/mi) <95
Total Cracking (%) <5

DO (mils) >30

18




Table 8. Texas Pavement Condition Case 3 Criteria.

Distress Threshold
IRI (in/mi) > 171
Total Cracking (%) =20
DO (mils) <20
or or
IRI (in/mi) > 171
Rut Depth OWP (in) > 0.4
DO (mils) <20
or or
Total Cracking (%) =20
Rut Depth OWP (in) > 0.4
DO (mils) <20
Table 9. Texas Pavement Condition Case 4 Criteria.
Distress Threshold
IRI (in/mi) > 171
Total Cracking (%) >20
DO (mils) > 20
or or
IRI (in/mi) > 171
Rut Depth OWP (in) > 0.4
DO (mils) > 20
or or
Total Cracking (%) >20
Rut Depth OWP (in) > 0.4
DO (mils) > 20

The pavement condition filters were applied to the TSD data collected in Oklahoma, and are
displayed in Figure 14, Figure 15, Figure 16, and Figure 17, for cases 1, 2, 3, and 4,
respectively. Test sections 5 and 6 along IH 40 fall within case 1 criteria for pavements with
good surface and strong structure. The deflections in both of these sections are less than 10
mils, and section 5 is a flexible pavement while section 6 is concrete.



Section 1

Section 3

4
m/

2173 | . 1 2
wbkiahema City

Figure 14. Case 1: Good Pavement Surface and Structure in Oklahoma.
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The filter for case 2 for pavements with good surface and poor structure did not indicate any
sections met the criteria. However, adjusting the filter to include SCI8 data instead of DO
revealed that portions of section 3 and section 4 had weak structures.

Section 2

Section 3

Figure 15. Case 2: Good Pavement Surface and Poor Pavement Structure in Oklahoma.
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Sections 3 and 4 met the criteria for case 3 for pavements with poor surface and good
pavement structure. GPR data suggested that both of these sections were flexible pavement.
Section 3 had an 8 in HMA layer over a base layer, while section 4 had 1.5 in of HMA over a
base and subbase. Both test sections had high levels of cracking. Section 3 had transverse
cracking across the lane while section 4 had longitudinal cracking in both wheel paths.

N Qidakhoma City

Figure 16. Case 3: Poor Surface and Good Pavement Structure in Oklahoma.
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Both sections 3 and 4 met the criteria for case 4 for poor pavement surface and structure.
Because these sections also met the criteria for the adjusted case 2 for pavements with good
surface and poor structure, these sections may be more at risk for failure than the other test
sections. The common trait between both cases is poor structure, indicated by high deflections,
which suggests the root cause of pavement surface distress is poor structural support.

'

")

~-Oklahoma City

240

Figure 17. Case 4: Poor Pavement Surface and Structure in Oklahoma.

Case Study: Test Section 3

Both section 2 and section 3 include southbound IH 35 near Orlando and Mulhall shown in
Figure 18. Section 2 ends just after SH 51 and section 3 limits are IH 35 from Mulhall to the
Cimarron River. The graph at the bottom of the figure includes the DO (light blue)and the relative
rut (yellow), cracking (red, blue, and green dots), and roughness data (black line) at the
transition from section 2 to section 3. The data indicates an increase in DO and cracking from
section 2 to section 3, but the rutting and roughness data decreases. The DO (blue), SCI8
(yellow), and SCI36-60 (black) deflection indices shown in Figure 19 for the same section of IH
35 increase from section 2 to 3 as well. The average SCI8 increased from less than 2 mils in
section 2 to 4 mils in section 3, while the average SCI36-60 increased from less than 2 mils to 2
mils. These indices have been used by other DOTs to identify weakening of the base and
subgrade materials. Soils analysis completed by the USDA support that a main cause of the
increase in deflections between the two sections is a change in subgrade materials. The percent
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sand content within the subgrade displayed in Figure 20 increases from less than 20 to over 50
percent as IH 35 approaches the river.

Road: 1-35_60 Interstate 35 Payne County, Direction: Reverse, Project: PFS 2021

Maximum Deflection (00) (i Rut Depth Right (i

4

: l
. U\//WN/ LJJV A W\T\/ WINLMW\NM J WVJ i/ W (W%MWWIUMJ

iPAVe v Select Comparison Data v

— IRI Right (in/m) + Aigator Cracking Percent (%) + Transverse Cracking Percent (%) Longituginel Cracking Percent (%)

0

Section 3 Section 2 ’

S e

mils

Figure 18.

TSD Data for Section 2 and 3 on IH 35 in Oklahoma.

mils

9

Standard + Select Comparison Data v

Q W Maximum Deflection (D) (mil) - SC1 8 (D0 - DB) (mil) W 5C1 Subgrade (D36 - D60) (mil)

Section 3 Section 2

Figure 19. TSD Deflection Indices for Section 2 and 3 on IH 35 in Oklahoma.
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Figure 20. Percent Sand Content from 12 — 36 inches along IH 35 in Oklahoma
(USDA, n.d.).




Prototype Program to Integrate TSD and GPR Data

Use of GPR within pavement management systems is standard practice. Software to read and
analyze the data was developed by TTI researchers. As part of this project, researchers
developed an updated prototype of this software that would integrate GPR data with data from
TSD. The general layout of the prototype is given in Figure 21. The chart at the top of the
screen is the TSD DO data, while the colored chart at the bottom is the output from the GPR.

The TSD currently collects the pavement deflection and functional metrics listed in Table 10.
The user has the ability to toggle between all data, or select multiple datasets collected by the
TSD to display in tandem with the GPR data. The data from the two devices is location matched
using global positioning system (GPS) coordinates.

Table 10. TSD Collected Data.

Structural Data Functional Data
Continuous Deflection Measurement (mils) Pavement Geometry
Pavement Deflection Velocity Roughness and Texture (IRI)
Applied Load Pavement Cracking (Percent)
3D GPR Measurements Wheel Path Rut Depth (in)

PSSR R e e o B e i R SRR o s
16+2704 16+3009 16+3311 16+3601 16+3901 16+4211 16+4524

Figure 21. Prototype Software Layout.

Future iterations of the software may include access to an online database that stores the TSD
data in a map format. ARRB Systems currently distributes and displays collected TSD data
within such a database, called Hawkeye. Within this system, the TSD data is primarily displayed
on a map that is color-coded to the dataset that is being viewed. It is feasible that the GPR data
viewer would access an online system that is matched to the GPR data using GPS coordinates.
A potential user interface is shown in Figure 22.
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Figure 22. Potential Future Layout of GPR Program.

Remaining Life Prediction Results

Using TSD roadway data from 2021, nine typical test sections were identified to estimate
pavement remaining life from TSD deflection data and results were compared with FWD. FWD
data was collected along these test sections at the same interval as TSD. Characteristic
functional indices and traffic data, reported in equivalent single axel loads (ESALs), were used
as inputs for the MODULUS remaining life analysis. The pavement survey information used to
run the remaining life analysis in the MODULUS program is shown in Table 11 for each test
section.

Table 11. Test Section Survey Information for Remaining Life Estimation.

Section No.1 | No.2 | No.3 | No.4 | No.5 | No.6 | No.7 | No.8 | No.9
Number

Surface

Thickness (in) 2.2 5.4 7.6 5.7 7.5 2.8 2.5 5.5 5.0

AverageRut | 3 | (45 | 015 | 015 | 041 | 017 | 017 | 019 | 0.19
Depth (in)

Cracking (%) 3.3 2.37 0.25 0.25 0.75 1.5 1.5 1.0 1.0

20-Year 18-kip
ESALs (million) 3.447 | 9912 | 9912 | 9912 | 9912 | 9912 | 9.912 | 3.447 | 3.447

The MODULUS remaining life estimation produces 2 remaining life estimates: remaining life
until failure due to rutting, and remaining life until failure due to cracking. The rut remaining life is
dependent upon the strength of the pavement subsurface layers, while the crack remaining life
is dependent upon the SCI deflection index. The rut and crack remaining life estimates
calculated from FWD and TSD for all 9 test sections are displayed in Figure 23.

The FWD estimated the section 2 and section 7 would fail due to rutting within 2-5 years.

However, the rut remaining life estimated from TSD did not find that any of the sections were at
risk of premature rutting failure. The discrepancy in rut remaining life estimates is likely due to
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the different loading mechanisms and deflection indices between FWD and TSD. The FWD
delivers a static impulse load to the pavement that may be characterized as linear elastic, while
the TSD delivers a rolling dynamic load that produces a viscoelastic pavement response. As
such, the BCl and W7 deflection indices are used within the MODULUS system to evaluate the
strength of subsurface pavement layers. These indices are not suitable for the TSD loading
mechanism, thus the difference in loading is unaccounted for within the TSD remaining life
estimates. Unlike the rut remaining life comparison, the remaining life until cracking failure
estimated by both devices was in good agreement. The cracking remaining life is dependent
upon the existing surface condition and the SCI deflection index. Both the FWD and the TSD
estimated section 2 would fail due to cracking within the next 2 years.
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Figure 23. The Rut (a) and Crack (b) Remaining Life Estimations from
FWD and TSD for Typical Test Sections.
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Pavement Layer Modulus Backcalculation from TSD Deflection
Measurements

To further facilitate the implementation of TSD deflection data into project- and network-level
pavement management practices, researchers attempted to develop a pavement layer modulus
backcalculation procedure using TSD reported deflections. The procedure was similar to the
backcalculation process implemented within the MODULUS program, in which deflection bowls
reported from field testing are compared to a database of deflection bowls calculated from
known pavement structures and layer moduli values. The moduli values that minimize the error
between the calculated and the measured deflection bowl are selected as the material modulus.

The deflection bowl library was generated through the use of the 3D-Move program, developed
by the University of Nevada Reno. The 3D-Move program is capable of simulating pavement
viscoelastic responses beneath static and dynamic truck loadings, making it optimal for this
application. Figure 24 displays the TSD reported and simulated deflection bowls for test
sections 9 and 1 used in the remaining life analysis. Test section 9 is considered a weak
pavement and section 1 is a strong pavement. The maximum deflections simulated for each of
the 9 test sections are compared to the average values collected from the field in Figure 25. The
3D-Move simulation was shown to reasonably simulate the pavement responses beneath the
TSD. The difference in the section 2 DO values shown in Figure 25 is due to an HMA deficiency
in that section, which was not accounted for within 3D-Move.

Section 9 - Weak Pavement

—@— AvgTSD == Simulated TSD
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Section 1 - Strong Pavement
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Figure 24. Measured and Simulated Deflection Bowls for a Weak (Left) and

Strong (Right) Pavement.
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Figure 25. Recorded and Simulated TSD Maximum Deflection.

To evaluate the accuracy of the proposed TSD backcalculation procedure, 7 test cases were
developed based on the structures of sections 1, 7, and 9. For each test case, the modulus
value for each layer was known except for one “target” layer that was to be backcalculated from
the TSD deflections. Table 12 describes each of the test cases and presents the results of the
TSD backcalculation for the target layer. In each test the TSD backcalculated modulus was
greater than the FWD backcalculated value. The lowest percent difference between the FWD
and TSD backcalculated values occurred for test cases 1 and 2, in which the pavement
structure consisted of only 3 layers. The deflection bowls simulated using the backcalculated
target layer modulus are compared to the deflection bowls recorded from the TSD in
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Figure 26. In each case, the simulated deflections at 8, 12, and 72 inches from the load center
are more accurate to the field TSD deflections than the simulated maximum deflection and the
deflections 24, 36, and 48 inches from the load center. The result of this trend is a “flatter”
simulated deflection bowl than what is reported by the TSD.
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Table 12. TSD Backcalculation Test Parameters and Results.

Pavement LD Ul
Test Case Target Layer Structure (in) Backcalculated | Backcalculated
Target E (ksi) Target E (ksi)
Variable SURF - 2.5
Case 1 Subar BASE - 12.5 15.7 20
9 SUBGR - N/A
Variable SN -2
Case 2 Base BASE - 12.5 28 35
SUBGR — N/A
SURF -5
Variable BASE -6
Case 3 Subgr SUBB — 8 7.5 10
SUBGR — N/A
SURF -5
Variable BASE -6
Case 4 Base SUBB — 8 18 40
SUBGR — N/A
SURF -2.2
Variable BASE -8
Case 5 Base SUBB - 8 800 (CTB) 550
SUBGR — N/A
SURF -5
Variable BASE -6
Case 6 Subb SUBB - 8 27 65
SUBGR — N/A
SURF - 2.2
Variable BASE -8
Case 7 Subb SUBB - 8 44 5
SUBGR — N/A
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Deflection Comparison - Section 1
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Figure 26. a) - c) Deflection Bowl Comparison between

Test Cases and Field TSD Data.
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Chapter 5. Conclusions and Recommendations

A primary goal of this research was to validate the utility of TSDDs within existing pavement
management systems and to propose strategies that utilize TSDDs to rapidly assess pavement
structural conditions to combat distresses and premature failure associated with weather and
condition-related events. At the project level, it was determined that the SCI8 and SCI36-60
TSD deflection indices were good indicators of base and subgrade material strength,
respectively. To assist in identifying project sections of interest, it is recommended that 6 key
functional and structural indices are evaluated along the roadway: the maximum deflection, the
rut depth, surface and subgrade curvature index, the roughness, and the total cracking.
Because the TSD is capable of collecting all of these data simultaneously, personnel are
equipped to plot the data along the same geospatial reference system. These indices were used
with good success in Texas to evaluate pavement structural condition following extreme
freezing and rainfall events. At the network level, it is recommended that data filters are
developed for Oklahoma that categorize pavements into appropriate pavement condition cases
that reflect the pavement surface and structural condition. Such a method has been
implemented by DOTs with good success. Additionally, GPR data and remaining life estimates
are both used in network-level pavement management practices. For TSD data to be practical
at the network level, integration with these processes is key. A prototype program was
developed that integrated TSD data in graphical form with GPR data within existing GPR
software. Both data were displayed synchronously to allow the user to verify the pavement
structure relative to TSD deflection data. Future versions of the program may connect to an
online database that allows TSD data to be displayed in map format that increases the user’s
geospatial awareness during data analysis.

TSD data was also used to generate remaining life estimates using the MODULUS program.
The remaining life procedure utilizes pavement functional condition surveys, traffic data, and
deflection data to classify the strength of the upper, lower, and subgrade pavement materials.
These classifications are then used to estimate the remaining pavement life until rut and crack
failure. The FWD and TSD estimated the same pavement section was at risk of crack failure.
Conversely, the TSD overestimated the rut remaining life on each of the 3 test sections that the
FWD estimated would fail within the next 5-10 years. The rut remaining life is estimated by
evaluating the strength of pavement base and subgrade layers. The MODULUS program
achieves this for FWD through the BCI and W7 deflection indices. However, the rolling dynamic
load from TSD is not compatible with these indices. It is recommended that the SCI8 deflection
index be used to classify the lower layer material strength and the SCI36-60 index be used to
classify the subgrade material strength for use in TSD remaining life estimations.

A critical component of project-level analysis is the ability to backcalculate layer modulus.
Therefore, an experimental backcalculation procedure was developed that was similar in
structure to the existing MODULUS backcalculation procedure with FWD. In each of the 7 test
cases, the modulus backcalculated from TSD deflection data was greater than the modulus
backcalculated from FWD. While the pavement responses simulated in 3D-Move matched the
maximum and outer sensor deflections calculated in the field with TSD, the intermediate
simulated deflections were greater than the field deflections, resulting in a “flat” deflection bowl
compared to the field. This may be due to assumptions made by the TSD deflection algorithm
regarding the viscoelastic responses of the pavement. Further development of both the TSD
model and the backcalculation procedure are required before the system is recommended for
use in the field. One major lack in the proposed procedure is the inability to simultaneously
backcalculate the modulus values of multiple materials.
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Chapter 6. Implementation of Project Outputs

Implementation of the outputs from this research will enhance the understanding of pavement
structural conditions at all levels of pavement management. The continuous deflection data
reported by TSD integrated with layer thickness information from GPR allows for early detection
of structural failure and/or defects from adverse weather events. Additionally, the nature of TSD
data collection allows for rapid response to assess pavement condition compared to FWD.

The prototype program to integrate TSD and GPR data similar to the one developed for TxDOT
can be developed for Oklahoma. The results of the TSD remaining life estimates and
backcalculation procedure are promising. The next step towards widespread implementation of
these outputs is to update the current programs for FWD analysis to incorporate the unique
loading mechanism and deflection indices from TSD.

An immediate outcome of this research was increased understanding and implementation of
TSD data by district personnel for identifying project limits for pavement maintenance and
rehabilitation. This outcome was and will continue to be addressed through informational
sessions provided by the research team and delivered to the districts. Compared to current
pavement management practices involving FWD, the TSD offers a larger quantity of data and a
more precise overview of pavement structural and functional condition than can be analyzed
and updated in a relatively short period of time for proactive rehabilitation strategies and the
formulation of district maintenance plans.
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Chapter 7. Technology Transfer and Community
Engagement and Participation (CEP) Activities

Technology transfer and community engagement activities relating to this research were limited
to the informational sessions delivered to TxDOT district personnel and the prototype software
developed for TxDOT. The informational sessions sought to enable district personnel to include
TSD data within their decision-making processes by facilitating understanding of the TSD
system, collection process, and data analysis. Increased trust in the TSD system and greater
familiarity with TSD outputs will result in improved pavement management strategies and
prioritization at the project- and network-level.
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Chapter 8. Invention Disclosures and Patents,
Publications, Presentations, Reports, Project
Website, and Social Media Listings

No invention disclosures, patents, publications, presentations, reports, websites, or social media
listings were generated as components of this research. The prototype software developed to
integrate TSD and GPR data was created for the exclusive use of TxDOT and TTI. Permission
to utilize both said software and the MODULUS program discussed within this report must be
obtained from TxDOT.
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