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Abstract:

This first-level report describes the first two phases of a study comparing the performance of four different full-depth
pavement reclamation strategies, namely pulverization with no stabilization (FDR-NS), stabilization with foamed asphalt
and portland cement (FDR-FA), stabilization with portland cement only (FDR-PC), and stabilization with engineered
asphalt emulsion (FDR-EE). A literature review, the test track layout and design, stabilization and asphalt concrete mix
designs, and test track construction are discussed, as well as the results of Heavy Vehicle Simulator (HVS) and
preliminary laboratory testing, and a forensic investigation of the HVS test sections.

A number of problems were experienced during construction of the FDR-PC and FDR-EE lanes on the test track and
consequently only the FDR-NS and FDR-FA lanes and one section of the FDR-PC lane (5 percent measured cement
content) were considered satisfactorily uniform for the purposes of HVS testing. The FDR-FA and FDR-PC sections
performed very well under both dry and wet conditions, with testing under dry conditions terminated long before the
terminal rut of 0.5 in. (12.5 mm) or average crack density of 0.75 ft/ft* (2.5 m/m?) were reached (cracks were observed
on the wet tests only). The two FDR-NS sections tested performed acceptably, with a section with thicker asphalt
surfacing (0.4 ft [120 mm]) outperforming a section with thinner asphalt surfacing (0.2 ft [60 mm]) under both dry and
wet conditions, as expected. Terminal rut was reached on both sections. No cracks were observed during dry tests, but
cracking was severe after completion of the wet tests. Observations during a forensic investigation confirmed the
measurements taken during HVS testing. The performance advantages of full-depth reclamation strategies that either use
foamed asphalt with cement or cement only over those with no stabilization are clearly evident from the results.

Additional laboratory and field testing is in progress to collect sufficient data for the development of mechanistic-
empirical design criteria (and revised gravel factors) for full-depth reclaimed pavements. However, there is sufficient
evidence to show that pavements that are rehabilitated using full-depth reclamation strategies will satisfactorily
withstand design traffic levels common in California. Rehabilitation using this approach offers additional advantages of
speed of construction, minimal disruption to traffic, reuse of all materials, and does not require removal of material from
the site. FDR with these stabilization approaches also effectively replaces extensively cracked existing asphalt layers,
providing a new base and thus preventing the reflective cracking that is common in more traditional overlay projects.
Future research should include life cycle cost analysis (LCCA) and environmental life cycle assessment (LCA) to
compare FDR with overlay strategies for the range of pavement, climate and traffic conditions where the two strategies
might be used. Future research on partial- and full-depth reclamation should be coordinated to facilitate consistent
design and specification documentation, and to facilitate the preparation of a comprehensive guide covering all forms of
pavement recycling.
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Proposals for implementation:
Full-depth reclamation should be considered as an alternative to mill and overlay rehabilitation strategies on severely
cracked or rutted pavements.
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DISCLAIMER STATEMENT

This document is disseminated in the interest of information exchange. The contents of this report reflect
the views of the authors who are responsible for the facts and accuracy of the data presented herein. The
contents do not necessarily reflect the official views or policies of the State of California or the Federal
Highway Administration. This publication does not constitute a standard, specification or regulation. This

report does not constitute an endorsement by the Department of any product described herein.
For individuals with sensory disabilities, this document is available in alternate formats. For information,

call (916) 654-8899, TTY 711, or write to California Department of Transportation, Division of Research,
Innovation and System Information, MS-83, P.O. Box 942873, Sacramento, CA 94273-0001.

PROJECT OBJECTIVES

The ultimate goal of the Caltrans/UCPRC pavement recycling initiative is the development of a
comprehensive guideline document for the rehabilitation and Capital Maintenance (CAPM) design of
pavements using full- and partial depth reclamation techniques. The objective of this part of the research
is to develop a guideline document for pavement rehabilitation design using full-depth reclamation. This
will be achieved in three phases through the following tasks:

1. A literature review on research related to the topic (Completed in Phase 1, updated in Phase 2).

2. Monitoring of existing and new field experiments (In progress, to be completed in Phase 3).

3. Full-depth reclamation of an existing gap-graded rubberized warm mix asphalt test track using
pulverization with no stabilization, with portland cement stabilization, with foamed asphalt plus
cement stabilization, and with asphalt emulsion stabilization (Completed in Phase 1).

4. Accelerated load testing to compare the four different full-depth reclamation strategies. (7esting
under dry conditions completed in Phase 1. Testing under wet conditions completed in Phase 2).

5. Laboratory testing to refine mix-design procedures and identify suitable criteria for mechanistic-
empirical design procedures and performance models. (Standard materials characterization
completed in Phase 1. Testing to assess mechanistic properties to be undertaken in Phase 3).

6. Preparation of project selection and mechanistic-empirical design guidelines for full-depth
reclamation in California (To be undertaken in Phase 3).

7. Preparation of reports documenting the study and study results.

This report covers the first and second phases of the study, which were limited to test track construction
and accelerated load testing. Initial work on Tasks 1, 3, 4, 5, and 7 is discussed. The remainder of the

work on all tasks will be completed in Phase 3.
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EXECUTIVE SUMMARY

The first two phases of a comprehensive study into pavement rehabilitation using in-place recycling
strategies have been completed for the California Department of Transportation (Caltrans) by the
University of California Pavement Research Center (UCPRC). This part of the study, which focused on
full-depth reclamation (FDR), was based on a work plan approved by Caltrans and included a literature
review of research undertaken on the topic, the design and construction of a test track, accelerated
pavement testing under dry and wet conditions using a Heavy Vehicle Simulator (HVS), forensic
investigations on each of the test sections, and a series of laboratory tests on specimens sampled from the
test track to assess the rutting and fatigue cracking performance of the asphalt concrete layers. Four
different FDR strategies were investigated, namely pulverization with no stabilization (FDR-NS),
stabilization with foamed asphalt and portland cement (FDR-FA), stabilization with portland cement only
(FDR-PC), and stabilization with engineered asphalt emulsion (FDR-EE). The objective of the study is to
develop comprehensive guidelines for the rehabilitation and capital maintenance (CAPM) design of

pavements using full-depth reclamation techniques.

A comprehensive literature review found that although considerable research has been undertaken on both
full-depth reclamation (FDR [recycling of the surfacing and base materials]) and partial-depth
reclamation (PDR [recycling of the upper layers of the surfacing only]) in the laboratory and in full-scale
field experiments, most of the findings and conclusions published are either project-specific or very
general and with little detail. What has been published offers limited guidance on how to select and
design FDR and PDR projects using the different stabilization strategies. Further, the review revealed
only a limited number of publications on the development of parameters for the mechanistic-empirical

rehabilitation design of highways using FDR or PDR strategies.

The test track is located at the University of California Pavement Research Center (UCPRC) in Davis,
California. The pavement that was subjected to FDR for this project was originally constructed in April
2010 to assess the performance of seven different warm mix asphalt technologies in a gap-graded
rubberized asphalt mix. The design and construction of the FDR test sections was a cooperative effort
between Caltrans, the UCPRC, and industry. The test track is 360 ft. by 53 ft. (110 m by 16 m) divided
into four lanes. The top 10 in. (250 mm) of the pavement structure (4.7 in. [120 mm] of asphalt concrete
and 5.3 in. [130 mm] of the original aggregate base) was recycled. The mix designs for the portland
cement and engineered asphalt emulsion stabilized lanes were developed in conjunction with industry
partners. The mix design for the foamed asphalt plus portland cement stabilized lane was completed by

the UCPRC based on earlier research. Recycling and the subsequent placement of the asphalt surfacing
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were undertaken in September and November 2012, respectively, using conventional equipment and

techniques. Accelerated pavement testing was undertaken with two Heavy Vehicle Simulators (HVS).

Observations made during construction of the test track include the following:

vi

e Based on the results of testing of rubberized warm mix asphalt in a previous study on the UCPRC

North Track, it was concluded that preparation of the subgrade and construction of the original base
during that study resulted in a generally consistent subgrade and base platform for the FDR study.
Recycling of the test track was completed with mixed success:

+ Conventional FDR construction procedures were followed on the lane where no stabilizer was
added (FDR-NS). Recycling depth was well controlled and the pulverized material had a
consistent grading and uniform moisture content. No problems were observed with recycling
the relatively new asphalt concrete surface (i.e., limited aging), although some smoke was
observed as the cutting teeth milled through the rubberized layer. Satisfactory compaction and a
satisfactory surface finish were achieved on the recycled layer.

+ Numerous problems were encountered during construction of the engineered asphalt emulsion
stabilized lane (FDR-EE), including the addition of too much water and blocked nozzles that
lead to uneven and under- or overapplication of asphalt emulsion, all of which resulted in
uneven compaction.

+ Construction of the foamed asphalt plus cement stabilized lane (FDR-FA) followed
conventional procedures and no problems were observed. The cement was evenly distributed at
the correct application rate and good mixing of the foamed asphalt and cement was achieved.
The recycled material had a consistent grading and uniform moisture content. Satisfactory
compaction and a satisfactory surface finish were achieved.

+ On the lane stabilized with portland cement (FDR-PC), the spread rate of the cement was not
well controlled, and this led to the application of excess stabilizer on certain sections of the
track. Problems with mixing resulted from this excess cement. Only part of one lane was
considered suitable for HVS testing.

+ Gradations for the pulverized material on all four lanes were well within the specified limits.

+ Densities after compaction met or exceeded the Caltrans specification on the FDR-NS and
FDR-FA lanes, but were slightly lower than specification on the FDR-PC and FDR-EE lanes.
The lower-than-specification densities were attributed to the construction problems on both
lanes and, on the FDR-PC lane, to the generalization of the laboratory reference density, given
that reference densities were not determined for the range of cement contents actually applied
on the day of construction.

Placement of the hot mix asphalt followed conventional procedures. Thickness and compaction

appeared to be consistent across the test track.

The FDR-NS and FDR-FA lanes and one section of the FDR-PC lane (5 percent measured cement

content) were considered satisfactorily uniform for the purposes of accelerated pavement testing.

The FDR-EE and the remainder of the FDR-PC sections were not considered representative of

typical FDR construction with these stabilization strategies. However, HVS testing on the FDR-EE

section was undertaken to quantify the effects of these construction issues on the performance of
the pavement structure and to justify any recommendations with regard to construction
specification language for FDR-EE projects.
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Key observations from HVS testing in the Phase 1a study (dry conditions at 86°F [30°C]) include the

following:

The FDR-FA and FDR-PC sections performed very well and testing on both was terminated long
before the terminal rut of 0.5 in. (12.5 mm) or average crack density of 0.75 ft/ft* (2.5 m/m?) was
reached (no cracks were observed on either section). The two FDR-NS sections performed
acceptably, with the section with thicker asphalt surfacing (0.4 ft [120 mm]) outperforming the
section with thinner asphalt surfacing (0.2 ft [60 mm]), as expected. Terminal rut was reached on
both of these sections, but no cracking was observed. The FDR-EE sections performed poorly,
with terminal rut and terminal cracking both reached after a limited number of load repetitions.
This poor performance was attributed to problems associated with construction, and consequently
no conclusions can be drawn from the test results regarding this stabilization strategy.

Terminal rut depths were recorded on the thinner FDR-NS (60 mm) section after approximately
490,000 equivalent single axle loads (ESALs) had been applied, and on the thicker FDR-NS
(120 mm) section after more than 21.4 million ESALs had been applied. The thicker surfacing
layer therefore had a significant influence on the performance of the structure.

On the FDR-FA section, only 5.8 mm of rutting was measured after 34 million ESALs, while on
the FDR-PC section, only 2.1 mm of rutting was measured after 43 million ESALs. Testing was
halted on the FDR-FA and FDR-PC sections at these loading points due to time and project-
funding constraints. Permanent deformation in the recycled layers was consistent with the surface
measurements, with considerable deformation recorded in the FDR-NS layers, but very little
deformation was recorded in the stabilized layers.

Measured and backcalculated stiffnesses were significantly higher on the FDR-FA and FDR-PC
sections compared to the two FDR-NS sections, as expected. Although the stiffnesses dropped
considerably in the recycled layers on the FDR-FA and FDR-PC sections after trafficking, they
were still orders of magnitude higher than those recorded on the FDR-NS sections, despite their
having been subjected to millions more equivalent single axle loads. The stiffness of the layer
appeared unaffected by the presence of the recycled asphalt concrete material, by the presence of
rubber in this material, and by the fact that the recycled asphalt was relatively unaged. Recycled
aged asphalt would typically result in slightly higher stiffnesses in the recycled layer compared to
recycled unaged asphalt.

Elastic deflection at the bottom of the FDR-FA and FDR-PC layers after completion of testing (34
and 43 million ESALs, respectively) was approximately the same as that at the bottom of the
FDR-NS layers after 490,000 and 21.4 million ESALs, respectively. The rate of change in
deflection was, however, slightly higher on the FDR-FA and FDR-PC sections, which is consistent
with base layers that are stabilized with cement.

Key observations from the Phase 1b study (dry testing of FDR-FA at 122°F [50°C]) include the

following:

This FDR-FA test was undertaken at higher temperatures than the tests in Phase 1a (50°C versus
30°C), and the results indicate that temperature will have some influence on the behavior of the
FDR-FA layer, as expected. The higher moisture contents in the FDR-FA, original base, and
subgrade layers, caused by the water soaking during the Phase 2 wet tests on adjacent sections,
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coupled with the limited aging that the original pavement had been subjected to before recycling,
would also probably have contributed to the different performance (i.e., the recycled new asphalt
pavement [recycled 41 months after original placement] would be less aged than typical recycled
asphalt pavement [usually recycled after about 20 years] and therefore more temperature
susceptible).

The Phase 1b FDR-FA section performed well compared with the Phase 1a FDR-NS sections but
not quite as well as the Phase 1a FDR-FA and FDR-PC sections, as expected, due to testing at the
higher temperature and moisture conditions. Terminal rut was reached after 12.8 million ESALs
and although some cracking was observed, attributable in part to the higher moisture conditions,
the crack density was lower than the terminal crack density set for the study.

Measured and backcalculated stiffnesses on the FDR-FA section before HVS testing on the
Phase 1b test were comparable to those in the Phase 1a FDR-FA test. However, after HVS testing
stiffnesses were lower on the Phase 1b test (750 MPa) than on the Phase 1a test (1,570 MPa), but
they were still significantly higher than those recorded on the two Phase 1a FDR-NS sections. The
lower stiffnesses were attributed to the increased damage caused during trafficking at the higher
temperatures, and to the reduced support resulting from the higher moisture content in the
underlying layers.

Key observations from the Phase 2 study (wet testing at 86°F [30°C]) include the following:

viii

The FDR-FA and FDR-PC sections performed significantly better than the FDR-NS sections, as
expected. Terminal crack density was exceeded on all four tests. Terminal rutting was reached on
both FDR-NS sections and the FDR-FA section, but not on the FDR-PC section. The two FDR-NS
sections performed acceptably given the very wet conditions, with the section with thicker asphalt
surfacing outperforming the section with thinner asphalt surfacing, as expected. Poorer
performance on all four sections during this phase reinforces the importance of ensuring that good
drainage is maintained at all times, and that roadside activities do not interfere with the drainage
system.

Terminal rut depths were recorded on the FDR-NS (60 mm) section after approximately
215,000 ESALs had been applied, and on the FDR-NS (120 mm) section after more than
1.9 million ESALs had been applied. The thicker surfacing layer therefore had a significant
influence on the performance of the structure under the wet conditions. Terminal rut on the
FDR-FA section was reached after 3.5 million ESALs. The FDR-PC section had the best rutting
performance, with only 3.2 mm of rutting measured after more than 17 million ESALs. Permanent
deformation in the recycled layers was consistent with the surface measurements, with considerable
deformation recorded in the FDR-NS layers, but very little deformation was recorded in the
stabilized layers.

Cracking on the unstabilized sections was significantly faster compared to the stabilized sections.
Although terminal crack density was reached on the FDR-PC faster than on the FDR-FA section,
the crack density at the end of testing was higher on the FDR-FA section. Cracking was attributed
to a combination of debonding of the asphalt concrete from the recycled layer (and between the two
lifts of asphalt concrete on the one FDR-NS section) and to lower shear strengths/stiffnesses in the
underlying layers as a result of the high moisture contents.
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e Average backcalculated stiffnesses of the FDR layers after HVS testing were significantly higher
on the FDR-PC section (18 GPa) compared to the FDR-NS (60 mm), FDR-NS (120 mm), and
FDR-FA sections (89 MPa, 93 MPa, and 353 MPa, respectively). The drop in stiffness from the
start to the completion of testing on the FDR-NS sections was marginal, but significant on the
FDR-FA section (10.4 GPa to 353 MPa). However, the stiffness on the FDR-FA section on
completion of testing was still considerably higher than that recorded on the FDR-NS sections,
despite it having been subjected to much higher traffic loading. As with the Phase 1a tests, the
stiffnesses of the FDR layers appeared unaffected by the presence of the recycled asphalt concrete
material, by the presence of rubber in this material, and by the fact that the recycled asphalt was
relatively unaged.

e Test pits could not be readily excavated on the FDR-PC sections due to the strongly cemented
nature of the FDR layer.

Although full-scale field testing and additional laboratory testing still needs to be completed to collect
sufficient data for the development of mechanistic-empirical design criteria (and revised gravel factors)
for full-depth reclaimed pavements, there is sufficient evidence to show that pavements that are
rehabilitated using full-depth reclamation strategies will satisfactorily withstand design traffic levels
common in California. The performance advantages of FDR strategies that either use foamed asphalt
with cement or cement only over FDR strategies with no stabilization were clearly evident from the
results on completion of the testing discussed in this report. No recommendations can be made at this
time on the use of asphalt emulsion as a stabilizer in FDR projects due to the problems experienced
during construction of the test section, which were not representative of typical FDR procedures with this
stabilizer. Results from testing under wet conditions confirmed that, as with any pavement design, good

drainage is critical to ensure that the pavement performs as expected.

Rehabilitation using the FDR approach offers additional advantages of speed of construction, minimal
disruption to traffic, reuse of all materials, and there is no need to remove material from the site. FDR
with these stabilization approaches effectively provides a new, stronger base and in the process, replaces
extensively cracked existing asphalt layers, thereby preventing the reflective cracking that is common in

more traditional overlay projects.

The following recommendations are made:

e FDR should be considered when selecting rehabilitation options for cracked asphalt pavement, and
that stabilization using foamed asphalt with cement or cement only be used wherever possible.
FDR with no stabilization (i.e., pulverization) should only be considered on lower traffic volume
roads. No recommendations can be made at this time on the use of asphalt emulsion as a stabilizer
in FDR projects due to the problems experienced during construction of the test section.
Opportunities for additional testing of FDR-EE sections should be investigated.
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e Future research should include life cycle cost analysis (LCCA) and environmental life cycle
assessment (LCA) to compare FDR with overlay strategies for the range of pavement, climate and
traffic conditions where the two strategies might be used.

e Although partial-depth reclamation (or cold in-place recycling) was not investigated in this study,
future research on partial- and full-depth reclamation should be coordinated to facilitate consistent
design and specification documentation, and to facilitate the preparation of a comprehensive guide
covering all forms of pavement recycling.

e Given the difficulty in excavating test pits on the portland cement stabilized sections, the
recyclability of roads rehabilitated with this stabilization strategy should be investigated and the
findings incorporated into FDR design considerations.
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CONVERSION FACTORS

SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
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LENGTH
in inches 25.4 Millimeters mm
ft feet 0.305 Meters m
yd yards 0.914 Meters m
mi miles 1.61 Kilometers Km
AREA
in’ square inches 645.2 Square millimeters mm?
ft? square feet 0.093 Square meters m?
yd? square yard 0.836 Square meters m?
ac acres 0.405 Hectares ha
mi? square miles 2.59 Square kilometers km?
VOLUME
fl oz fluid ounces 29.57 Milliliters mL
gal gallons 3.785 Liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 Grams g
b pounds 0.454 Kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 Lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 Newtons N
Ibf/in® poundforce per square inch 6.89 Kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
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AREA
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km? square kilometers 0.386 square miles mi?
VOLUME
mL Milliliters 0.034 fluid ounces fl oz
L liters 0.264 Gallons gal
m® cubic meters 35.314 cubic feet t3
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 Ounces oz
kg kilograms 2.202 Pounds b
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ILLUMINATION
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FORCE and PRESSURE or STRESS
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kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380 (Revised March 2003)
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1. INTRODUCTION

1.1  Background to Pavement Recycling in California

The California Department of Transportation (Caltrans) has been using full-depth reclamation (FDR) as a
rehabilitation strategy since 2001, following its introduction at a Caltrans/UCPRC workshop in 2000.
Most FDR projects built since that time have used a combination of foamed asphalt and portland cement
as the stabilizing agent. A number of FDR projects have also been completed where no stabilizing agent
was used, a rehabilitation strategy referred to as “pulverization,” and a limited number of projects have
been reported where only portland cement or foamed asphalt was used. When the project discussed in this
report started, there was no record of the use of asphalt emulsion as a stabilizing agent on any Caltrans
FDR project, except for a pilot project in District 4 in the mid-1990s that did not use conventional FDR

equipment for recycling the asphalt pavement.

In 2009, the University of California Pavement Research Center (UCPRC) prepared detailed guidelines
for FDR with foamed asphalt (7). The content of this guideline was based on a comprehensive study that
included regular monitoring of a number of pilot projects and a multiphase laboratory testing study on

materials sampled from these projects (2).

Cold in-place recycling (CIR) of asphalt surfacing layers, has been used as a rehabilitation or capital
maintenance strategy on Caltrans projects on a limited scale since 2009 (approximately 27 projects were
documented at the beginning of the study covered in this report). Among these CIR projects, a
combination of asphalt emulsion and either cement or lime has been the most common stabilization
strategy used, although a combination of foamed asphalt and either cement or lime is also an appropriate
strategy (3,4) that has been used in a number of local government projects in California. Typical recycling
depths are around 4.0 in. (100 mm). No comprehensive research on CIR has been undertaken in
California, no project selection and mix design guidelines have been prepared, and there is no published

information on the effects of recycled rubberized asphalt pavement on CIR performance.

A limited number of hot in-place recycling (HIR) projects have also been undertaken. Hot binder with
and without the addition of lime has been used in these projects. Typical recycling depths are around
2.0 in. (50 mm). No comprehensive research on HIR has been undertaken in California, no project
selection and mix design guidelines have been prepared, nor have the effects of the presence of rubberized

binders been assessed.
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In all the FDR projects recorded to date, no mention has been made of whether any of the recycled asphalt
layers contained asphalt rubber. Nor has any published research been undertaken to determine whether
the presence of tire rubber in the existing asphalt layers could influence the performance of the pavement

when FDR or PDR rehabilitation strategies are used.

1.2 Terminology

A number of different terms are used to describe full- and partial-depth reclamation, which can lead to
confusion when developing guideline documentation or rehabilitation designs, writing general and project
specifications, preparing bid documents, etc. For example, full-depth reclamation (FDR) is also called
full-depth-recycling, deep in situ recycling (DISR), cold in-place recycling (CIR), or cold-foam recycling
(CFR, referring to the use of foamed asphalt, even though the foamed asphalt temperature is typically
around 350°F [175°C], with the term “cold” referring to the pavement not being heated during the milling
process). Partial-depth reclamation (PDR) is also called partial-depth recycling, cold in-place recycling
(CIR, contradicting with CIR used as an alternative name for FDR), or cold in-place reclamation. The
term “cold” again refers to the pavement not being heated during the milling process. These terms
generally do not include the stabilizer type or only include the primary stabilizer (e.g., FDR-FA is
commonly used to describe both foamed asphalt only, and a combination of foamed asphalt and cement).
Further confusion can arise if both hot in-place and cold in-place recycling techniques are being

considered in partial depth reclamation projects.

The use of more consistent and descriptive terminology is therefore proposed to prevent any
misunderstandings as the use of these technologies increases. Suggested terminology and associated
acronyms are listed in Table 1.1 and are used in this document. Note that partial-depth reclamation can be

further differentiated between cold and hot techniques.

1.3  Problem Statements Pertinent to Pavement Recycling in California

The FDR studies completed by the UCPRC for Caltrans to date have assessed pulverized unstabilized
layers (FDR-NS) and layers stabilized with foamed asphalt plus cement (FDR-FA-C). Partial-depth
recycling, the full-depth recycling of rubberized asphalt layers, and the use of other stabilizers including
cement only, lime, modified cementitious additives, asphalt emulsion, and synthetic polymer emulsions all
need to be assessed and the guideline documentation updated. Personal experience of the authors
combined with a limited literature review on the topic has revealed that the earlier Caltrans/UCPRC FDR
project is the only comprehensive documented study (7,2) on in-place recycling undertaken in the U.S.

and that no similar comprehensive, documented studies have been undertaken on other FDR strategies.
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Table 1.1;

Suggested Acronyms for Partial- and Full-Depth Stabilizer Combinations

Process Depth Primary Stabilizer Secondary Stabilizer | Suggested Acronym
None PDR-FA
Cement PDR-FA-C
Foamed asphalt Lime PDR-FA-L
. Fly ash PDR-FA-F
Partial None PDR-AE/PDR-EE
Asphalt emulsion/ Cement PDR-AE-C
Engineered emulsion Lime PDR-AE-L
Fly ash PDR-AE-F
No stabilizer None FDR-NS
None FDR-FA
Cement FDR-FA-C
Foamed asphalt Lime FDR-FA-L
Cold Fly ash FDR-FA-F
Kiln dust FDR-FA-K
None FDR-AE
Cement FDR-AE-C
Full Asphalt emulsion Lime FDR-AE-L
Fly ash FDR-AE-F
Kiln dust FDR-AE-K
None FDR-PC
Portland cement Asphalt emulsion FDR-PC-AE
Foamed asphalt FDR-PC-FA
Lime None FDR-L
Synthetic polymer None FDR-SP
Cement FDR-SP-C
. None H-PDR-A
Hot Partial Asphalt (hot) Lime H-PDR-A-L

The Wirtgen Cold Recycling Technology Manual (3), which is based on research mostly undertaken in
Europe and South Africa, provides comprehensive guidance on all aspects of full- and partial-depth
recycling, but it caters to a broad international audience, and includes topics and approaches that are not
necessarily applicable to Caltrans projects. The Asphalt Recycling and Reclaiming Association’s (ARRA)
Basic Asphalt Recycling Manual (4) provides a valuable overview of full- and partial- depth reclamation,
mostly based on the experience of contractors, but it does not provide sufficiently specific guidelines for

project selection, mix design, and construction of these types of projects in California.

The following FDR and PDR problem statements have been identified and require additional research or

refinement/calibration for California conditions:

e No comprehensive guidelines exist to guide engineers on how to choose between partial depth
rehabilitation (PDR, or cold-in-place [CIR]/hot-in-place recycling [HIR]) and FDR, or on how to
choose the most appropriate stabilizer or stabilizer combination in each of the strategies.
Convention implies that PDR is more suited to the rehabilitation of pavements where distress is
limited to the upper layers of asphalt concrete (i.e., rutting, top-down cracking, and/or moisture
damage), whereas FDR is more suited to pavements where distress originates in the base layer or
bottom of the asphalt layers (i.e., base failure and/or fatigue cracking). However, other criteria will
also influence the decision on which strategy will be most appropriate for a specific project.
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e No studies comparing any of the recycling strategies have been documented to support the writing
of comprehensive guidelines for selecting the most appropriate recycling strategy for a particular
project.

e No comprehensive monitoring of the long-term field performance of FDR with asphalt emulsion
(FDR-AE) and FDR with only portland cement (FDR-PC) or any type of PDR projects has been
documented. Consequently, there is limited information available for these pavement types
regarding the following:

+ Initial stiffness and changes in stiffness over time with regard to temperature, seasonal moisture
fluctuations, and increasing age. This issue is important as these are fundamental properties that
influence the performance of the pavement over time and which are used in mechanistic design
of pavements.

+ Fatigue and reflective cracking behavior. This issue is particularly important as it is probably a
primary criterion for deciding on whether to use PDR or FDR.

+ Thermal cracking behavior. This issue is important as it will dictate any climatic limitations for
where these strategies can be used.

+ Shrinkage cracking and subsequent reflection cracking behavior on FDR-PC pavements. This
issue is important as they will be contributing factors to stabilizer selection, determination of the
thickness of the overlay, and modeling of the long-term performance and maintenance
requirements.

+ Rutting behavior. This issue is important because PDR layers typically have relatively high air-
void contents that may be susceptible to densification (rutting) if they are only covered by thin
overlays (i.e., <2 in. [5S0 mm]).

+ Moisture sensitivity. This issue is important because layers with high air-void contents are more
susceptible to stripping, which leads to rutting, raveling, and cracking.

+ Freeze-thaw cycling. This issue is important for the same reason cited above with high air-void
pavements often being potentially more susceptible to moisture ingress and potential frost-heave
during freeze periods. This problem may limit the use of PDR in high-altitude areas of the state.

+ Effects of heavy truck traffic. Most literature refers to use of PDR on relatively light traffic
roads (typically less than 10,000 AADT).

+ Effects of early trafficking (i.e., same day as construction) on FDR-PC and FDR-AE pavements.
This is important because most Caltrans FDR projects are completed in lane closures with traffic
detoured using pilot cars, and the projects are required to be opened to traffic before nightfall of
each day. The effects of placing the overlay on the FDR layer before it cures sufficiently to
allow the cement or asphalt emulsion to gain strength have also not been quantified.

e No documentation exists on the collection of data for the development of mechanistic-empirical

design and performance models for FDR, beyond the initial parameters developed for the California
mechanistic-empirical pavement design procedure (Ca/ME) by UCPRC for FDR-FA, FDR-AE and
FDR-NS based on a limited number of projects. Also, no documentation exists on the actual
development, calibration, and use of these models in pavement design and pavement management.

e In California, PDR projects are usually funded through Capital Maintenance (CAPM) funds,
whereas FDR projects are usually funded through rehabilitation funds. Consequently, the project
investigation for FDR is considerably more thorough than that for PDR and the less-comprehensive
PDR project investigation might overlook some of the issues that render PDR an inappropriate
strategy. The implications of this less intensive project investigation have not been evaluated in
terms of risk to Caltrans.

e No studies have been undertaken to assess the influence of recycled rubberized asphalt on FDR
performance.
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1.4

Project Objectives

The ultimate goal of the Caltrans/UCPRC pavement recycling initiative is the development of a

comprehensive guideline document for the rehabilitation and Capital Maintenance (CAPM) design of

pavements using full- and partial depth reclamation techniques. The objective of this part of the research

is to develop a guideline document for pavement rehabilitation design using full-depth reclamation. This

will be achieved in three phases through the following tasks:

1.

A literature review on research related to the topic, with special emphasis on project selection,
identifying the most suitable recycling strategy, identifying the most suitable stabilizer or stabilizer
combination, mix design, empirical and mechanistic-empirical pavement design, equipment,
construction guidelines, construction specifications, and accelerated and long-term performance,
with special emphasis on change in stiffness over time, cracking behavior, rutting/densification,
freeze-thaw, and moisture sensitivity. The potential effects of the presence of rubberized asphalt
layers in the pavement being recycled will also be investigated. (This task was completed in
Phase 1 and updated during Phase 2. The findings are summarized in Chapter 2 of this report.
New research findings published in the literature will continue to be monitored throughout the
remainder of the study.)

Monitoring of existing and new field experiments to assess construction issues, stiffness, cracking
(reflective, fatigue, longitudinal, transverse, thermal, and/or shrinkage depending on the strategy),
rutting/densification, freeze-thaw, moisture sensitivity, and other observed distresses, as well as
any possible effects of the presence of recycled rubberized asphalt. (This task was not included in
Phase 1 due to a change in the funding for the study. Potential sites were and continue to be
identified, and are being evaluated during Phase 2 and Phase 3.)

Full-depth reclamation of an existing gap-graded rubberized warm mix asphalt test track using
pulverization with no stabilization, with portland cement stabilization, with foamed asphalt plus
cement stabilization, and with asphalt emulsion stabilization. (This task was completed in Phase 1
and is discussed in Chapter 3 of this report.)

Accelerated load testing to compare the four different full-depth reclamation strategies. (FDR
testing under dry and wet conditions was completed in Phase 1 and Phase 2 and is discussed in
Chapters 4 through 7.)

Laboratory testing to refine mix-design procedures and identify suitable criteria for mechanistic-
empirical design procedures and performance models. (Basic characterization of the recycled
material from the FDR test track and testing of the asphalt concrete surfacing material used on
the test track was completed in Phase 1 and is discussed in Chapter 6. Additional testing of the
stabilized materials is planned for Phase 3 and will be documented in a separate report.)
Preparation of project selection and mechanistic-empirical design guidelines for full-depth
reclamation in California. (4 revised guidance document for FDR will be prepared in Phase 3.)
Preparation of reports documenting the study and study results. (This report summarizes the
results of HVS testing and preliminary laboratory testing completed in Phase 1 and Phase 2.)

This report covers the first two phases of the study, which was limited to some of the tasks assessing full-

depth reclamation. Initial work on Tasks 1, 3,4, 5, and 7 is discussed.
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15 Measurement Units

Although Caltrans recently returned to the use of U.S. standard measurement units, metric units have
always been used by the UCPRC in the design and layout of HVS test tracks, and for laboratory, HVS,
and field measurements and data storage. In this report, both English and metric units (provided in
parentheses after the English units) are provided in general discussion. In keeping with convention, metric
units are used in HVS and laboratory data analyses and reporting. A conversion table is provided on

page xxiii at the beginning of this report.
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2. LITERATURE REVIEW

A literature review of research undertaken on full- and partial-depth reclamation since the completion of
the earlier UCPRC study (1,2) was carried out. The review covered documentation from state
departments of transportation, Transportation Research Board publications, and national and international
journals covering pavement engineering. The revised 2015 Asphalt Recycling and Reclaiming
Association’s (ARRA) Basic Asphalt Recycling Manual was not available for review at the time of this

report’s preparation.

Although numerous publications on the topic were located (5-64), they mostly documented project level
field and/or laboratory tests and did not directly address the problem statements listed in Section 1.3 or the
objectives listed in Section 1.4. Although some documents in the search implied guidance (57), the
information listed was based on the results of department of transportation surveys, and no actual
guidance was provided. Useful approaches to mechanistic-empirical design of FDR pavements are
covered in the revised Wirtgen Cold Recycling Technology Manual (3), while a number of other
publications referred to analysis of laboratory test results using mechanistic approaches (e.g., 58,62,64).
The literature review located three references on accelerated load testing of FDR projects (Louisiana /34/,
New Zealand /37/, and Alabama [63]). Although numerous publications were located on the monitoring
of individual field projects, no published research was located on the comprehensive monitoring of a

series of FDR or PDR field sections with different design parameters.
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3. TEST TRACK LOCATION, DESIGN, AND CONSTRUCTION

3.1 Test Track Location

The full-depth reclamation experiment is located on the North Test Track at the University of California
Pavement Research Center facility in Davis, California. An aerial view of the site is shown in Figure 3.1.
The track was first constructed in April 2010 as part of the third phase of a Caltrans/UCPRC warm mix
asphalt study, and it was used to investigate and compare differences in the performance of seven different
warm mix asphalt technologies in gap-graded rubberized asphalt mixes against that of two gap-graded

rubberized hot mix asphalt control sections (65,66). The FDR study described in this report is the second

research project undertaken on this test track, with construction completed in November 2012.

_ -
North Test Track g,l‘-i“ : ‘r,,—--"' i
-

Figure 3.1: Aerial view of the UCPRC research facility.

3.2  Test Track Layout

The North Test Track is 361 ft (110 m) long and 52.5 ft (16 m) wide. It has a two percent crossfall in the
north-south direction. The original test track (warm mix asphalt study) was constructed as three lanes, but
was recycled as four lanes to accommodate the four recycling strategies investigated (no stabilizer, asphalt
emulsion, foamed asphalt with portland cement, and portland cement only) and to standardize the lane

width for conventional construction equipment.

The planned FDR test track layout is shown in Figure 3.2. All test track measurements and locations

discussed in this report are based on this layout.
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Figure 3.2: Planned test track layout.

The warm mix asphalt test track was recycled in place using the following four different full-depth
reclamation strategies (note that Cells #9 and #10 were included in the test track for a different study):

e Lane 1: No stabilizer (FDR-NS)
+ Cell #1 surfaced with 60 mm asphalt concrete
+ Cell #2 surfaced with 120 mm asphalt concrete

e Lane 2: Engineered asphalt emulsion (FDR-EE), surfaced with 60 mm asphalt concrete
+ Cell #3 with 5.0 percent asphalt emulsion (3.0 percent residual asphalt content).

e Lane 3: Foamed asphalt with cement (FDR-FA), surfaced with 60 mm asphalt concrete
+ Cell #4 with 3.0 percent foamed asphalt and 1.5 percent cement
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+ Cell #8 with 6 percent cement. Cemented base microcracked with a vibrating steel drum roller
48 hours after final compaction.
e Lane 4: Portland cement (FDR-PC), surfaced with 60 mm asphalt concrete
+ Cell #5 with 4 percent cement
+ Cell #6 with 5 percent cement
+ Cell #7 with 6 percent cement

3.3  Pavement Design

Pavement design for the FDR study was based on typical Caltrans practice. Recycle depth was set at
0.83 ft (250 mm), resulting in a new recycled base layer consisting of 0.4 ft (120 mm) of recycled asphalt
concrete and 0.43 ft (130 mm) of the existing base. Given that the study was dedicated to understanding
the behavior and performance of the recycled base, a relatively thin (0.2 ft [60 mm]) asphalt concrete
surfacing was used in the design. However, Cell #2 of the FDR-NS lane was surfaced with 0.4 ft
(120 mm) of asphalt concrete to compare performance of FDR-NS with two surfacing thicknesses. The
pavement designs for the original and recycled test track are shown in Figure 3.3 and Figure 3.4. Details

for the original pavement are provided in Section 3.3.1 through Section 3.3.5 (65,66).

Layer: RHMA-G/RWMA-G
____Thickness: 60 mm (0.2¢%¢y

Layer: HMA
Thickness: 60 mm (0.2 ft)

Layer: Imported Class 2 Aggregate Base Course
Thickness: 450 mm (1.5 ft), Modulus: 300 MPa (43.5 ksi)

Layer: Prepared Subgrade
Thickness:  Semi-infinite, Modulus: 60 MPa (8.7 ksi)

Layer: HMA
Thickness: 60 mm (0.2 ft) or 120 mm (0.4 ft) HMA

Layer: Recycled
Thickness: 250 mm (0.83 ft)

Layer: Imported Class 2 Aggregate Base Course
Thickness: 320 mm (0.9 ft)

Layer: Prepared Subgrade
Thickness:  Semi-infinite

Figure 3.4: Pavement structure for the FDR study test sections.
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3.3.1 Subgrade and Base Course Properties (Original Pavement)

Dynamic cone penetrometer (DCP) tests were performed along the center lines of each the original three

lanes over the length and width of the test track prior to original construction to obtain an indication of the

in situ subgrade strength. The results are summarized in Table 3.1. Penetration rates varied between

11 mm per blow and 30 mm per blow, with the weakest areas in the middle of the track. Variation was

attributed to the degree of soil mixing, to temporary stockpiling of the lime-treated soils used during

construction of the adjacent building pad (lime treatment was used to dry the soil in some areas of the

site)

, to compaction from equipment during construction of the adjacent facility, and to varying subgrade

moisture contents (65,66).

Table 3.1: Summary of DCP Survey on Subgrade Material

Test Penetration Rate Estimated California Bearing Estimated Stiffness
Location® (mm/blow) Ratio’ (MPa)?
(m) Lane#1 | Lane#2 | Lane#3 | Lane#1 | Lane#2 | Lane #3 | Lane#1 | Lane#2 | Lane #3
10 17 21 19 11 9 9 56 41 44
20 16 18 15 12 10 13 60 46 63
30 14 16 13 14 12 15 66 60 71
40 13 22 16 15 8 12 71 40 60
50 13 26 15 15 6 13 71 36 63
60 12 25 16 17 6 12 77 37 60
70 15 30 15 13 5 13 63 30 63
80 14 28 15 14 5 13 66 34 63
90 12 26 14 17 6 14 77 36 66
100 11 20 15 19 9 13 85 42 63
" Measured from southwest corner of the track. * Estimated from DCP analysis software tool.

3.3.2 Subgrade Preparation for the Original Pavement

Subgrade preparation included vegetation removal, preliminary leveling, ripping, watering and mixing,

compaction, and final leveling to include a two percent north—south crossfall as follows (65,66):

12

Removing vegetation with a grader, windrowing of the deleterious material toward the center of the
track, collecting this material with a scraper and dumping it in a temporary stockpile for removal
Preliminary leveling with a grader followed by watering

Ripping to a depth of 12 in. (300 mm)

Watering and mixing using both the scraper and grader. Pockets of high clay content soils were
observed during this process, which required additional working with the grader and scraper to
break up the clods.

Initial compaction with a padfoot roller. Despite extensive mixing, some clay pockets were still
observed after completion of the initial compaction, with padfoot impressions clearly visible. Clay
pockets appeared to predominate on the eastern half of the track.

Final compaction with a vibrating smooth drum roller

Final leveling with a grader

Density checks on the finished surface with a nuclear density gauge

UCPRC-RR-2015-02



Quality control of the subgrade preparation was limited to density checks with a nuclear gauge following
California Test (CT) 231 and comparison of the results against a laboratory maximum wet density of
134.2 1b/ft* (2,150 kg/m®) determined according to CT 216. Nuclear gauge measurements were taken at 10
different locations selected according to a nonbiased plan. Samples for laboratory density determination
were taken at the first three locations. Results are summarized in Table 3.2 and indicate that the subgrade
density was generally consistent across the test track. Relative compaction varied between 95.4 percent
and 99.2 percent with an average of 97.0 percent, two percent above the Caltrans-specified minimum

density of 95 percent for subgrade compaction. No location had a relative compaction lower than this

minimum.
Table 3.2: Summary of Subgrade Density Measurements (65,66)
Location Wet Density Relative Moisture Dry Density
Compaction Content
(Ib/ft) (kg/m®) (%) (%) (Ib/ft) (kg/m®)
1 130.5 2,091 97.3 15.6 112.6 1,804
2 132.6 2,124 98.8 17.3 113.1 1,811
3 131.3 2,103 97.8 16.8 112.4 1,801
4 130.2 2,086 97.0 16.2 112.1 1,796
5 133.2 2,133 99.2 15.2 115.6 1,852
6 128.9 2,065 96.0 17.8 109.5 1,754
7 132.2 2,117 98.5 17.9 112.1 1,795
8 128.1 2,052 95.4 18.7 107.9 1,728
9 132.3 2,120 98.6 16.5 113.6 1,820
10 128.7 2,062 95.9 15.0 111.9 1,793
Average 130.8 2,095 97.0 17.0 112.1 1,795
Std. Dev. 1.8 29 1.3 1.2 2.1 34

3.3.3 Base Course Construction for the Original Pavement

Base course aggregates were sourced from the Teichert Cache Creek quarry near Woodland, California.
Key material properties are summarized in Table 3.3. The material met Caltrans specifications, except for
the percent passing the #200 sieve, which exceeded the specification operating range by 3.0 percent, and

just met the contract compliance limits.

The warm mix asphalt test track base course was constructed two days after the subgrade preparation. The
construction process included aggregate spreading, watering, compaction, and final leveling to include a
two percent north—south crossfall as follows (65,66):

e Transporting crushed base course material (alluvial) that complied with Caltrans Class 2 aggregate
base course specifications from the Teichert Cache Creek aggregate source to the test track with a
fleet of bottom-dump trucks and trailers

¢ Dumping the aggregate in windrows

e Spreading the aggregate with a grader to a thickness of approximately 4.0 in. (100 mm)

e Adding water to bring the aggregate to the optimum moisture content and re-mixing with the grader
to ensure even distribution of the moisture throughout the material
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o Initial compaction of the spread material with a vibrating steel wheel roller

e Repeating the process until the design thickness of 1.5 ft (450 mm) was achieved

e Applying water generously followed by compaction to pump fines to the surface to provide good
aggregate interlock (slushing)

e Final leveling with a grader. Final levels were checked with a total station to ensure that a consistent
base course thickness had been achieved.

e Removal of excess material with a scraper, followed by final compaction

e Density checks on the finished surface with a nuclear density gauge

Table 3.3: Base Course Material Properties (65,66)

Property Result Operating Range Contract Compliance
Grading: 1" (25 mm) 100 100 100
3/4" (19 mm) 99.1 90 - 100 87-100
12" (12.5 mm) 90.1 - -
3/8" (9.5 mm) 83.5 - -
#4 (4.75 mm) 63.3 35-60 30-65
#8 (2.36 mm) 48.8 - -
#16 (1.18 mm) 39.2 - -
#30 (600 pm) 30.8 10-30 5-35
#50 (300 pm) 21.6 - -
#100 (150 pm) 15.6 - -
#200 (75 pm) 12.3 2-9 0-12
Liquid Limit - -
Plastic Limit Non-plastic - -
Plasticity Index — —
Maximum Dry Density (Ib/ft*)(kg/m’) 140.6 (2,252) - -
Optimum Moisture Content 6.0 - -
R-Value 79 - >78
Sand equivalent 30 25 >22
Durability index — course 78 - >35
Durability index — fine 52 - >35

Quality control of the base course construction was limited to density checks with a nuclear gauge
following CT 231 and comparison of the results against a laboratory maximum wet density of 150.5 Ib/ft’
(2,410 kg/m®) determined according to CT 216. Nuclear gauge measurements were taken at 10 different
locations selected according to a nonbiased plan. A sample for laboratory density determination was taken
at the first location. Results are summarized in Table 3.4 and indicate that the base course density
properties were generally consistent across the test track, but that the material was relatively wet
compared to the laboratory-determined optimum moisture content. Relative compaction varied between
96.7 percent and 99.4 percent with an average of 98.0 percent, three percent above the Caltrans-specified
minimum density of 95 percent for base compaction. No location had a relative compaction lower than

this minimum.

Follow-up dynamic cone penetrometer (DCP) measurements were also undertaken on the base at the same
locations as the original subgrade DCP survey. The results are summarized in Table 3.5 and indicate that

although average penetration rates (mm/blow) were consistent across the track, there was considerable
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difference in the average calculated stiffness of the base from the redefined layers based on actual
penetration. Consequently, the contractor was requested to recompact the track with a static steel drum
roller prior to priming to consolidate the base layer and accelerate movement of any infiltrated water to the
surface. A significant improvement in subgrade stiffness attributed to the subgrade preparation and

confinement by the base was also noted.

Table 3.4: Summary of Nuclear Gauge Density Measurements on Base Course Layer (65,66)

Location Wet Density Relative Moisture Dry Density
Compaction Content
(Ib/ft) (kg/m®) (%) (%) (Ib/ft) (kg/m®)
1 146.5 2,346 97.3 6.6 137.4 2,201
2 148.5 2,379 98.7 7.0 138.8 2,223
3 148.0 2,371 98.4 8.0 137.0 2,195
4 147.1 2,356 97.8 7.8 136.5 2,186
5 148.7 2,382 98.8 6.3 139.9 2,241
6 145.5 2,330 96.7 6.8 136.2 2,182
7 149.0 2,387 99.0 8.2 137.7 2,206
8 145.6 2,332 96.8 7.7 135.2 2,165
9 149.5 2,395 99.4 6.9 139.8 2,240
10 145.7 2,334 96.8 7.8 135.2 2,165
Average 147.4 2,361 98.0 7.3 137.3 2,200
Std. Dev. 1.5 25 1.0 0.7 1.7 27.6

Table 3.5: Summary of DCP Survey on Base and Subgrade Material (65,66)

Test Penetration Rate Estimated Stiffness
Location (mm/blow) (MPa [ksi])*
(m)* Base Subgrade Base Subgrade
Lane Lane Lane Lane
#1 | #2 | #3 | #1 | #2 | #3 #1 #2 #3 #1 #2 #3
10 3 - - 9 - - | 430(62) - - 111 (16) - -
20 - 3 - 8 - - 395 (57) - - 119 (17) -
30 - - 3 - - 7 - - 320 (46) - - 139 (20)
40 4 - - 9 - - 1 332(48) - - 114 (17) - -
50 - 4 - - 9 - - 299 (43) - - 107 (16) -
60 - - 4 - - 9 - - 279 (41) - - 137 (20)
70 4 - - 10 - - 125537 - - 99 (14) - -
80 - 4 - - 10 | - - 260 (38) - - 105 (15) -
90 - 4 - - 7 - - 273 (40) - - 148 (22)
100 4 - - 11 - - 1 259(3%) - - 116 (17) - -
" Measured from southwest corner of the track. > Estimated from DCP analysis software tool (WinDCP Ver 5.0, [67]).

3.3.4 Asphalt Surfacing on Original Pavement: Bottom Lift

Material Properties

Dense-graded asphalt concrete for the bottom lift was sourced from Teichert’s Woodland Asphalt Plant.

Key material properties are summarized in Table 3.6. The material met Caltrans specifications.

UCPRC-RR-2015-02
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Prime Coat Application

On the day before the prime coat application, the test track was compacted with a twin-drum steel roller
(no vibration) to consolidate the base layer and accelerate movement of infiltrated water to the surface. An
SS-1 asphalt emulsion prime coat was applied to the surface at a rate of 0.25 gal./yd” (1.0 L/m?). The time
of application was 1:00 p.m., ambient temperature was 88°F (35°C), and relative humidity was 28 percent.
A consistent application was achieved; however, differential penetration was observed, which was

attributed to patches of near-surface moisture.

Table 3.6: Key Bottom Lift HMA Mix Design Parameters (65,66)

Parameter Specification Actual
Grading: 1" (25 mm) 100 100
3/4" (19 mm) 100 98
12" (12.5 mm) 90-100 84
3/8" (9.5 mm) 77-289 75
#4 (4.75 mm) 33-47 52
#8 (2.36 mm) 18 -28 34
#16 (1.18 mm) - 22
#30 (600 pum) - 15
#50 (300 pum) - 9
#100 (150 um) - 6
#200 (75 pm) 3-7 4
Asphalt binder grade - PG 64-16
Asphalt binder content (% by aggregate mass) - 5.0
Hveem stability at optimum bitumen content >37 41.0
Air-void content (%) 2-6 4.0
Dust proportion 06-13 0.9
Voids in mineral aggregate (LP-2) (%) >13 13.0
Voids filled with asphalt (LP-3) (%) 65-175 69.0
Crushed particles (1 face) (%) >90 92
Sand equivalent (%) >47 71.0
Fine aggregate angularity (%) >47 54.0
Los Angeles Abrasion at 100 repetitions (%) <12 5.0
Los Angeles Abrasion at 500 repetitions (%) <45 21.3

Asphalt Placement

The bottom lift of asphalt concrete was placed on October 30, 2009. Construction started at approximately
8:30 a.m. Ambient air temperature was 50°F (10°C) and the relative humidity was 45 percent.
Construction was completed at approximately 11:00 a.m. when ambient temperature was 61°F (16°C) and

the relative humidity was 40 percent.

Mix was transported using bottom-dump trucks and placed in a windrow on the surface. During
placement, a pickup machine connected to the paver collected the material and fed it into the paver
hopper. Paving followed conventional procedures. A breakdown roller (dual steel drum) closely followed
the paver, applying about four passes. A single pass was made with an intermediate rubber-tired roller,

followed by another four passes with a finish roller (dual steel drum).
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3.3.5 Asphalt Surfacing on Original Pavement: Rubberized Asphalt Concrete
Material Properties

Rubberized asphalt concrete was sourced from two different asphalt plants (Granite Construction
Bradshaw Plant in Sacramento and George Reed Construction Marysville Plant) to accommodate the
seven different warm mix asphalt technologies, which included two plant-specific mechanical foaming
technologies. Hot mix controls were produced at both plants for performance comparisons. Mix designs
were prepared by the two plants and both met the Caltrans specifications for 1/2 in. (12.5 mm) gap-graded
rubberized hot mix asphalt (RHMA-G). Control mix properties for the two plants are summarized in

Table 3.7. Conventional construction procedures were followed (65,66).

Table 3.7: Quality Control of Mix After Production (65,66)

Parameter Granite George Reed
Specification/ Actual Specification/ Actual
Target (Control)* Target (Control)
Grading'
3/4" (19 mm) 100 100 100 100
12" (12.5 mm) 90 — 100 99 90 — 100 98
3/8" (9.5 mm) 78 — 88 78 78 — 88 87
#4 (4.75 mm) 32-42 31 32-42 39
#8 (2.36 mm) 17-25 19 17-25 20
#16  (1.18 mm) - 13 - 12
#30 (0.6 mm) 7-15 10 7-15 8
#50 (0.3 mm) - 7 - 6
#100 (0.15 mm) 6 - 4
#200 (0.075 mm) 2-7 4 2-7 3
Sand equivalent® 47 68 >47 73
AC binder content (%)’ 7.3 7.73 8.3 7.1
Hveem stability >23 31 >23 43
RICE specific gravity* 2,452 — 2.505
Unit weight - 2,482 - 2.388
Moisture (before plant) (%) - Not tested - 2.3
Moisture® (after silo) (%) 1.0 0.0 1.0 Not tested
' Underlined numbers indicate parameters that did not meet the specification

Tack Coat Application

The test track was broomed to remove dust and organic matter from the surface prior to any work being
undertaken. A diluted SS-1 emulsion (70:30) was applied with a distributor at an application rate of
approximately 0.08 gal./yd® (0.36 L/m?®). Air and surface temperatures were 46°F (8°C) and 54°F (12°C),

respectively. Relative humidity was 68 percent.

Asphalt Placement

The rubberized asphalt concrete mixes were produced and placed on April 7 and April 8, 2010.

Construction started at approximately 10:00 a.m. Ambient air temperature was 54°F (13°C) and the
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relative humidity was 45 percent. Construction was completed at approximately 2:00 p.m. on both days
when ambient temperature was 63°F (17°C) and the relative humidity was 40 percent.

Mix was transported using end-dump trucks and deposited directly into the paver hopper. Paving followed
conventional procedures. The breakdown roller closely followed the paver, applying about seven passes
with vibration followed by another five passes of finish rolling without vibration.

3.4 Full-Depth Reclamation Mix Designs

3.4.1 Material Sampling Prior to Recycling

Cores were removed from the original test track to aid in the design of the engineered emulsion mix. The
designs for the cement and foamed asphalt mixes were completed using millings from another UCPRC
project and from aggregate base sampled during the construction of the original test track. These
materials were blended in equal proportions to mimic the test track design (i.e., 120 mm of recycled
asphalt concrete [2 lifts of 60 mm] and 130 mm of recycled original base material). This mix was
considered to be suitably representative of the recycled materials for purposes of mix design.

3.4.2 Mix Design for FDR-EE Section

The mix design for the FDR-EE section was conducted by Road Science, suppliers of the asphalt emulsion
used to construct the test section. A design procedure similar to that suggested for use in the proposed
Caltrans specifications for FDR with asphalt emulsion was followed (note that these proposed
specifications are not included in Section 30 of the 2015 Caltrans specifications). A summary of the mix

design is provided in Table 3.8. An emulsion content of 5.0 percent (3.0° percent residual asphalt content)

was selected for the test track.

Table 3.8: Mix Design: FDR-EE

Parameter Target Results Per Emulsion Content (%)

3.5% 4.0% 4.5% 5.0% 5.5%
Percent water - 3.0 3.0 3.0 3.0 3.0
Density (pcf [kg/m’]) - 131 (2,096) | 130(2,089) | 134 (2,143) | 132 (2,119) | 133 (2,137)
Max. specific gravity (Gum)' - 2.483 2.472 2.461 2451 2.433
Bulk specific gravity (Gpp)’ - 2.097 2.090 2.144 2.120 2.137
Percent air voids — 15.5 15.5 12.9 13.5 12.2
Short-term strength (g/25mm)’ >175 102 110 127 158 187
ITS (psi [kPa])* >40 (276) 27 (186) 26 (179) 40 (276) 45 (310) 43 (296)
Percent vacuum saturated >55 61 60 60 62 61
Conditioned ITS (psi [kPa])* >25(172) 15 (103) 23 (159) 21 (145) 27 (186) 26 (179)
Resilient modulus (ksi [MPa])’ | >150 (1,000) - - - 156 (1,076) -
Thermal cracking ITS (°C)° <-7.0 - - - -28.4 —
T ASTM D 2041 2 ASTM D 6752 3 ASTM D 1560 * Indirect Tensile strength ASTM D 4867

5 ASTM D 4123

¢ AASHTO T322
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3.4.3 Mix Design for FDR-FA Section

The properties of the blended materials were similar to one of the material blends tested as part of the
earlier Caltrans/UCPRC research study on FDR with foamed asphalt (2). Consequently the mix design of
3.0 percent asphalt and 1.5 percent cement, determined for that earlier material blend by following the test
method described in the UCPRC FDR-FA guideline (/) and similar to Caltrans CT 313 (Determining the
Application Rates of Foamed Asphalt for Reclaimed Asphalt Pavement), was selected for use in the test

track. The results are listed in Table 3.9.

Table 3.9: Mix Design: FDR-FA

Parameter Target Result’
FA at 3.0%
Portland cement content (%) - 1.5
Optimum moisture content (%) - 6.0
Mixing moisture content (%) - 4.8
Density (pcf [kg/m’]) - 132.7 (2,125)
Expansion ratio >10 12
Half-life >12 16
Wet ITS, no cement (psi [kPa]) >15 (100) 30.6 (211)
Dry ITS, no cement (psi [kPa]) - 49.0 (338)
Tensile strength retained > 0.5 0.62
" Mix design according to UCPRC FDR-FA Guidelines (1)

3.4.4 Mix Design for FDR-PC Sections

The UCPRC and HSI Engineering both prepared mix designs for the cement-treated section (FDR-PC),
following the procedure in the Caltrans Maintenance Technical Advisory Guide (Chapter 14, Full Depth
Reclamation using Cement [68]/). A summary of the mix design is provided in Table 3.10. Cement

contents of 4.0. 5.0, and 6.0 percent were selected for the test track.

Table 3.10: Mix Design: FDR-PC

Parameter Target Cement Content (%)
2.0%" 4.0%" 5.0%° 6.0%" 8.0%"
OMC (%) - 6.0 6.0 6.0 7.0 8.0
Density (pef [kg/m’]) - 140.7 (2,254) | 143.4 (2,297) | 145.1(2,325) | 146.8 (2,351) | 147.7 (2,366)
ucCs (psi)4 300 - 600 116 371 435 840 1,004
UCS (MPa)* 2.0-4.0 0.8 2.6 3.0 5.8 6.9
' Prepared by UCPRC Z Prepared by HIS 3 Optimum moisture content

* Unconfined compressive strength, ASTM D 1633 (compacted according to ASTM D 1557)

3.5  Full-Depth Reclamation

Full-depth reclamation of the test track took place on September 27, 2012. Construction started on Lane 2
(FDR-EE), followed by Lane 3 (FDR-FA), Lane 1 (FDR-NS), and then Lane 4 (FDR-PC). This order was

requested by the contractor to facilitate matching of levels.
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3.5.1 Lane 1l: No Stabilizer (FDR-NS)

Conventional FDR construction procedures were followed on the FDR-NS lane. The recycler and
connected water tanker made a single pass to pulverize and mix the material to optimum moisture content
for compaction (Figure 3.5). Mixing moisture content settings were based on the moisture contents
determined prior to recycling. As the recycler proceeded, some chunks of unpulverized asphalt concrete
were noted at the start of the section (Figure 3.6), with occasional chunks appearing along the lane
thereafter. Occasional smoke and heated rubber odors were noted as the recycler pulverized the asphalt
layers (Figure 3.7). This was attributed to the relatively unaged state of the rubberized asphalt surfacing.
On completion of the recycling pass, the pulverized material appeared to have a consistent grading and
uniform moisture content with very little oversized material (Figure 3.8). Recycling depth was well
controlled, with an average depth of 8 in. (250 mm) maintained over the full length of the test section.
Initial rolling was completed with a padfoot roller (Figure 3.9), followed by a vibrating smooth drum
roller (Figure 3.10). Final levels were achieved with a grader after compaction with the smooth drum

roller (Figure 3.11) and final compaction was completed with a rubber-tired roller (Figure 3.12).

Figure 3.5: FDR-NS: Test track recycling.
WA ] T Rt B ) y

4

Figure 3.6: FDR-NS: Chunks at start of test Figure 3.7: FDR-NS: Smoke during
pulverization. pulverization.
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Figure 3.9: FDR-NS: Initial compaction with
padfoot roller.

Figure 3.10: FDR-NS: Compaction with Figure 3.11: FDR-NS: Surface leveling with a
smooth drum roller. grader.

Figure 3.12: FDR-NS: Compaction with Figure 3.13: FDR-NS: Completed recycled
rubber-tired roller. layer surface.

3.5.2 Lane 2: Engineered Emulsion (FDR-EE)

The engineered emulsion lane was recycled in two passes. The first pass did not include any asphalt
emulsion and was undertaken after consultation with the contractor and the emulsion supplier to assess the
moisture content in the material being recycled. Although water metering was set to add water at a rate of
0.5 percent of the approximate mass of the dry aggregate during this first pass, the actual rates appeared to
be higher than that in the first approximately 60 ft. (20 m), leading to the water flow being switched off.
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For the remainder of the first pass, the moisture content in the recycled material was variable, with some

relatively dry areas and some relatively moist areas.

The second pass injected the asphalt emulsion through the recycler mixing system, fed from a tanker
attached to the front of the equipment (Figure 3.14). A number of problems were noted. The initial
binder application rate appeared to be too high and binder was only being sprayed in a 9 ft (3.0 m) wide
strip on the right-hand side of the lane (viewed from behind the machine looking west) (Figure 3.15). As
a result, the recycler was stopped at this point (approximately 90 ft [30 m] from the start of the section),
backed up to the start, and then a third pass was made to add binder to the untreated strip. Despite
adjustments to the settings, the spray rate still appeared to be too high and there was some overlap with the
previous application, resulting in excess emulsion being injected into the material (Figure 3.16). After
completion of this third pass on the first 90 ft (30 m), the recycler was stopped and flow rates readjusted.
After this change, the emulsion application rate appeared to be more consistent for the next approximately
90 ft (30 m), although more binder was still being applied on the right-hand side of the lane compared to
the rest of the lane based on observations of the color and consistency of the recycled material, and on

material adhering to the right rear tire of the recycler.

Figure 3.14: FDR-EE: Recycling train. Figure 3.15: FDR-EE: Inconsistent emulsion

application across width of test track.

NS
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Another adjustment was subsequently made; however, there was insufficient emulsion remaining to
complete the injection of binder to the end of the lane (approximately 30 ft [10 m] was not injected with
emulsion) or to reapply to the untreated strip on the left side of the lane. Although the correct quantity of
emulsion, determined from the mix design, was delivered to the site to complete the project at the design
application rate, approximately 650 ft* (60 m”) of the lane was not stabilized, indicating that emulsion was

injected at a rate considerably higher than the design in those parts of the lane that were treated.

The FDR-EE lane was compacted following the same sequence as that described for the FDR-NS lane.
During compaction with the padfoot roller, the strip down the left side of the lane where no binder had
been applied (Figure 3.17) was clearly visible. After completion of rolling with the smooth drum roller,
the areas with excess fluid content in the recycled material in the first half of the lane was clearly visible
in the form of puddles on the surface (Figure 3.18 and Figure 3.19). Excavation of the pulverized material
in the adjacent FDR-FA lane clearly showed the high moisture content in the FDR-EE layer after
compaction (Figure 3.20). Subsequent passes with the smooth drum roller caused additional water

puddles to appear on the test track surface.

Figure 3.17: FDR-EE: Compaction with padfoot roller.
(Note untreated areas and emulsion adhering to tire).

g

Figure 3.18: FDR-EE: Excess fluid during and after compaction with smooth drum roller.
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Figure 3.19: FDR-EE: Puddled water on Figure 3.20: FDR-EE: Excavation showing wet
surface after compaction. recycled layer.

3.5.3 Lane 3: Foamed Asphalt with Portland Cement (FDR-FA)
Given the problems experienced during construction of the FDR-EE lane, further adjustments were made
to the recycler to ensure that similar problems were not experienced during construction of the FDR-FA

lane.

Portland cement was first spread onto the asphalt surface with a mechanical spreader (Figure 3.21).
Spread rates were checked with a tray placed in the middle of the lane. The average rate was 1.5 percent
by approximate mass of dry aggregate, per the design. Before starting recycling, the expansion ratio and
half-life of the foamed asphalt was checked using the spray nozzle on the side of the recycler. An
expansion ratio of 12 and a half-life of 16 seconds were recorded, both of which were consistent with the
mix design and exceeded the minimum specified requirements of 10 and 12, respectively (7). Asphalt
temperature during recycling was approximately 340°F (170°C). The binder injection rate was set to an
equivalent of 3.0 percent by approximate mass of dry aggregate, with a foaming water content of
3.0 percent. Mixing water content was set to achieve approximately 75 percent of the optimum moisture

content of 6.0 percent, based on the testing prior to recycling (Section 3.4.1).

The lane was recycled in a single pass of the recycling train, which consisted of the asphalt binder and
water tankers coupled to the front and rear of the recycler respectively (Figure 3.22). Foamed asphalt
appeared to be evenly injected across the width of the test track and none of the problems experienced on
the FDR-EE test section were observed. Recycling depth was consistent at 10 in. (250 mm) and the
recycled material appeared to be uniformly mixed (Figure 3.23 and Figure 3.24). Compaction and
leveling followed the same procedure as that used on the FDR-NS section (Figure 3.25 and Figure 3.26).
Additional water was sprayed onto the surface prior to rolling with the rubber tired roller. The compacted

surface was tightly bound and no wet spots were observed.
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Figure 3.21: FDR-FA: Spreading cement on old
asphalt surface.

Figure 3.24: FDR-FA: Padfoot roller
compaction on uniform mix.

TR . 3 e o
Figure 3.25: FDR-FA: Steel wheel compaction Figure 3.26: FDR-FA: Final compaction
showing tightly bound surface. showing tightly bound surface.

3.5.4 Lane 4: Portland Cement (FDR-PC)

The construction plan called for prepulverization of the existing test track lane to the design depth of
10 in. (250 mm). However, the contractor requested to recycle the FDR-PC lane in a single pass.
Consequently, cement was spread directly onto the pavement surface with the mechanical spreader. Three

passes were made to achieve the three different cement contents of 4.0, 5.0, and 6.0 percent. Spread rates
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were checked with a tray placed in the middle of the lane. Cement contents were calculated to be
1.3 percent higher than the design on Cell #5 and Cell #6 (i.e., 5.3 and 6.3 percent, respectively). On
Cell #7 and Cell #8, cement contents were in excess of 10 percent, indicating that there were problems
with the feed rate on the mechanical spreader (Figure 3.27). Although an attempt was made to blade some

of the cement off of these sections with the grader (Figure 3.28), a uniform spread could not be achieved.

-

Figure 3.27: FDR-PC: Excess cement on
Cell #7. on Cell #8.

Although a uniform cement spread rate was not achieved, construction continued. After spreading the
cement, the recycler and attached water tanker started reclaiming the layer. However, the forward speed
of the train was very slow and the consistency of the mixed material very poor due to the higher than
design cement contents. It was therefore agreed with the contractor that the cement would first be mixed
to the design depth of 10 in. (250 mm) without the addition of water. This was completed, but the
equipment still appeared to experience difficulties with pulverizing the rubberized asphalt and uniformly
mixing the higher contents of cement on Cell #6, Cell #7, and Cell #8. Mixing on Cell #5 (5.3 percent
cement) appeared to be satisfactory (Figure 3.29). After this first pass with the recycler, water was
sprayed onto the pulverized material with the water tanker (Figure 3.30). Thereafter, the recycler was
recoupled to the water tanker and a second mixing pass made to add the required water to raise the
moisture content to the optimum level for compaction (Figure 3.31). The mixed material appeared to be
satisfactory on Cell #5 and Cell #6 (Figure 3.32), but inconsistent on the cells with the very high cement
content (Cell #7 and Cell #8) (Figure 3.33). Compaction and leveling followed the same procedure as that
used on the FDR-NS section. Additional water was sprayed onto the surface of all the cells as required
during rolling with the smooth drum and rubber-tired rollers. Despite the delays related with these
construction problems, compaction was completed on all FDR-PC sections well within the four-hour

period after mixing with water as required in the Caltrans specifications.
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Figure 3.29: FDR-PC: Uniform mixing after Figure 3.30: FDR-PC: Water spray prior to
first pulverization pass with no water. second mixing pass.

& 7
e 4

BT

after

Figure 3.31: FDR-PC: Second mixing pass with Figure 3.32: FDR-PC: Uniform mix
water. second recycling pass.

Figure 3.33: FDR-PC: Inconsistent mix on high cement content cells.

3.5.,5 Construction Quality Control

Samples of the recycled material were removed from the FDR-NS lane prior to compaction to determine
the properties of the material. Material properties of the sampled material are summarized in Table 3.11.
Material gradation was well within the Caltrans-specified limits. In-place density was measured with a
nuclear gauge in each cell after compaction. Nuclear gauge compaction results are provided in

Table 3.12.
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Table 3.11: Recycled Layer Material Properties

Property Result Operating Contract Specification Compliance

Range Compliance | FDR-NS | FDR-EE* | FDR-FA | FDR-PC
Grading:
3" (75 mm) 100 — - - 100 100 100
2" (50 mm) 100 - - 100 95-100 95-100 95-100
1.5" (38 mm) 100 - - 90 — 100 85-100 85-100 85-100
1" (25 mm) 100 100 100 - - - -
3/4" (19 mm) 99 90 - 100 87100 - - - -
12" (12.5 mm) 91 - - - - - -
3/8" (9.5 mm) 82 - - - - - -
#4  (4.75 mm) 66 35-60 3065 - - - -
#8  (2.36 mm) 46 - - - - - -
#16  (1.18 mm) 31 - - - - - -
#30 (600 pm) 21 10-30 5-35 - - - -
#40 (425 pm 14 - - - - - -
#50 (300 pm) 11 - - - - - -
#100 (150 pm) 8 - - - - - -
#200 (75 pm) 5 2-9 0-12 _ <20 - -
Liquid Limit - - - - - -
Plastic Limit Ifmtl._ - - - - - -
Plasticity Index prastic - — — — — —
MDD? (Ib/ft}) 135.5 — - - - — —
MDD (kg/m’) 2,171 - - - - - -
OMC? (%) 4.8 - - - — - -
"' Proposed specification only, not included in Caltrans 2015 specification
2 Maximum dry density 3 Optimum moisture content

Table 3.12: Summary of Nuclear Gauge Density Measurements on Recycled Layer

Cell Wet Density’ Moisture Dry Density’ Relative
Content Compaction®
(Ib/ft) (kg/m®) (%) (Ib/ft) (kg/m®) (%)
1 FDR-NS 137.5 2,202 11.6 1233 1,975 92
2 FDR-NS 137.1 2,195 12.4 122.0 1,954 92
3a FDR-EE (E) 135.2 2,165 13.7 119.1 1,907 90
3b FDR-EE (W) 137.7 2,205 12.2 122.8 1,967 93
4a | FDR-FA (E) 136.0 2,179 14.6 118.9 1,904 91
4b FDR-FA (W) 136.8 2,204 8.2 126.5 2,026 92
5 FDR-PC 136.6 2,189 9.6 126.2 2,022 91
6 FDR-PC 135.7 2,174 8.6 124.9 2,001 90
7 FDR-PC 137.6 2,204 8.5 126.8 2,031 91
8 FDR-PC 137.6 2,204 7.9 127.6 2,043 92
9 FDR-NS 138.5 2,218 12.3 1233 1,975 92
10 FDR-NS 136.2 2,182 9.6 124.3 1,991 93
" Average of two measurements per cell

The density measurements determined with a nuclear gauge showed some variability in the different cells
and the relative compaction in all the cells was lower than the required specification. However, relative
compaction (nuclear density gauge dry density on test track compared to maximum dry density
determined in the laboratory [AASHTO T 180]) was generally consistent across all cells, with the
unstabilized sections showing the highest relative compaction. Given the known inconsistencies with

nuclear gauge moisture content measurements, especially when hydrocarbons are present (i.e., recycled
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asphalt pavement and asphalt stabilizers in the recycled layer), dry densities were recalculated with
gravimetric moisture contents that were determined from samples removed from behind the recycler
during construction of the test track. The revised compaction measurements are summarized in
Table 3.13. Recalculated relative compaction on each cell was higher and most cells, with the exception
of the first half of the FDR-EE section and on all the FDR-PC sections, met or exceeded the Caltrans 2015
specification requirements (95 percent for FDR-NS, 98 percent for FDR-FA, and 97 percent for FDR-PC
[FDR-EE is not included in the 2015 Caltrans specifications]). Low compaction on the FDR-EE section
was attributed to the high moisture and asphalt emulsion contents discussed in Section 3.5.2. Low
reported compaction on the FDR-PC sections was attributed to a combination of the construction
problems discussed in Section 3.5.4, to the generalization of the laboratory reference density, given that
reference densities were not determined for the range of cement contents actually applied on the day of

construction, and possibly to an insufficient number of roller passes.

Table 3.13: Recalculated Dry Density Measurements using Gravimetric Moisture Content

Cell Wet Density’ Gravimetric Dry Density’ Relative
Moisture Compaction®
Content!
(Ib/ft) (kg/m®) (%) (Ib/ft) (kg/m®) (%)
1 FDR-NS 137.5 2,202 4.8 131.2 2,101 98
2 FDR-NS 137.1 2,195 42 131.6 2,107 99
3a | FDR-EE (E) 135.2 2,165 7.0 126.4 2,023 95
3b FDR-EE (W) 137.7 2,205 6.2 129.7 2,076 98
4a FDR-FA (E) 136.0 2,179 4.9 129.6 2,077 98
4b | FDR-FA (W) 136.8 2,204 4.8 130.5 2,103 99
5 FDR-PC 136.6 2,189 5.7 129.2 2,071 93
6 FDR-PC 135.7 2,174 5.8 128.3 2,055 92
7 FDR-PC 137.6 2,204 5.6 130.3 2,087 94
8 FDR-PC 137.6 2,204 54 130.6 2,091 94
9 FDR-NS 138.5 2,218 5.0 131.9 2,112 99
10 FDR-NS 136.2 2,182 5.0 129.7 2,078 97
" Average of two measurements per cell

Post-construction quality control strength testing was carried out on FDR-FA and FDR-EE materials
sampled from the test track. No testing on sampled materials was attempted on the FDR-PC sections, due
to the problems encountered during construction and the associated difficulty of collecting representative
samples along the short sections. Instead, pulverized material with no stabilizer was collected from the
FDR-NS lane on the test track for strength testing on laboratory prepared specimens at the actual cement
contents applied at the selected HVS test section locations. Laboratory testing results are summarized in
Table 3.14. The FDR-FA materials had satisfactory strengths. The FDR-EE materials had low strengths
as expected, given the problems observed during construction (discussed in Section 3.5.2). Realistic
FDR-PC strengths were obtained on the materials from Cell #5. Very high strengths were obtained on the

materials in Cells #6, #7, and #8, as expected due to the higher than proposed cement contents.
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Consequently, it was decided that no further laboratory or accelerated loading tests would be undertaken

on these sections given that they were not representative of typical FDR-PC pavements.

Table 3.14: Result of Quality Control Strength Tests

Cell Indirect Tensile Unconfined Compressive
Strength Strength
(psi) (kPa) (psi) (MPa)

3b | FDR-EE (W) 43 296 - -
4a | FDR-FA (E) 105 725 - -
4b | FDR-FA (W) 107 738 - -

5 FDR-PC - - 440 3.0

6 FDR-PC - - >900 >6.0
7 FDR-PC - - >900 >6.0
8 FDR-PC - - >900 >6.0
1 FDR-NS

2 FDR-NS
3a | FDR-EE (W) Not Tested

9 FDR-NS

10 FDR-NS

3.6  Asphalt Concrete Surfacing

3.6.1 Material Properties

Dense-graded asphalt concrete was sourced from the Teichert Perkins Asphalt Plant in Sacramento,
California. Key material design parameters are summarized in Table 3.15. The material met Caltrans
specifications for Type A hot mix asphalt (HMA) with three-quarter inch (19 mm) aggregate gradation

and contained 15 percent reclaimed asphalt pavement (RAP).

Table 3.15: Key HMA Mix Design Parameters

Parameter Wearing Course
Actual Compliance
Grading: 1" (25 mm) 100 100
3/4" (19 mm) 99 94 -100
12" (12.5 mm) 85 94 -100
#4 (4.75 mm) 49 44 - 58
#8 (2.36 mm) 32 31-41
#30 (600 pm) 138 16-24
#200 (75 pm) 4 3-7
Asphalt binder grade PG 64-16 —
Asphalt binder content (% by aggregate mass) 4.8 -
Hveem stability at optimum bitumen content 37.0 >37
Air-void content (%) 4.9 2-6
Voids in mineral aggregate (LP-2) (%) 13.8 >13
Voids filled with asphalt (LP-3) (%) 64.9 65-175
Sand equivalent (%) 72.0 >47
Specific gravity (compacted, Gmb) 2.451 —
Specific gravity (Max, Gmm) 2.576 —
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3.6.2 Prime Coat Application

Prime coat was applied on October 15, 2012, 18 days after the full-depth reclamation. Prior to prime coat
application, the test track surface was broomed to remove all loose material (Figure 3.34). The FDR-EE
section appeared darker and to have a higher moisture content than the other sections (Figure 3.35), and
the surface was easily dented with a hammer blow. An SS-1H asphalt emulsion prime coat was applied to
the surface at a rate of 0.15 gal/yd® (0.68 L/m?). Although a consistent application was achieved
(Figure 3.36), some differential penetration was observed, which was attributed to patches of near-surface

moisture.

Figure 3.34: Broomed surface of FDR-NS layer.  Figure 3.35: Broomed surface of FDR-EE layer
showing dark, moist surface.

Figure 3.36: Prime coat application.
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3.6.3 Asphalt Concrete Placement

Asphalt concrete was placed on November 14, 2012, 30 days after application of the prime coat. This
extended period between the two activities resulted from a delay in approval to pave, and thereafter
because of cold or wet weather. The primed surface was still in acceptable condition after this delay as
the test track had been closed to all foot and vehicle traffic after prime coat application, but was broomed

prior to placement of the asphalt concrete to provide a clean contact.

Construction started at approximately 8:30 a.m. Ambient air temperature was 45°F (7°C) and the relative
humidity was 86 percent. Construction was completed at approximately 11:00 a.m., when ambient

temperature was 55°F (13°C) and the relative humidity was 70 percent.

Mix was transported using end-dump trucks. Paving was carried out in a west-east direction and followed
conventional procedures (Figure 3.37). Work started in Lane #1, followed by Lanes #2, #3, and #4. The
second lift on Lane #1 (Cell #2) was placed after completion of the first lift on the other lanes. A
breakdown roller closely followed the paver, applying about four passes. A single pass was made with an
intermediate rubber-tired roller, followed by another four passes with a finish roller. Compaction of the
lower lift appeared to be consistent and no problems were noted (Figure 3.38). On the second lift placed in
Cell #2, the mix appeared tender and some shearing was noted (Figure 3.39) in the vicinity of the

instrumentation cables (discussed in Section 4.4).

Figure 3.37: Asphalt concrete placement.
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Figure 3.38: First lift of asphalt concrete after Figure 3.39: Second lift of asphalt concrete
compaction. showing shearing over instrumentation cables.

3.6.4 Construction Quality Control

Compaction was measured by the UCPRC using a nuclear gauge on the day of construction using the mix
design specific gravity values. Measurements were taken at 60 ft (18 m) intervals along the centerline of
each lane, with a focus on checking densities in the areas to be used for HVS testing. A summary of the
results is provided in Table 3.16. The results indicate that there was some variability in the measurements
in the first lift, but that satisfactory compaction had been achieved. Density measurements were generally
lower on the second lift and were attributed to tenderness in the mix and problems with shearing in the

vicinity of the instrumentation cables.

Table 3.16: Summary of Asphalt Concrete Density Measurements

Position Lane #1, First Lift Lane #1, Second Lift
Gauge Relative Gauge Relative
Ib/ft® kg/m® Ib/ft® Ib/ft® kg/m® (%)
1 146.0 2,339 92.8 141.6 2,269 90.0
2 145.3 2,328 92.4 142.5 2,283 91.0
3 147.8 2,367 93.9 142.3 2,280 90.5
4 143.0 2,290 90.9 — - -
5 146.1 2,341 92.9 — - —
6 146.5 2,346 93.1 — — -
Average 145.8 2,335 92.7 142.1 2,277 90.5
Std. Dev. 1.6 25.6 1.0 0.5 7.4 0.5
RICE 2.520

Temperatures were systematically measured throughout the placement of the asphalt concrete using
infrared temperature guns, thermocouples, and an infrared camera. Average mix temperature behind the
paver screed was 297°F (147°C). Temperatures at the start and completion of rolling were 295°F (146°C)
and 141°F (61°C), respectively.

A thermal camera image (FLIR Systems ThermaCAM PM290) of the mat behind the paver is presented in

Figure 3.40 and clearly shows consistent temperature across the mat.
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Figure 3.40: Thermal image of test track during construction.

Thickness was monitored with probes by the paving crew throughout the construction process. The
thicknesses of cores removed for laboratory testing after construction were measured for quality control
purposes. Average thickness of the first lift was 2.6 in. (67 mm). The second lift, placed only in Cell #2,

had an average thickness of 2.5 in. (64 mm).

3.6.5 As-Built Layer Thicknesses

As-built layer thicknesses were determined using different methods depending on the layer type. Asphalt
concrete layer thicknesses were determined from cores taken near the test section, as described in
Section 3.7, and from the cores taken while drilling the instrumentation (multi-depth deflectometer)

boreholes. The as-built HMA layer thicknesses for the two test sections are listed in Table 3.17.

Table 3.17: As-Built HMA Layer Thicknesses

Section Bottom Lift Top Lift
(in.) (mm) (in.) (mm)
FDR-NS (60 mm) 2.5 64 - -
FDR-NS (120 mm) 2.5 64 2.5 64
FDR-EE 2.6 67 - -
FDR-FA 25 63 - -
FDR-PC 2.6 67 - -

Base thicknesses were determined from Dynamic Cone Penetration (DCP) measurements taken in the

holes after cores were removed in the sampling area. On the unstabilized sections (FDR-NS), both the
recycled and remaining original base layers were assessed. On the stabilized sections, the recycled layer
was removed in the core and only the remaining original base layers were assessed. The DCP penetration
curves for the unstabilized (FDR-NS) and stabilized (FDR-EE, FDR-FA, and FDR-PC) sections are
shown in Figure 3.41 and Figure 3.42, respectively. Layer interfaces are indicated by the changes in

penetration rate. The following observations were made:
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e FDR-NS: Tests were done on both the 60 mm and 120 mm thick asphalt concrete sections. Only
one distinct change was noted in the penetration rate. This was at approximately 20 in. (500 mm)
below the bottom of the asphalt concrete layer, corresponding to the interface between the original
base and the subgrade. This indicates that the recycled base and old aggregate base layer had similar
mechanical properties. The combined as-built thickness was comparable to the 22.5 in. (570 mm)
design thickness.

e FDR-EE, FDR-FA, and FDR-PC: Measurements were consistent with those taken on the FDR-NS
sections, with a distinct change between the base and subgrade at approximately 20 in. (500 mm)
below the bottom of the asphalt concrete layer.
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0 50 100 150 200 0 50 100 150 200
0 i I 0
=+—1.0m North of Centerline —+—1.0m North of Centerline
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Figure 3.41: Unbound layer DCP penetration curves for unstabilized sections.
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Figure 3.42: Unbound layer DCP penetration curves for stabilized sections.
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3.7

Material Sampling

Specimens in the form of 6.0 in. (152 mm) diameter cores and slabs 20 in. by 10 in. (500 mm by 250 mm)

were sawn from each section adjacent to the planned HVS test sections for laboratory testing, as shown in

Figure 3.43. Slabs were sawn to the bottom of the asphalt concrete layer(s), extracted, stored on pallets,

and then transported to the UCPRC Richmond Field Station laboratory. Inspection of the slabs indicated

that the asphalt concrete was well bonded to the top of the base-course material, and that the two asphalt

layers on the FDR-NS (120 mm) section were well bonded to each other.

3.8

4m 0 16 4 Sampling area
Om T1.0m
om 8m HVS Section 18.5m 37m

Figure 3.43: Sampling location for laboratory specimens.

Construction Summary

Key observations from the test track construction process include:

Based on the results of testing rubberized warm mix asphalt in a previous study on the UCPRC
North Track, it was concluded that preparation of the subgrade and construction of the original base
during that study resulted in a generally consistent subgrade and base platform for the FDR study.
Conventional FDR construction procedures were followed on the FDR-NS lane. Recycling depth
was well controlled and the pulverized material had a consistent grading and uniform moisture
content. No problems were observed with recycling the relatively new asphalt concrete surface
(i.e., limited aging), although some smoke was observed as the cutting teeth milled through the
rubberized layer. Satisfactory compaction and a satisfactory surface finish were achieved on the
recycled layer.

Numerous problems were encountered during construction of the FDR-EE lane, including the
addition of too much water, blocked nozzles leading to uneven and under- or over-application of
asphalt emulsion, which all resulted in in uneven compaction.

Construction of the FDR-FA section followed conventional procedures and no problems were
observed. The cement was evenly distributed at the correct application rate and good mixing of the
foamed asphalt and cement was achieved. The recycled material had a consistent grading and
uniform moisture content. Satisfactory compaction and a satisfactory surface finish were achieved.
The spread rate of the cement on the FDR-PC section was not well controlled, which led to excess
cement being applied. Problems with mixing resulted from this excess cement. Only part of one
lane was considered suitable for HVS testing.

Gradations for the pulverized material on all four lanes were well within the specified limits.

UCPRC-RR-2015-02 37



e Densities after compaction met or exceeded the specification on the FDR-NS and FDR-FA lanes,
but were slightly lower than specification on the FDR-PC and FDR-EE lanes. The lower than
specification densities were attributed to the construction problems on both lanes and, on the FDR-
PC lane, to the generalization of the laboratory reference density, given that reference densities
were not determined for the range of cement contents actually applied on the day of construction.

e Placement of the hot mix asphalt followed conventional procedures. Thickness and compaction
appeared to be consistent across the test track.

The FDR-NS and FDR-FA lanes and one section of the FDR-PC lane (5 percent measured cement content
[435 psi (2.6 MPa) design strength, which is within the Caltrans specification limits]) were considered
satisfactorily uniform for the purposes of accelerated pavement testing. The FDR-EE and the remainder
of the FDR-PC sections were not considered representative of typical FDR construction with these

stabilization strategies.
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4. TRACK LAYOUT, INSTRUMENTATION, AND TEST CRITERIA

4.1  Testing Protocols

The Heavy Vehicle Simulator (HVS) test section layout, test setup, trafficking, and measurements

followed standard University of California Pavement Research Center (UCPRC) protocols (69).

4.2  Test Track Layout

The FDR test track layout is shown in Figure 4.1. Falling weight deflectometer (FWD) test results were
used to identify at least two uniform HVS test sections in each lane, the first for testing under dry
conditions and the second for testing under soaked conditions. One additional HVS test section was
identified in the FDR-FA lane for a high temperature test, and additional sections were identified in the
FDR-NS lane for a separate study funded by the Federal Highway Administration (FHWA) to measure
responses under wide-base tires. Test section locations were selected to ensure that they did not overlap
previously tested areas on the original test track. Despite the construction problems on the FDR-EE lane,
it was decided that HVS testing should still be undertaken to quantify the effects of these construction
issues on performance of the pavement structure and to justify any recommendations with regard to

construction specification language to address such problems on future FDR-EE projects.

16m
Lane 1 683HC 672HB FHWA 684HB 677HC FHWA
] | ] % )
12m . Cell #1 FDR-NS 60mm AC | Cell #2 FDR-NS 120mm AC
Lane 2 676HC Y 675HC
]
i
i Cell #3 FDR-EE 60mm AC
8m - :
Lane 3 /" 681HC 685HB Y 673HB
: e A |
! Cell #4 FDR-FA 60mm AC
4am
Lane 4 682HB 674HB
) s
om . Cell #5 FDR-PC 60mm AC
37m 73m 110m
- Dry tests
am i~ [ Wettests
I e i 0
[ ] FHWA Study
Oom 1.0m
37m 55m 61— 69m 73m

Figure 4.1: Test track layout.
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The test section numbers were allocated in order of testing sequence as follows (HB and HC refers to the
specific HVS equipment used for testing):

e Dry test at intermediate temperature (Phase 1a)
Section 672HB: FDR-NS (60 mm asphalt concrete)
Section 673HB: FDR-FA
Section 674HB: FDR-PC
Section 675HC: FDR-EE (Test #1)
Section 676HC: FDR-EE (Test #2)
Section 677HC: FDR-NS (120 mm asphalt concrete)
e Wet test at intermediate temperature (Phase 2)
+ Section 68§1HC: FDR-FA
+ Section 682HB: FDR-PC
+ Section 683HC: FDR-NS (60 mm asphalt concrete)
+ Section 684HB: FDR-NS (120 mm asphalt concrete)
e Dry test at high temperature (Phase 1b)
+ Section 685HB: FDR-FA

+ + + + + o+

4.3  HVS Test Section Layout

An HVS test section is 26.2 ft (8.0 m) long and 3.3 ft (1.0 m) wide. A schematic in Figure 4.2 shows a

typical HVS test section along with the stationing and coordinate system.

\vi 1
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! ! ! ! ! :
1 1 1 1 1
B T e I -
i
| | : | |
A | | | I
T AR T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13

i Station Number (unit: 0.5m)
Cross Section

Thermocouple Thermocouple
i s L 60mm AC
0 mm 60mm
25 mm r
50 mm Recycled layer
90 mm
120 mm
310mm
Original base
580mm -
Subgrade
+880mm
Legend MDD13
o mMbb X RsD A\ Thermocouple + MDD LVDT module @ Pressure cell I Strain gauge NOT TO SCALE

(MDD - Multi-depth Deflectometer, RSD — Road Surface Deflectometer, LVDT — Linear Variable Displacement Transducer)

Figure 4.2: Schematic of a typical HVS test section layout.
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Station numbers (0 to 16) refer to fixed points on the test section and are used for measurements and as a

reference for discussing performance. Stations are placed at 1.6 ft (0.5 m) increments. A sensor installed

at the center of the test section would have an x-coordinate of 4,000 mm and a y-coordinate of 500 mm.

4.4

Test Section Instrumentation

Measurements were taken with the equipment and instruments listed below. Instrument positions are

shown in Figure 4.2.

A laser profilometer was used to measure surface profile; measurements were taken at each station.
A road surface deflectometer (RSD) was used to measure surface deflection during the test. RSD
measurements were taken under a creep-speed 40 kN load at regular intervals. Note that RSD
measurements under a creep-speed load will not be the same as those recorded under the trafficking
speed load. After load changes, deflections were measured under the new load, as well as under the
previous lighter loads. Only the results from testing under the 40 kN load are discussed in this
report.

A falling weight deflectometer (FWD) was used to measure surface deflection on the section before
and after HVS testing to evaluate the change in stiffness caused by trafficking. Testing was
undertaken on both the trafficked and adjacent untrafficked areas (i.e., 5 m on either end of the 8 m
test section) at 500 mm (19.7 in.) intervals. Two sets of tests were undertaken on each day to obtain
a temperature range for backcalculation of layer stiffnesses.

Type-K thermocouples were used to measure pavement and air temperatures (both inside and
outside the environmental chamber). Five thermocouples were bundled together to form a
“thermocouple tree” for measuring air, pavement surface, and pavement layer temperatures inside
the environmental chamber. Pavement layer temperatures were measured at 25 mm, 50 mm,
90 mm, and 120 mm (1 in., 2 in., 3.51in., and 4.7 in.). Air temperatures were measured with
thermocouples attached to the outside walls of the environmental chamber (at least one
thermocouple was unshaded during the day). Additional air temperatures were recorded at a
weather station at the northwest end of the test track.

Two Tokyo Sokki Kenkyujo Inc. KM100-HAS 350 Q full bridge strain gauges were installed on each
Phase 1a test section and on the Phase 2 FDR-FA test section. One gauge was positioned to measure
transverse strain under the moving wheel, and the second was positioned to measure longitudinal
strain. A paste prepared by mixing sand and asphalt emulsion was used to attach the gauges to the
surface of the recycled layer after the prime coat had been applied and had cured (Figure 4.3).

One GeoKon 3500-3 pressure cell was installed level with the surface of the recycled layer on each
Phase 1a test section and on the Phase 2 FDR-FA section (Figure 4.4) to measure vertical pressure
(stress) under the moving wheel.

One multi-depth deflectometer (MDD) was installed on each Phase la test section and on the
Phase 2 FDR-FA and FDR-PC sections. A modified MDD was installed in the Phase 1b FDR-FA
section. MDDs were not installed in the Phase 2 FDR-NS sections due to problems with anchoring
the linear variable differential transformer LVDTs to the soaked, unstabilized layers. An MDD is
essentially a stack of LVDT modules fixed at different depths in a single borehole. The LVDT
modules have non-spring-loaded core slugs that are linked together into one long rod that is fixed at
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the bottom of a 10 ft (3.3 m) borehole. The LVDT modules are fixed to the pavement, which allows
permanent vertical deformations at various depths to be recorded, in addition to measurement of the
elastic deformation caused by the passage of the HVS wheels. The borehole is 1.5 in. (38 mm) in
diameter. A model MDD with five modules is shown in Figure 4.5.

Figure 4.5: A model multi-depth deflectometer (MDD), showing five modules.

4.5 Test Section Measurements

45.1 Temperature

Pavement temperatures were controlled using an environmental chamber. Both air (inside and outside the
temperature box) and pavement temperatures were monitored and recorded hourly during the entire
loading period. In assessing rutting performance, the temperature at the bottom of the asphalt concrete and
the temperature gradient are two important controlling temperature parameters that influence the stiffness

of the asphalt concrete and are used to compute plastic strain.

45.2 Surface Profile
The following rut parameters were determined from laser profilometer measurements:

e Maximum total rut depth at each station

e Average maximum total rut depth for all stations

e Average deformation for all stations

e [ocation and magnitude of the maximum rut depth for the section
e Rate of rut development over the duration of the test
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The difference between the surface profile after HVS trafficking and the initial surface profile before HVS
trafficking is the permanent change in surface profile. Based on the change in surface profile, the
maximum total rut is determined for each station, as illustrated in Figure 4.6. The average maximum total

rut for the section is the average of all of the maximum total ruts measured between Stations 3 and 13.

Total Rut_1 Total Rut_3 Total Rut_4  Total Rut_2

o e e V.
-1,000 -;(% 500) 1,00 1,500 2,000

Change in Surface Elevation (mm)
N

-6
8 ' '
Deformation_1+ |- Deformation_2
-10 _ \ : /
v v
12 -
Max. Total Rut = maximum of Total Rut_1, Total Rut_2, Total Rut_3, or Total Rut_4

14 Deformation = maximum of Deformation_1 or Deformation_2

Transverse Distance (mm)

Figure 4.6: Illustration of maximum rut depth and deformation for a leveled profile.

453 Strain
The strain gauges were connected to a National Instruments NI cDAQ-9237 module. A virtual channel
was created for each strain gauge using the Measurement and Automation Explorer (NI-MAX) software
provided by National Instruments. The strain gauge virtual channel readings were determined as:

Vre Vr

Strain = T T -2V, 4.2)

Where: Strain is the output of the virtual channel,

GF is the gauge factor in the virtual channel setting, and
¥, is the ratio between output and input voltages of the Wheatstone bridge inside the strain

gauge.

A gauge factor (GF) of 0.5 was used to configure the virtual channel to accommodate the Tokyo Sokki
calibration coefficient (C,, [average calibration coefficient of 0.830 was provided by the instrument
manufacturer]) for each gauge based on the assumption that the voltage ratio (V,) is multiplied by 2.0
when converting to strain. The data acquisition software converts the virtual channel reading into
microstrain by multiplying it by -0.830 x 10°. The negative sign is necessary to ensure that tensile strain

increases with increasing load repetitions.
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Strain readings were recorded and loaded into a database where the actual calibration coefficients for each
specific strain gauge are stored. When data is extracted from the database, the necessary minor rescaling is
built into the query to ensure that the individual gauge factors are used in place of the average value of
0.830. Example strain data recorded from one of the strain gauges is presented in Figure 4.7, which shows
the variation of the strain gauge reading versus wheel position as the wheel travels from one end of the test
section to the other. Several quantities are summarized based on the raw readings. Specifically, the
reference value is the reading when the wheel is at the far end of the test section. The peak and valley are

maximum and minimum values deviating from the reference value, respectively.

5,000

4,750 +

4,500

Peak
4,250

Reference = 3,985 microstrain

Raw Strain Reading (microstrain)

4,000 ———>
3,750
—+—Raw_Reading
3,500 T
0 1 2 3 4 5 6 7 8

Wheel Position (m)

Figure 4.7: Example strain reading and definition of summary quantities.

454 Pressure

Example data recorded from one of the pressure cells is shown in Figure 4.8. Variation of the pressure
reading versus wheel position as the wheel travels from one end of the test section to the other is clearly
evident. Several quantities can be summarized from the raw readings, with reference, maximum, and

minimum values derived in the same way as that described for strain in Section 4.5.3.

455 Elastic Vertical Deflection

An example set of MDD data is presented in Figure 4.9, which shows the variation of the elastic vertical
deflections measured at different depths versus wheel position as the wheel travels from one end of the
test section to the other. The elastic vertical deflection is the difference between the total vertical
deflection and the reference value, which is the measurement recorded when the wheel is at the far end of
the test section. The peak values are the maximum elastic vertical deflection for each individual MDD

module.
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Figure 4.8: Example pressure cell reading and definition of summary quantities.
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Figure 4.9: Example elastic vertical deflection measured with MDD.

4.6 HVS Test Criteria

4.6.1 Test Section Failure Criteria

An average maximum rut depth of 12.5mm (0.5in.) and/or an average crack density of 2.5 m/m’
(0.75 ft/ft*) over the full monitored section (Station 3 to Station 13) were set as the failure criteria for the
experiment. In some instances, HVS trafficking was continued past these points so the rutting and/or

cracking behavior of a test section could be fully understood.

4.6.2 Environmental Conditions
Infrared heaters and a chilling unit placed inside the HVS environmental chambers were used to maintain
pavement temperatures. All sections were tested predominantly during dry conditions (2013 through 2015

were severe drought years in California), with small amounts of infrequent rainfall recorded during four of
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the eleven tests (Phase 1a FDR-EE#2 [676HC], the second part of testing on Phase 1a, FDR-FA [673HB],
Phase 2 FDR-FA [681HC], and Phase 2 FDR-PC [682HB]). Plots of rainfall during testing are shown in
Sections 5.2, 6.2, and 7.2). Only one significant rainfall event occurred (Phase 2 FDR-FA [681HC]) and

the test sections received no direct rainfall as they were protected by the environmental chamber.

Phase la: Dry Test, Intermediate Temperature

The pavement temperature at 50 mm (2.0 in.) pavement depth was maintained at 30°C+4°C (86°F%7°F) to
assess both rutting and cracking potential in the recycled layer under typical pavement conditions. This
temperature was considered appropriate for testing the performance of the recycled base. Lower or higher
asphalt temperatures could have led to premature cracking or rutting failure of the asphalt concrete,

respectively.

Phase 1b: Dry Test, High Temperature (FDR-FA Section)

The pavement temperature at 50 mm (2.0 in.) pavement depth was maintained at 50°C+4°C (122°F+7°F)
to assess rutting potential in the FDR-FA layer under hot pavement conditions. This temperature was
considered appropriate for determining whether the relatively high asphalt content (recycled asphalt
pavement with limited aging plus new foamed asphalt) in the recycled base would lead to early permanent

deformation in the base, and consequently in the asphalt concrete surface layer as well.

Phase 2: Wet Test, Intermediate Temperature

The pavement temperature at 50 mm (2.0 in.) pavement depth was maintained at 30°C£4°C (86°F£7°F) in

line with the dry test.

Each test section was soaked with water for a period of 14 days prior to HVS testing to accelerate the
onset of any potential moisture damage. A row of holes was drilled to the bottom of the asphalt concrete
layer on the north side of each test section to facilitate water ingress into the base. The holes were 1.0 in.
(25 mm) in diameter, 10 in. (250 mm) from the edge of the HVS test section, and 10 in. (250 mm) apart
(Figure 4.10). A wooden dam, 8.0 in. (200 mm) high and 12 in. (300 mm) from the edge of the test
section, was then glued to the pavement with silicone to provide a head of water. The dam was kept full of
water for the duration of the soaking period (Figure 4.11). During HVS testing, a constant flow of
approximately 1.5 liters (0.4 gallons) of water per hour was maintained through irrigation tubes positioned
in each hole in the asphalt layer to ensure that the base remained in a soaked condition. Excess water was
allowed to flow across the surface, thereby allowing infiltration through any cracks in the asphalt concrete.
This water flow was maintained at a temperature of 30°Cx4°C (86°F%7°F) to prevent cooling of the

pavement surface.
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Figure 4.10: Holes drilled into base layer prior
to water soaking.

Figure 4.11: Water dam on test section.

4.6.3 Test Duration

HVS trafficking on each section was initiated and completed as shown in Table 4.1. The sequence of
testing was adjusted to accommodate positioning of the two HVS machines on the test sections (i.e., the
machines could not test side-by-side on the test track configuration because of space limitations).

Additional testing was carried out on Section 673HB at the end of Phase la to facilitate comparison

between the FDR-FA and FDR-PC tests.

Table 4.1;: HVS Test Duration

Section No. Stabilization Test Start Date Finish Date Repetitions
Strategy Sequence
Phase 1a: Dry Test at Intermediate Temperature
672HB FDR-NS (60 mm) 1 02/05/2013 03/24/2013 713,000
673HB#1 FDR-FA 2 04/09/2013 06/27/2013 1,000,000
673HB#2 FDR-FA 7 10/30/2014 03/12/2014 371,000
674HB FDR-PC 4 08/01/2013 11/06/2013 1,560,565
675HC FDR-EE (Test #1) 5 10/07/2013 10/12/2013 61,500
676HC FDR-EE (Test #2) 6 10/30/2013 11/07/2013 120,000
677HC FDR-NS (120 mm) 3 06/07/2013 09/16/2013 1,080,100
Phase 1b: Dry Test at High Temperature
685HB FDR-FA - | 07/06/2015 |  09/12/2015 1,000,000
Phase 2: Wet Test at Intermediate Temperature
681HC FDR-FA 1 12/05/2014 03/07/2015 750,000
682HB FDR-PC 2 02/12/2015 05/12/2015 1,000,000
683HC FDR-NS (60 mm) 3 03/19/2015 04/06/2015 233,000
684HB FDR-NS (120 mm) 4 04/14/2015 06/25/2015 620,000

4.6.4 HVS Loading Program

The HVS loading program for each section in each testing phase is summarized in Table 4.2. Equivalent

Single Axle Loads (ESALs) were determined using the following Caltrans conversion (Equation 4.1):

ESALs = (axle load/18,000)**
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Table 4.2: Summary of HVS Loading Program

Section Stabilization Wheel Load" Repetitions ESALs? Test to
Strategy (kN) Failure
Phase 1a: Dry Test at Intermediate Temperature
672HB FDR-NS (60 mm) 40 315,000 315,000
60 200,000 1,098,028 Yes
80 198,000 3,639,076
Section Total 713,000 5,052,104
677HC FDR-NS (120 mm) 40 315,000 315,000
60 200,000 1,098,028 Yes
80 250,000 4,594,793
100 315,100 14,784,153
Section Total 1,080,100 20,791,974
673HB FDR-FA 40 315,000 315,000
60 200,000 1,098,028 No
80 250,000 4,594,793
100 596,000 27,963,678
Section Total 1,371,000 33,971,500
674HB FDR-PC 40 315,000 315,000
60 200,000 1,098,028 No
80 250,000 4,594,793
100 795,565 37,327,053
Section Total 1,560,565 43,334,874
675HC | FDR-EE (Test#1) | 40 61,500 61,500 Yes
Section Total 61,500 61,500
676HC | FDR-EE (Test#2) | 40 120,000 120,000 Yes
Section Total 120,000 120,000
Phase Total 4,885,165 103,331,952
Phase 1b: Dry Test at High Temperature
685HB FDR-FA 40 315,000 315,000
60 200,000 1,098,028 Yes
80 250,000 4,594,793
100 235,000 11,025,947
Section Total 1,000,000 17,033,768
Phase Total 1,000,000 17,033,768
Phase 2: Wet Test at Intermediate Temperature
683HC | FDR-NS (60 mm) 40 233,000 233,000 Yes
Section Total 233,000 233,000
684HB FDR-NS (120 mm) 40 315,000 315,000
60 200,000 1,098,028 Yes
80 105,000 1,929,813
Section Total 620,000 3,342,841
681HC FDR-FA 40 315,000 315,000
60 200,000 1,098,028 Yes
80 235,000 4,319,106
Section Total 750,000 5,732,133
682HB FDR-PC 40 315,000 315,000
60 200,000 1,098,028 No
80 250,000 4,594,793
100 235,000 11,025,947
Section Total 1,000,000 17,033,768
Phase Total 2,603,000 26,341,742
PROJECT TOTAL 8,488,165 146,707,462

' 40 kN =9,000 Ib.;
> ESAL: Equivalent Single Axle Load

60 kN = 13,500 Ib;

80 kN = 18,000 Ib;

100 kN =22,500 1b
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All trafficking was carried out with a dual-wheel configuration, using radial truck tires (Goodyear G159 -
11R22.5- steel belt radial) inflated to a pressure of 720 kPa (104 psi), in a bidirectional loading mode with
wander (i.e., trafficking in both directions in line with standard procedures for testing base layer
performance). Load was checked with a portable weigh-in-motion pad at the beginning of each test, after

each load change, and at the end of each test.
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5. PHASE 1la HVS TEST DATA SUMMARY

5.1 Introduction

This phase of HVS testing was carried out to compare performance of the different FDR strategies under
typical pavement conditions. Pavement temperature at 50 mm (2.0 in.) pavement depth was maintained at
30°C14°C (86°F£7°F) to assess both rutting and cracking potential in the recycled layer. This temperature
was considered appropriate for testing the performance of the recycled base. Lower or higher asphalt
temperatures could have led to premature cracking or rutting failure of the asphalt concrete, respectively.
This chapter provides a summary of the data collected from the six Phase 1a HVS tests (Sections 672HB
through 677HC) and a brief discussion of the first-level analysis. The following data were collected:

e Rainfall

e Air temperatures outside and inside the environmental chamber

e Pavement temperatures at the surface and 25 mm, 50 mm, 90 mm, and 120 mm below the surface

e Surface permanent deformation (rutting)

e Permanent deformation at the top of the recycled layer, top of the original base layer, and top of the
subgrade

e Transverse and longitudinal strain at the top of the recycled layer (i.e., bottom of the asphalt
concrete surfacing)

e Pressure (stress) at the top of the recycled layer

o Elastic vertical deflection at the top of the recycled layer, top of the original base layer, and top of
the subgrade

e Pavement deflection and layer stiffnesses

5.2 Rainfall

Figure 5.1 shows the monthly rainfall data from January 2013 through March 2014 as measured at the
weather station next to the test track. Some rainfall was recorded during all the tests except 675HC
(FDR-EE#1). However, rainfall amounts were very small, with only four rainfall events higher than

12.5 mm (0.5 in.), all of which occurred during the second part of testing on 673HB (FDR-FA).

5.3  Section 672HB: No Stabilizer with 60 mm Surfacing (FDR-NS [60 mm])

5.3.1 Test Summary

Loading commenced with a 40 kN (9,000 1b) half-axle load on February 5, 2013, and ended with an 80 kN
(18,000 1Ib) load on March 24, 2013. A total of 713,000 load repetitions were applied and 49 datasets were
collected. Load was increased from 40 kN to 60 kN (13,500 1b) and then to 80 kN (18,000 Ib) after
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315,000 and 515,000 load repetitions, respectively. No breakdowns occurred during testing on this
section. The HVS loading history for Section 672HB is shown in Figure 5.2.
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Figure 5.1: Measured rainfall during Phase 1a HVS testing.
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Figure 5.2: 672HB: HVS loading history.

Moisture contents in the various layers were determined on materials sampled from augur holes drilled on
either side of the test section just before the start of testing. Moisture contents in the recycled layer,
original aggregate base, and subgrade were 4.4, 5.0, and 15.8 percent of the dry weight of the materials,

respectively.

5.3.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 5.3. Vertical error bars on each

point on the graph show the daily temperature range. Temperatures ranged from -0.7°C to 29°C (19°F to
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84°F) during the course of HVS testing, with a daily 24-hour average of 12°C (54°F), an average

minimum of 5°C (41°F), and an average maximum of 20°C (68°F).
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Figure 5.3: 672HB: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.4. Vertical error bars on each
point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 14°C to 34°C (57°F to 93°F) with an average of 24°C (75°F) and a
standard deviation of 1.8°C (3.2°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F%7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 5.3.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.

5.3.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 5.1 and shown in Figure 5.5. Pavement temperatures increased slightly with
increasing depth in the asphalt concrete. Temperatures in the top of the recycled layer were slightly cooler
than the asphalt concrete, which was expected as there is usually a thermal gradient between the top and

bottom of asphalt concrete pavement layers.

UCPRC-RR-2015-02 53



40 1,600
40kN 60kN 80kN
35 1,400
30 { L 1,200 S
o
& 25 A ,L i e 1,000 X
AN :
§20 { 800 2
3 L é
£ 15 / 600 2
ﬁ T
10 ] 400 3
5 —Inside Air Temperature L 200
—Number of Load Repetitions
ol e e 10
1/26/201 2/9/2013 2/23/2013 3/9/2013 3/23/2013 4/6/2013
Date

Figure 5.4: 672HB: Daily average air temperatures inside the environmental chamber.

Table 5.1: 672HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std. Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 12 3.1 54 5.6
Inside air - 24 1.8 75 32
Pavement surface AC 29 0.6 84 1.1
- 25 mm below surface AC 30 0.3 86 0.5
- 50 mm below surface AC 30 0.3 86 0.5
- 90 mm below surface FDR 29 04 84 0.7
- 120 mm below surface FDR 29 0.5 84 0.9
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Figure 5.5: 672HB: Daily average pavement temperatures.

5.3.4 Permanent Deformation on the Surface (Rutting)
Figure 5.6 shows the average transverse cross section measured with the laser profilometer at various

stages of the test. This plot clearly shows the increase in rutting and deformation over time and that most
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of the deformation was in the form of a depression (i.e., deformation was below the zero elevation point at
the surface [see Figure 4.6]) rather than upward and outward displacement of the material above the zero
elevation point. Figure 5.7 shows the development of permanent deformation (average maximum total rut

and average deformation) with load repetitions.
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Figure 5.6: 672HB: Profilometer cross section at various load repetitions.
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Figure 5.7: 672HB: Average maximum total rut and average deformation.

During HVS testing, rutting usually occurs at a high rate initially, and then it typically diminishes as
trafficking progresses until reaching a steady state. This initial phase is referred to as the “embedment”
phase. The embedment phase in this test, although relatively short in terms of the number of load

repetitions (i.e., = 5,000), ended with a fairly significant early rut of about 6.0 mm (0.25 in.) that was
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attributed to the relatively high air-void content in the asphalt concrete, as discussed in Section 3.6.4. The
rate of rut depth increase after the embedment phase was also relatively fast, which was attributed to the
generally weak base (unstabilized recycled material and original base). Increases in the applied load (to
60 kN and then to 80 kN) resulted in short embedment phases after each event. The rate of rut depth
increase also accelerated after both load changes. Error bars on the average maximum total rut reading
indicate that there was some variation along the length of the section. Analysis of the data showed that the
rut was slightly deeper between Stations 8 and 13, compared to that measured between Stations 3 and 7

(see Figure 4.2 for schematic of the test section layout).

Figure 5.8 shows contour plots of the pavement surface at the start and end of the test (713,000 load
repetitions) that also indicate the deeper rut at one end of the section. Terminal rut (12.5 mm [0.5 in.])
was reached after approximately 320,000 load repetitions (~342,500 ESALSs). However, since this was the
first test, trafficking was continued for approximately 400,000 additional load repetitions to further assess
rutting trends at the higher loads. After completion of trafficking, the average maximum rut depth and the
average deformation were 22.9 mm (0.90 in.) and 22.2 mm (0.87 in.), respectively. The maximum rut

depth measured on the section was 28.3 mm (1.11 in.), recorded at Station 12.
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Figure 5.8: 672HB: Contour plots of permanent surface deformation.
(Note different scales in legends.)

5.3.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at
Station 13 and compared to the surface layer (laser profilometer deformation [not total rut] measurement
at Station 13), is shown in Figure 5.9. The MDD measurements were consistent with the laser
profilometer measurements. Deformation in each of the layers is summarized in Table 5.2. After 320,000

load repetitions, when the terminal rut for the test (average maximum total rut [12.5 mm] measured over
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the full section) was reached, most of the deformation at Station 13 was in the recycled base, followed by
the asphalt concrete surfacing and existing aggregate base. Noticeable permanent deformation was only
recorded in the subgrade after the load increase to 60 kN. After completion of the test (713,000 load
repetitions), most of the deformation measured was still in the recycled layer; however, a sharp increase in
the deformation in the aggregate base was also recorded. The deformation recorded with the MDD’s was
consistent with observations and measurements taken during the forensic investigation after completion of

the Phase 2 HVS testing (see Section 8.7.1).
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Figure 5.9: 672HB: Permanent deformation in the underlying layers.

Table 5.2: 672HB: Deformation in Each Layer

Layer Layer Deformation at | Deformation at
Thickness Terminal Rut* End of Test

(mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 4.2 0.17 3.6 0.14
Recycled 250 10.0 8.5 0.33 11.9 0.47
Aggregate Base 320 12.6 23 0.09 7.3 0.29
Subgrade - - 0.4 0.02 1.6 0.06
Total MDD Measured Deformation 154 0.61 24 4 0.96
Laser Measured Deformation at Station 13 154 0.61 24 4 0.96
' Terminal rut for test section

5.3.6  Tensile Strain at the Bottom of the Asphalt Concrete Layer

Figure 5.10 shows the peak traffic-induced tensile strain at the bottom of the asphalt concrete layer.
Longitudinal strain remained fairly constant throughout the test, apart from a small decrease during the
first 200,000 load repetitions and some small spikes when the wheel load was increased. The figure
indicates relatively constant transverse strain readings for the first 200,000 load repetitions with a slight
decrease thereafter until the first load change, suggesting gradual layer stiffening resulting from

densification caused by the HVS trafficking. Strains increased after each load change but then showed
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similar decreasing trends, indicating continued densification under loading. Apart from the permanent
deformation discussed in Section 5.3.4 and Section 5.3.5, no other surface distresses associated with the

increase in strain measured in the recycled layer were noted during the course of the study.
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Figure 5.10: 672HB: Tensile strain at the bottom of the asphalt concrete layer.

5.3.7 Vertical Pressure at the Top of the Recycled Layer

Figure 5.11 shows the traffic-induced vertical pressure at the top of the recycled base layer. Pressure
readings were stable, but sensitive to load change, for the duration of the test. Increases in recorded
pressures occurred after the load changes, as expected. The reason for the decrease in pressure at the end
of the test is unclear, but it is assumed that either the instrumentation was damaged or support conditions

under the pressure cell changed.
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Figure 5.11: 672HB: Vertical pressure at the top of the recycled layer.
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5.3.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 5.12 compares elastic surface deflections measured with a road surface deflectometer (RSD) under
a 40 kN half-axle load. Some problems were experienced with the data acquisition system during the
60 kN load test phase and the data points are not shown. However, the line on the plot shows the trend in
increasing deflection during that time. Note that RSD measurements were taken under a creep-speed load
and would not be the same as those recorded under the trafficking speed load. Slight increases in absolute
surface deflection were recorded on the section after each load change, as expected, but it remained stable

thereafter, indicating that there was no significant stiffness change in the pavement structure over time.
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Figure 5.12: 672HB: Surface deflection (RSD).

5.3.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 5.13 shows the history of in-depth elastic deflections measured by the LVDTs in the multi-depth
deflectometer in the FDR-NS section. These readings are consistent with the surface deflections measured
with the RSD shown in Figure 5.12. Deflections increased with increased load, as expected, but decreased
after the embedment phase with increasing number of load repetitions, suggesting some stiffening/
densification in the recycled layer attributable to HVS trafficking. Deflection decreased with increasing

depth, but the LVDTs at the different depths showed similar trends over the course of the test.

5.3.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with a falling weight deflectometer (FWD) on the FDR-NS section is
summarized in Figure 5.14 (“trafficked area” and “untrafficked area” represent the FWD measurements
taken on the HVS test section and adjacent to the HVS test section, respectively). The results were

consistent with the RSD measurements discussed above, with the section exhibiting a large increase in
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surface deflection of about 450 microns after completion of HVS trafficking. Deflections in the subgrade

did not appear to change during the course of testing.
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Figure 5.13: 672HB: Elastic deflection in the underlying layers.
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Figure 5.14: 672HB: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package and the results are summarized in Figure 5.15. The stiffness of the recycled layer was
generally low at the start of the test, consistent with unstabilized materials, and it did not decrease
significantly (drop of about 30 MPa) as a result of the HVS trafficking. The presence of the recycled
asphalt concrete material did not appear to affect the stiffness of the layer. The stiffness of the

untrafficked areas at either end of the test section did not change over time.
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Figure 5.15: 672HB: Backcalculated stiffness of recycled layer (FWD).

5.3.11 Visual Assessment

Apart from rutting, no other distress was recorded on the section. Photographs of the test section after

HVS testing are shown in Figure 5.16.

672HB - FDR-NS (60

Completed: 03/24/2013
Repetitions: 713,000

Rut depth: 23.0

General view of test section looking from east to west General view of test section looking from west to east

Figure 5.16: 672HB: Test section photographs.
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Close-ups of surface

Figure 5.16: 672HB: Test section photographs (continued).

5.4  Section 677HC: No Stabilizer with 120 mm Surfacing (FDR-NS [120 mm])

5.4.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on June 7, 2013, and ended with a 100 kN
(22,500 1b) load on September 16, 2013. A total of 1,080,100 load repetitions were applied and 103
datasets were collected. Load was increased from 40 kN to 60 kN (13,500 Ib) and then to 80 kN
(18,000 1b) and 100 kN (22,500 Ib.) after 315,000, 515,000, and 765,000 load repetitions, respectively. No
breakdowns occurred during testing on this section. The HVS loading history for Section 677HC is shown

in Figure 5.17.

At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade

layers were 4.3, 4.9, and 15.0 percent of the dry weight of the materials, respectively.
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Figure 5.17: 677HC: HVS loading history.
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5.4.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 5.18. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 10°C to 47°C (50°F to
117°F) during the course of HVS testing, with a daily 24-hour average of 24°C (75°F), an average

minimum of 15°C (59°F), and an average maximum of 36°C (97°F).
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Figure 5.18: 677HC: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.19. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 14°C to 61°C (57°F to 142°F) with an average of 29°C (84°F) and a
standard deviation of 2.9°C (5.2°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F£7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 5.4.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.

5.4.3 Pavement Temperatures
Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are shown in Figure 5.20 and listed in Table 5.3. Pavement temperatures were constant throughout

the top 120 mm (4.7 in.) of the pavement.
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Figure 5.19: 677HC: Daily average air temperatures inside the environmental chamber.
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Figure 5.20: 677HC: Daily average pavement temperatures.

Table 5.3: 677HC: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 24 3.7 75 6.7
Inside air - 29 29 84 52
Pavement surface AC 29 2.7 84 4.9
- 25 mm below surface AC 30 1.9 86 34
- 50 mm below surface AC 30 1.9 86 34
- 90 mm below surface FDR 30 1.7 86 3.1
- 120 mm below surface FDR 30 1.5 86 2.7
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5.4.4 Permanent Deformation on the Surface (Rutting)

Figure 5.21 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over time. The plot shows that
most of the deformation was in the form of a depression rather than upward and outward displacement of

the material above the zero elevation point.
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Figure 5.21: 677HC: Profilometer cross section at various load repetitions.

Figure 5.22 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the FDR-NS (60 mm) section

(Section 672HB) are shown for comparison.
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Figure 5.22: 677HC: Average maximum total rut and average deformation.
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The embedment phase on the FDR-NS (120 mm) section was of a similar duration to that on the FDR-NS
(60 mm) section in terms of the number of load repetitions (i.e., + 5,000), but ended with significantly less
rutting compared to Section 672HB. The average maximum total rut at the end of the embedment phase
was about 3.5mm (0.13 in.). The rate of rut depth increase after the embedment phase was also
considerably slower than that on Section 672HB, which was attributed to the generally stiffer structure
resulting from the thicker asphalt concrete surfacing. Increases in the applied load (to 60 kN and then to
80 kN and 100 kN) did not result in any noticeable embedment phases after each event. However, the rate
of rut depth increase did accelerate slightly after each load change. Error bars on the average maximum
total rut reading indicate that there was some variation along the length of the section. Analysis of the
data showed that variability was across the entire section and not confined to one half as with the rut on

Section 672HB.

Figure 5.23 shows contour plots of the pavement surface at the start and end of the test (1,080,100 load
repetitions). The plot indicates that the deepest ruts were at the start and end of the test section where the
wheel changed direction. Terminal rut (12.5 mm [0.5 in.]) was reached after approximately 950,000 load
repetitions (~ 14.7 million ESALs). After completion of trafficking, the average maximum total rut depth
and the average deformation were 14.3 mm (0.56 in.) and 12.8 mm (0.50 in.), respectively. The maximum

rut depth measured on the section was 19.4 mm (0.76 in.), recorded at Station 13.
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Figure 5.23: 677HC: Contour plots of permanent surface deformation.
(Note different scales in legends.)

5.4.5 Permanent Deformation in the Underlying Layers
Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at

Station 13 and compared to the surface layer laser profilometer measurements, is shown in Figure 5.24.
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The MDD measurements were consistent with the laser profilometer measurements. Deformation in each
of the layers is summarized in Table 5.4 (results for Section 672HB are included for comparison). After
950,000 load repetitions, when the terminal rut for the test (average maximum total rut [12.5 mm]
measured over the full section) was reached, most of the deformation at Station 13 was in the recycled
base, followed by the existing aggregate base and asphalt concrete surfacing.
deformation was only recorded in the subgrade after the load increase to 80 kN. Similar ratios between
the different layers were recorded after completion of the test (1,080,100 load repetitions).

deformation recorded with the MDD’s was consistent with observations and measurements taken during
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Figure 5.24: 677HC: Permanent deformation in the underlying layers.

the forensic investigation after completion of the Phase 2 HVS testing (see Section 8.7.2).

Table 5.4: 677HC: Deformation in Each Layer

Layer Layer 677HC 672HB
Thickness Deformation at | Deformation at
Terminal Rut® | Terminal Rut!
(mm) (in.) (mm) (in.) (mm) (in.)
Surface 120 4.8 2.1 0.08 42 0.17
Recycled 250 10.0 4.6 0.18 8.5 0.33
Aggregate Base 320 12.6 3.0 0.12 23 0.09
Subgrade - - 1.4 0.06 0.4 0.02
Total MDD Measured Deformation 11.1 0.44 154 0.61
Laser Measured Deformation at Station 13 11.1 0.44 154 0.61

' Terminal rut for test section

5.4.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer

Figure 5.25 shows the peak traffic-induced tensile strain at the bottom of the asphalt concrete layer.

Transverse strain measurements from the FDR-NS (60 mm) section are included in the figure for

comparison.
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Figure 5.25: 677HC: Tensile strain at the bottom of the asphalt concrete layer.

Longitudinal strains were slightly higher than the transverse strains on the FDR-NS (120 mm) section, the
opposite of that recorded on the FDR-NS (60 mm) section. Transverse strains on the FDR-NS (120 mm)
section were lower than those measured on the FDR-NS (60 mm) section as expected, this being attributed
to the thicker asphalt concrete surfacing layer. Transverse and longitudinal strains showed similar trends
on the FDR-NS (120 mm) section. Strains increased in the initial stages of the test, and then stabilized or
decreased slightly, suggesting gradual layer stiffening resulting from densification caused by the HVS
trafficking. Strains increased after each load change but then showed similar decreasing trends, indicating
continued densification under loading. It is not clear what caused the variations in the transverse strain
measurements after the load change to 100 kN and no specific factors that may have influenced the
measurements were observed during the forensic investigation. Apart from the permanent deformation
discussed in Section 5.4.4 and Section 5.4.5, no other surface distresses associated with the increase in

strain measured in the recycled layer were noted during the course of the study.

5.4.7 Vertical Pressure at the Top of the Recycled Layer

Figure 5.26 shows a comparison of traffic-induced vertical pressure at the top of the recycled base layer
for the FDR-NS (120 mm) and FDR-NS (60 mm) sections. Pressure readings were lower on the FDR-NS
(120 mm) section, as expected. Pressure readings were also sensitive to load changes. Measurements
were erratic toward the end of the test after the load change to 100 kN. The reason for this is unclear, but
it is assumed that either the instrumentation was damaged or support conditions under the pressure cell

changed.
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Figure 5.26: 677HC: Vertical pressure at the top of the recycled layer.

5.4.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 5.27 compares elastic surface deflections measured with an RSD on the FDR-NS (120 mm) and
FDR-NS (60 mm) sections under a 40 kN half-axle load. Deflections were notably lower on the FDR-NS
(120 mm) section, as expected. Slight increases in absolute surface deflection were recorded after each
load change, but it stabilized after initial embedment, indicating that there was no significant change in the

stiffness of the pavement structure over time.
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Figure 5.27: 677HC: Surface deflection (RSD).

5.4.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)
Figure 5.28 shows the history of in-depth elastic deflections measured by the LVDTs in the multi-depth

deflectometer in the FDR-NS (120 mm) section. These readings are consistent with the surface
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deflections measured with the RSD and those recorded on the FDR-NS (60 mm) section. However, initial
deflection on the top of the recycled layer was lower on the FDR-NS (120 mm) section, as expected, due
to the additional confinement provided by the thicker asphalt concrete surfacing and its effect on load
distribution. Deflections increased with increased load, as expected, but stabilized after the embedment
phase with increasing number of load repetitions, which suggests some stiffening/densification in the
recycled layer attributable to HVS trafficking. Deflections decreased with increasing depth, but the
LVDTs at the different depths all showed similar trends over the course of the test.
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Figure 5.28: 677HC: Elastic deflection in the underlying layers.

5.4.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 5.29. Results from the FDR-NS
(60 mm) test section are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting very little change in surface deflection after
completion of HVS trafficking. Deflections in the subgrade did not appear to change during the course of

testing.

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 5.30. The stiffness of the unstabilized
recycled layer was generally low at the start of the test and similar to that recorded on the FDR-NS
(60 mm) section, as expected. At the end of the HVS test, average stiffness measured along the length of
the test section had dropped by about 150 MPa, consistent with the loading that had been applied (~ 20.8
million ESALs). The presence of the recycled asphalt concrete material did not appear to affect the
stiffness of the layer. There was no change in the stiffness of the untrafficked areas on either side of the

test section.
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Figure 5.30: 677HC: Backcalculated stiffness of recycled layer (FWD).

5.4.11 Visual Assessment
Apart from rutting, no other distress was recorded on the section. Photographs of the test section after

HVS testing are shown in Figure 5.31.
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Figure 5.31: 677HC: Test section photographs.

55  Section 673HB: Foamed Asphalt with Portland Cement (FDR-FA)

55.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on April 9, 2013, and ended with a 100 kN
(22,500 1b) load on June 27, 2013. A total of 1,000,000 load repetitions were applied and 81 datasets were
collected. Load was increased from 40 kN to 60 kN (13,500 1b) and then to 80 kN (18,000 Ib) and 100 kN
(22,500 1b.) after 315,000, 515,000, and 765,000 load repetitions, respectively. Loading was terminated
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well before the terminal rut or crack density criteria were reached, in the interests of completing the
project within the project time and financial constraints. However, on completion of all testing on the
other sections, time and funding permitted some additional testing on this section and the HVS was
therefore moved back onto the section and trafficking was continued for a further 371,000 load repetitions
with the 100 kN wheel load. This testing took place between October 30 and December 12, 2014 and an
additional 12 datasets were collected. The HVS loading history for Section 673HB is shown in

Figure 5.32. No breakdowns occurred during testing on this section.

At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade were

3.2,4.5, and 12.9 percent of the dry weight of the materials, respectively.
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Figure 5.32: 673HB: HVS loading history.

5.5.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures for the two rounds of testing are summarized in
Figure 5.33 and Figure 5.34. Vertical error bars on each point on the graph show the daily temperature
range. Temperatures ranged from 9°C to 39°C (48°F to 102°F) during the course of the first part of HVS
testing and from 2°C to 26°C (36°F to 79°F) during the second part. The daily 24-hour averages were
23°C (73°F) and 13°C (55°F), respectively; average minimums were 15°C (59°F) and 8°C (46°F),

respectively; and average maximums were 31°C (88°F) and 18°C (64°F), respectively.
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Figure 5.33: 673HB: Daily average air temperatures outside the environmental chamber (Test #1).
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Figure 5.34: 673HB: Daily average air temperatures outside the environmental chamber (Test #2).

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.35 and Figure 5.36. Vertical
error bars on each point on the graph show the daily temperature range. Air temperature inside the
environmental chamber control was adjusted to maintain a pavement temperature of 30°C+4°C
(86°F+7°F) at a pavement depth of 50 mm (2.0 in.). During the first part of the test, air temperatures
ranged from 18°C to 40°C (64°F to 104°F) with an average of 29°C (84°F) and a standard deviation of
2.0°C (3.6°F). During the second part of the test, air temperatures ranged from 13°C to 36°C (55°F to
97°F) with an average of 25°C (77°F) and a standard deviation of 3.2°C (5.8°F). The recorded pavement
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temperatures discussed in Section 5.5.3 indicate that the inside air temperatures were adjusted

appropriately to maintain the required pavement temperature.
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Figure 5.35: 673HB: Daily average air temperatures inside the environmental chamber (Test #1).
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Figure 5.36: 673HB: Daily average air temperatures inside the environmental chamber (Test #2).

5.5.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 5.5 and shown in Figure 5.37 and Figure 5.38. Pavement temperatures increased
slightly with increasing depth in the asphalt concrete. Temperatures in the top of the recycled layer were
slightly cooler than the asphalt concrete, which was expected as there is usually a thermal gradient

between the top and bottom of asphalt concrete pavement layers.
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Table 5.5: 673HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std. Dev. (°C) | Average (°F) Std. Dev. (°F)
Outside air - 23 3.7 73 6.7
Inside air - 29 2.0 84 3.6
Pavement surface AC 30 09 86 1.6
- 25 mm below surface AC 30 09 86 1.6
- 50 mm below surface AC 30 1.2 86 2.2
- 90 mm below surface FDR 29 1.9 84 34
- 120 mm below surface FDR 29 1.2 84 2.2
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Figure 5.37: 673HB: Daily average pavement temperatures (Test #1).
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Figure 5.38: 673HB: Daily average pavement temperatures (Test #2).

5.5.4 Permanent Deformation on the Surface (Rutting)
Figure 5.39 shows the average transverse cross section measured with the laser profilometer at various

stages of the test and illustrates the increase in rutting and deformation over time. The plot shows that
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most of the deformation was in the form of a depression rather than upward and outward displacement of
the material above the zero elevation point. Figure 5.40 shows the development of permanent deformation
(average maximum rut and average deformation) with load repetitions for the test section. The results for

the FDR-NS (60 mm) section are shown for comparison.

20
Wheelpath Width
15
10
~ 5
3 x =-50 x =1,050
£
= : i
k-3
]
o
5
X .10
-15
-20
-25 T T Y
-1,000 -500 0 500 1,000 1,500 2,000
Transverse Position (mm)
—— 1,000 —e— 315,000 — 515,000 — 635,000 -8~ 750,000
=¥ 1,000,000 ——-1,067,501 -0-1,260,000 —4+—1,325,000
Figure 5.39: 673HB: Profilometer cross section at various load repetitions.
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Figure 5.40: 673HB: Average maximum total rut and average deformation.

The embedment phase on the FDR-FA section was of a similar duration to that on the FDR-NS (60 mm)
section in terms of the number of load repetitions (i.e., £ 5,000), but ended with significantly less rutting.

The average maximum total rut at the end of the embedment phase was about 1.1 mm (0.04 in.). The rate
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of rut depth increase after the embedment phase was also very slow compared to that on Sections 672HB
and 677HC, which was attributed to the stiffer nature of the stabilized recycled material. A short
embedment phase with an increased rate of rutting was evident after the 60 kN load change, but not after
the load changes to 80 kN and 100 kN. The rate of rut depth increased very slowly during the course of
loading. Error bars on the average maximum total rut reading indicate that there was very little variation
along the length of the section. The test was originally halted when the average maximum total rut depth
reached 5.0 mm (0.2 in.) due to time and budget limitations. The additional 370,000 repetitions at 100 kN

wheel load, applied later in the study, increased the average maximum rut to 5.6 mm (0.22 in.).

Figure 5.41 shows contour plots of the pavement surface at the start and end of the test (1,370,000 load
repetitions). The plot shows the relative uniformity of the rut depth over the length of the section. The
small area of distress at Station 8 was attributed to some mechanical damage on the surface and not to
rutting (see Section 5.5.11). After completion of trafficking (~ 34 million ESALs), the average maximum
rut depth and the average deformation were 5.6 mm (0.22 in.) and 4.4 mm (0.17 in.), respectively. The
maximum total rut depth measured on the section was 14.5 mm (0.57 in.), recorded at Station 8 and

Station 9 in the area of mechanical damage on the surface.
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Figure 5.41: 673HB: Contour plots of permanent surface deformation.
(Note different scales in legends.)

5.5.,5 Permanent Deformation in the Underlying Layers
Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at

Station 13 and compared to the surface layer laser profilometer measurements is shown in Figure 5.42.
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Figure 5.42: 673HB: Permanent deformation in the underlying layers.

The LVDT at the top of the FDR layer failed early in the test and consequently there were no
measurements for this layer. The LVDT in the subgrade failed after approximately 400,000 load
repetitions, leaving only one functioning LVDT at the top of the aggregate base, which failed during the
second round of testing after 1.2 million load repetitions. No deformation was recorded in the subgrade
up to the point that the subgrade LVDT failed. Deformation at the top of the existing aggregate base
reached 1.2 mm (0.05in.) after 1.2 load repetitions. Based on the results obtained from the two
unstabilized sections (Sections 672HB and 677HC), it was assumed that most of the remaining
deformation occurred in the asphalt concrete surfacing, with very little deformation in the FDR-FA and
subgrade layers. Deformation in each of the layers is summarized in Table 5.6 with assumptions made for
the recycled and subgrade layers (results for the FDR-NS [60 mm] section are included for comparison).
Observations and measurements during the forensic investigation (see Section 8.7.3) confirmed these

assumptions.

Table 5.6: 673HB: Deformation in Each Layer

Layer Layer 673HB 672HB
Thickness Deformation at Deformation at
End of Test* End of Test?
(mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 3.4° 0.08 3.6 0.14
Recycled 250 10.0 0.3° 0.01 11.9 0.47
Aggregate Base 320 12.6 13 0.05 7.3 0.29
Subgrade - - 0.5° 0.02 1.6 0.06
Total MDD Measured Deformation 5.5 0.16 24.4 0.96
Laser Measured Deformation at Station 13 5.5 0.16 24.4 0.96
171,371,000 load repetitions (~ 33,971,500 ESALS)
2 713,000 load repetitions (~ 5,052,104 ESALS)
3 Assumed value
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5.5.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer

Figure 5.43 shows the peak traffic-induced transverse tensile strain at the bottom of the asphalt concrete
layer. The strain gauge installed to measure longitudinal strain was damaged during placement of the
asphalt concrete surfacing and therefore no readings were obtained. Transverse strain measurements from

the FDR-NS (60 mm) section are included in the figure for comparison.
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Figure 5.43: 673HB: Tensile strain at the bottom of the asphalt concrete layer.

Trends in the transverse strains measured on the FDR-FA section differed from those measured on the
FDR-NS sections. Initial transverse strains were significantly lower than those recorded on the
unstabilized section, but they showed a relatively sharp increase in the first 50,000 load repetitions
attributable to initial breakdown of the portland cement bonds. The strains stabilized thereafter at similar
levels to those recorded on the FDR-NS (60 mm) section for the remainder of the 40 kN wheel load
trafficking. The increase in strain immediately after the load change was not as sharp as that recorded on
the FDR-NS section, but it continued to increase for the remainder of the test suggesting further
weakening of the structure (probably attributed to microcracking in the recycled base) caused by
trafficking. Variability in the strain measurements recorded in the latter part of the first round of testing
was attributed to a combination of temperature changes and their effect on microcracks under the strain
gauge. In the second round of testing (1,000,000 to 1,371,000 load repetitions), the strain measurements
appeared to be more consistent. No surface distresses associated with the increase in strain measured in

the recycled layer were noted during the course of the study.

5.5.7 Vertical Pressure at the Top of the Recycled Layer
Figure 5.44 shows the comparison of traffic-induced vertical pressure at the top of the recycled base layer

for the FDR-NS (60 mm) and FDR-FA sections. Pressure readings were stable and sensitive to load
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changes for most of the FDR-FA test. Initial pressure was higher on the FDR-FA section compared to the
FDR-NS section, which was expected based on layer elastic theory and considering the much higher
stiffness of the FDR-FA section. Increases in recorded pressures occurred after the load changes, as
expected. A rapid increase followed by a significant drop in pressure was recorded on the section between
520,000 and 620,000 load repetitions. The reason for this is unclear, but it is assumed that either the
instrumentation was damaged or that support conditions under the pressure cell changed, given that no
evidence of distress was observed on the section and that similar abrupt changes in measurements were
not recorded on the other instruments. In the second round of testing, circular cracks mirroring the
location of the pressure cell appeared on the surface confirming that the pressure cell was rocking under

the asphalt concrete.
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Figure 5.44: 673HB: Vertical pressure at the top of the recycled layer.

5.5.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 5.45 compares elastic surface deflections measured with an RSD on the FDR-FA and FDR-NS
(60 mm) sections under a 40 kN half-axle load. Deflections were notably lower on the FDR-FA section,
as expected, this being attributed to the higher stiffnesses associated with the stabilized layer. Slight
increases in absolute surface deflection were recorded after each load change and after the start of the

second round of testing, but levelled off after initial embedment.

5.5.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)
Figure 5.46 shows the history of in-depth elastic deflections, measured by the LVDTs at the top of the
existing aggregate base and top of the subgrade in the multi-depth deflectometer in the FDR-FA section.
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Figure 5.45: 673HB: Surface deflection (RSD).
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Figure 5.46: 673HB: Elastic deflection in the underlying layers.

The LVDT at the top of the recycled layer failed early in the experiment and no data is available for this
location. The readings are consistent with the surface deflections measured with the RSD, and those
recorded on the FDR-NS (60 mm) section. However, the deflections measured were lower than those
recorded on the unstabilized sections, as expected due to the higher stiffnesses associated with the
stabilized recycled layer. Deflections increased with increased load, as expected, but stabilized after each
embedment phase with increasing number of load repetitions, which suggests continued
stiffening/densification during HVS trafficking and the absence of any distress in the recycled layer.
There was a noticeable drop in deflections at the start of the second round of testing compared to the end
of the first round of testing, but deflections increased again sharply and then leveled off with increasing

number of load repetitions.
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5.5.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 5.47. Results from the FDR-NS

(60 mm) test section are included for comparison. The results were generally consistent with the RSD

measurements discussed above, with the section exhibiting a small increase in surface deflection

(approximately 150 microns) after completion of HVS trafficking. The additional load repetitions applied

in the second round of testing do not appear to have affected the deflection. Deflections in the subgrade

did not appear to change during the course of testing.
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Figure 5.47: 673HB: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack

software package, and the results are summarized in Figure 5.48.
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Figure 5.48: 673HB: Backcalculated stiffness of recycled layer (FWD).
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The stiffness of the FDR-FA stabilized layer was an order of magnitude stiffer than the unstabilized layer
in the FDR-NS (60 mm) section, and consistent with data collected on a range of field projects (1). There
was a notable drop (~ 3,500 MPa) in the stiffness of the FDR-FA recycled layer after HVS trafficking,
which was attributed to some breaking of the asphalt and cement bonds under loading and consequent
damage in the form of microcracking. However, the recycled layer stiffness was still significantly higher
compared to the FDR-NS (60 mm) section after completion of trafficking (~ 1,500 MPa compared to
~ 150 MPa) despite the significantly higher number of equivalent single axle loads applied on the
FDR-FA section (34 million compared to 5 million). The presence of the recycled asphalt concrete
material did not appear to affect the stiffness of the layer. The stiffness of the untrafficked areas at either

end of the test section did not change over time.

5.5.11 Visual Assessment

Photographs of the test section after the first round of HVS testing are shown in Figure 5.49. Apart from
rutting, no other distress was recorded on the section after the first round of testing. Some isolated
circular cracks were observed in the immediate vicinity of the pressure cell and were not considered

related to the performance of the pavement structure, but rather to debonding of the pressure cell from the

surface of the FDR layer, causing it to move during wheel loading.

General view of test section looking from west to east

General view of test section looking from east to west

Figure 5.49: 673HB: Test section photographs.

84 UCPRC-RR-2015-02




Cracking on top of pressure cell location after completion of second round of testing

Figure 5.49: 673HB: Test section photographs (continued).

The use of a different bituthene tape to cover the wires connecting the MDD resulted in some rubber and
adhesive deposits on the surface. A small area of stone loss in the vicinity of Station 8 occurred after

removal of one of the adhesive deposits and was not related to the performance of the pavement structure.

5.6  Section 674HB: Portland Cement (FDR-PC)

5.6.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on August 1, 2013, and ended with a 100 kN
(22,500 1b) load on November 6, 2013. A total of 1,560,565 load repetitions were applied and 99 datasets
were collected. Loading on this section was terminated at this point, well before the terminal rut or crack
density criteria were reached, in the interests of completing the project within the project time and
financial constraints. Load was increased from 40 kN to 60 kN (13,500 1b) and then to 80 kN (18,000 lb)
and 100 kN (22,500 1b.) after 315,000, 515,000, and 765,000 load repetitions, respectively. No
breakdowns occurred during testing on this section. The HVS loading history for Section 674HB is shown
in Figure 5.50.
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At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade

layers were 1.8, 6.0, and 12.6 percent of the dry weight of the materials, respectively.
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Figure 5.50: 674HB: HVS loading history.

5.6.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 5.51. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 6°C to 38°C (43°F to
100°F) during the course of HVS testing, with a daily 24-hour average of 22°C (72°F), an average

minimum of 15°C (59°F), and an average maximum of 30°C (86°F).
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Figure 5.51: 674HB: Daily average air temperatures outside the environmental chamber.
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Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.52. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 15°C to 36°C (59°F to 97°F) with an average of 27°C (81°F) and a
standard deviation of 2.4°C (4.3°F). Air temperature was adjusted to maintain a pavement temperature of
30°C4°C (86°F£7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 5.6.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.
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Figure 5.52: 674HB: Daily average air temperatures inside the environmental chamber.

5.6.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 5.7 and shown in Figure 5.53. Pavement temperatures increased slightly with
increasing depth in the asphalt concrete. Temperatures were consistent throughout the measured depth of

the pavement.

Table 5.7: 674HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std. Dev. (°C) | Average (°F) Std. Dev. (°F)
Outside air - 22 4.1 72 7.4
Inside air - 27 2.4 81 43
Pavement surface AC 29 0.8 84 1.4
- 25 mm below surface AC 29 0.8 84 1.4
- 50 mm below surface AC 29 0.8 84 1.4
- 90 mm below surface FDR 29 0.7 84 1.3
- 120 mm below surface FDR 29 0.7 84 1.3

UCPRC-RR-2015-02 87



40 1,600

35 1,400
30 1,200 S
S
225 1,000 X
o n
220 so0 &
© =
g ~ 3
[« / o
€15 600 ¢
5] / [v4
/ -
®
10 / 400 - g

5 m Surface A 120 mm Below Surface - 200
x 20 mm Below Surface —=50 mm Below Surface
©® 90 mm Below Surface —Number of Load Repetitions
0 — : — b ——— 0
7/25/2013 8/14/2013 9/3/2013 9/23/2013 10/13/2013 11/2/2013 11/22/2013
Date

Figure 5.53: 674HB: Daily average pavement temperatures.

5.6.4 Permanent Deformation on the Surface (Rutting)

Figure 5.54 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over the duration of the test. The
plot shows that most of the deformation was in the form of a depression rather than upward and outward
displacement of the material above the zero elevation point. The plots also show similar performance
trends to that measured on the FDR-FA section (Section 673HB). Figure 5.55 shows the development of
permanent deformation (average maximum rut and average deformation) with load repetitions for the test

section. The results for the FDR-NS (60 mm) section are shown for comparison.
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Figure 5.54: 674HB: Profilometer cross section at various load repetitions.
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Figure 5.55: 674HB: Average maximum total rut and average deformation.

The embedment phase on the FDR-PC section was very short with very little measurable rutting. The
average maximum total rut at the end of the embedment phase was about 1.0 mm (0.04 in.). The rate of rut
depth increase after the embedment phase was also very slow compared to that on the two sections with
unstabilized bases (Sections 672HB and 677HC), which was attributed to the much stiffer nature of the
stabilized recycled material. A short embedment phase with increased rate of rutting was evident after the
100 kN load change, but not after the earlier load changes to 60 kN and 80 kN. The rate of rut depth
increased very slowly during the course of loading. Error bars on the average maximum total rut reading
indicate that there was very little variation along the length of the section. The test was halted when the

average maximum total rut depth reached 3.0 mm (0.12 in.) due to time and budget limitations.

Figure 5.56 shows contour plots of the pavement surface at the start and end of the test (1,560,565 load
repetitions). The plot shows the relative uniformity of the rut depth over the length of the section. After
completion of trafficking (~ 43.3 million ESALs) the average total maximum rut depth and the average
deformation were 3.0 mm (0.12in.) and 2.2 mm (0.09 in.), respectively. The maximum rut depth
measured on the section was 5.9 mm (0.23 in.), recorded at Station 13, close to the wheel stop/start

location.
5.6.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at

Station 13 and compared to the surface layer laser profilometer measurements is shown in Figure 5.57.
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Figure 5.56: 674HB: Contour plots of permanent surface deformation.
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Figure 5.57: 674HB: Permanent deformation in the underlying layers.

The MDD measurements were consistent with the laser profilometer measurements. The LVDT at the top

of the subgrade failed early in the test and consequently there were no measurements for this location in

the pavement structure.

Deformation in each of the layers is summarized in Table 5.8 with an assumption made for the subgrade
layer (results for the FDR-NS [60 mm] section are included for comparison). Very little deformation was
measured on this test section, with small contributions (< 1.0 mm) attributed to each layer. The forensic

investigation undertaken on completion of the Phase 2 HVS testing (see Section 8.7.4) validated these

measurements.
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Table 5.8: 674HB: Deformation in Each Layer

Layer Layer 674HB 672HB
Thickness Deformation at | Deformation at
End of Test* End of Test?

(mm) (in.) (mm) (in.) (mm) (in.)

Surface 60 2.4 0.9 0.04 3.6 0.14

Recycled 250 10.0 0.9 0.04 11.9 0.47

Aggregate Base 320 12.6 0.5 0.02 7.3 0.29

Subgrade - 0.0° 0.09 1.6 0.06

Total MDD Measured Deformatlon 2.3 0.16 24 .4 0.96

Laser Measured Deformation at Station 13 2.3 0.16 24 .4 0.96

T 1,560,565 load repetitions (~ 43,334,874 ESALs)

2 713,000 load repetitions (~ 5,5052,104 ESALSs)

* Assumed value

5.6.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer
Figure 5.58 shows the traffic-induced tensile strain at the bottom of the asphalt concrete layer. Transverse

strain measurements from the FDR-NS (60 mm) section are included in the figure for comparison.
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Figure 5.58: 674HB: Tensile strain at the bottom of the asphalt concrete layer.

Strains were generally low on the FDR-PC section, this being attributed to the very stiff recycled layer
underneath the strain gauges. Longitudinal strains were slightly higher than the transverse strains, and
increased after each load change. The longitudinal strains also showed some variability after the load
change to 100 kN. This was attributed to a combination of temperature changes and their effect on
microcracks under the strain gauge, which were related to damage in the layer caused by the heavier loads.
Transverse strains remained constant throughout the first three loading cycles (40 kN, 60 kN, and 80 kN),
but increased slightly after the load change to 100 kN, indicating that some damage (e.g., microcracks)
had resulted from the heavier loading. However, transverse strain did not continue to increase, indicating

that the integrity of the layer was not deteriorating at the time the testing was halted. No surface distresses
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associated with the increase in strain measured in the recycled layer were noted during the course of the

study.

5.6.7 Vertical Pressure at the Top of the Recycled Layer

Figure 5.59 shows the comparison of traffic-induced vertical pressure at the top of the recycled base layer
for the FDR-NS (60 mm) and FDR-PC sections. Pressure readings were stable and sensitive to load
changes for most of the FDR-PC test. Initial pressure dropped considerably on the FDR-PC section, which
was unexpected given that layer elastic theory would suggest higher pressures considering the much
higher stiffness of the FDR-PC section. This anomaly could be attributed to movement of the gauge.
After the first load change, the pressure readings appeared to stabilize and increases were consistent with
later load changes. Variability and a reduction in recorded pressures after the load change to 100 kN were

attributed to problems with the instrument at the higher load level.
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Figure 5.59: 674HB: Vertical pressure at the top of the recycled layer.

5.6.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 5.60 compares elastic surface deflections measured with an RSD on the FDR-PC and FDR-NS
(60 mm) sections under a 40 kN half-axle load. Deflections were notably lower on the FDR-PC section,
as expected, this being attributed to the higher stiffnesses associated with the stabilized layer. Slight
increases in absolute surface deflection were recorded after each load change, but levelled off after initial

embedment.
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Figure 5.60: 674HB: Surface deflection (RSD).

5.6.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 5.61 shows the history of in-depth elastic deflections measured by the LVDTs at the top of the

recycled layer and top of existing aggregate base in the multi-depth deflectometer in the FDR-PC section.

The LVDT at the top of the subgrade failed early in the experiment and no data is available for this

location. The readings are consistent with the surface deflections measured with the RSD, and those

recorded on the FDR-NS (60 mm) section. However, the deflections measured were lower than those

recorded on the unstabilized sections, as expected due to the higher stiffnesses associated with the

stabilized recycled layer. Deflections increased with increased load, as expected, but stabilized after each

embedment phase with increasing number of load repetitions, suggesting the absence of any significant

distress in the recycled layer.
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Figure 5.61: 674HB: Elastic deflection in the underlying layers.
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5.6.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 5.62. Results from the FDR-NS

(60 mm) test section are included for comparison. The results were generally consistent with the RSD

measurements discussed above, with the section exhibiting very little change in surface deflection after

completion of HVS trafficking. Deflections in the subgrade did not appear to change during the course of

testing.
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Figure 5.62: 674HB: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack

software package, and the results are summarized in Figure 5.63.
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Figure 5.63: 674HB: Backcalculated stiffness of recycled layer (FWD).

94

UCPRC-RR-2015-02



The stiffness of the cement-stabilized layer was an order of magnitude stiffer than the unstabilized layer in
the FDR-NS (60 mm) section. There was, however, a notable drop (~ 7,000 MPa) in the stiffness of the
recycled layer after HVS trafficking, which was attributed to breaking of the cement bonds under loading
and consequent damage in the form of microcracking. However, the recycled layer stiffness was still
significantly higher compared to the recycled layer in the FDR-NS (60 mm) section after completion of
trafficking (~ 6,000 MPa compared to ~ 150 MPa) despite the significantly higher number of equivalent
single axle loads applied on the FDR-PC section (43.3 million compared to 5 million). The presence of
the recycled asphalt concrete material did not appear to affect the stiffness of the layer. The stiffness of
the untrafficked areas at either end of the test section did not change over time.

5.6.11 Visual Assessment

Apart from rutting, no other distress was recorded on the section. Photographs of the test section after

HVS testing are shown in Figure 5.64.

748 - FOR-PC
Completed: 11062013
Repelitions. 1.560 365
Rut depth: 3.0 mem

General view of test section looking from east to west General view of test section Idoking from west to east

Figure 5.64: 674HB: Test section photographs.
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Close-ups of surface

Figure 5.64: 674HB: Test section photographs.
5.7  Section 675HC: Engineered Emulsion (FDR-EE#1)

5.7.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on October 7, 2013, and ended on October 12,
2013. A total of just 61,500 load repetitions were applied and six datasets were collected. Load was not
increased. No breakdowns occurred during testing on this section. The HVS loading history for
Section 675HC is shown in Figure 5.65. At the start of the test, moisture contents in the recycled layer,
original aggregate base, and subgrade layers were 6.0, 5.5, and 13.1 percent of the dry weight of the

materials, respectively.
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Figure 5.65: 675HC: HVS loading history.
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5.7.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 5.66. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 6°C to 32°C (43°F to
90°F) during the course of HVS testing, with a daily 24-hour average of 26°C (79°F), an average

minimum of 12°C (54°F), and an average maximum of 18°C (64°F).
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Figure 5.66: 675HC: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.67. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 22°C to 33°C (72°F to 91°F) with an average of 27°C (81°F) and a
standard deviation of 1.3°C (2.3°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F+7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 5.7.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.

5.7.3 Pavement Temperatures
Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 5.9 and shown in Figure 5.68. Pavement temperatures increased slightly with

increasing depth in the asphalt concrete. Temperatures were consistent throughout the measured depth of

the pavement.
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Figure 5.67: 675HC: Daily average air temperatures inside the environmental chamber.

Table 5.9: 675HC: Temperature Summary for Air and Pavement

98

Temperature Layer Average (°C) | Std. Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 26 2.8 79 5.0
Inside air - 27 1.3 81 2.3
Pavement surface AC 29 04 84 0.7
- 25 mm below surface AC 29 04 84 0.7
- 50 mm below surface AC 29 0.3 84 0.5
- 90 mm below surface FDR 29 0.3 84 0.5
- 120 mm below surface FDR 29 0.3 84 0.5
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Figure 5.68: 675HC: Daily average pavement temperatures.
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5.7.4 Permanent Deformation on the Surface (Rutting)

Figure 5.69 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the rapid increase in rutting and deformation over the short duration of
trafficking that was attributed to the construction problems (excess fluids and poor distribution of asphalt
emulsion which led to poor compaction, and then the slow rate of curing after compaction) discussed in
Section 3.5.2. The plot shows that depression and upward and outward displacement (shear) both

contributed to the average maximum total rut depth.
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Figure 5.69: 675HC: Profilometer cross section at various load repetitions.

Figure 5.70 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the FDR-NS (60 mm) section are

shown for comparison.
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Figure 5.70: 675HC: Average maximum total rut and average deformation.
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The rate of rut depth increase of this test was very high and the test was terminated before the embedment

phase was complete given that the terminal rut depth (12.5 mm [0.5 in.]) had already been exceeded.

Figure 5.71 shows contour plots of the pavement surface at the start and end of the test (61,500 load
repetitions). The plot indicates that the deepest rut and area with the most sheared material were between
Stations 8 and 16. Terminal rut (12.5 mm [0.5 in.]) was reached after just 14,000 load repetitions. After
completion of trafficking, the average maximum total rut depth and the average deformation were
24.4 mm (0.96 in.) and 11.4 mm (0.45 in.), respectively. The maximum rut depth measured on the section
was 44.6 mm (1.76 in.), recorded at Station 13. The maximum height of displaced material was 26.6 mm

(1.05 in.), also measured at Station 13.
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Figure 5.71: 675HC: Contour plots of permanent surface deformation.
(Note different scales in legends.)

5.7.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at
Station 13 and compared to the surface layer laser profilometer measurements is shown in Figure 5.72.
The MDD measurements were consistent with the laser profilometer measurements. Deformation in each
of the layers is summarized in Table 5.10 (results for the FDR-NS [60 mm] section are included for
comparison purposes). After 14,000 load repetitions, when the terminal rut for the test (average maximum
total rut [12.5 mm] measured over the full section) was reached, all of the deformation at Station 13 was in
the asphalt concrete surfacing and recycled base. At the end of the test, after 61,500 load repetitions, most
of the deformation (10.5 mm [0.41 in.]) was in the recycled base, followed by the asphalt concrete
surfacing (7.7 mm [0.3 in.]). Very little permanent deformation was recorded in the existing aggregate

base and subgrade.
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Figure 5.72: 675HC: Permanent deformation in the underlying layers.

Table 5.10: 675HC: Deformation in Each Layer

Layer Layer 675HC 675HC 672HB
Thickness Deformation at | Deformation at | Deformation at
Terminal Rut* End of Test? Terminal Rut*
(mm) (in.) (mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 4.6 0.18 7.7 0.30 4.2 0.17
Recycled 250 10.0 5.0 0.20 10.5 0.41 8.5 0.33
Aggregate Base 320 12.6 0.1 0.00 0.4 0.02 23 0.09
Subgrade - - 0.0 0.00 0.1 0.00 0.4 0.02
Total MDD Measured Deformation 9.7 0.38 17.7 0.70 154 0.61
Laser Measured Deformation at Station 13 9.7 0.38 17.7 0.70 154 0.61
"' Terminal rut for test section 2 61,500 load repetitions (~ 61,500 ESALs)

5.7.6  Tensile Strain at the Bottom of the Asphalt Concrete Layer

Figure 5.73 shows the peak traffic-induced tensile strain at the bottom of the asphalt concrete layer.
Transverse strain measurements from the FDR-NS (60 mm) section are included in the figure for
comparison. Strains increased significantly from the start of the test and were consistent with the early

severe deformation that was measured on the section and which is discussed in Sections 5.7.4 and 5.7.5.

These problems were attributed to the construction issues discussed in Section 3.5.2.

5.7.7  Vertical Pressure at the Top of the Recycled Layer

Figure 5.74 shows the comparison of traffic-induced vertical pressure at the top of the recycled base layer
for the FDR-NS (60 mm) and FDR-EE sections. Pressure readings increased significantly from the start
of the test on the FDR-EE section and were consistent with readings from the other instruments and with

the surface deformation observed.

discussed in Section 3.5.2.
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Figure 5.73: 675HC: Tensile strain at the bottom of the asphalt concrete layer.
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Figure 5.74: 675HC: Vertical pressure at the top of the recycled layer.

5.7.8  Deflection on the Surface (Road Surface Deflectometer)

Figure 5.75 compares elastic surface deflections measured with an RSD on the FDR-EE and FDR-NS
(60 mm) sections under a 40 kN half-axle load. Deflections were significantly higher on the FDR-EE
section, as expected, this being attributed to the lower stiffnesses associated with the construction

problems discussed in Section 3.5.2.
5.7.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 5.76 shows the history of in-depth elastic deflections measured by the LVDTs in the multi-depth

deflectometer in the FDR-EE section. The high deflections recorded are consistent with other
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measurements on this section, as expected, this being attributed to the lower stiffnesses associated with the

construction problems discussed in Section 3.5.2.
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Figure 5.75: 675HC: Surface deflection (RSD).
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Figure 5.76: 675HC: Elastic deflection in the underlying layers.

5.7.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 5.77. Results from the FDR-NS
(60 mm) test section are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting high surface deflections (comparable to the
FDR-NS [60 mm] section), as expected, attributable to the construction problems discussed in

Section 3.5.2.
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Figure 5.77: 675HC: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package. Results are summarized in Figure 5.78. The stiffness of the asphalt emulsion stabilized
layer did not change during HVS testing and was similar to that measured on the FDR-NS (60 mm)

section.
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Figure 5.78: 675HC: Backcalculated stiffness of recycled layer (FWD).

5.7.11 Visual Assessment

Both rutting and fatigue cracking were recorded on the section. Severe alligator cracking was present
between Station 7 and Station 16, with variation attributed to the construction problems discussed in
Section 3.5.2. The total length of the cracks was 63.2 m (207.4 ft), which equates to an average crack
density of 7.9 m/m* (2.4 ft/ft?) on the test section at the end of the test, an amount considerably higher than
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the failure criterion of 2.5 m/m* (0.75 ft/ft®) set for the study. The total length of the cracks between
Station 7 and Station 16 was 53.2 m (174.5 ft), which equates to a crack density of 11.8 m/m? (3.6 ft/ft}).
The location of the cracks and the crack pattern are shown in Figure 5.79. Photographs of the test section

after HVS testing are shown in Figure 5.80.

Completed: 101212013
" Repetitions: 61.500
Rut depth: 244 mm

Cracking and deformation at end of section

Figure 5.80: 675HC: Test section photographs.
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Close-ups of surface

Figure 5.80: 675HC: Test section photographs (continued).

5.8  Section 676HC: Engineered Emulsion (FDR-EE#2)

Although poor performance on the first engineered emulsion section was expected, attributed to the

construction problems discussed in Section 3.5.2, a second section was tested to confirm the results.

5.8.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on October 30, 2013, and ended on
November 7, 2013. A total of 120,000 load repetitions were applied and 10 datasets were collected. Load
was not increased. No breakdowns occurred during testing on this section. The HVS loading history for
Section 675HC is shown in Figure 5.81. At the start of testing, moisture contents in the recycled layer,
original aggregate base, and subgrade were 4.0, 3.9, and 14.6 percent of the dry weight of the materials,

respectively.
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Figure 5.81: 676HC: HVS loading history.
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5.8.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 5.82. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 4°C to 27°C (39°F to
81°F) during the course of HVS testing, with a daily 24-hour average of 15°C (59°F), an average

minimum of 7°C (45°F), and an average maximum of 25°C (77°F).
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Figure 5.82: 676HC: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 5.83. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 17°C to 38°C (63°F to 100°F) with an average of 27°C (81°F) and a
standard deviation of 1.7°C (3.1°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F£7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 5.8.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.

5.8.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are shown in Figure 5.84 and listed in Table 5.11. Pavement temperatures increased slightly with
increasing depth in the asphalt concrete. Temperatures were consistent throughout the measured depth of

the pavement.
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Figure 5.83: 676HC: Daily average air temperatures inside the environmental chamber.

40 1,600
40kN m Surface A 120 mm Below Surface
% 25 mm Below Surface =50 mm Below Surface
35 90 mm Below Surface —Number of Load Repetitions 1,400
=)
30 M s 1,200 8_
825 1,000 X
‘é 20 800 =
H H
g 15 600 &
a 3
10 400 3
5 200
0 : : : f : : 0
10/29/2013 11/2/2013 11/6/2013 11/10/2013
Date

Figure 5.84: 676HC: Daily average pavement temperatures.

Table 5.11: 676HC: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 15 1.4 59 2.5
Inside air - 27 1.7 81 3.1
Pavement surface AC 28 0.8 82 14
- 25 mm below surface AC 29 0.6 84 1.1
- 50 mm below surface AC 29 0.7 84 1.3
- 90 mm below surface FDR 29 0.8 84 14
- 120 mm below surface FDR 29 0.7 84 1.3

5.8.4 Permanent Deformation on the Surface (Rutting)
Figure 5.85 shows the average transverse cross section measured with the laser profilometer at various

stages of the test and illustrates similar performance to Section 675SHC (FDR-EE#1). The plot shows that
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depression and upward and outward displacement (shear) both contributed to the average maximum total
rut depth. Figure 5.86 shows the development of permanent deformation (average maximum rut and
average deformation) with load repetitions for the test section. The results for the FDR-NS (60 mm)
section are shown for comparison. The rate of rut depth increase of this test, although slightly slower than
that recorded on the FDR-EE#1 section (Section 675HC), was still very high and the test was again

terminated before the embedment phase was complete.
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Figure 5.85: 676HC: Profilometer cross section at various load repetitions.
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Figure 5.86: 676HC: Average maximum total rut and average deformation.

Figure 5.87 shows contour plots of the pavement surface at the start and end of the test (120,000 load
repetitions). The plot indicates that the deepest rut and the area with most sheared material were between
Stations 0 and 8, opposite to that recorded on Section 675HC. Terminal rut (12.5 mm [0.5 in.]) was

reached after about 80,000 load repetitions.
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Figure 5.87: 676HC: Contour plots of permanent surface deformation.
(Note different scales in legends.)

After completion of trafficking, the average maximum rut depth and the average deformation were

15.6 mm (0.61 in.) and 9.0 mm (0.35 in.), respectively. The maximum rut depth measured on the section

was 24.8 mm (0.98 in.), recorded at Station 13. The maximum height of displaced material was

(0.49 in.) measured at Station 12.

5.8.5 Permanent Deformation in the Underlying Layers

12.4 mm

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at

Station 13 and compared to the surface layer laser profilometer measurement is shown in Figure 5.88.
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Figure 5.88: 676HC: Permanent deformation in the underlying layers.
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The MDD measurements were consistent with the laser profilometer measurements. Deformation in each
of the layers is summarized in Table 5.12 (results for the FDR-NS [60 mm] section are included for
comparison). After 80,000 load repetitions, when the terminal rut for the test (average maximum total rut
[12.5 mm] measured over the full section) was reached, most of the deformation at Station 13 was in the
recycled base (5.1 mm [0.2 in.]), followed by the asphalt concrete surfacing (1.7 mm [0.07 in.]). At the
end of the test after 120,000 load repetitions, most of the additional deformation had occurred in the
asphalt concrete surfacing with only a slight increase recorded in the recycled base. Very little permanent
deformation was recorded in the existing aggregate base and subgrade. The forensic investigation

undertaken on completion of the Phase 2 HVS testing confirmed these measurements.

Table 5.12: 676HC: Deformation in Each Layer

Layer Layer 676HC 676HC 672HB
Thickness Deformation at | Deformation at | Deformation at
Terminal Rut* End of Test? Terminal Rut*
(mm) (in.) (mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 1.7 0.07 2.7 0.11 4.2 0.17
Recycled 250 10.0 5.1 0.20 5.3 0.21 8.5 0.33
Aggregate Base 320 12.6 0.2 0.01 0.2 0.01 23 0.09
Subgrade - - 0.0 0.00 0.0 0.00 0.4 0.02
Total MDD Measured Deformation 7.0 0.28 8.2 0.32 154 0.61
Laser Measured Deformation at Station 13 7.0 0.28 8.2 0.32 154 0.61
" Terminal rut for test section % 120,000 load repetitions (~ 120,000 ESALs)

5.8.6  Tensile Strain at the Bottom of the Asphalt Concrete Layer
Figure 5.89 shows the peak traffic-induced transverse tensile strain at the bottom of the asphalt concrete
layer. The strain gauge installed to measure longitudinal strain was damaged during placement of the

asphalt concrete surfacing and no data was recorded from this instrument.
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Figure 5.89: 676HC: Tensile strain at the bottom of the asphalt concrete layer.
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Transverse strain measurements from the FDR-NS (60 mm) section are included in the figure for
comparison. Transverse strains increased significantly from the start of the test and were consistent with
the early severe deformation that was measured on the section and attributed to the construction issues
discussed in Section 3.5.2. The significant reduction in strain measured in the latter part of the test was

attributed to movement of the gauge associated with the depth of rutting in the vicinity of the gauge.

5.8.7 Vertical Pressure at the Top of the Recycled Layer

Figure 5.90 shows the comparison of traffic-induced vertical pressure at the top of the recycled base layer
for the FDR-NS (60 mm) and FDR-EE#2 sections. Pressure readings increased significantly from the
start of the test and were consistent with the readings on the FDR-EE#1 (675HC) section.
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Figure 5.90: 676HC: Vertical pressure at the top of the recycled layer.

5.8.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 5.91 compares elastic surface deflections measured with an RSD on the FDR-EE and FDR-NS
(60 mm) sections under a 40 kN half-axle load. Deflections were significantly higher on this FDR-EE
section, with measurements comparable to those recorded on the FDR-EE#1 section, and were attributed

to the lower stiffnesses associated with the construction problems discussed in Section 3.5.2.

5.8.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 5.92 shows the history of in-depth elastic deflections, measured by the LVDTs in the multi-depth
deflectometer in the FDR-EE#2 section. The high deflections recorded are consistent with other
measurements on this section and those measured on the FDR-EE#1 section and are attributable to the

lower stiffnesses associated with the construction problems discussed in Section 3.5.2.

112 UCPRC-RR-2015-02



25
- 40kN 60kN 80kN 100kN —+—FDR-NS (60mm)
£ -8-FDR-EE
E .
T 20
o
-
z
4
(=]
< 15
(=
o
k1]
2
& 10 —
O W
Q
(1]
5
n 05
o
7]
4

0.0

0 200 400 600 800 1,000 1,200 1,400 1,600
Load Repetitions (x 1,000)
Figure 5.91: 676HC: Surface deflection (RSD).
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Figure 5.92: 676HC: Elastic deflection in the underlying layers.

5.8.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 5.93. Results from the FDR-NS
(60 mm) test section are included for comparison. The results were generally consistent with the RSD
measurements discussed above and the measurements on the FDR-EE#1 section, with the section

exhibiting high surface deflections as expected.

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 5.94. The stiffness of the asphalt emulsion-
stabilized layer dropped slightly during HVS testing (+ 50 MPa) and was similar to that measured on the
FDR-NS (60 mm) and FDR-EE#1 sections.
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Figure 5.93: 676HC: Surface deflection (FWD).
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Figure 5.94: 676HC: Backcalculated stiffness of recycled layer (FWD).

5.8.11 Visual Assessment

Both rutting and fatigue cracking were recorded on the section. Severe alligator cracking was present
between Station 0 and Station 8, with variation attributed to the construction problems discussed in
Section 3.5.2. The total length of the cracks was 64.1 m (210.3 ft), which equates to an average crack
density of 8.0 m/m* (2.4 ft/ft’) on the test section at the end of the test, similar to that recorded on the
FDR-EE#1 section and considerably higher than the failure criterion of 2.5 m/m* (0.75 ft/ft’) set for the
study. Total length of cracks between Station 0 and Station 8 was 55.7 m (182.7 ft), which equates to a
crack density of 12.4 m/m” (3.8 ft/ft’). The location of the cracks and the crack pattern are shown in
Figure 5.95. Photographs of the test section after HVS testing are shown in Figure 5.96.
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Figure 5.96: 676HC: Test section photographs.
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Close-ups of surface
Figure 5.96: 676HC: Test section photographs (continued).

5.9  Phase 1a HVS Test Summary

The first phase of testing on the four full-depth reclamation sections started in February 2013 and ended in
November of the same year. A range of daily 24-hour average temperatures was therefore experienced;
however, pavement temperatures remained constant throughout HVS trafficking. The FDR-FA and
FDR-PC sections performed very well and both tests were terminated long before the terminal rut of
12.5 mm (0.5 in.) or average crack density of 2.5 m/m? (0.75 ft/ft?) was reached (no cracks were observed
on either section). The two FDR-NS sections performed acceptably, with the section with the thicker
asphalt surfacing outperforming the section with the thinner asphalt surfacing, as expected. Terminal rut
was reached on both sections, but no cracking was observed. The FDR-EE sections performed poorly,
with terminal rut and terminal cracking both reached after a limited number of load repetitions. This poor
performance was attributed to problems associated with construction, and consequently no conclusions

can be drawn from the test results regarding this stabilization strategy.

Rutting behavior on the FDR-NS, FDR-FA and FDR-PC sections is compared in Figure 5.97. The
FDR-EE sections are not included given that the poor performance was construction related and not
stabilizer related. The plot clearly shows the difference in performance between the stabilized and
unstabilized sections. Terminal rut depths were recorded on the FDR-NS (60 mm) section after
approximately 490,000 equivalent single axle loads (ESALs) had been applied, and on the FDR-NS
(120 mm) section after more than 21.4 million ESALs had been applied. The thicker surfacing layer
therefore had a significant influence on the performance of the structure. On the FDR-FA section, only
5.5 mm of rutting was measured after 34 million ESALs, while on the FDR-PC section, only 2.1 mm of
rutting was measured after more than 43 million ESALS. Testing was halted on the FDR-FA and FDR-PC
sections at these loading points due to time and project funding constraints. Permanent deformation in the
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recycled layers was consistent with the surface measurements, with considerable deformation recorded in

the FDR-NS layers, but very little deformation was recorded in the stabilized layers.
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Figure 5.97: Phase 1a: Comparison of average maximum rut.

Backcalculated stiffnesses determined from falling weight deflectometer measurements on the FDR-NS,
FDR-FA and FDR-PC sections are compared in Figure 5.98 (note that the Y-axis is a log scale). The
FDR-EE sections are not included. Measured and backcalculated stiffnesses were significantly higher on
the FDR-FA and FDR PC sections compared to the two FDR-NS sections, as expected. Although the
stiffnesses dropped considerably in the recycled layers on the FDR-FA and FDR-PC sections after
trafficking, they were still orders of magnitude higher than those recorded on the FDR NS sections,
despite having been subjected to millions more equivalent single axle loads. The stiffness of the layer
appeared unaffected by the presence of the recycled asphalt concrete material or by the presence of rubber
in this material. It should be noted that the reclaimed asphalt concrete in the test track was relatively
unaged (recycled 31 months after placement), which would typically result in slightly lower stiffnesses in
the recycled layer compared to those that are typically measured on layers recycled from the much older,

aged asphalt layers in most FDR projects.

Elastic deflection at the bottom of the FDR-FA and FDR-PC layers after completion of testing (34 million
and 43 million ESALs, respectively) was approximately the same as that at the bottom of the FDR-NS
layers after 490,000 and 21.4 million ESALSs, respectively. The rate of change in deflection, was
however, slightly higher on the FDR-FA and FDR-PC sections, which is consistent with base layers that

are stabilized with cement.
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The advantages of using foamed asphalt with cement and cement only recycling strategies over recycling

strategies with no stabilizing admixture are clearly evident from these results.
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Figure 5.98: Phase 1a: Comparison of backcalculated stiffness before and after testing.
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6. PHASE 1b HVS TEST DATA SUMMARY

6.1 Introduction

This phase of testing was carried out to assess rutting potential in the FDR-FA layer under hot pavement

conditions and to determine whether the relatively high asphalt content (recycled asphalt pavement with

limited aging plus new foamed asphalt) in the recycled base would lead to early permanent deformation in

the base, and consequently in the asphalt concrete surface layer as well. The pavement temperature at

50 mm (2.0 in.) pavement depth was maintained at 50°C+4°C (122°F£7°F), 20°C (36°F) higher than the

Phase 1a and Phase 2 tests. This chapter provides a summary of the data collected during testing on the

FDR-FA section under elevated temperatures (Section 685HB).

collected:

e Rainfall

e Air temperatures outside and inside the environmental chamber

The following types of data were

e Pavement temperatures at the surface and 50 mm, 90 mm, 120 mm, and 200 mm below the surface

e Surface permanent deformation (rutting)

e Permanent deformation at the top of the recycled layer and top of the original base layer
o Elastic vertical deflection at the top of the recycled layer and top of the original base layer

e Pavement deflection and layer stiffnesses

6.2 Rainfall

Figure 6.1 shows the monthly rainfall data from December 2014 through December 2015 as measured at

the weather station next to the test track. No rainfall was recorded during testing on Section 685HB.
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Figure 6.1: Measured rainfall during Phase 1b HVS testing.
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6.3  Section 685HB: Foamed Asphalt with Portland Cement (FDR-FA)

6.3.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on July 6, 2015, and ended with a 100 kN
(22,500 1b) load on September 12, 2015. A total of 1,000,000 load repetitions were applied and 69
datasets were collected. Load was increased from 40 kN to 60 kN (13,500 1b) and then to 80 kN
(18,000 1b) and 100 kN (22,500 1b.) after 315,000, 515,000, and 765,000 load repetitions, respectively. No
breakdowns occurred during testing on this section. The HVS loading history for Section 685HB is shown
in Figure 6.2.

At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade were
5.0, 5.9, and 15.2 percent of the dry weight of the materials, respectively. These moisture contents were
higher than those recorded on the Phase 1a test section (673HB), which was attributed to the Phase 2 wet

tests on adjacent sections.
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Figure 6.2: 685HB: HVS loading history.
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6.3.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 6.3. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 10°C to 41°C (50°F to
106°F) during the course of HVS testing, with a daily 24-hour average of 24°C (75°F), an average

minimum of 15°C (59°F), and an average maximum of 33°C (91°F).
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Figure 6.3: 685HB: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 6.4. Vertical error bars on each
point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 26°C to 55°C (79°F to 131°F) with an average of 47°C (117°F) and a
standard deviation of 3.5°C (6.3°F). Air temperature was adjusted to maintain a pavement temperature of
50°C+4°C (122°F£7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 6.3.3 indicate that the inside air temperatures were adjusted appropriately to maintain

the required pavement temperature.
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Figure 6.4: 685HB: Daily average air temperatures inside the environmental chamber.
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6.3.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 6.1 and shown in Figure 6.5. Pavement temperatures at 50 mm were slightly
lower than the target value, but within the acceptable target range. Temperatures in the top of the recycled

layer were slightly warmer than the asphalt concrete.

Table 6.1: 685HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 23.5 2.7 75.2 49
Inside air - 46.7 3.5 116.1 6.3
Pavement surface AC 47.5 1.3 117.5 2.3
- 50 mm below surface AC 47.8 2.0 118.0 3.6
- 90 mm below surface FDR 48.2 1.6 118.8 2.9
- 120 mm below surface FDR 48.0 1.0 118.4 1.8
- 200 mm below surface FDR 473 09 117.1 1.6
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Figure 6.5: 685HB: Daily average pavement temperatures.

6.3.4 Permanent Deformation on the Surface (Rutting)

Figure 6.6 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over time. The plot shows that
most of the deformation was in the form of a depression rather than upward and outward displacement of

the material above the zero elevation point.

Figure 6.7 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the Phase 1a FDR-FA dry test are
shown for comparison. The embedment phase on this test was similar to that on the Phase 1a FDR-FA

section tested at 30°C under dry conditions (673HB) both in terms of the number of load repetitions and
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the rut depth. The average maximum total rut at the end of the embedment phase was about 1.4 mm
(0.06 in.). The rate of rut depth increase for the remainder of the 40 kN wheel loading after the
embedment phase was also similar to that recorded on Section 673HB. It had been expected that this rate
would have been higher given the higher temperatures; however, the similar rate of rutting was attributed
to the additional aging and consequent stiffening of the asphalt concrete in the two years between the

different tests.
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Figure 6.6: 685HB: Profilometer cross section at various load repetitions.
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Figure 6.7: 685HB: Average maximum total rut and average deformation.

No clear embedment phases were evident after the 60 kN and 80 kN load changes, but one was clearly
noticeable after the 100 kN load change. The rate of rut depth increased after each load change, with the

severity of the change increasing with increasing load. This behavior was notably different from that
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recorded on Section 673HB and was attributed to the combined effects of the high temperature and higher
wheel loads, as well as to the high moisture contents in the FDR and original base layers caused by the
testing under wet conditions on adjacent test sections. Error bars on the average maximum total rut
reading indicate that there was limited variation along the length of the section. Observations on the
section indicated that severe rutting had occurred at one end of the section in the zone where the wheel
starts and stops at the beginning and end of a load repetition. Terminal rut 12.5 mm (0.5 in.) was reached
after 910,000 load repetitions (~12.8 million ESALs), but trafficking was continued to monitor changes in
rut rate and to monitor cracking behavior. The test was eventually halted when the average maximum rut

depth was 16 mm (0.63 in.).

Figure 6.8 shows contour plots of the pavement surface at the start and end of the test (1,000,000 load
repetitions). The plots clearly show the areas of more severe deformation. After completion of
trafficking, the average maximum rut depth and the average deformation were 15.9 mm (0.63 in.) and
13.5 mm (0.53 in.), respectively. The maximum total rut depth measured on the section was 19.5 mm

(0.77 in.), recorded at Station 6.
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Figure 6.8: 685HB: Contour plots of permanent surface deformation.
(Note different scales in legends.)

6.3.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the FDR layer and at the top of the original base layer, recorded with a
modified multi-depth deflectometer (MDD) at Station 3 and compared to the surface layer laser
profilometer measurements is shown in Figure 6.9. A different anchoring system was used in the
modified MDD, and only two LVDTs were incorporated, one at the top of the FDR layer, and the second
at the top of the original base. Measurements were not taken in the underlying layers due to difficulties

with anchoring the LVDTs in the higher-than-normal aggregate moisture conditions, which resulted from
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water soaking during the Phase 2 wet tests in adjacent areas. Despite the MDD modifications, problems

were experienced with the MDD and no results were collected after 200,000 load repetitions.
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Figure 6.9: 685HB: Permanent deformation in the underlying layers.

Approximately 1 mm of deformation was recorded at the top and bottom of the FDR-FA layer in the first
200,000 load repetitions, indicating that the deformation during this period occurred primarily in the
asphalt concrete surfacing. These measurements were consistent with those recorded on the FDR-FA and
aggregate base layers in the Phase la dry test (Section 673HB). Observations during the forensic
investigation (Section 8.8.1) revealed that no deformation occurred in the FDR layer, but that some

deformation was measured at the top of the original base and at the top of the subgrade.

6.3.6  Deflection on the Surface (Road Surface Deflectometer)

Figure 6.10 compares elastic surface deflections measured with an RSD on the Phase 1a (Section 673HB)
and Phase 1b FDR-FA sections under a 40 kN half-axle load. Deflections on the Phase 1b section were
higher than those recorded on Section 673HB and continued to increase for the duration of the test. This
was attributed to the higher temperatures at which the deflection testing was carried out (50°C versus
30°C) and to the damage caused to the asphalt concrete layer, and potentially to the FDR-FA layer, by
trafficking at the higher temperature. The higher deflections were also attributed in part to the higher

moisture content in the underlying layers.
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Figure 6.10: 685HB: Surface deflection (RSD).

6.3.7 Deflection in the Underlying Layers (Multi-Depth Deflectometer)
Deflection in the underlying layers could not be measured on this section due to the modified

configuration of the MDD.

6.3.8 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 6.11. Results from the Phase 1a dry
test (Section 673HB) are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting an increase in surface deflection
(approximately 200 microns) after completion of HVS trafficking. Surface deflection after completion of
trafficking on the Phase 1b test was approximately double that recorded on the Phase la section.

Deflections in the subgrade did not appear to change during the course of testing.

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 6.12. The stiffness of the Phase 1b FDR-FA
stabilized layer was approximately half that measured on the Phase 1a test section (700 MPa compared to
1,800 MPa). There was a notable drop (~ 6,000 MPa) in the stiffness of the Phase 1b FDR-FA recycled
layer after HVS trafficking, which was attributed to some breaking of the asphalt and cement bonds under
loading and consequent damage in the form of microcracking, and to damage in the asphalt concrete and
FDR layers caused by trafficking at the higher temperatures. The higher moisture contents in the
underlying layers would also have influenced the stiffness of the pavement structure. However, after
completion of trafficking the Phase 1b recycled layer stiffness was still significantly higher than the
Phase 1a FDR-NS (60 mm) section (672HB) (~ 750 MPa compared to ~ 150 MPa) despite the higher
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moisture content, trafficking at the higher temperature, and the significantly higher number of equivalent
single axle loads applied on the section (17 million on the Phase 1b FDR-FA section compared to
5 million on the Phase 1la FDR-NS [60 mm] section). Unlike testing on the Phase l1a section, the
relatively high foamed asphalt content coupled with the presence of the relatively unaged recycled asphalt
concrete material did appear to have an effect on the stiffness of the layer when trafficked at higher
temperatures (i.e., ~1,570 MPa after Phase 1la test compared to ~750 MPa after Phase 1b test). The

stiffness of the untrafficked areas at either end of the test section did not change over time.
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Figure 6.11: 685HB: Surface deflection (FWD).
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Figure 6.12: 685HB: Backcalculated stiffness of recycled layer (FWD).
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6.3.9 Visual Assessment

Rutting and limited cracking were recorded on the section. Cracks only started to appear towards the end
of the test (first observed after 859,200 load repetitions had been applied) and were mostly longitudinal in
nature. Some transverse cracks, associated with early signs of fatigue cracking attributed to the higher
deflections, were also recorded in the last 20,000 load repetitions between Station 12 and Station 16. The
total length of all cracks at the end of the test was 12.6 m (41.3 ft), which equates to an average crack
density of 1.6 m/m’® (0.5 ft/ft>, well below the failure criterion of 2.5 m/m* (0.75 ft/ft*) set for the study.
The location of the cracks and the crack pattern at the end of the test are shown in Figure 6.13. Apart
from the rutting and cracking, no other distresses were recorded on the section. Photographs of the test

section after HVS testing are shown in Figure 6.14.

Figure 6.13: 685HB: Crack location and pattern after 1,000,000 load repetitions.
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Figure 6.14: 685HB: Test section photographs.
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Figure 6.14: 685HB: Test section photographs (continued).

6.4  Phase 1b HVS Test Summary

This FDR-FA test undertaken at higher temperatures than the tests in Phase 1a (50°C versus 30°C) has
indicated that temperature will have some influence on the behavior of the FDR-FA layer, as expected.
The higher moisture contents in the FDR-FA, original base, and subgrade layers, caused by the water
soaking during the Phase 2 wet tests on adjacent sections, coupled with the limited aging that the original
pavement had been subjected to before recycling, would also probably have contributed to the different
performance (i.e., the recycled new asphalt pavement [recycled 41 months after original placement] would
be less aged than typical recycled asphalt pavement [usually recycled after about 20 years] and therefore

more temperature susceptible).

The Phase 1b FDR-FA section performed well by comparison with the Phase 1a FDR-NS sections, but did
not perform quite as well as the Phase 1a FDR-FA and FDR-PC sections, as expected, due to testing at the
higher temperature and moisture conditions. Terminal rut (12.5 mm [0.5 in.]) was reached after 910,000
load repetitions (~ 12.8 million ESALs) and although some cracking was observed, and was attributed in
part to the higher moisture conditions, the crack density was lower than the terminal crack density set for
the study (2.5 m/m’ [0.75 ft/ft’]). Figure 6.15 compares the rutting behavior recorded in the Phase 1b test
to that recorded on the FDR-NS, FDR-FA, and FDR-PC sections during Phase 1a testing. The plot clearly
shows similar performance of the FDR-FA in the two phases under the 40 kN and 60 kN wheel loads.
After the load change to 80 kN, the rate of rut depth increase was considerably higher on the Phase 1b test
compared to that recorded in Phase 1a, and this was attributed to the sensitivity of the asphalt concrete and

FDR-FA layers to increased load at the higher temperature.

UCPRC-RR-2015-02 129




30

40kN 60kN | 80kN 100kN ——Phla FDR-NS (60mm)

——Phla FDR-NS (120mm)
-=-Phla FDR-FA Il

—e—Phla FDR-PC
/ Ph1b FDR-FA (50°C)

N
a

N

A\

Average Maximum Total Rut (mm)

I
\

'-p--aI'I".d cos o—0—0

0 200 400 600 800 1,000 1,200 1,400 1,600
Load Repetitions (x 1,000)

Figure 6.15: Comparison of Phase 1a and Phase 1b average maximum rut.

Backcalculated stiffnesses determined from falling weight deflectometer measurements on the Phase 1b
FDR-FA test are compared to those determined on the Phase 1a FDR-NS, FDR-FA, and FDR-PC sections
in Figure 6.16 (note that the Y-axis is a log scale).
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Figure 6.16: Comparison of Phase 1a and Phase 1b backcalculated stiffness.

Measured and backcalculated stiffnesses on the FDR-FA section before HVS testing on the Phase 1b test
were comparable to those in the Phase 1a FDR-FA test. However, stiffnesses were lower after HVS

testing on the Phase 1b test (attributable to more damage caused during trafficking at the higher
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temperatures, and to less support from the higher moisture content underlying layers), but still

significantly higher than those recorded on the two Phase 1a FDR-NS sections.

The advantages of using foamed asphalt with cement and cement only recycling strategies over recycling

strategies with no stabilization are still clearly evident from these results.
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7. PHASE 2 HVS TEST DATA SUMMARY

7.1 Introduction

This phase of HVS testing was carried out to compare performance of the different FDR strategies under
extreme wet conditions with the performance under dry conditions (Phase 1a). Water was injected into
the base during a 14- day pre-soak prior to testing and for the duration of the HVS trafficking. Pavement
temperature at 50 mm (2.0 in.) pavement depth was maintained at the same temperature used in Phase la
(30°C£4°C [86°F£7°F]) to assess both rutting and cracking potential in the recycled layer. This chapter
provides a summary of the data collected during testing under wet conditions on the FDR-NS (60 mm),
FDR-NS (120 mm), FDR-FA, and FDR-PC sections (Sections 681HB through 684HB). No testing was
undertaken on the FDR-EE sections due to the problems encountered during construction on this lane that
led to poor performance under trafficking during the Phase 1a test. Data collected includes:

e Rainfall

e Air temperatures outside and inside the environmental chamber

e Pavement temperatures on the surface and 25 mm, 50 mm, 90 mm, and 120 mm below the surface

e Surface permanent deformation (rutting)

e Permanent deformation at the top of the recycled layer, top of the original base layer, and top of the
subgrade (FDR-FA and FDR-PC sections only)

e Transverse and longitudinal strain at the top of the recycled layer (i.e., bottom of the asphalt
concrete surfacing) (FDR-FA section only)

o Pressure (stress) at the top of the recycled layer (FDR-FA section only)

o Elastic vertical deflection at the top of the recycled layer, top of the original base layer, and top of
the subgrade (FDR-FA and FDR-PC sections only)

e Pavement deflection and layer stiffnesses

7.2 Rainfall

Figure 7.1 shows the monthly rainfall data from December 2014 through December 2015 as measured at
the weather station next to the test track. Some rainfall was recorded during all the tests. However,
rainfall amounts were mostly very small, with only one large 24-hour rainfall event (33 mm [1.3 in.])

recorded during the testing on 68 1HC (FDR-FA).

7.3 Section 683HC: No Stabilizer with 60 mm Surfacing (FDR-NS [60 mm])

7.3.1 Test Summary
Loading commenced with a 40 kN (9,000 Ib) half-axle load on March 19, 2015, and ended with the same
load on April 6, 2015. A total of 233,000 load repetitions were applied and 19 datasets were collected. No
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breakdowns occurred during testing on this section. The HVS loading history for Section 683HC is shown
in Figure 7.2. Moisture contents in the various layers were determined on materials sampled from augur
holes drilled on either side of the test section just before the start of testing. Moisture contents in the
recycled layer, original aggregate base, and subgrade were 4.9, 6.1, and 15.0 percent of the dry weight of
the materials, respectively, and notably higher than those recorded during the Phase la dry test
(Section 672HB).
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Figure 7.1: Measured rainfall during Phase 2 HVS testing.
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Figure 7.2: 683HC: HVS loading history.

7.3.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 7.3. Vertical error bars on each

point on the graph show the daily temperature range. Temperatures ranged from 2°C to 29°C (36°F to
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84°F) during the course of HVS testing, with a daily 24-hour average of 16°C (61°F), an average

minimum of 8°C (46°F), and an average maximum of 23°C (73°F).
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Figure 7.3: 683HC: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 7.4. Vertical error bars on each
point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 20°C to 41°C (68°F to 106°F) with an average of 32°C (90°F) and a
standard deviation of 2.1°C (3.8°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F%7°F) at a pavement depth of 50 mm (2.0 in.). The recorded pavement temperatures
discussed in Section 7.3.3 indicate that the inside air temperatures were not adjusted sufficiently to
compensate for the cooling effect of the water, resulting in pavement temperatures slightly below target

but still within the acceptable range.

7.3.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are shown in Figure 7.5 and listed in Table 7.1. Pavement temperatures were slightly below the
30°C target, but within the acceptable range. This was attributed to the constant flow of water across the
section, which although preheated to 30°C, still appeared to have a cooling effect. Pavement temperatures
decreased slightly with increasing depth in the asphalt concrete. Temperatures in the top of the recycled

layer were slightly cooler than the asphalt concrete, which was expected, because of the presence of water
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and because there is usually a thermal gradient between the top and bottom of asphalt concrete pavement

layers.
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Figure 7.4: 683HC: Daily average air temperatures inside the environmental chamber.

60
40kN - 1,600
m Surface x 25mm Below Surface
50 —%=50mm Below Surface 90mm Below Surface - 1,400
A 120mm Below Surface —Number of Load Repetitions s
1,200 S
O 40 -
[ X
© - 1,000 Tn’
2 8
s 30 20 SFLLIM L 800 =
o A/A\K_K/A\E/A\K_KM PR g
£ ! A\E\ﬁ [
L 20 - 600 %
©
- 400 S
10
0 | 1 - P P L P T S R 0
03/17/15 03/27/15 04/06/15 04/16/15

Date

Figure 7.5: 683HC: Daily average pavement temperatures.

Table 7.1: 683HC: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std. Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 16 2.8 61 5.0
Inside air - 32 2.1 90 3.8
Pavement surface AC 29 2.0 84 3.6
- 25 mm below surface AC 27 2.0 81 3.6
- 50 mm below surface AC 27 1.8 81 32
- 90 mm below surface FDR 26 1.6 79 2.9
- 120 mm below surface FDR 26 1.4 79 2.5
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7.3.4 Permanent Deformation on the Surface (Rutting)

Figure 7.6 shows the average transverse cross section measured with the laser profilometer at various
stages of the test. This plot clearly shows the increase in rutting and deformation over time and that
deformation occurred both in the form of a depression (i.e., deformation was below the zero elevation
point at the surface [see Figure 4.6]) and as upward and outward displacement of the material above the

zero elevation point.
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Figure 7.6: 683HC: Profilometer cross section at various load repetitions.

Figure 7.7 shows the development of permanent deformation (average maximum total rut and average
deformation) with load repetitions. The results for the Phase 1a dry test (Section 672HB) are shown for

comparison.
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Figure 7.7: 683HC: Average maximum total rut and average deformation.
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The rate of rut depth increase on this wet test was significantly faster compared to the Phase 1a dry test
(672HB) and there was no clear embedment phase. This was attributed to the wet conditions that reduced
the shear strength in the underlying layers. Error bars on the average maximum total rut reading indicate
that there was some variation along the length of the section. Observations of the section and analysis of
the data showed that the rut was considerably deeper between Stations 0 and 5, compared to that measured

on the remainder of the section (see Figure 4.2 for schematic of the test section layout).

Figure 7.8 shows contour plots of the pavement surface at the start and end of the test (233,000 load
repetitions) that also indicate the deeper rut at one end of the section. Terminal rut (12.5 mm [0.5 in.])
was reached after approximately 215,000 load repetitions. However, testing was continued for

approximately 20,000 additional load repetitions to further assess rutting and cracking trends.
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Figure 7.8: 683HC: Contour plots of permanent surface deformation.
(Note different scales in legends.)

After completion of trafficking, the average maximum rut depth and the average deformation were
17.5 mm (0.69 in.) and 13.3 mm (0.52 in.), respectively. The maximum rut depth measured on the section

was 27.5 mm (1.08 in.), recorded at Station 3.

7.3.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers was not recorded on this section as the multi-depth
deflectometer (MDD) could not be installed in the wet material. Observations made during the forensic
investigation with regard to permanent deformation in the underlying layers are discussed in Section 8.9.1.

Permanent deformation was measured in the FDR-NS layer during this forensic investigation.
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7.3.6  Tensile Strain at the Bottom of the Asphalt Concrete Layer

Tensile strain at the bottom of the asphalt concrete layer was not measured on this section.

7.3.7 Vertical Pressure at the Top of the Recycled Layer

Vertical pressure at the top of the recycled layer was not measured on this section.

7.3.8  Deflection on the Surface (Road Surface Deflectometer)

Figure 7.9 compares elastic surface deflections measured with a road surface deflectometer (RSD) under a

40 kN half-axle load during the Phase 1a dry and Phase 2 wet tests. Note that RSD measurements were

taken under a creep-speed load and would not be the same as those recorded under the trafficking speed

load. Due to the severe deformation between Stations 1 and 5, RSD measurements towards the end of the

test were limited to Stations 6 through 16. Slightly higher deflections were measured on the Phase 2 wet

test compared to those measured on the Phase 1a dry test, as expected. Deflections increased during the

embedment phase, but then remained relatively stable for the remainder of the test, indicating that there

was no significant stiffness change in the pavement structure over time.

The reduction in surface

deflection towards the end of the test was attributed to the measurements only being taken between

Stations 6 and 16, which had limited distress compared to Stations 1 through 5.
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Figure 7.9: 683HC: Surface deflection (RSD).

7.3.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Deflection in the underlying layers was not measured on this section.
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7.3.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with a falling weight deflectometer (FWD) on the FDR-NS section is
summarized in Figure 7.10 (“trafficked area” and “untrafficked area” represent the FWD measurements
taken on the HVS test section and adjacent to the HVS test section, respectively). Note that due to the
severe deformation between Stations 1 and 5, FWD testing after HVS trafficking was limited to Stations 6
through 16, and consequently changes in stiffness where the most severe distresses were recorded could
not be investigated. Deflections between Stations 6 and 16 before HVS testing were slightly lower
compared to those of the Phase 1a dry test, but were generally the same as those recorded on the dry test
after completion of HVS testing. The results were consistent with the RSD measurements discussed

above, with the section exhibiting an increase in deflection of about 300 microns after completion of

trafficking.
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Figure 7.10: 683HC: Surface deflection (FWD).

(Note that results from the wet test do not include the area of severe deformation [Stations 1 through 5].)

The recycled layer stiffness was backcalculated from the deflection measurements taken between
Stations 6 and 16 using the CalBack software package and the results are summarized in Figure 7.11. The
stiffness of the recycled layer was generally low at the start of the test, consistent with unstabilized
materials, and it did not decrease significantly (drop of about 30 MPa) as a result of HVS trafficking.
Results for the shorter section were consistent with those recorded during the Phase 1a dry test; however,
it is assumed that a significant drop in stiffness occurred between Stations 1 and 5, resulting from the
soaked conditions and associated reduction in shear strength, which would have contributed to the severe
distress. The presence of the recycled asphalt concrete material did not appear to affect the stiffness of the

layer. The stiffness of the untrafficked areas at either end of the test section did not change over time.
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Figure 7.11: 683HC: Backcalculated stiffness of recycled layer (FWD).

(Note that results from the wet test do not include area of severe deformation [Stations 1 through 5].)

Trafficked

7.3.11 Visual Assessment

Rutting and severe fatigue cracking were recorded on the section. Cracks were first observed after 20,000
load repetitions (wheel load at 40 kN) and continued to propagate for the remainder of the test. Terminal
cracking (2.5 m/m? [0.75 ft/ft*]) was reached after approximately 80,000 load repetitions. The total length
of all cracks at the end of the test (233,000 load repetitions) was 95.7 m (314.0 ft), which equates to an
average crack density of 11.9 m/m?® (3.6 ft/ft’) on the test section, well above the failure criterion set for
the study. The location of the cracks and the crack pattern at 80,000 load repetitions and at the end of the
test are shown in Figure 7.12. Crack density was highest between Stations 0 and 6, in the area of severe

deformation. Photographs of the test section after HVS testing are shown in Figure 7.13.
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Figure 7.12: 683HC: Crack location and pattern after 80,000 and 233,000 load repetitions.
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Figure 7.13: 683HC: Test section photographs.

7.4  Section 684HB: No Stabilizer with 120 mm Surfacing (FDR-NS [120 mm])

741 Test Summary

Loading commenced with a 40 kN (9,000 1b) half-axle load on April 14, 2015, and ended with an 80 kN
(18,000 1b) load on June 25, 2015. A total of 620,000 load repetitions were applied and 52 datasets were
collected. Load was increased from 40 kN to 60 kN (13,500 1b) and then to 80 kN (18,000 Ib) after
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315,000, and 515,000 load repetitions, respectively. One breakdown occurred in the early part of testing
on this section. The HVS loading history for Section 684HB is shown in Figure 7.14.

At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade
layers were 4.8, 6.2, and 14.8 percent of the dry weight of the materials, respectively, notably higher than
those recorded during the Phase 1a dry test (Section 677HC).
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Figure 7.14: 684HB: HVS loading history.

7.4.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 7.15. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 5°C to 39°C (41°F to
102°F) during the course of HVS testing, with a daily 24-hour average of 19°C (66°F), an average

minimum of 11°C (52°F), and an average maximum of 28°C (82°F).

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 7.16. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 16°C to 41°C (61°F to 106°F) with an average of 29°C (84°F) and a
standard deviation of 5.7°C (10.3°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F£7°F) at a pavement depth of 50 mm (2.0 in.). Immediately after the breakdown,

problems were experienced in maintaining the temperature, but they were solved and the recorded
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pavement temperatures discussed in Section 7.4.3 indicate that the inside air temperatures were adjusted

appropriately to maintain the required pavement temperature.
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Figure 7.15: 684HB: Daily average air temperatures outside the environmental chamber.
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Figure 7.16: 684HB: Daily average air temperatures inside the environmental chamber.

7.4.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled
layers are listed in Table 7.2 and shown in Figure 7.17. Pavement temperatures were slightly below the
30°C target, but within the acceptable range. As with Section 683HC, this was attributed to the constant
flow of water across the section, which although preheated to 30°C, still appeared to have a cooling effect.
Pavement temperatures decreased slightly with increasing depth in the asphalt concrete. Temperatures in

the top of the recycled layer were also slightly cooler than the asphalt concrete, which was expected,
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because of the presence of water and because there is usually a thermal gradient between the top and

bottom of asphalt concrete pavement layers.

Table 7.2: 684HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 19 33 66 59
Inside air - 29 5.7 84 10.3
Pavement surface AC 28 4.4 82 4.9
- 25 mm below surface AC 27 3.6 81 6.5
- 50 mm below surface AC 27 3.7 81 6.7
- 90 mm below surface FDR 26 3.6 79 6.5
- 120 mm below surface FDR 26 35 79 6.3
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Figure 7.17: 684HB: Daily average pavement temperatures.

7.4.4 Permanent Deformation on the Surface (Rutting)

Figure 7.18 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over time. This plot shows that
most of the deformation was in the form of a depression rather than upward and outward displacement of

the material above the zero elevation point.

Figure 7.19 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the Phase la dry test
(Section 677HC) are shown for comparison. The embedment phase on the wet test was of similar
duration to that on the Phase 1a dry test (Section 677HC) in terms of the number of load repetitions (i.e.,
+ 5,000), but ended with a deeper rut. The average maximum total rut at the end of the embedment phase
was about 5.3 mm (0.21 in.). The rate of rut depth increase after the embedment phase was also faster than

that on Section 677HC, and this was attributed to the wet, weaker underlying layers. Increases in the
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applied load to 60 kN and then to 80 kN and 100 kN resulted in observable embedment phases and
increases in the rate of rut depth after each event. Error bars on the average maximum total rut reading
indicate that there was some variation along the length of the section, specifically towards the end of the
test. Rutting performance on this section was considerably better than that recorded on the FDR-NS

(60 mm) test (Section 683HC); this was attributed to the additional 60 mm-thick asphalt concrete layer.

N
o

Wheelpath Width

-
[3,]

-
o
|

(3]

Rut Depth (mm)

N

NN 2

-1,000 -500 0 500 1,000 1,500 2,000
Transverse Position (mm)

—-1,000 =-¢38,500 -8-315,000 +-515,000 -%573,000 -+-603,000

Figure 7.18: 684HB: Profilometer cross section at various load repetitions.
30
40kN 60kN 80kN 100kN
——FDR-NS (120mm Dry) Avg. Max. Total Rut
E 25 —=—FDR-NS (120mm Dry) Avg. Deformation [
% ——FDR-NS (120mm Wet) Avg. Max. Total Rut
é 20 o-FDR-NS (120mm Wet) Avg. Deformation
=
: 1l
£ 15 7|
g TT /
*
©
= 10 "/’
[
o
- K/“
g '-’../'.r"
Z 5
0 L I i e

0 200 400 600 800 1,000 1,200 1,400 1,600
Load Repetitions (x 1,000)

Figure 7.19: 684HB: Average maximum total rut and average deformation.

Figure 7.20 shows contour plots of the pavement surface at the start and end of the test (620,000 load
repetitions). The plot indicates that the deepest ruts were at the start and end of the test section, where the

wheel changed direction. Terminal rut (12.5 mm [0.5 in.]) was reached after approximately 540,000 load
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repetitions. However, testing was continued for approximately 80,000 additional load repetitions to

further assess rutting and cracking trends.
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Figure 7.20: 684HB: Contour plots of permanent surface deformation.
(Note different scales in legends.)

After completion of trafficking, the average maximum total rut depth and the average deformation were
15.7 mm (0.62 in.) and 14.6 mm (0.57 in.), respectively. The maximum rut depth measured on the section

was 20.9 mm (0.82 in.), recorded at Station 13.

7.4.5 Permanent Deformation in the Underlying Layers
Permanent deformation in the underlying layers was not recorded on this section as the multi-depth
deflectometer (MDD) modules could not be installed in the wet material. Observations made during the

forensic investigation with regard to permanent deformation in the underlying layers are discussed in

Section 8.9.2.

7.4.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer

Tensile strain at the bottom of the asphalt concrete layer was not measured on this section.

7.4.7 Vertical Pressure at the Top of the Recycled Layer

Vertical pressure at the top of the recycled layer was not measured on this section.

7.4.8 Deflection on the Surface (Road Surface Deflectometer)
Figure 7.21 compares elastic surface deflections measured with a road surface deflectometer (RSD) under
a 40 kN half-axle load during the Phase 1a dry and Phase 2 wet tests. Deflections were notably higher on

the Phase 2 wet test, as expected, and continued to increase at a constant rate with increasing load
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repetitions. Deflections recorded on this test were lower than those recorded on the FDR-NS (120 mm)

dry test (Section 677HC), as expected.
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Figure 7.21: 684HB: Surface deflection (RSD).

7.4.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Deflection in the underlying layers was not measured on this section.

7.4.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 7.22. Results from the Phase 1a dry
test (Section 677HC) are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting a considerable change in surface deflection
after completion of HVS trafficking compared to the dry test. Deflections in the subgrade did not appear

to change during the course of testing.

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 7.23. Stiffness of the recycled layer dropped
immediately after soaking, indicating that the presoak process had allowed water to infiltrate the recycled
layer. The stiffness of the wet unstabilized recycled layer showed a noticeable decrease compared to the
dry section after completion of HVS testing. At the end of the HVS test, average stiffness measured along
the length of the test section had dropped by about 150 MPa, consistent with the loading that had been
applied (~ 3.3 million ESALs). The presence of the recycled asphalt concrete material did not appear to
affect the stiffness of the layer. There was a slight reduction in the stiffness of the untrafficked areas on
either side of the test section after testing was completed, indicating some impact of the prolonged water

soaking of the recycled layer, which would also affect its the shear strength.
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Figure 7.22: 684HB: Surface deflection (FWD).
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Figure 7.23: 684HB: Backcalculated stiffness of recycled layer (FWD).

7.4.11 Visual Assessment

Rutting and fatigue cracking were recorded on the section. Short and narrow transverse cracks were first
observed after just 10,000 load repetitions and they continued to propagate into a dense matrix of fine
fatigue cracks over the remainder of the test. Terminal cracking (2.5 m/m? [0.75 ft/ft’]) was reached after
approximately 40,000 load repetitions, significantly quicker than recorded on the FDR-NS (60 mm) test
and attributed to debonding between the two lifts of asphalt. The total length of all cracks at the end of the
test (620,000 load repetitions) was 192.8 m (632.5 ft), equating to an average crack density of 24.1 m/m’
(7.3 ft/ft%), significantly higher than the failure criterion. The cracks were much finer and more dense than
those observed on the FDR-NS (60 mm) section. The location of the cracks and the crack pattern after
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40,000 load repetitions and at the end of the test are shown in Figure 7.24. Photographs of the test section
after HVS testing are shown in Figure 7.25.
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Figure 7.25: 684HB: Test section photographs.
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Figure 7.25: 684HB: Test section photographs (continued).

7.5  Section 681HC: Foamed Asphalt with Portland Cement (FDR-FA)

75.1 Test Summary

Loading commenced with a 40 kN (9,000 1b) half-axle load on December 5, 2014, and ended with an
80 kN (18,000 1b) load on March 7, 2015. A total of 765,000 load repetitions were applied and 92
datasets were collected. Load was increased from 40 kN to 60 kN (13,500 Ib) and then to 80 kN
(18,000 1b) after 315,000 and 515,000 load repetitions, respectively. One holiday shutdown and one
breakdown occurred during testing on this section. The HVS loading history for Section 681HC is shown
in Figure 7.26. At the start of the test, moisture contents in the recycled layer, original aggregate base, and
subgrade layers were 6.8, 6.2, and 15.5 percent of the dry weight of the materials, respectively,
considerably higher than those recorded on the Phase 1a test (Section 673HB).
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Figure 7.26: 681HC: HVS loading history.
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7.5.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 7.27. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from -2°C to 23°C (28°F to
73°F) during the course of HVS testing, with a daily 24-hour average of 11°C (52°F), an average

minimum of 6°C (43°F), and an average maximum of 16°C (61°F).
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Figure 7.27: 681HC: Daily average air temperatures outside the environmental chamber.

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 7.28. Vertical error bars on
each point on the graph show the daily temperature range. During the test, air temperatures inside the
environmental chamber ranged from 15°C to 43°C (59°F to 109°F) with an average of 27°C (81°F) and a
standard deviation of 3.4°C (6.1°F). Air temperature was adjusted to maintain a pavement temperature of
30°C+4°C (86°F£7°F) at a pavement depth of 50 mm (2.0 in.). At certain times during the test, problems
were experienced with the heaters and therefore with maintaining the temperature, but these problems
were resolved and the recorded pavement temperatures discussed in Section 7.5.3 indicate that the inside

air temperatures were adjusted appropriately to maintain the required pavement temperature.
7.5.3 Pavement Temperatures

Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled

layers are listed in Table 7.3 and shown in Figure 7.29.
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Figure 7.28: 681HC: Daily average air temperatures inside the environmental chamber.

Table 7.3: 681HC: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 11 2.7 52 49
Inside air - 27 34 81 6.1
Pavement surface AC 28 2.0 82 3.6
- 25 mm below surface AC 27 1.9 81 34
- 50 mm below surface AC 27 1.9 81 34
- 90 mm below surface FDR 27 1.8 81 3.2
- 120 mm below surface FDR 27 1.8 81 3.2
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Figure 7.29: 681HC: Daily average pavement temperatures.

Pavement temperatures were slightly below the 30°C target, but within the acceptable range. As with

Section 683HC and Section 684HB, this was attributed to the constant flow of water across the section,
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which although preheated to 30°C, still appeared to have a cooling effect. Pavement temperatures
decreased slightly with increasing depth in the asphalt concrete. Temperatures in the top of the recycled

layer were the same as those at the bottom of the asphalt concrete.

7.5.4 Permanent Deformation on the Surface (Rutting)

Figure 7.30 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over time. The plot also shows
that deformation was in the form of both a depression and an upward and outward displacement of the

material above the zero elevation point.
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Figure 7.30: 681HC: Profilometer cross section at various load repetitions.

Figure 7.31 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the Phase la dry test
(Section 673HB) are included for comparison. Rutting behavior on this Phase 2 wet test was very similar
to that recorded on the Phase 1a dry test for the duration of testing under the 40 kN wheel load. Minimal
embedment was recorded in this part of the test. However, the rut rate increased dramatically after the
changes to the 60 kN and 80 kN wheel loads, indicating some reduction in the shear strength of the
underlying materials under the wet conditions. This observation was consistent with field and laboratory
test results (2). Error bars on the average maximum total rut reading indicate that there was considerable
variation along the length of the section, with deepest ruts in the vicinity of the multi-depth deflectometer,

pressure cell, and strain gauges, an indication that moisture damage was highest in these locations.

154 UCPRC-RR-2015-02



30
40kN 60kN 80kN 100kN
E —+—FDR-FA (Dry) Avg. Max. Total Rut
£25 —=-FDR-FA (Dry) Avg. Deformation [
= / ——FDR-FA (Wet) Avg. Max. Total Rut
n_: o-FDR-FA (Wet) Avg. Deformation
8 20
L
£ 2
g 15
8
= /
3 10 /
o
: T
5 T J!D
0 o e
0 200 400 600 800 1,000 1,200 1,400 1,600
Load Repetitions (x 1,000)

Figure 7.31: 681HC: Average maximum total rut and average deformation.

Figure 7.32 shows contour plots of the pavement surface at the start and end of the test (750,000 load
repetitions). The plot shows the two distressed areas at Stations 4 and 12 in the vicinity of the
instrumentation. Terminal rut (12.5 mm [0.5in.]) was reached after approximately 625,000 load
repetitions. However, testing was continued for approximately 125,000 additional load repetitions to
further assess rutting and cracking trends. After completion of trafficking, the average maximum rut
depth and the average deformation were 22.2 mm (0.87 in.) and 17.1 mm (0.67 in.), respectively. The
maximum total rut depth measured on the section was 35.0 mm (1.38 in.), recorded at Station 12, close to

the multi-depth deflectometer.
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Figure 7.32: 681HC: Contour plots of permanent surface deformation.
(Note different scales in legends.)
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7.5.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at
Station 13 and compared to the surface layer laser profilometer measurements is shown in Figure 7.33.
The MDD system failed after approximately 650,000 load repetitions as a result of water damage to
electrical connections on the LVDT. Prior to the failure, the results show that no permanent deformation
was recorded in the underlying layers until the load change to 60 kN (315,000 load repetitions), after
which some deformation started in the FDR and original aggregate base layers. Deformation continued at
a constant rate through to the 80 kN load change, after which the rate of deformation increased in both
layers. Deformation at the top of the subgrade was first recorded after the 80 kN load change.
Deformation in each of the layers is summarized in Table 7.4 (results for the Phase la dry test

[Section 673HB] are included for comparison).
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Figure 7.33: 681HC: Permanent deformation in the underlying layers.

Table 7.4: 681HC: Deformation in Each Layer

Layer Layer 681HC 673HB
Thickness Deformation after Deformation at
620,000 load reps' End of Test?
(mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 12.9 0.51 2.0° 0.08
Recycled 250 10.0 2.9 0.11 0.3° 0.01
Aggregate Base 320 12.6 2.1 0.08 1.3 0.05
Subgrade - - 0.9 0.04 0.5° 0.02
Total MDD Measured Deformation” 18.8 0.74 4.1 0.16
Laser Measured Deformation at Station 13* 18.8 0.74 4.1 0.16
750,000 load repetitions (~ 5,732,133 ESALs) 2 1,371,000 load repetitions (~ 33,971,500 ESALs)
? Assumed value * After 650,000 load repetitions

Deformation at the top of the FDR-FA layer, top of the existing aggregate base layer, and top of the
subgrade had reached 2.9 mm, 2.1 mm, and 0.9 mm after 650,000 load repetitions when the MDD failed,
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indicating that most of the deformation occurred in the asphalt concrete surfacing. This behavior was
consistent with the measurements recorded during the Phase la dry test (Section 673HB) as shown in
Table 7.4. Permanent deformation measured by the MDD was consistent with measurements and

observations in the test pit during the forensic investigation (see Section 8.9.3).

7.5.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer

Although strain gauges were installed in this section, the instruments failed early in the test, probably due
to debonding of the gauge from the base and surrounding asphalt concrete as a result of the water soaking.
Consequently, tensile strain measurements at the bottom of the asphalt concrete layer are not discussed in

this section.

7.5.7 Vertical Pressure at the Top of the Recycled Layer

Figure 7.34 shows the comparison of traffic-induced vertical pressure at the top of the recycled base layer
for the Phase 1a dry and Phase 2 wet tests. Pressure readings were inconsistent and significantly lower
than expected. Early circular cracking and a depression in the asphalt concrete in the vicinity of the
pressure cell (see Figure 7.40) suggested that the support conditions under the pressure cell and the
bonding of the pressure cell to the asphalt concrete and FDR layers had been compromised by the water
soaking conditions. Consequently, no conclusions were drawn with regard to vertical pressure at the top

of the recycled layer in this test.
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Figure 7.34: 681HC: Vertical pressure at the top of the recycled layer.

7.5.8 Deflection on the Surface (Road Surface Deflectometer)
Figure 7.35 compares elastic surface deflections measured with a road surface deflectometer (RSD) under

a 40 kN half-axle load during the Phase 1a dry and Phase 2 wet tests. Deflections were notably higher on
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the Phase 2 wet test compared to the Phase 1a dry test (Section 673HB), as expected, and they continued
to increase at a constant rate with increasing load repetitions. Load changes appeared to have a notable

effect on deflection.
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Figure 7.35: 681HC: Surface deflection (RSD).

7.5.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 7.36 shows the history of in-depth elastic deflections, measured by the LVDTs at the top of the
FDR-FA layer, top of the existing aggregate base, and top of the subgrade in the multi-depth
deflectometer in the FDR-FA section.
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Figure 7.36: 681HC: Elastic deflection in the underlying layers.

The MDD failed after approximately 650,000 load repetitions as a result of moisture damage to the

electrical connections in the LVDTs. Measurements at the top of the original aggregate base and top of
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the subgrade were consistent with the measurements recorded in the Phase la test (Section 673HB).
Deflections increased with increased load, as expected, but unlike the Phase 1a test, they did not stabilize
after each embedment phase and continued to increase with increasing number of load repetitions, which

suggests weakening of the layers as the distresses associated with the higher moisture content increased.

7.5.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 7.37. Results from the Phase la
FDR-FA dry test section are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting an increase in surface deflection
(approximately 250 microns) after completion of HVS trafficking. Deflections in the untrafficked areas

and in the subgrade did not appear to change during the course of testing.
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Figure 7.37: 681HC: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 7.38. The stiffness of the FDR-FA layer after
wet testing was an order of magnitude lower than at the start of the test (drop from ~ 10 GPa to 200 MPa)
and also significantly lower than the stiffness recorded on the Phase 1a FDR-FA layer (~ 1,500 MPa) after
dry testing. This drop in stiffness during testing was attributed in part to breaking of the asphalt and
cement bonds under loading and consequent damage in the form of microcracking in the initial part of the
test, and thereafter to moisture-related damage caused by trafficking under wet conditions. These
measurements are consistent with data collected on a range of field projects (1). The FDR-FA layer
stiffness was still considerably higher than that recorded on the two FDR-NS sections after completion of

trafficking, despite the significantly higher number of equivalent single axle loads applied (5.7 million on
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the FDR-FA section compared to 233,000 on the FDR-NS [60 mm] section and 3.3 million on the FDR-
NS [120 mm] section).
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Figure 7.38: 681HC: Backcalculated stiffness of recycled layer (FWD).

7.5.11 Visual Assessment

Rutting and cracking were recorded on the section. Transverse, longitudinal, and fatigue cracks were all

recorded, with most of the fatigue cracking in the vicinity of the pressure cell (Station 4) and MDD

(Station 14). Transverse cracks were first observed at these two locations after approximately 365,000

load repetitions when the wheel load was at 60 kKN and they continued to propagate and spread for the

remainder of the test.

Terminal cracking (2.5 m/m® [0.75 ft/ft’]) was reached after approximately

625,000 load repetitions when the wheel load was at 80 kN. The total length of all cracks at the end of the

test (750,000 load repetitions) was 95.7 m (314.0 ft), which equates to an average crack density of

11.9 m/m? (3.6 ft/ft*) on the test section, indicating that most cracks propagated under the heavier wheel

loads. The location of the cracks and the crack pattern at 625,000 load repetitions and at the end of the

test are shown in Figure 7.39. Photographs of the test section after HVS testing are shown in Figure 7.40.
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Figure 7.39: 681HC: Crack location and pattern after 625,000 and 750,000 load repetitions.
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Figure 7.40: 681HC: Test section photographs.

7.6 Section 682HB: Portland Cement (FDR-PC)

7.6.1 Test Summary

Loading commenced with a 40 kN (9,000 Ib) half-axle load on February 12, 2015, and ended with a
100 kN (22,500 1b) load on May 12, 2015. A total of 1,000,000 load repetitions were applied and 86
datasets were collected. Loading on this section was terminated at this point well after the terminal crack
density criterion has been reached, but well before the terminal rut criterion was reached, in the interest of

completing the project within the project time and financial constraints. Load was increased from 40 kN
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to 60 kN (13,500 Ib) and then to 80 kN (18,000 1b) and 100 kN (22,500 Ib.) after 315,000, 515,000, and
765,000 load repetitions, respectively. One breakdown occurred during testing on this section. The HVS

loading history for Section 682HB is shown in Figure 7.41.
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Figure 7.41: 682HB: HVS loading history.

At the start of the test, moisture contents in the recycled layer, original aggregate base, and subgrade
layers were 1.4, 6.4, and 13.8 percent of the dry weight of the materials, respectively. In this test, the pre-
soaking period did not appear to influence the moisture content of the recycled layer; however, the
moisture content of the underlying original base layer was higher than that recorded in the Phase 1 dry test

and this was attributed to moisture ingress from the wet tests in the adjacent lane.

7.6.2 Air Temperatures

Outside Air Temperatures

Daily 24-hour average outside air temperatures are summarized in Figure 7.42. Vertical error bars on each
point on the graph show the daily temperature range. Temperatures ranged from 2°C to 33°C (36°F to
91°F) during the course of HVS testing, with a daily 24-hour average of 15°C (59°F), an average

minimum of 8°C (46°F), and an average maximum of 23°C (73°F).

Air Temperatures in the Environmental Chamber

The daily 24-hour average air temperatures recorded in the environmental chamber, calculated from the
hourly temperatures recorded during HVS operation, are shown in Figure 7.43. Vertical error bars on

each point on the graph show the daily temperature range.
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Figure 7.42: 682HB: Daily average air temperatures outside the environmental chamber.
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Figure 7.43: 682HB: Daily average air temperatures inside the environmental chamber.

During the test, air temperatures inside the environmental chamber ranged from 12°C to 39°C (54°F to
102°F) with an average of 28°C (82°F) and a standard deviation of 2.2°C (4.0°F). Air temperature was
adjusted to maintain a pavement temperature of 30°Cx4°C (86°F£7°F) at a pavement depth of 50 mm
(2.0 in.). Some problems continued to be experienced with the heaters and in maintaining the required
temperature at certain times during the test, but the recorded pavement temperatures discussed in
Section 7.6.3 indicate that once these issues were resolved, the inside air temperatures were adjusted

appropriately to maintain the required pavement temperature.
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7.6.3 Pavement Temperatures
Daily 24-hour averages of the air, surface, and in-depth temperatures of the asphalt concrete and recycled

layers are listed in Table 7.5 and shown in Figure 7.44.

Table 7.5: 682HB: Temperature Summary for Air and Pavement

Temperature Layer Average (°C) | Std.Dev. (°C) | Average (°F) | Std. Dev. (°F)
Outside air - 15 3.1 59 5.6
Inside air - 28 2.2 82 4.0
Pavement surface AC 27 2.4 81 43
- 25 mm below surface AC 27 3.2 81 5.8
- 50 mm below surface AC 26 2.3 79 4.1
- 90 mm below surface FDR 25 2.1 77 3.8
- 120 mm below surface FDR 25 2.0 77 3.6
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Figure 7.44: 682HB: Daily average pavement temperatures.

Pavement temperatures were slightly below the 30°C target, but within the acceptable range. This was
consistent with the other Phase 2 tests, with the lower temperatures being attributed to the constant flow of
water across the section, which although preheated to 30°C, still appeared to have a cooling effect.

Pavement temperatures decreased slightly with increasing depth in the asphalt concrete.

7.6.4 Permanent Deformation on the Surface (Rutting)

Figure 7.45 shows the average transverse cross section measured with the laser profilometer at various
stages of the test and illustrates the increase in rutting and deformation over the duration of the test. This
plot shows that most of the deformation was in the form of a depression rather than upward and outward
displacement of the material above the zero elevation point. The plot also shows similar performance

trends to those measured on the Phase 1a dry test.
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Figure 7.45: 682HB: Profilometer cross section at various load repetitions.

Figure 7.46 shows the development of permanent deformation (average maximum rut and average
deformation) with load repetitions for the test section. The results for the Phase la dry test
(Section 674HB) are shown for comparison. The embedment phase on the Phase 2 wet test was very short
with very little measurable rutting. The average maximum total rut at the end of the embedment phase
was about 1.0 mm (0.04 in.), which was the same as that recorded on the Phase 1 dry test. The rate of rut
depth increase after the embedment phase was also very slow, indicating that the stabilized layer was not
weakened by water soaking. The rate increased after the load was increased to 80 kN, primarily due to
spalling of a reflected crack near Station 3, and to some distress (primarily cracking and raveling) in the
vicinity of the multi-depth deflectometer at Station 13. Error bars on the average maximum total rut
reading indicate that there was very little variation along the length of the section. Due to time and budget

limitations the test was halted when the average maximum total rut depth reached 3.2 mm (0.13 in.).

Figure 7.47 shows contour plots of the pavement surface at the start and end of the test (1,000,000 load
repetitions). The plot shows the relative uniformity of the rut depth over the length of the section, with the
single area of distress at Station 13. The test was halted long before the terminal rut (12.5 mm [0.5 in.])

was reached.

After completion of trafficking, the average total maximum rut depth and the average deformation were
3.1 mm (0.12 in.) and 2.7 mm (0.11 in.), respectively. The maximum rut depth measured on the section

was 12.2 mm (0.48 in.), recorded at Station 13.
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Figure 7.46: 682HB: Average maximum total rut and average deformation.
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Figure 7.47: 682HB: Contour plots of permanent surface deformation.
(Note different scales in legends.)

7.6.5 Permanent Deformation in the Underlying Layers

Permanent deformation in the underlying layers, recorded with a multi-depth deflectometer (MDD) at
Station 13 and compared to the surface layer laser profilometer measurements, is shown in Figure 7.48.
The MDD measurements were consistent with the laser profilometer measurements and the measurements
in the Phase la dry test (Section 674HB). Less than 1.0 mm of deformation was recorded in each of the
underlying layers, indicating that moisture soaking had limited effect on the FDR-PC layer and below it.
Deformation in each of the layers is summarized in Table 7.6 (results for the Phase 1a FDR-PC section are
included for comparison). A test pit was not excavated on this test section during the forensic

investigation due to the extremely cemented nature of the material.
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Figure 7.48: 682HB: Permanent deformation in the underlying layers.

Table 7.6: 682HB: Deformation in Each Layer

Layer Layer 682HB 674HB
Thickness Deformation at Deformation at
End of Test* End of Test?
(mm) (in.) (mm) (in.) (mm) (in.)
Surface 60 2.4 2.6 0.10 0.9 0.04
Recycled 250 10.0 0.1 0.00 0.9 0.04
Aggregate Base 320 12.6 0.4 0.02 0.5 0.02
Subgrade - - 0.1 0.00 0.0° 0.09
Total MDD Measured Deformation 3.2 0.13 2.3 0.16
Laser Measured Deformation at Station 13 3.2 0.13 2.3 0.16
11,000,000 load repetitions (~ 17,033,768 ESALs)
2 1,560,565 load repetitions (~ 43,334,874 ESALs)
3 Assumed value

7.6.6 Tensile Strain at the Bottom of the Asphalt Concrete Layer

Tensile strain at the bottom of the asphalt concrete layer was not measured on this section.

7.6.7 Vertical Pressure at the Top of the Recycled Layer

Vertical pressure at the top of the recycled layer was not measured on this section.

7.6.8 Deflection on the Surface (Road Surface Deflectometer)

Figure 7.49 compares elastic surface deflections measured with a road surface deflectometer (RSD) under
a 40 kN half-axle load during the Phase la dry and Phase 2 wet tests. There was very little difference
between the two tests, with deflections on the Phase 2 wet test remaining constant throughout the duration

of the wheel loading. Load changes did not appear to influence deflection in this test.
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Figure 7.49: 682HB: Surface deflection (RSD).

7.6.9 Deflection in the Underlying Layers (Multi-Depth Deflectometer)

Figure 7.50 shows the history of in-depth elastic deflections measured by the LVDTs at the top of the

recycled layer, top of the existing aggregate base, and top of the subgrade in the multi-depth deflectometer

in the FDR-PC section. The LVDT readings show slightly higher deflections than those recorded with the

RSD, and notable increases in deflection when the load was increased, which was expected but was not

apparent in the RSD results. The measurements showed similar trends and deflections to those recorded

during the Phase la dry test. As noted, deflections increased with increasing load, as expected, but

stabilized after each embedment phase with increasing number of load repetitions, suggesting the absence

of any significant distress in the recycled layer.
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Figure 7.50: 682HB: Elastic deflection in the underlying layers.
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7.6.10 Deflection in the Pavement Structure (Falling Weight Deflectometer)

Surface deflection measured with an FWD is summarized in Figure 7.51. Results from the Phase la dry
test (Section 674HB) are included for comparison. The results were generally consistent with the RSD
measurements discussed above, with the section exhibiting very little change in surface deflection after

completion of HVS trafficking. Deflections in the subgrade did not appear to change during the course of

testing.
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Figure 7.51: 682HB: Surface deflection (FWD).

The recycled layer stiffness was backcalculated from the deflection measurements using the CalBack
software package, and the results are summarized in Figure 7.52. The average stiffness of the cement-
stabilized layer before HVS testing was higher (+ 5,000 MPa) than that recorded on the Phase 1a dry test,
indicating that additional strength gain had occurred between the start of the two tests (16 months apart)
and/or that the cement content applied in this part of the test track was marginally higher. Average
stiffness changed very little during the course of HVS testing, unlike the Phase 1a test, during which the
stiffness dropped by approximately 7,000 MPa. This drop in stiffness during Phase la testing was
attributed to breaking of the cement bonds under loading and consequent damage in the form of
microcracking, which did not appear to occur in the Phase 2 testing, probably as a result of the longer
curing period and higher initial strength. There was, however, greater variability in the stiffness along the
length of the section, which was attributed to localized loss of stiffness in the vicinity of a shrinkage crack
in the FDR-PC layer (reflected through the asphalt concrete surfacing) near Station 3. Despite the limited
change in stiffness during the course of the test, fatigue cracking was observed. This was attributed
primarily to debonding of the asphalt concrete from the FDR-PC layer, caused by the very wet conditions

resulting from water injection into the test section. The presence of the recycled asphalt concrete material
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did not appear to affect the stiffness of the layer. The stiffness of the untrafficked areas at either end of

the test section did not change over time.
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Figure 7.52: 682HB: Backcalculated stiffness of recycled layer (FWD).

7.6.11 Visual Assessment

Rutting and cracking were observed on the section. Some raveling, attributed to the prolonged trafficking
on the continuously wet section, was also recorded. Transverse cracks that had reflected through the
asphalt concrete above shrinkage cracks in the underlying cement treated material were visible between
Station 3 and Station 4 long before the start of Phase 2 HVS testing (first observed during the latter part of
Phase la testing on Section 674HB). The first signs of new transverse cracks were observed after
approximately 100,000 load repetitions with the wheel load at 40 kN. These eventually developed into
fatigue cracks covering most of the section during the remainder of HVS testing. Terminal cracking
(2.5 m/m’ [0.75 ft/ft*]) was reached after approximately 530,000 load repetitions when the wheel load was
at 80 kN. The total length of all cracks at the end of the test (1,000,000 repetitions) was 63.3 m (207.7 ft),
which equates to an average crack density of 7.9 m/m” (2.4 ft/ft’). The location of the cracks and the
crack pattern at 530,000 load repetitions and at the end of the test are shown in Figure 7.53. Photographs

of the test section after HVS testing are shown in Figure 7.54.
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Close-up of surface Reflected transverse shrinkage crack

Figure 7.54: 682HB: Test section photographs.

UCPRC-RR-2015-02 171




7.7 Phase 2 HVS Test Summary

The second phase of testing on the four full-depth reclamation sections started in May 2014 and ended in
June 2015. A range of daily 24-hour average temperatures was therefore experienced; however, pavement
temperatures remained constant throughout HVS trafficking. The FDR-FA and FDR-PC sections
performed significantly better than the FDR-NS sections, as expected. Terminal cracking (crack density
of 2.5 m/m* [0.75 ft/ft’]) was reached on all four tests, and terminal rutting (12.5 mm [0.5 in.]) was
reached on both FDR-NS sections and the FDR-FA section, but not on the FDR-PC section. The two
FDR-NS sections performed acceptably given the very wet conditions, with the section with thicker
asphalt surfacing outperforming the section with thinner asphalt surfacing, as expected. Poorer
performance on all four sections during this phase reinforces the importance of ensuring that good
drainage is maintained at all times to prevent infiltration of water into the pavement layers, and that

roadside activities do not interfere with the drainage system.

Rutting behavior on the four Phase 2 sections is compared with that on the Phase 1 sections in Figure 7.55.
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Figure 7.55: Comparison of Phase 1a (dry) and Phase 2 (wet) average maximum rut.

The plot clearly shows the difference in performance between the dry and wet tests and between the
stabilized and unstabilized sections. In Phase 2, terminal rut depths (0.5 in. [12.5 mm]) were recorded on
the FDR-NS (60 mm) section after approximately 215,000 equivalent single axle loads (ESALs) had been
applied, and on the FDR-NS (120 mm) section after more than 1.9 million ESALs had been applied. The

thicker surfacing layer therefore had a significant influence on the performance of the structure under the
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wet conditions. On the FDR-FA section, terminal rut was reached after 3.5 million ESALs. The FDR-PC
section had the best rutting performance, with only 3.2 mm of rutting measured after more than 17 million
ESALs. Permanent deformation in the recycled layers was consistent with the surface measurements,
with considerable deformation recorded in the FDR-NS layers, but very little deformation in the stabilized

layers.

The number of load repetitions at which terminal cracking (2.5 m/m* [0.75 ft/ft’]) was reached on each

section is plotted in Figure 7.56.
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Figure 7.56: Number of load repetitions to reach terminal cracking under wet conditions.

Cracking on the unstabilized sections occurred significantly faster than on the stabilized sections.
Although terminal crack density was reached on the FDR-PC faster than on the FDR-FA section, the crack
density at the end of testing was higher on the FDR-FA section. Cracking was attributed to a combination
of debonding of the asphalt concrete from the recycled layer (and between the two lifts of asphalt concrete
on the one FDR-NS section) and to lower shear strengths/stiffnesses in the underlying layers as a result of

the high moisture contents.

Backcalculated stiffnesses determined from falling weight deflectometer measurements on the Phase 2
FDR-NS, FDR-FA, and FDR-PC sections are compared in Figure 7.57 (note that the y-axis is a log scale
and stiffness on the FDR-NS [60 mm] section does not include the area of severe distress). After HVS
testing, backcalculated stiffness was significantly higher on the FDR-PC section than on the other three
sections. The drop in stiffness from start to completion of testing on the FDR-NS sections was marginal,
but significant on the FDR-FA section. However, the stiffness on the FDR-FA section on completion of

testing was still considerably higher than that recorded on the FDR-NS sections despite it having been
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subjected to much higher traffic loading. As with the Phase 1a tests, the presence of the recycled asphalt
concrete material, the presence of rubber in this material, and the fact that the recycled asphalt was
relatively unaged, did not appear to affect the stiffness of the FDR layers. Recycled aged asphalt would
typically result in slightly high stiffnesses in the recycled layer compared to unaged asphalt.
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Figure 7.57: Comparison of backcalculated stiffness of recycled layer before and after testing.

The advantages of recycling strategies that use either foamed asphalt with cement or cement only over

recycling strategies with no stabilization are again, clearly evident from the results.
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8.

FORENSIC INVESTIGATION

8.1

Introduction

A forensic investigation was carried out after completion of all HVS testing to compare the condition of

the asphalt concrete and underlying layers within and outside the HVS trafficked areas, and to collect

samples for laboratory testing.

8.2

Forensic Investigation Procedure

The forensic investigation included the following tasks:

1.

whk W

o

8.
9.
10.
11.

Demarcate test pit locations

Saw the asphalt concrete

Remove the slab and inspect surfacing/base bond

Determine the wet density of the FDR layer, original aggregate base (nuclear density gauge)
Determine the in situ strength of the FDR layer, original base, and subgrade (dynamic cone
penetrometer)

Remove the base and subgrade material

Sample material from the FDR layer, original base and subgrade for moisture content
determination

Measure layer thicknesses

Describe and photograph the profile (descriptions were done in accordance with ASTM D2488)
Sample additional material from the profile if required

Reinstate the pit

The following additional information is relevant to the investigation:

The procedures for HVS test section forensic investigations as detailed in the document entitled
Quality Management System for Site Establishment, Daily Operations, Instrumentation, Data
Collection and Data Storage for APT Experiments (69) were followed.

The saw cuts were made at least 50 mm into the FDR layer to ensure that the slab could be removed
from the pit without damaging the test pit faces.

Nuclear density measurements were taken between the test section centerline and the inside edge of
the test section. Two readings were taken: the first with the gauge aligned with the direction of
trafficking and the second at 90° to the first measurement (Figure 8.1).

Two sets of DCP measurements were taken. The first was taken in the trafficked area between the
test section centerline and inside edge of the test section and the second was taken in the
untrafficked areas between the edge of the test section and the edge of the test pit (Figure 8.1).
Layer thicknesses were measured from a leveled reference straightedge above the pit. This allowed
the crossfall of the section to be included in the profile. Measurements were taken across the pit at
50 mm (2.0 in.) intervals.
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Figure 8.1: Test pit layout.
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8.3 Test Pit Excavation

One test pit was excavated on each HVS test section (between Stations 3 and 5 [see Figure 8.1]) except on
Section 675 (FDR-EE#1). Test pits were excavated to a depth approximately 200 mm (8 in.) into the
subgrade. However, the test pits on Sections 674HB and 68§2HB (FDR-PC) were only partially excavated

due to the strongly cemented nature of the FDR layer. The Station 3 test pit face was evaluated in all pits.

8.4  Density and Moisture Content

Density and moisture content measurements recorded with a nuclear gauge on each section are listed in
Table A.1 through Table A.10 in Appendix A. No measurements were taken in the test pit on
Section 682HB (FDR-PC wet) due to difficulties with excavating the cemented material. The tables
include the wet and dry density and moisture content of the recycled layer, existing base, and subgrade in
the HVS wheelpath (see Figure 8.1). Laboratory-determined gravimetric moisture contents of the FDR
layer, original base material (average of two samples from the top and bottom of the excavated base) and
subgrade material, as well as recalculated dry densities of each layer (using the average gauge-determined
wet density and laboratory-determined gravimetric moisture content), are also provided. Each gauge
measurement is an average of two readings taken at each location in the pit (gauge perpendicular to
wheelpath and parallel to wheelpath as shown in Figure 8.1). Measurements for the FDR layers in each

section are summarized in Table 8.1.

The following observations were made:

o It was accepted that densities and moisture contents recorded during the forensic investigation were
not necessarily representative of actual conditions during and immediately after HVS trafficking
given that the forensic investigation was undertaken on completion of all HVS testing.
Consequently, the interval between completion of an HVS test and the forensic investigation was as
much as 30 months.

e Densities increased with increasing depth, mostly following a similar pattern to the densities
measured after construction of the test track. The densities measured on the FDR-NS sections were
higher than those measured on those sections immediately after construction, indicating that some
densification during HVSS trafficking may have occurred.

e Wet densities were generally consistent throughout the test track. Average nuclear gauge—
determined wet densities of the FDR layers for the four depths measured ranged between
2,079 kg/m® (129.8 Ib/ft’) on the Phase 2 FDR-FA wet test (Section 681HC) and 2,254 kg/m’
(140.7 1b/ft’) on the Phase 2 FDR-NS (120 mm) wet test (Section 684HB).

e The average nuclear gauge-determined dry densities of the FDR layers ranged between 1,837 kg/m’
(114.7 1b/ft*) on Section 68 1HC and 2,074 kg/m® (129.5 1b/ft’) on Section 684HB.
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Table 8.1: Summary of FDR Layer Density and Moisture Content Measurements

Nuclear (;;‘-auge Laboratory

; Wet MC Dry MC Recalculated
Section Density Density Dry Density?

(kg/m?) (Ib/ft%) (%) (kg/m®) (Ib/ft®) (%) (kg/m?) (Ib/ft%)

672HB Average 2,211 138.1 8.7 2,036 127.1 3.6 2,135 133.3
Std. Dev.’ 92 5.7 0.5 92 5.7 N/A 89 5.5

677THC Average 2,209 137.9 8.9 2,029 126.7 4.1 2,122 132.4
Std. Dev. 80 5.0 0.6 84 53 N/A 77 4.8

673HB Average 2,190 136.7 12.6 1,945 1214 5.0 2,086 130.2
Std. Dev. 34 2.1 0.5 37 23 N/A 33 2.0

674HB Average 2,126 132.7 12.2 1,927 120.3 4.2 2,040 127.4
Std. Dev. 61 3.8 0.5 105 6.6 N/A 59 3.7

676HC Average 2,169 1354 12.8 1,923 120.1 4.5 2,076 129.6
Std. Dev. 83 5.2 0.6 83 5.2 N/A 79 5.0

685HB Average 2,235 139.5 10.0 2,043 127.6 5.7 2,114 132.0
Std. Dev. 18 1.1 0.3 27 1.7 N/A 17 1.1

683HC Average 2,219 138.6 9.1 2,035 127.1 3.0 2,155 134.5
Std. Dev. 69 4.3 0.3 68 43 N/A 67 4.2

684HB Average 2,254 140.7 8.7 2,074 129.5 3.7 2,174 135.7
Std. Dev. 107 6.7 0.8 112 7.0 N/A 103 6.4

681HC Average 2,079 129.8 13.4 1,837 114.7 6.5 1,952 121.9
Std. Dev. 207 12.9 1.8 210 13.1 N/A 195 12.1

682HB Qfggj No Measurements Taken
' Moisture content % Recalculated using laboratory determined moisture content * Standard deviation
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Average nuclear gauge—determined moisture contents of the FDR layers, measured at four intervals,
ranged between 8.7 percent (Sections 672HB and 684HB) and 13.4 percent (Section 681HC). This
wide range was attributed to differences between dry and wet tests, and the time interval between
conducting the wet test and the forensic investigation.

Laboratory-determined gravimetric moisture contents of the FDR layers varied between 3.0 percent
(Phase 2 FDR-NS [60 mm] [Section 683HC]) and 6.5 percent (Phase 2 FDR-FA [Section 681HC]).
These moisture contents were considerably lower than those recorded by the nuclear gauge, and
appeared more consistent with visual evaluations of the test pit face and more representative of
typical dry back conditions in base materials. The higher moisture contents determined with the
nuclear gauge were attributed in part to the presence of recycled asphalt, foamed asphalt and/or
asphalt emulsion in the layer. Recalculated dry densities, determined using the gauge wet density
and gravimetric moisture content, were therefore considerably higher than the gauge-determined
dry densities and more representative of what would be expected on highway projects.

Densities recorded in the existing base and in the subgrade were consistent with previous
measurements on these layers. Considerable differences between nuclear gauge-determined
moisture contents and those determined by oven drying were recorded.

Laboratory-determined gravimetric moisture contents for the existing base materials ranged
between 4.5 percent and 10.8 percent for the nine test pits, with the difference attributed to dry and
wet testing and the time interval between wet testing and the forensic investigation. Visual
observations in the test pits confirmed these differences.

Laboratory-determined gravimetric moisture contents for the subgrade materials ranged between
12.6 percent and 17.7 percent for the nine test pits, indicating a significant difference in moisture
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contents between the base and subgrade materials. Visual observations in the test pits also
confirmed this difference.

8.5 Dynamic Cone Penetrometer

Dynamic cone penetrometer (DCP) measurements were recorded in each test pit in the HVS wheelpath
and in the adjacent untrafficked area (note that no DCP tests were completed on the FDR-PC sections due
to the strongly cemented nature of the material). Measurements and plots are provided in Appendix A. A
summary of the measurements is provided in Table 8.2. The results show considerable variation between
the different FDR strategies, with the FDR-FA significantly stronger/stiffer than the FDR-NS and
FDR-EE layers. Minor variations were noted in the original base and subgrade layers between the
different sections; however, this was attributed more to stones and differences in moisture content in the
material and not to any significant differences in strength/stiffness. Variation in the subgrade strengths/

stiffnesses was attributed to the remnants of lime treatments during construction of the UCPRC facility.

8.6 Test Pit Profiles

Test pit profile illustrations are provided in Appendix A. Average measurements for each profile at
Station 3 are listed in Table 8.3. The average layer thicknesses include the wheelpath depression and
adjacent material displacement (bulge). As expected, minimum thickness measurements were always
recorded in one of the wheelpaths, while maximum thickness measurements were always recorded in one
of the adjacent areas of displacement. Design thicknesses for the asphalt surfacing, FDR layer, and

original base layer were 60 mm, 250 mm, and 320 mm, respectively (0.2 ft, 0.8 ft, and 1.1 ft).

The measurements from each test pit show that layer thickness consistency on each test section was fairly
good based on the low standard deviations recorded. The average thickness of the asphalt concrete layer
(including distressed areas) varied between 55 mm (0.18 ft.) on Section 685HB and 68 mm (0.23 ft.) on
Sections 672 HB and 676HC. Average thicknesses measured in the test pits were consistent with the
measurements from cores sampled after construction, as discussed in Section 3.6.5 Average thickness of
the FDR layer varied between 262 mm (0.87 ft.) on Section 677HC and 301 mm (1.0 ft.) on Section
683HC. Average thickness of the original base layer varied between 301 mm (1.0 ft.) on Section 685HB
and 345 mm (1.15 ft.) on Section 676HC.

A discussion of the observations from each test pit is provided in the following sections.
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Table 8.2: Summary of Dynamic Cone Penetrometer Measurements

Phase Test FDR Original Base Subgrade
Section Blows to mm/ MC Estimated mm/ MC Estimated mm/ MC Estimated
800 mm Blow (%) Modulus Blow (%) Modulus Blow (%) Modulus
(MPa [ksi]) (MPa [ksi]) (MPa [ksi])
la 672HB | FDR-NS 210 2.8 3.6 368 3.7 4.8 276 8.0 17.4 123
677HC FDR-NS 188 3.8 4.1 275 2.9 5.0 355 11.7 15.2 82
673HB | FDR-FA 538 0.8 5.0 1,357 2.1 4.8 518 10.5 12.6 92
674HB | FDR-PC N/A N/A 42 N/A 2.4 N/A 445 8.4 N/A 117
676HC | FDR-EE 198 2.7 4.5 388 3.7 5.2 275 12.9 16.7 74
1b 685HB | FDR-FA N/A N/A 5.7 N/A 2.0 10.5 548 12.0 17.7 80
2 683HC | FDR-NS 187 35 3.0 291 3.6 4.7 284 10.6 14.9 91
684HB | FDR-NS 178 39 3.7 263 3.3 5.7 314 14.3 14.3 66
681HC | FDR-FA N/A N/A 6.5 N/A 3.0 5.7 362 9.8 15.4 99
682HB | FDR-PC N/A N/A N/A N/A 4.0 N/A 254 9.4 N/A 103
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Table 8.3: Average Layer Thicknesses from Test Pit Profiles (Station 3)

Phase Test Layer Average Std. Deviation Minimum Maximum
Section (mm) (ft.) (mm) (ft.) (mm) (ft.) (mm) (ft)
AC 68 0.23 5 0.02 59 0.20 78 0.26
672HB FDR-NS (60mm) FDR 270 0.90 9 0.03 256 0.85 286 0.95
Base 335 1.12 10 0.03 313 1.04 348 1.16
AC-1 61 0.20 2 0.01 57 0.19 65 0.22
AC-2 57 0.19 4 0.01 51 0.17 64 0.21
677HC | FDR-NS (120mm) FDR 262 0.87 10 0.03 245 0.82 280 0.93
Base 306 1.02 4 0.01 296 0.99 314 1.05
la AC 57 0.19 4 0.01 50 0.17 65 0.22
673HB FDR-FA FDR 296 0.99 10 0.03 283 0.94 312 1.04
Base 320 1.07 9 0.03 307 1.02 336 1.12
AC
674HB FDR-PC FDR No Measurements Taken
Base
AC 68 0.23 4 0.01 58 0.19 76 0.25
676HC FDR-EE FDR 266 0.89 15 0.05 243 0.81 299 1.00
Base 345 1.15 10 0.03 316 1.05 359 1.20
AC 55 0.18 0.02 47 0.16 68 0.23
1b 685HB FDR-FA FDR 284 0.95 8 0.03 270 0.90 300 1.00
Base 301 1.00 8 0.03 290 0.97 320 1.07
AC 67 0.22 0.02 58 0.19 100 0.33
683HC FDR-NS (60mm) FDR 301 1.00 21 0.07 267 0.89 338 1.13
Base 331 1.00 20 0.07 295 0.98 363 1.21
AC-1 64 0.21 6 0.02 57 0.19 76 0.25
AC-2 49 0.16 3 0.01 42 0.14 54 0.18
684HB | FDR-NS (120mm) FDR 268 0.89 14 0.05 251 0.84 29 0.97
2 Base 310 1.03 7 0.02 296 0.99 319 1.06
681HC AC 61 0.20 6 0.02 54 0.18 75 0.25
FDR-FA FDR 293 0.98 17 0.06 264 0.88 322 1.07
Base 318 1.06 18 0.06 295 0.98 345 1.15
AC
682HB FDR-PC FDR No Measurements Taken
Base

UCPRC-RR-2015-02

181




8.7 Phase 1la Test Pit Observations

8.7.1 Section 672HB: No Stabilizer with 60 mm Surfacing (FDR-NS [60 mm])
Observations from the test pit on Section 672HB (Figure 8.2 and Figure A.11) include:

e The average thickness of the asphalt concrete was marginally thicker (68 mm [0.23 ft.]) than the
design thickness (60 mm [0.2 ft.]).

e Rutting was measured in the asphalt concrete, FDR, and original base layers and at the top of the
subgrade (Figure 8.2a and Figure 8.2b), confirming the measurements recorded during HV'S testing
(Table 5.2). Minor displacement was recorded on either side of the trafficked area in the asphalt
concrete layer and in the top of the FDR layer. Apart from rutting, no other distresses were noted in
the asphalt layer.

e The asphalt concrete layer was well bonded to the FDR layer, and the FDR layer was well bonded
to the aggregate base. The prime coat appeared to have penetrated between 5 mm and 10 mm
(0.2 in. and 0.4 in.) into the top of the FDR layer (Figure 8.2b).

(c) Oversize recycled asphalt pavement in FDR layer (d) Subgrade material showing expansive clay

Figure 8.2: 672HB: Test pit photographs.

e FDR layer thickness showed very little variation across the profile. The material was well graded
and aggregates were mostly rounded (little evidence of crushing) with some elongation. Some large
pieces of recycled asphalt pavement were visible in the FDR layer (Figure 8.2c), indicating that
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complete pulverization of the original pavement was not achieved. This could be related to the
speed of the recycler (i.e., too fast) during construction of the section. The material was rated as
dense throughout the layer.

Some variation was noted in the thickness at the bottom of the original base layer. The material was
well graded and aggregates were mostly rounded with some flakiness. No oversize material was
observed, and the material properties appeared to be consistent (Figure 8.2a). The material was
rated as dense throughout the layer. No organic matter was observed.

Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

The subgrade was moist, silty-clay material (Figure 8.2d). Consistency was rated as soft and some
shrinkage and slickenslides were observed. Some evidence (hydrochloric acid reaction) of the lime
treatment during the original site preparation for construction of the UCPRC facility in 2008 was
noted. No organic matter was observed.

8.7.2  Section 677HC: No Stabilizer with 120 mm Surfacing (FDR-NS [120 mm])

Observations from the test pit on Section 677HC (Figure 8.3 and Figure A.12) include:

The average thickness of the bottom lift of asphalt concrete was slightly thinner (59 mm [0.19 ft.])
than the design thickness (60 mm [0.2 ft.]), while the top lift was marginally thicker 61 mm
[0.20 ft.]).

Minor rutting was measured in the asphalt concrete, and in the FDR and original base layers
(Figure 8.3a). No rutting could be distinguished at the top of the subgrade, confirming the
measurements recorded during HVS testing (Table 5.4). Minor displacement was recorded on either
side of the trafficked area in the asphalt concrete layer. Apart from rutting, no other distresses were
noted in the asphalt layer.

Debonding between the two lifts of asphalt was noted in the trafficked area, but not in the
untrafficked area (Figure 8.3b). The asphalt concrete layer was well bonded to the FDR layer, and
the FDR layer was well bonded to the aggregate base. The prime coat appeared to have penetrated
between 5 mm and 10 mm (0.2 in. and 0.4 in.) into the top of the FDR layer.

FDR layer thickness showed very little variation across the profile. The material was well graded
and aggregates were mostly rounded (little evidence of crushing) with some flakiness. Some large
pieces of recycled asphalt pavement were visible in the FDR layer (Figure 8.3c), indicating that
complete pulverization of the original pavement was not achieved, probably as a result of a higher
than appropriate forward speed by the reclaimer during track recycling. The material was rated as
dense throughout the layer.

The original base thickness layer showed little variation across the bottom of the layer. The material
was well graded and aggregates were mostly rounded with some flakiness. No oversize material
was observed, and the material properties appeared to be consistent (Figure 8.3a). The material
consistency was rated as dense throughout the layer. No organic matter was observed.
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(b) Debonding between asphalt layers
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(c) Oversize recycled asphalt pavement in FDR layer

Figure 8.3: 677HC: Test pit photographs.

e Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers. The layer definition
between the original base and subgrade was clear. Some punching of the base into the subgrade was
noted.

e The subgrade was moist, silty-clay material. Consistency was rated as soft and some shrinkage and
slickenslides were observed. Some evidence (hydrochloric acid reaction) of the lime treatment
during the original site preparation for construction of the UCPRC facility in 2008 was noted. No
organic matter was observed.

8.7.3  Section 673HB: Foamed Asphalt with Cement (FDR-FA)
Observations from the test pit on Section 673HB (Figure 8.4 and Figure A.13) include:

e The average thickness of the asphalt concrete was marginally thinner (57 mm [0.19 ft.]) than the
design thickness (60 mm [0.2 ft.]).

e Limited rutting was measured in the asphalt concrete layer. No rutting could be distinguished in the
FDR and original base layers or at the top of the subgrade (Figure 8.4a), confirming the
measurements recorded during HVS testing (Table 5.6). No visible displacement was recorded on
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either side of the trafficked area in the asphalt concrete layer. Apart from rutting, no other distresses
were noted in the asphalt layer.

e The asphalt concrete layer was well bonded to the FDR layer, and the FDR layer was well bonded
to the aggregate base. Prime coat penetration into the FDR layer could not be distinguished.

e There was very little variation in the FDR layer thickness across the profile. The material was well
graded and aggregates were mostly rounded (little evidence of crushing) with some flakiness. The
stabilized material was consistent and rated as extremely hard throughout the layer, indicating that
satisfactory stabilization had occurred (Figure 8.4b). No large pieces of recycled asphalt pavement
were visible, indicating that complete pulverization of the original pavement was achieved.

o The original base had minimal variation across the layer. The material was well graded and
aggregates were mostly rounded with some flakiness. No oversize material was observed, and the
material properties appeared to be consistent (Figure 8.4b). The material was rated as dense
throughout the layer. No organic matter was observed.

(b) Close-up views of FDR layer

Figure 8.4: 673HB: Test pit photographs.

e Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers.

e The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.
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The subgrade was moist, silty-clay material. Consistency was rated as soft and some shrinkage and
slickenslides were observed. Some evidence (hydrochloric acid reaction) of the lime treatment
during the original site preparation for construction of the UCPRC facility in 2008 was noted. No
organic matter was observed.

8.7.4 Section 674HB: Portland Cement (FDR-PC)
The test pit on Section 674HB was only partially excavated due to difficulty in breaking up the strongly

cemented material. Observations from this partial excavation (Figure 8.5) include:

The average thickness of the asphalt concrete was marginally thinner (57 mm [0.19 ft.]) than the
design thickness (60 mm [0.2 ft.]).

Limited rutting was measured in the asphalt concrete layer. No rutting could be distinguished in the
FDR and original base layers or at the top of the subgrade (Figure 8.5a), confirming the
measurements recorded during HVS testing (Table 5.8). No visible displacement was recorded on
either side of the trafficked area in the asphalt concrete layer. Apart from rutting, no other distresses
were noted in the asphalt layer.

The asphalt concrete layer was well bonded to the FDR layer, and the FDR layer was well bonded
to the aggregate base. Prime coat penetration into the FDR layer could not be distinguished.

There was very little variation in the FDR layer thickness across the profile. The material was well
graded and aggregates were mostly rounded (little evidence of crushing) with some flakiness. The
stabilized material was consistent and rated as extremely dense throughout the layer, indicating that
satisfactory stabilization had occurred. A strong phenolphthalein reaction (i.e., pH >12) was
observed in the FDR layer (Figure 8.5b) confirming the stabilization reaction and that no
carbonation had occurred. No large pieces of recycled asphalt pavement were visible, indicating
that complete pulverization of the original pavement was achieved.

(a) General view of test pit (b) Phenolphthalein reaction on FDR-PC layer
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Figure 8.5: 674HB: Test pit photographs.

The original base had minimal variation across the layer. The material was well graded and
aggregates were mostly rounded with some flakiness. No oversize material was observed, and the
material properties appeared to be consistent. The material was rated as dense throughout the layer.
No organic matter was observed.
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Moisture content in the FDR and original base layers was rated as dry and moist, respectively, with
moisture content appearing to increase near the subgrade. There was no indication of higher
moisture content at the interfaces between the asphalt concrete, FDR, and original base layers.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

The subgrade was moist, silty-clay material. Consistency was rated as soft and some shrinkage and
slickenslides were observed. Some evidence (hydrochloric acid reaction) of the lime treatment
during the original site preparation for construction of the UCPRC facility in 2008 was noted. No
organic matter was observed.

8.7.5 Section 675HC: Engineered Emulsion (FDR-EE#1)

No forensic investigations were undertaken on this section.

8.7.6  Section 676HC: Engineered Emulsion (FDR-EE#2)
Observations from the test pit on Section 676HC (Figure 8.6 and Figure A.15) include:

The average thickness of the asphalt concrete (including areas of distress) was marginally thicker
(68 mm [0.22 ft.]) than the design thickness (60 mm [0.2 ft.]).

Severe rutting was measured in the asphalt concrete and FDR layers. No rutting could be
distinguished in the original base layer or at the top of the subgrade (Figure 8.6a and Figure 8.6b),
confirming the measurements recorded during HVS testing (Table 5.12). Severe displacement was
recorded on either side of the trafficked area in the asphalt concrete layer and top of the FDR layer.
Severe bottom-up fatigue cracking (i.e., some cracks had not propagated all the way through to the
surface) was also noted in the asphalt layer (Figure 8.6¢).

The asphalt concrete layer was well bonded to the FDR layer, and the FDR layer was well bonded
to the aggregate base. Prime coat penetration into the FDR layer could not be distinguished.

There was significant variation in the FDR layer thickness across the profile, attributable to the
severe rutting measured in the top of the layer. The material was well graded and aggregates were
mostly rounded (little evidence of crushing) with some flakiness. The stabilized material was
consistent and rated as dense throughout the layer, indicating that some stabilization had occurred
(Figure 8.6a). No large pieces of recycled asphalt pavement were visible indicating that complete
pulverization of the original pavement was achieved.

The original base had minimal variation across the layer. The material was well graded and
aggregates were mostly rounded with some flakiness. No oversize material was observed, and the
material properties appeared to be consistent (Figure 8.6a). The material was rated as dense
throughout the layer. No organic matter was observed.

Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

The subgrade was moist, silty-clay material. Consistency was rated as soft and some shrinkage and
slickenslides were observed. Some evidence (hydrochloric acid reaction) of the lime treatment
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during the original site preparation for construction of the UCPRC facility in 2008 was noted. No

organic matter was observed.

et

(b) Rutting in asphalt and FDR layer (c) Cracks in asphalt layer

8.8

8.8.1

Figure 8.6: 676HC: Test pit photographs.

Phase 1b Test Pit Observations

Section 685HB: Foamed Asphalt with Cement (FDR-FA)

Observations from the test pit on Section 685SHB (Figure 8.7 and Figure A.15) include:
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The average thickness of the asphalt concrete was marginally thinner (56 mm [0.19 ft.]) than the
design thickness (60 mm [0.2 ft.]).

Rutting was measured in the asphalt concrete layer. No rutting could be distinguished in the FDR
and original base layers, but some rutting was measured at the top of the subgrade (Figure 8.7a and
Figure 8.7b). Minor displacement was observed on either side of the trafficked area in the asphalt
concrete layer, but not in the underlying layers. Some cracks were observed in the asphalt concrete
and FDR layers (Figure 8.7¢). No other distresses were noted in the asphalt layer.

The asphalt concrete layer was mostly well bonded to the FDR layer, and the FDR layer was well
bonded to the aggregate base. Prime coat penetration into the FDR layer could not be distinguished.
Observations of the FDR layer were consistent with those from the Phase 1a FDR-FA test pit
(Section 673HB). There was very little variation in the FDR layer thickness across the profile. The
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material was well graded and aggregates were mostly rounded (little evidence of crushing) with
some flakiness. The stabilized material was consistent and rated as extremely dense throughout the
layer, indicating that satisfactory stabilization had occurred (Figure 8.7b). No large pieces of
recycled asphalt pavement were visible indicating that complete pulverization of the original
pavement was achieved.

ompleted: 091412015

(a) General view of test pit

(¢) Cracks in asphalt and FDR layers

Figure 8.7: 685HB: Test pit photographs.

Observations of the original base layer were consistent with those from the Phase 1a test pit.
Moisture content in the FDR and original base layers was rated as wet in the trafficked area and
moist in the untrafficked areas, with moisture content appearing to increase near the subgrade. This
retained moisture was attributed to the wet testing on the adjacent test sections. There was no
indication of higher moisture content at the interfaces between the asphalt concrete, FDR, and
original base layers.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

The subgrade was wet, silty-clay material. Consistency was rated as soft. No lime reaction or
organic matter was observed.

UCPRC-RR-2015-02 189




8.9 Phase 2 Test Pit Observations

8.9.1 Section 683HC: No Stabilizer with 60 mm Surfacing (FDR-NS [60 mm])
Observations from the test pit on Section 683HC (Figure 8.8 and Figure A.16) include:

o The average thickness of the asphalt concrete was marginally thicker (67 mm [0.23 ft.]) than the
design thickness (60 mm [0.2 ft.]) and the same as that recorded on the Phase la section tested
under dry conditions (Section 672HB).

(e) Cracks and debonding in asphalt concrete with pumped material

Figure 8.8: 683HC: Test pit photographs.
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Rutting was measured in all layers in the test pit (Figure 8.8a and Figure 8.8b). Major displacement
was recorded on either side of the trafficked area in the asphalt concrete layer and in the top of the
FDR layer. Severe alligator cracking was also observed in the asphalt layer. Pumping of fine
material from the FDR layer through the asphalt concrete was also observed.

The asphalt concrete layer had debonded from the FDR layer and a void between the two layers was
clearly visible (Figure 8.8). Prime coat penetration could not be determined. The FDR layer was
well bonded to the aggregate base.

Apart from the distressed areas, there was very little variation in the thickness of the FDR layer
across the profile. The material was well graded and aggregates were mostly rounded (little
evidence of crushing) with some flakiness. Some large pieces of recycled asphalt pavement were
visible in the FDR layer (Figure 8.8a), similar to those observed in the test pit on Section 672HB,
indicating that complete pulverization of the original pavement was not achieved. The material was
rated as dense throughout the layer.

The original base layer material was consistent with the observations in the Phase la test pit on
Section 672HB (Figure 8.8a). The material was rated as dense throughout the layer. No organic
matter was observed.

Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

The subgrade was moist, silty-clay material and was consistent with the subgrade material and
condition observed in the Phase la test pit on Section 672HB.

8.9.2 Section 684HB: No Stabilizer with 120 mm Surfacing (FDR-NS [120 mm])
Observations from the test pit on Section 684HB (Figure 8.9 and Figure A.17) include:

The average thickness of the bottom lift of asphalt concrete was slightly thinner (59 mm [0.19 ft.])
than the design thickness (60 mm [0.2 ft.]), while the top lift was marginally thicker 64 mm
[0.20 ft.]).

Rutting was measured in the asphalt concrete layers and in the FDR layer, but not in the original
base layer (Figure 8.9a). No rutting could be distinguished at the top of the subgrade. Minor
displacement was recorded on either side of the trafficked area in the asphalt concrete layers.
Cracking was observed in both lifts of asphalt concrete (Figure 8.9b).

Debonding between the two lifts of asphalt was noted in the trafficked area, but not in the
untrafficked area (Figure 8.9b). Moisture was present in the join. Some debonding between the
lower lift of asphalt concrete and the FDR layer was also observed. Prime coat penetration could
not be distinguished. The FDR layer was well bonded to the aggregate base.

The FDR and original base layer thicknesses showed little variation across the profile and were
consistent with the observations and measurements in the test pit on the Phase 1a section tested
under dry conditions (Section 677HC).

Moisture content in the FDR and original base layers was rated as moist, with moisture content
appearing to increase near the subgrade. There was no indication of higher moisture content at the
interfaces between the asphalt concrete, FDR, and original base layers.
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(a) General view of test pit

(b) Cracks and debonding in asphalt layers

Figure 8.9: 684HB: Test pit photographs.

The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

Observations of the subgrade were consistent with the observations and measurements in the test pit
on the Phase 1a section.

8.9.3 Section 681HC: Foamed Asphalt with Cement (FDR-FA)
Observations from the test pit on Section 681HC (Figure 8.10 and Figure A.18) include:
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e The average thickness of the asphalt concrete was consistent with the design thickness (60 mm

[0.2 ft.]).

Rutting was measured in the asphalt concrete layer. No rutting could be distinguished in the FDR
and original base layers, or at the top of the subgrade (Figure 8.10a), confirming the measurements
recorded during HVS testing (Table 7.4). Some displacement was observed on either side of the
trafficked area in the asphalt concrete layer. Cracks were observed in the asphalt concrete and FDR
layers (Figure 8.10b). No other distresses were noted in the asphalt layer.

The asphalt concrete layer had debonded from the FDR layer in the trafficked area and a small void
attributed to pumping during trafficking was noted between the two layers. Prime coat penetration
into the FDR layer could not be distinguished. The FDR layer was well bonded to the aggregate
base.
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(b) Cracks in asphalt and FDR layers and debonding (c) Subgrade material showing wet, expansive clay
between layers

Figure 8.10: 681HC: Test pit photographs.

e Observations with regard to the layer thicknesses and materials in the FDR and original base layers
were consistent with observations in the test pit on the Phase 1a FDR-FA section tested under dry
conditions (Section 673HB).

e Moisture content in the FDR and original base layers was rated as wet in the trafficked area and
moist in the untrafficked areas, with moisture content appearing to increase near the subgrade. This
retained moisture was attributed to the wet testing on this and the adjacent test sections.

o The layer definition between the original base and subgrade was clear. Some punching of the base
into the subgrade was noted.

e The subgrade was wet, silty-clay material (Figure 8.10c). Consistency was rated as soft. No organic
matter was observed.

8.9.4 Section 682HB: Portland Cement (FDR-PC)

A test pit was not excavated on this test section due to the extremely cemented nature of the material.
However, the asphalt concrete was removed to observe the shrinkage crack on the top of the FDR layer
(Figure 8.11). The asphalt concrete appeared to have debonded from the FDR-PC layer during testing

under soaked conditions, and was easily removed without damaging the underlying layer. The crack was
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clearly visible and some spalling had occurred in the trafficked area, consistent with the observations of

pumping during testing.

Figure 8.11: 682HB: Test pit photographs.

8.10 Forensic Investigation Summary

A forensic investigation of all test sections indicated considerable differences between the different FDR
strategies, and between the Phase 1 dry and Phase 2 wet tests. Rutting was the primary distress on the dry
tests, while both rutting and cracking were evident in the test pits on the wet tests. Debonding of the
asphalt surface layer from the FDR layer was apparent in all the Phase 2 test pits and was attributed to
damage caused by trafficking under the very wet conditions. Severe distresses were observed in the test
pits on both the Phase 1a FDR-EE section tested under dry conditions and on the Phase 2 FDR-NS
(60 mm) section tested under wet conditions. As expected, moisture contents were considerably higher in
all layers of the test pits excavated on the sections tested under wet conditions when compared to the test

pits on the sections tested under dry conditions.
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9. PHASE 1LABORATORY TEST DATA SUMMARY

9.1 Introduction

Laboratory testing in this phase of the study was limited to characterization of the recycled and asphalt
concrete materials from the test track, assessment of the mechanistic properties of the asphalt concrete
material, and initial assessment of the mechanistic properties of the unstabilized and stabilized recycled
base materials. Assessment of the mechanistic properties of the recycled materials will continue in

Phase 2 of the study, and is not covered in this report.

9.2  Characterization of Unstabilized Recycled Material and Asphalt Concrete Surfacing

Characterization of the unstabilized recycled material was limited to a grading analysis and determination
of the maximum dry density and optimum moisture content, and was undertaken as part of the quality
control assessment on materials sampled behind the reclaimer during construction. Asphalt binder content
of the reclaimed material was not determined. Characterization of the asphalt concrete surfacing materials
was also undertaken as part of quality control during construction and followed Caltrans specification
requirements. Test results for the recycled materials and asphalt concrete surfacing materials are

discussed in Section 3.5.5 and Section 3.6.4, respectively.

9.3  Mechanistic Properties of the Asphalt Concrete Surfacing

9.3.1 Experiment Design

Characterization of the mechanistic properties of the asphalt concrete surfacing included shear properties
(permanent deformation [rutting]), fatigue cracking properties (fatigue life), and stiffness (fatigue
frequency sweep). Tests on these mix properties were carried out on cores and beams cut from the test
track after construction (see Section 3.7). Typical experimental designs used in previous studies were
adopted for this study to facilitate comparison of results. Tests were not conducted with the Asphalt Mix
Performance Test (AMPT) apparatus due to the limited thickness of the asphalt concrete surfacing. The
surface thickness on five of the six test sections was 60 mm (0.2 ft) and 120 mm (0.4 ft) on the remaining

section. The AMPT requires specimens that are 150 mm [6.0 in.] thick.

Shear Testing for Rutting Performance

The AASHTO T 320 Permanent Shear Strain and Stiffness Test was used for shear testing in this study. In
the standard test methodology, cylindrical test specimens 150 mm (6.0 in.) in diameter and 50 mm

(2.0 in.) thick are subjected to repeated loading in shear using a 0.1 second haversine waveform followed
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by a 0.6 second rest period. Three different shear stresses are applied while the permanent (unrecoverable)
and recoverable shear strains are measured. The permanent shear strain versus applied repetitions is
normally recorded up to a value of five percent although 5,000 repetitions are called for in the AASHTO
procedure. Constant temperatures (45°C or 55°C) are maintained during the test (termed the critical
temperature), representative of the high temperature that causes rutting in the local environment. In this

study, specimens were cored from the test track and then trimmed to size.

A total of 36 shear tests were carried out as follows:

e Two lifts of asphalt (FDR-NS [60 mm] and top lift of FDR-NS [120 mm)])
o Two temperatures (45°C and 55°C [113°F and 131°F])

e Three stresses (70 kPa, 100 kPa, and 130 kPa [10.2, 14.5, and 18.9 psi])

e Three replicates

Flexural Beam Testing for Fatigue Performance

The AASHTO T 321 Flexural Controlled-Deformation Fatigue Test method was followed. In this test,
three replicate beam test specimens, 50 mm (2.0 in.) thick by 63 mm (2.5 in.) wide by 380 mm (15 in.)
long, which were sawn from the test track, were subjected to four-point bending using a haversine
waveform at a loading frequency of 10 Hz. Testing was performed at two different strain levels at three
different temperatures. Flexural Controlled-deformation Frequency Sweep Tests were used to establish the
relationship between complex modulus and load frequency. The same sinusoidal waveform was used in a
controlled deformation mode and at frequencies of 15, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 Hz.
The upper limit of 15 Hz is a constraint imposed by the capabilities of the test machine. To ensure that the
specimen was tested in a nondestructive manner, the frequency sweep test was conducted at a small strain

amplitude level, proceeding from the highest frequency to the lowest in the sequence noted above.

A total of 12 beam fatigue tests and 18 flexural fatigue frequency sweep tests were carried out on each

mix as follows:

o Flexural fatigue test:

Two lifts of asphalt concrete (FDR-NS [60 mm] and top lift of FDR-NS [120 mm])
+ One temperature (20°C [68°F])
+ Two strains (200 microstrain and 400 microstrain)
+ Three replicates

e Frequency sweep test:

Three lifts of asphalt (FDR-NS [60 mm] and top and bottoms lifts of FDR-NS [120 mm])
+ Three temperatures (10°C, 20°C, and 30°C [50°F, 68°F, and 86°F])

+ One strain (100 microstrain)

+ Two replicates

+

+
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9.3.2 Shear Testing Results
Shear test results are summarized in Table 9.1. The results are typical of mixes produced with this
aggregate and binder combination, with variation consistent with repeated load testing in this equipment.

The results showed sensitivity to the higher temperatures and higher stress levels, as expected.

Table 9.1: Shear Test Results

Specimen Test Specimen | Air-Void Test Stress Initial Permanent
Location | Parameters Number Content Temp. Level Resilient Shear
Shear Strain at

Modulus 5,000 Cycles
(%) C) (kPa) (kPa) (%)
70 kPa sl-10-7045b 6.9 44.834 68.31 592 0.82
45°C sl-16-7045 5.1 44.81 68.28 412 0.71
s1-19-7045 5.3 44.77 69.00 525 0.83
100 kPa s1-2-10045 3.2 45.22 97.65 564 0.59
45°C sl-3-10045 4.7 45.13 97.81 448 0.63
sl-5-10045 5.9 45.13 97.61 520 0.67
130 kPa sl-13-13045 2.7 45.38 126.42 394 1.07
45°C sl-18-13045 6.0 45.11 125.46 403 1.33
FDR-NS s1-22-13045 3.6 45.13 124.35 445 0.98
(60 mm) 70 kPa sl-9-7055 7.2 54.81 69.81 142 1.46
5500 sl-21-7055 3.5 54.94 67.84 163 1.74
sl-6-7055 6.1 55.03 69.91 154 1.25
100 kPa sl-14-10055 3.5 55.04 100.60 181 242
550C sl-15-10055 3.6 55.08 100.51 139 2.66
sl-11-10055 5.4 54.99 100.91 156 2.19
130 kPa s1-7-13055 6.2 55.00 127.36 121 2.81
5590 sl-12-13055 7.4 54.78 129.15 132 3.73
s1-24-13055 3.0 55.05 123.94 192 2.42
70 kPa dI-3t-7045 4.7 4491 68.60 331 0.48
45°C dI-9t-7045 5.4 44.86 69.19 285 0.36
dI-21t-7045 5.7 44.79 69.02 254 0.91
100 kPa dI-1t-10045 44 45.02 97.52 238 0.93
45°C dI-20t-10045 4.8 44.99 97.48 324 1.00
dl-17t-10045 5.4 44.72 99.01 275 1.05
130 kPa dI-7t-13045 5.1 45.02 124.29 248 1.61
FDR-NS 45°C di-22t-13045 5.1 44.95 125.06 286 1.88
(120 mm) dl-11t-13045 6.0 44.93 123.49 299 1.32
Top Lift 70 kPa dl-16t-7055 5.6 55.06 70.06 66 2.89
P 5500 d1-8t-7055 5.0 55.05 69.43 74 1.72
dl-14t-7055 5.5 54.96 70.69 95 2.98
100 kPa d1-4t-10055 4.6 55.02 100.43 103 3.37
550C di-10t-10055 4.7 54.97 99.55 102 4.61
dl-13t-10055 4.7 55.14 101.57 82 4.80
130 kPa dI-5t-13055 6.3 54.92 126.73 80 n/a
5590 dI-19t-13055 5.6 55.04 126.26 82 n/a
dl-6t-13055 5.1 55.03 126.72 87 n/a

9.3.3 Fatigue Cracking Test Results
Fatigue cracking test results are summarized in Table 9.2. The results are typical of mixes produced with

this aggregate and binder combination. Variation in the results between replicates tested under the same
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strain level was in most instances attributed to differences in air-void content, with higher air-void

contents generally resulting in lower initial stiffnesses, as expected.

Table 9.2: Fatigue Cracking Test Results

Specimen Test Specimen Air-Void Test Test Strain Phase Initial
Location | Parameter Number Content Temp. Level Angle Stiffness

(%) (°C) (strain) (°) (MPa)

200 pstrain sl-13 3.1 20.2 0.000198 17.49 9,598

20°C sl-22 2.1 20.0 0.000186 18.90 10,013

FDR-NS sl-28 6.4 19.9 0.000195 19.52 8,449

(60 mm) 400 pstrain sl-15 4.1 20.1 0.000403 20.19 8,278

20°C sl-23 2.6 20.2 0.000380 20.20 8,864

sl-25 3.6 19.9 0.000360 16.34 9,700

200 ustrain dit-14 42 20.3 0.000192 22.28 5,353

FDR-NS 20°C dit-18 3.8 19.7 0.000201 21.51 6,789

(120 mm) . dit-22 3.4 20.2 0.000198 23.24 6,799

Top Lift 400 pstrain dit-13 43 19.9 0.000409 23.50 5,069

20°C dit-26 3.9 20.2 0.000407 24.74 5,285

dit-27 4.3 19.9 0.000414 23.38 5,109

9.4  Frequency Sweep Test Results

Frequency sweep test results are summarized in Table 9.3. The results are typical of mixes produced with

this aggregate and binder combination.

Table 9.3: Frequency Sweep Test Results

. . Air-Void Test Phase Initial
SlEEEE UGS Specimen | ooent | Temp. Angle Stiffness

Location Parameter Number (%) °C) ©) (MPa)

10°C sl-12 2.6 9.7 10.76 14,015

sl-16 6.3 9.9 10.71 11,620

FDR-NS 20°C sl-21 1.9 19.9 17.21 10,375

(60 mm) sl-24 2.9 19.7 18.76 9,695

30°C sl-18 7.3 30.0 34.70 3,337

sl-27 53 29.6 33.43 4,224

10°C dit-15 35 9.8 12.76 11,315

FDR-NS dit-28 38 9.7 12.69 10,002

(120 mm) 20°C dit-24 29 19.7 19.46 7,440

Top Lift dit-25 3.6 19.8 19.61 6,592

30°C dit-16 3.6 29.9 35.89 2,799

dlt-23 3.6 29.7 40.95 3,148

10°C dlb-11-2 3.6 9.8 12.43 12,776

FDR-NS dlb-21 4.0 10.1 12.12 12,227

(120 mm) 20°C dlb-12 39 19.7 18.50 8,512

Bottom Lift dlb-24 6.2 19.7 18.98 7,154

30°C dib-13 4.7 29.7 34.27 3,206

dlb-23 4.8 30.1 33.52 3,185

Variation in the results between replicates tested under the same temperature was in most instances
attributed to differences in air-void content, with higher air voids generally resulting in lower initial

stiffnesses, as expected. The master curve developed from these test results is shown in Figure 9.1.
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Figure 9.1: Master curve.

9.5 Phase 2 Laboratory Testing

The Phase 2 laboratory testing will focus on quantifying mechanistic properties of the recycled layers
using repeated load triaxial tests. Specimens removed from the test track as well specimens prepared in

the laboratory will be assessed. Test results will be documented in a separate report.
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10. MECHANISTIC ANALYSIS

Accelerated Pavement Testing (APT) provides performance data from full-scale pavements damaged
under controlled full-scale loading and/or environmental conditions in a relatively short period of time.
Although immediate performance observations and comparisons are obtained from the results of each
APT experiment, the usefulness of the data can be significantly increased at relatively little cost through
intensive second-level data analysis and by combining results from different experiments to provide inputs

for mechanistic-empirical (M-E) design.

On completion of the Phase 2 laboratory tests, M-E analysis will be used to develop insights into the
pavement mechanics and damage mechanisms of full-depth recycled pavements and to validate and
calibrate models that can be used to design pavements that include an in-place recycled layer. This
analysis will include the following two elements:

e The calibration of preliminary damage models of various FDR materials for predicting rutting and
fatigue cracking in pavements. This calibration will allow the establishment of correlations between
laboratory test data and full-scale performance observations under accelerated loading.

e Validation of these calibrated models using data collected from pilot studies on in-service roads and
from other accelerated loading tests that were not included in the model calibration.

Once the models are reasonably well-validated, they will be used to assess additional materials and
structures similar to those used in the accelerated load experiments. The models will also be used to “re-
run” the APT test sections through simulation with the same underlying conditions, temperature, water
content, etc. Because there are inevitable differences in conditions that are supposed to be equal between
accelerated load test sections, this simulation will be useful for confirming that the results of the initial
empirical comparisons of performance do not change significantly under absolutely uniform conditions.
The findings of this analysis will also be used to verify the appropriateness of current gravel factors for the

various FDR stabilization strategies.

Results from the mechanistic analysis will be documented in a separate report.
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11. CONCLUSIONS AND INTERIM RECOMMENDATIONS

11.1  Summary

This first-level report describes the first and second phase of a study that compares the performance of
four different full-depth pavement reclamation strategies, namely, pulverization with no stabilization
(FDR-NS), stabilization with foamed asphalt and portland cement (FDR-FA), stabilization with portland
cement only (FDR-PC), and stabilization with engineered asphalt emulsion (FDR-EE). A literature
review, the test track layout and design, the stabilization and asphalt concrete mix designs, and the test
track construction are discussed, as are the results of Heavy Vehicle Simulator (HVS) and preliminary

laboratory testing.

A comprehensive literature review found that although considerable research has been undertaken on full-
and partial-depth reclamation, both in the laboratory and in full-scale field experiments, most of the
findings and conclusions that have been published are either project-specific or very general and with little
detail. Limited guidance on how to select and design full-depth reclamation (FDR) projects using the
different stabilization strategies has been published, and no comprehensive, conclusive work appears to
have been published on the development of parameters for the mechanistic-empirical rehabilitation design

of highways using full-depth reclamation strategies.

Key observations during construction of the test track include the following:

e Based on the results of testing of rubberized warm mix asphalt in a previous study on the UCPRC
North Track, it was concluded that preparation of the subgrade and construction of the original base
during that study resulted in a generally consistent subgrade and base platform for the FDR study.

e Recycling of the test track was completed with mixed success:

+ Conventional FDR construction procedures were followed on the FDR-NS lane. Recycling
depth was well controlled and the pulverized material mostly had a consistent grading and
uniform moisture content. No problems were observed with recycling the relatively new asphalt
concrete surface (i.e., limited aging), although some smoke was observed as the cutting teeth
milled through the rubberized layer. Some oversize chunks of material were observed in the
early stages of recycling, attributed to inappropriate speed of the recycler (i.e., too fast).
Satisfactory compaction and a satisfactory surface finish were achieved on the recycled layer.

+ Numerous problems were encountered during construction of the FDR-EE lane, including the
addition of too much water and blocked nozzles that led to uneven and under- or over-
application of asphalt emulsion, all of which resulted in uneven compaction.

+ Construction of the FDR-FA section followed conventional procedures and no problems were
observed. The cement was evenly distributed at the correct application rate and good mixing of
the foamed asphalt and cement was achieved. The recycled material had a consistent grading
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and uniform moisture content. Satisfactory compaction and a satisfactory surface finish were
achieved.

+ The spread rate of the cement on the FDR-PC section was not well controlled, and this led to
excess cement being applied. Problems with mixing resulted from this excess cement. Only
part of one lane (5.0 percent measured cement content [UCS of 3.0 MPa (435 psi)]) was
considered suitable for HVS testing.

+ Gradations for the pulverized material on all four lanes were well within the specified limits.

+ Densities after compaction met or exceeded the specification on the FDR-NS and FDR-FA
lanes, but were slightly lower than specification on the FDR-PC and FDR-EE lanes. The lower
than specification densities were attributed to the construction problems on both lanes and, on
the FDR-PC lane, to the generalization of the laboratory reference density, given that reference
densities were not determined for the range of cement contents actually applied on the day of
construction.

e Placement of the hot mix asphalt followed conventional procedures. Thickness and compaction

appeared to be consistent across the test track.

The FDR-NS and FDR-FA lanes and the one identified section of the FDR-PC lane were
considered satisfactorily uniform for the purposes of accelerated pavement testing. The FDR-EE
and the remainder of the FDR-PC sections were not considered representative of typical FDR
construction with these stabilization strategies. However, HVS testing on the FDR-EE section was
undertaken to quantify the effects of these construction issues on performance of the pavement
structure and to justify any recommendations with regard to construction specification language for
FDR-EE projects.

Key observations from the Phase 1a study (dry testing at 86°F [30°C]) include the following:

204

o The FDR-FA and FDR-PC sections performed very well and testing on both was terminated long

before the terminal rut of 0.5 in. (12.5 mm) or average crack density of 0.75 ft/ft* (2.5 m/m?) was
reached (no cracks were observed on either section). The two FDR-NS sections performed
acceptably, with the section with thicker asphalt surfacing (0.4 ft [120 mm]) outperforming the
section with thinner asphalt surfacing (0.2 ft [60 mm]), as expected. Terminal rut was reached on
both of these sections, but no cracking was observed. The FDR-EE sections performed poorly, with
terminal rut and terminal cracking both reached after a limited number of load repetitions. This
poor performance was attributed to problems associated with construction, and consequently no
conclusions can be drawn from the test results regarding this stabilization strategy.

Terminal rut depths were recorded on the thinner FDR-NS (60 mm) section after approximately
490,000 equivalent single axle loads (ESALs) had been applied, and on the thicker FDR-NS
(120 mm) section after more than 21.4 million ESALs had been applied. The thicker surfacing
layer therefore had a significant influence on the performance of the structure.

On the FDR-FA section, only 5.8 mm of rutting was measured after 34 million ESALs, while on the
FDR-PC section, only 2.1 mm of rutting was measured after 43 million ESALs. Testing was halted
on the FDR-FA and FDR-PC sections at these loading points due to time and project-funding
constraints. Permanent deformation in the recycled layers was consistent with the surface
measurements, with considerable deformation recorded in the FDR-NS layers, but very little
deformation was recorded in the stabilized layers.
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e Measured and backcalculated stiffnesses were significantly higher on the FDR-FA and FDR-PC
sections compared to the two FDR-NS sections, as expected. Although the stiffnesses dropped
considerably in the recycled layers on the FDR-FA and FDR-PC sections after trafficking, they
were still orders of magnitude higher than those recorded on the FDR-NS sections despite their
having been subjected to millions more equivalent single axle loads. The stiffness of the layer
appeared unaffected by the presence of the recycled asphalt concrete material, by the presence of
rubber in this material, and by the fact that the recycled asphalt was relatively unaged. Recycled
aged asphalt would typically result in slightly higher stiffnesses in the recycled layer compared to
recycled unaged asphalt.

o Elastic deflection at the bottom of the FDR-FA and FDR-PC layers after completion of testing (34
and 43 million ESALs, respectively) was approximately the same as that at the bottom of the
FDR-NS layers after 490,000 and 21.4 million ESALs, respectively. The rate of change in
deflection was, however, slightly higher on the FDR-FA and FDR-PC sections, which is consistent
with base layers that are stabilized with cement.

Key observations from the Phase 1b study (dry testing of FDR-FA at 122°F [50°C]) include the following:

e This FDR-FA test, which was undertaken at higher temperatures than the tests in Phase 1a (50°C
versus 30°C), indicates that temperature will have some influence on the behavior of the FDR-FA
layer, as expected. The higher moisture contents in the FDR-FA, original base, and subgrade
layers, caused by the water soaking during the Phase 2 wet tests on adjacent sections, coupled with
the limited aging that the original pavement had been subjected to before recycling, would also
probably have contributed to the different performance (i.e., the recycled new asphalt pavement
[recycled 41 months after original placement] would be less aged than typical recycled asphalt
pavement [usually recycled after about 20 years] and therefore more temperature susceptible).

e The Phase 1b FDR-FA section performed well by comparison with the Phase 1a FDR-NS sections,
but did not perform quite as well as the Phase 1a FDR-FA and FDR-PC sections, as expected, due
to testing at the higher temperature and moisture conditions. Terminal rut was reached after
12.8 million ESALSs and although some cracking was observed, attributable in part to the higher
moisture conditions, the crack density was lower than the terminal crack density set for the study.

e Measured and backcalculated stiffnesses on the FDR-FA section before HVS testing on the
Phase 1b test were comparable with those in the Phase 1a FDR-FA test. However, after HVS
testing the stiffnesses on the Phase 1b test (750 MPa) were lower than on the Phase la test
(1,570 MPa) but they were still significantly higher than those recorded on the two Phase la
FDR-NS sections. The lower stiffnesses were attributed to more damage caused during trafficking
at the higher temperatures, and to less support resulting from the higher moisture content in the
underlying layers.

Key observations from the Phase 2 study (wet testing at 86°F [30°C]) include the following:

e The FDR-FA and FDR-PC sections performed significantly better than the FDR-NS sections, as
expected. Terminal crack density was exceeded on all four tests. Terminal rutting was reached on
both FDR-NS sections and the FDR-FA section, but not on the FDR-PC section. The two FDR-NS
sections performed acceptably given the very wet conditions, with the section with thicker asphalt
surfacing outperforming the section with thinner asphalt surfacing, as expected. The poorer
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performance on all four sections during this phase reinforces the importance of ensuring that good
drainage is maintained at all times, and that roadside activities do not interfere with the drainage
system.

e Terminal rut depths were recorded on the FDR-NS (60 mm) section after approximately
215,000 ESALs had been applied, and on the FDR-NS (120 mm) section after more than
1.9 million ESALs had been applied. The thicker surfacing layer therefore had a significant
influence on the performance of the structure under the wet conditions. Terminal rut on the
FDR-FA section was reached after 3.5 million ESALs. The FDR-PC section had the best rutting
performance, with only 3.2 mm of rutting measured after more than 17 million ESALs. Permanent
deformation in the recycled layers was consistent with the surface measurements, with considerable
deformation recorded in the FDR-NS layers, but very little deformation was recorded in the
stabilized layers.

e Cracking on the unstabilized sections occurred significantly faster compared to the stabilized
sections. Although terminal crack density was reached on the FDR-PC faster than on the FDR-FA
section, the crack density at the end of testing was higher on the FDR-FA section. Cracking was
attributed to a combination of debonding of the asphalt concrete from the recycled layer (and
between the two lifts of asphalt concrete on the one FDR-NS section) and to lower shear
strengths/stiffnesses in the underlying layers resulting from the high moisture contents.

e Average backcalculated stiffnesses of the FDR layers after HVS testing were significantly higher on
the FDR-PC section (18 GPa) compared to the FDR-NS (60 mm), FDR-NS (120 mm), and
FDR-FA sections (89 MPa, 93 MPa, and 353 MPa, respectively). The drop in stiffness from start to
completion of testing on the FDR-NS sections was marginal, but significant on the FDR-FA section
(10.4 GPa to 353 MPa). However, the stiffness on the FDR-FA section on completion of testing
was still considerably higher than that recorded on the FDR-NS sections, despite it having been
subjected to much higher traffic loading. As with the Phase 1a tests, the presence of the recycled
asphalt concrete material, the presence of rubber in this material, and the fact that the recycled
asphalt was relatively unaged, did not appear to affect the stiffness of the FDR layers.

e Test pits could not be readily excavated on the FDR-PC sections due to the strongly cemented
nature of the FDR layer.

11.2 Conclusions

Considerable evidence has been collected from this and previous research by Caltrans and the UCPRC to
show that pavements that are rehabilitated using full-depth reclamation strategies will satisfactorily

withstand design traffic levels common in California.

The performance advantages of recycling strategies that either use foamed asphalt with cement or cement
only over recycling strategies with no stabilization were clearly evident from the results on completion of
the testing discussed in this report. No recommendations can be made at this time on the use of asphalt
emulsion as a stabilizer in FDR projects due to the problems experienced during construction of the test

section, which were not representative of typical FDR procedures with this stabilizer. Results from testing
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under wet conditions confirmed that, as with any pavement design, good drainage is critical to ensure that

the pavement performs as expected.

Rehabilitation using the FDR approach offers additional advantages of speed of construction, minimal
disruption to traffic, reuse of all materials, and there is no need to remove material from the site. FDR
with these stabilization approaches effectively provides a new, stronger base and in the process, replaces
extensively cracked existing asphalt layers, thereby preventing the reflective cracking that is common in

more traditional overlay projects.

11.3 Preliminary Recommendations

The following preliminary recommendations are made:

e FDR should be considered when selecting rehabilitation options for cracked asphalt pavement, and
that stabilization using foamed asphalt with cement or cement only be used wherever possible.
FDR with no stabilization (i.e., pulverization) should only be considered on lower traffic volume
roads. No recommendations can be made at this time on the use of asphalt emulsion as a stabilizer
in FDR projects due to the problems experienced during construction of the test section.
Opportunities for additional testing of FDR-EE sections should be investigated.

e Future research should include life cycle cost analysis (LCCA) and environmental life cycle
assessment (LCA) to compare FDR with overlay strategies for the range of pavement, climate and
traffic conditions where the two strategies might be used.

e Although partial-depth reclamation (or cold in-place recycling) was not investigated in this study,
future research on partial- and full-depth reclamation should be coordinated to facilitate consistent
design and specification documentation, and to facilitate the preparation of a comprehensive guide
covering all forms of pavement recycling in California.

e Given the difficulty in excavating test pits on the portland cement stabilized sections, the
recyclability of roads rehabilitated with this stabilization strategy should be investigated and the
findings incorporated into FDR design considerations.
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APPENDIX A: TEST PIT DATA

A.1  Density and Moisture Content Measurements

Density and moisture content measurements are summarized in Table A.1 through Table A.10.
Measurements on the FDR layer were taken after removal of the asphalt concrete prior to excavation of
the test pit. Measurements on the existing base layer and the subgrade were taken immediately after
removal of the FDR and existing base layers, respectively. The tables are ordered as follows:

Table A.1: 672HB: FDR-NS (60 mm) dry

Table A.2: 677HC: FDR-NS (120 mm) dry

Table A.3: 673HB: FDR-FA dry

Table A.4: 674HB: FDR-PC dry. Measurements in FDR layer only
Table A.5: 676HC: FDR-EE dry

Table A.6: 685HB: FDR-FA high temperature

Table A.7: 683HC: FDR-NS (60 mm) wet

Table A.8: 684HB: FDR-NS (120 mm) wet

Table A.9: 681HC: FDR-FA wet

Table A.10: 682HB: FDR-PC wet

A.2  Dynamic Cone Penetrometer

Dynamic cone penetrometer (DCP) profiles are shown in Figure A.1 through Figure A.10. Measurements
were taken after removal of the asphalt concrete during excavation of the test pits. DCP profile details are
as follows:

Figure A.1: 672HB: FDR-NS (60 mm) dry

Figure A.2: 677HC: FDR-NS (120 mm) dry

Figure A.3: 673HB: FDR-FA dry

Figure A.4: 674HB: FDR-PC dry. Drilled through recycled layer. Only base and subgrade shown
Figure A.5: 676HC: FDR-EE dry

Figure A.6: 685HB: FDR-FA high temperature. Drilled through recycled layer.

Figure A.7: 683HC: FDR-NS (60 mm) wet

Figure A.8: 684HB: FDR-NS (120 mm) wet

Figure A.9: 681HC: FDR-FA wet. Drilled through recycled layer.

Figure A.10: 682HB: FDR-PC wet. Drilled through recycled layer.

>
w

Layer Thickness and Rutting

Test pit profiles for each test section are shown in Figure A.11 through Figure A.18. All test pits were
excavated between Station 3 and Station 5. All profiles show the test pit face at Station 3. Complete test
pits could not be excavated on the FDR-PC sections and profiles are therefore not illustrated. Test pit
details are as follows:

e Figure A.11: 672HB: FDR-NS (60 mm) dry
e Figure A.12: 677HC: FDR-NS (120 mm) dry
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Figure A.13:
Figure A.14:
Figure A.15:
Figure A.16:
Figure A.17:
Figure A.18:

673HB:
676HC:
685HB:
683HC:
684HB:
681HC:

FDR-FA dry

FDR-EE dry

FDR-FA high temperature
FDR-NS (60 mm) wet
FDR-NS (120 mm) wet
FDR-FA wet
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Table A.1: FDR-NS (60 mm) (Dry): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet McC? Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd)
FDR 50 2,098 131.0 9.2 1,922 120.0 2,026 126.4
100 2,180 136.1 8.6 2,007 125.3 36 2,104 131.4
150 2,259 141.0 8.8 2,078 129.7 ’ 2,180 136.1
200 2,308 144.1 8.1 2,135 1333 2,228 139.1
Average 2,211 138.1 8.7 2,036 127.1 N/A 2,135 1333
Std. Dev”. 92 5.7 0.5 92 5.7 89 5.5
Base 50 1,841 114.9 10.3 1,671 104.3 1,756 109.6
100 2,049 127.9 9.1 1,877 117.2 48 1,955 122.0
150 2,103 131.3 9.0 1,929 120.4 ’ 2,007 1253
200 2,244 140.1 8.2 2,074 129.5 2,141 133.7
Average 2,059 128.6 9.2 1,888 117.9 N/A 1,965 122.7
Std. Dev. 167 10.5 0.9 167 10.4 160 10.0
Subgrade 50 1,520 94.9 26.3 1,205 75.2 1,295 80.8
100 1,754 109.5 21.2 1,448 90.4 17.4 1,494 93.3
150 1,808 112.9 21.4 1,490 93.0 ’ 1,540 96.2
200 1,845 115.2 19.8 1,541 96.2 1,572 98.1
Average 1,732 108.1 22.2 1,421 88.7 N/A 1,475 92.1
Std. Dev. 146 9.1 2.8 149 9.3 124 7.8
' MC — Moisture content Std. Dev. = Standard Deviation
3 Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

Table A.2: FDR-NS (120 mm) (Dry): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory

Layer Depth Wet MC! Dry Base Recalculated

(mm) Density Density MC Dry Density®
(kg/m® | (Ib/ftd) (%) (kg/m® | (Ib/ftd) (%) (kg/m®) | (Ib/ft)
FDR 50 2,094 130.7 9.7 1,908 119.1 2,011 125.6
100 2,215 138.3 8.6 2,041 127.4 41 2,128 132.9
150 2,257 140.9 9.1 2,070 129.2 : 2,168 135.4
200 2,268 141.6 8.3 2,098 131.0 2,179 136.0
Average 2,209 137.9 8.9 2,029 126.7 N/A 2,122 132.4

Std. Dev’. 80 5.0 0.6 84 5.3 77 4.8
Base 50 2,177 135.9 113 1,560 97.4 2,073 129.4
100 2,100 131.1 9.9 1,788 111.6 50 2,000 124.9
150 1,965 122.7 9.4 1,919 119.8 : 1,872 116.9
200 1,736 108.4 8.9 1,999 124.8 1,654 103.2
Average 1,995 124.5 9.9 1,816 113.4 N/A 1,900 118.6

Std. Dev. 193 12.1 1.0 192 12.0 184 11.5

Subgrade 50 1,517 94.7 29.0 1,173 73.2 1,317 82.2

100 1,796 112.1 23.4 1,456 90.9 152 1,559 97.3

150 1,921 119.9 21.1 1,586 99.0 ‘ 1,667 104.1

200 1,994 124.5 21.0 1,648 102.9 1,731 108.1

Average 1,807 112.8 23.7 1,466 91.5 N/A 1,568 97.9

Std. Dev. 210 13.1 4.0 211 13.2 182 11.4

' MC — Moisture content
? Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

2 Std. Dev. = Standard Deviation

UCPRC-RR-2015-02

217




Table A.3: FDR-FA (Dry): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet McC? Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd)
FDR 50 2,142 133.7 12.9 1,897 118.4 2,040 127.3
100 2,191 136.8 13.2 1,935 120.8 50 2,087 130.3
150 2,207 137.8 12.1 1,969 122.9 ’ 2,102 131.2
200 2,220 138.6 12.2 1,978 123.5 2,114 132.0
Average 2,190 136.7 12.6 1,945 121.4 N/A 2,086 130.2
Std. Dev”. 34 2.1 0.5 37 2.3 33 2.0
Base 50 1,921 119.9 12.6 1,712 106.9 1,833 114.4
100 2,081 129.9 11.7 1,861 116.2 48 1,985 124.0
150 2,187 136.5 10.7 1,977 123.4 ’ 2,086 130.2
200 2,252 140.6 10.6 2,038 127.2 2,149 134.2
Average 2,110 131.7 11.4 1,897 118.4 N/A 2,013 125.7
Std. Dev. 145 9.0 0.9 143 8.9 138 8.6
Subgrade 50 1,669 104.2 32.9 1,256 78.4 1,482 92.5
100 1,786 111.5 29.9 1,374 85.8 12.6 1,586 99.0
150 1,826 114.0 28.4 1,422 88.8 ’ 1,622 101.2
200 1,857 115.9 26.5 1,467 91.6 1,649 102.9
Average 1,784 111.4 294 1,380 86.2 N/A 1,585 98.9
Std. Dev. 82 5.1 2.7 91 5.7 73 4.6
' MC — Moisture content Std. Dev. = Standard Deviation
3 Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

Table A.4: FDR-PC (Dry): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet MC! Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m® | (Ib/ftd) (%) (kg/m® | (Ib/ftd) (%) (kg/m®) | (Ib/ft)
FDR 50 2,058 128.5 12.7 1,826 114.0 1,975 123.3
100 2,180 136.1 11.6 1,954 122.0 49 2,092 130.6
150 2,175 135.8 12.3 2,063 128.8 ) 2,088 130.3
200 2,089 1304 12.1 1,865 116.4 2,005 125.1
Average 2,126 132.7 12.2 1,927 120.3 N/A 2,040 127.4
Std. Dev™. 61 3.8 0.5 105 6.6 59 3.7
Base 50
100
150 No Measurements Taken
200
Average
Std. Dev.
Subgrade 50
100
150 No Measurements Taken
200
Average
Std. Dev.

' MC — Moisture content
? Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

2 Std. Dev. = Standard Deviation
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Table A.5: FDR-EE (Dry): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet McC? Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd)
FDR 50 2,063 128.8 13.6 1,816 113.4 1,974 1233
100 2,150 134.2 12.7 1,908 119.1 45 2,057 128.4
150 2,206 137.7 12.7 1,956 122.1 ’ 2,111 131.8
200 2,257 140.9 12.1 2,014 125.7 2,160 134.8
Average 2,169 1354 12.8 1,923 120.1 N/A 2,076 129.6
Std. Dev”. 83 5.2 0.6 83 5.2 79 5.0
Base 50 2,158 134.7 9.5 1,970 123.0 2,051 128.0
100 2,244 140.1 9.7 2,047 127.8 59 2,133 133.2
150 2,311 144.3 8.5 2,130 133.0 ’ 2,197 137.2
200 2,342 146.2 8.4 2,161 134.9 2,226 139.0
Average 2,264 141.3 9.0 2,077 129.7 N/A 2,152 1343
Std. Dev. 82 5.1 0.7 86 54 78 4.8
Subgrade 50 1,868 116.6 26.1 1,482 92.5 1,600 99.9
100 1,975 123.3 25.1 1,579 98.6 16.7 1,692 105.7
150 2,012 125.6 13.6 1,627 101.6 ’ 1,724 107.6
200 2,028 126.6 23.9 1,629 101.7 1,738 108.5
Average 1,971 123.0 22.2 1,579 98.6 N/A 1,689 105.4
Std. Dev. 72 4.5 5.8 69 4.3 62 3.9
' MC — Moisture content Std. Dev. = Standard Deviation
3 Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

Table A.6: FDR-FA (High Temp.): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory

Layer Depth Wet MC! Dry Base Recalculated

(mm) Density Density MC Dry Density®
(kg/m® | (Ib/ftd) (%) (kg/m® | (Ib/ftd) (%) (kg/m®) | (Ib/ft)
FDR 50 2,212 138.1 9.7 2,017 125.9 2,093 130.7
100 2,233 139.4 9.9 2,078 129.7 57 2,113 131.9
150 2,239 139.8 10.4 2,028 126.6 ’ 2,119 132.3
200 2,255 140.8 9.9 2,050 128.0 2,134 133.2
Average 2,235 139.5 10.0 2,043 127.6 N/A 2,114 132.0

Std. Dev’. 18 1.1 0.3 27 1.7 17 1.1
Base 50 2,028 126.6 9.4 1,853 115.7 1,835 114.6
100 2,169 1354 8.9 1,975 123.3 105 1,963 122.5
150 2,252 140.6 8.4 2,078 129.7 ’ 2,038 127.2
200 2,318 144.7 8.1 2,145 133.9 2,098 131.0
Average 2,192 136.8 8.7 2,013 125.7 N/A 1,983 123.8

Std. Dev. 125 7.8 0.6 127 7.9 113 7.1

Subgrade 50 1,844 115.1 229 1,501 93.7 1,566 97.8
100 1,922 120.0 21.1 1,589 99.2 17.7 1,633 102.0
150 1,986 124.0 20.4 1,650 103.0 ' 1,688 105.4
200 2,015 125.8 20.1 1,669 104.2 1,712 106.9
Average 1,942 121.2 21.1 1,602 100.0 N/A 1,650 103.0

Std. Dev. 76 4.7 1.3 76 4.7 65 4.0

' MC — Moisture content
? Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

2 Std. Dev. = Standard Deviation
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Table A.7: FDR-NS (60 mm) (Wet): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet McC? Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd) (%) (kg/m®) (Ib/ftd)
FDR 50 2,134 133.2 9.5 1,949 121.7 2,072 129.3
100 2,204 137.6 8.9 2,023 126.3 30 2,140 133.6
150 2,241 139.9 9.0 2,055 128.3 ’ 2,176 135.8
200 2,299 143.5 8.8 2,113 131.9 2,232 139.3
Average 2,219 138.6 9.1 2,035 127.1 N/A 2,155 134.5
Std. Dev”. 69 43 0.3 68 4.3 67 4.2
Base 50 2,047 127.8 12.6 1,818 113.5 1,955 122.1
100 2,065 128.9 12.5 1,836 114.6 47 1,972 123.1
150 2,187 136.5 11.8 1,956 122.1 ’ 2,088 130.4
200 2,225 138.9 114 1,998 124.7 2,125 132.7
Average 2,131 133.0 12.1 1,902 118.7 N/A 2,035 127.1
Std. Dev. 88 5.5 0.6 88 5.5 84 53
Subgrade 50 1,562 97.5 19.0 1,312 81.9 1,359 84.9
100 1,762 110.0 16.5 1,527 95.3 14.9 1,534 95.7
150 1,881 117.4 14.3 1,645 102.7 ’ 1,637 102.2
200 1,941 121.2 14.6 1,695 105.8 1,690 105.5
Average 1,786 111.5 16.1 1,545 96.4 N/A 1,555 97.1
Std. Dev. 167 10.4 2.2 170 10.6 146 9.1
' MC — Moisture content Std. Dev. = Standard Deviation
3 Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

Table A.8: FDR-NS (120 mm) (Wet): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet MC! Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m® | (Ib/ftd) (%) (kg/m® | (Ib/ftd) (%) (kg/m®) | (Ib/ft)
FDR 50 2,097 130.9 9.8 1,909 119.2 2,022 126.2
100 2,279 142.3 8.5 2,100 131.1 37 2,198 137.2
150 2,308 144.1 8.1 2,134 133.2 ’ 2,226 139.0
200 2,332 145.6 8.3 2,154 134.5 2,249 140.4
Average 2,254 140.7 8.7 2,074 129.5 N/A 2,174 135.7
Std. Dev’. 107 6.7 0.8 112 7.0 103 6.4
Base 50 1,999 124.8 8.7 1,839 114.8 1,891 118.1
100 2,153 134.4 8.1 1,991 124.3 57 2,037 127.2
150 2,390 149.2 7.8 2,217 138.4 ’ 2,261 141.2
200 2,307 144.0 8.3 2,130 133.0 2,182 136.2
Average 2,212 138.1 8.2 2,044 127.6 N/A 2,093 130.7
Std. Dev. 173 10.8 0.4 166 10.3 163 10.2
Subgrade 50 1,861 116.2 23.8 1,394 87.0 1,628 101.7
100 1,903 118.8 22.5 1,554 97.0 143 1,665 103.9
150 1,962 122.5 21.9 1,610 100.5 ' 1,717 107.2
200 1,998 124.7 21.8 1,640 102.4 1,748 109.1
Average 1,931 120.6 22.5 1,549 96.7 N/A 1,689 105.5
Std. Dev. 61 3.8 0.9 110 6.9 53 3.3

' MC — Moisture content
? Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

2 Std. Dev. = Standard Deviation
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Table A.9: FDR-FA (Wet): Summary of Density and Moisture Content Measurements

Nuclear Gauge Laboratory
Layer Depth Wet McC? Dry Base Recalculated
(mm) Density Density MC Dry Density®
(kg/m®) | (I0/f6) (%) (kg/m®) | (Ib/ft) (%) (kg/m®) | (Ib/ftd)
FDR 50 1,794 112.0 15.8 1,549 96.7 1,685 105.2
100 2,070 129.2 13.6 1,821 113.7 6.5 1,943 121.3
150 2,182 136.2 11.9 1,949 121.7 ’ 2,049 127.9
200 2,271 141.8 12.1 2,026 126.5 2,133 133.1
Average 2,079 129.8 13.4 1,837 114.7 N/A 1,952 121.9
Std. Dev’. 207 12.9 1.8 210 13.1 195 12.1
Base 50 2,150 134.2 11.1 1,937 120.9 2,034 127.0
100 2,126 132.7 11.0 1,916 119.6 57 2,011 125.5
150 2,185 136.4 10.1 1,985 1239 ’ 2,067 129.0
200 2,207 137.8 10.5 1,998 124.7 2,088 1304
Average 2,167 1353 10.7 1,959 122.3 N/A 2,050 128.0
Std. Dev. 36 2.3 0.5 39 2.4 34 2.1
Subgrade 50 1,810 113.0 30.5 1,389 86.7 1,569 97.9
100 1,949 121.7 28.2 1,522 95.0 154 1,689 105.5
150 2,012 125.6 26.3 1,591 99.3 ’ 1,743 108.8
200 2,030 126.7 26.0 1,610 100.5 1,759 109.8
Average 1,950 121.8 27.8 1,528 954 N/A 1,690 105.5
Std. Dev. 100 6.2 2.1 100 6.2 86 5.4

' MC — Moisture content

Std. Dev. = Standard Deviation
3 Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.

Table A.10: FDR-PC (Wet): Summary of Density and Moisture Content Measurements

Layer

Depth
(mm)

Nuclear Gauge

Laboratory

Wet
Density

McC?t

Dry
Density

Base
MC

Recalculated
Dry Density®

(kg/m® | (Ib/ftd)

(%)

(kg/m® | (Ib/ftd)

(%)

(kg/m®) | (Ib/ft)

FDR

50
100
150
200

Average

Std. Dev?.

No Measurements Taken

Base

50
100
150
200

Average
Std. Dev.

No Measurements Taken

Subgrade

50
100
150
200

Average
Std. Dev.

No Measurements Taken

' MC — Moisture content

% Std. Dev. = Standard Deviation
? Recalculated dry density using nuclear gauge wet density and laboratory gravimetric moisture content.
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DCP summary

DCP summary
Area : ATIRC Moisture Moist Cate 1
Road : FDR Distance: 4.00 km Position 672HB-In Test Dale 8.-‘191’2015
Structure Number (DSNggq) : 210 Base Type Cemented Struct. Cap. (E80s): 1.884x10
B= 17 A=2237 Category V: Averagely balanced deep structure (AED)
User defined layer summary
From-To Avg.DN Std.Dev. CBR Range ucs Range E-Mod ge
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 2.84 0.28 109 86- 139 929 757- 1153 368 303- 451
250-520 3.73 1.04 77 41- 160 687 394- 1303 276 163- 507
520-800 7.95 1.65 29 18- 590 294 13- 471 123 83- 183
Redefined layer summary
From-To Avg.DN std.Dav. CBR Range ucs Range E-Mod Range
{mm}) (mm /b low) (mm /b Low) (%) 10% - 90% (kPa) 10% - 90% (MPa}) 10% - 90%
0-379 2.79 0.36 ahik: 82- 154 950 726- 1265 376 291- 493
379-614 4.99 9.91 53 35- 85 496 340- 749 203 142- 300
614-800 9.60 0.63 23 20- 27 239 208- 276 101 89- 116

Area : ATIRC Moisture Moist Caty £ 1
Road : FDR Distance: 4.00 km Fosition &67zHB-Oout  Test Dale i a/w!zmé
Structure Number (DSNggg) = 174 Base Type Cemented Struct. Cap. (E80s): 0.574x10
B= 17 A=3706 Category VI: Poorly balanced deep structure (PED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR Range ucs Range E-Mod Range
(mm) (mm/blow)  (mm/blow) (%)  10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.49 0.27 84 70- 102 739 629- 875 296 254- 347
250-520 3.53 0. 46 83 61- 115 730 556- 979 293 226- 386
520-800 13.05 2.67 16 10- 27 169 112- 269 73 49- 113
Redefined layer summary
Prom-To Avg.DN std.Dev. CBR Range ucs Range E-Mod Range
(mm ) (mm /b Low) {mm /b low) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-468 3.38 0.28 &7 71- 108 765 640- 922 308 258- 365
468-544 5.14 0,49 51 41- €5 4739 391- 592 196 162- 240
544-800 13.86 1.984 15 10- 21 158 118- 217 68 52- 82
Balance curve Normalized curve
Mo of Blows
-10 5 o 5 10
0 T T T
! i
100 - -
200 b .
i
E E 300 -
E E
g §
3 3 400 flecc}
' T
5 5
E 1 £
g i 1
o + T Q500
' 4
i 1
1 b
H 1 600
1
\
700r prassaal e L o
i
800 L I
-10 5 5 10
Deviation from SPBEC (% mm)
Redefined layer strength diagram
0 T T
100 foe
200 b
i E 300
& £
g § 400 -
5 5
g H
5 5 500 [on
600 |-
700
#00 n
O 1 DN (mmibiow) 10 oo [ 0 1 DN {mmiblow) 10 100
1) 500 o M g0 45 2515 T [96) =l alo Ao s Bk T %
ucs ucs
(iFa) 3500 3000 wo ho 2o 1l = Fa} 3500 3000 1900 750 280 1bo %
E-Mod E-Mod
AP 10000 360 1000 alo o Y 1o MPa) 1odoo  ago 1000 a0 o £ 0

Balance curve
Mo of Blows

Mormalized curve

-

1 100 frrmem
{
5
A
i® 200 frrd o [—
i i
i
T 14 T 200 p—d—
H HEE
£ | £
g 4 2 400 et y—
E H £
§ §
& E
H] 5
5 f T N—— i
800 | e
Y T [q—
#00 L .
-10 10
% 0f DSNggq Deviation from SPEC (% mm)
Layer strength diagram Redefined layer strength diagram
2 T [T T g TTT] = T 1]
100 - i 100 |- 4
i
200 e 200 frern
g L. T .
£ 300 £ 00
§ £
8 400 foo 3 a0}
§ 5
§ 5
5 500 3 om0
600 |- 600 [
700 fre 700 |
800 #0 . i B S
a0 1 DN {mmiblow) 10 0| e 1 DN (mmilow) 10 100
%) =l alo o e s s T ¥ %) slo alo W0 80 45 2515 1 3
ucs ucs
{iFa) 3500 3000 1900 50 250 10 % (Fa) 3%0 3000 10 e 2o e =

E-Mod
MPa) 10000

3000

W ado 1o

twdoo 3ob0 1000 o 1o E3 )

E-Mod
MPa)

Figure A.1: 672HB: DCP profile (untrafficked [left] and wheelpath [right]).
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Area : ATIRC

DCP summary

DCP summary
Area : ATIRC Moisture ¢ Moist Cate 1
Road : FDR Distance: 4.00 km Position 677HC-In Test Dale 8.-‘201’2015
Structure Number (DSNggq) : 188 Base Type Cemented Struct. Cap. (E80s): 1.284x10
B= 14 A=4227 Category VI: Poorly balanced deep structure (PED)

Moisture : Moist Caty £ 1
Road : FDR Distance: 4.00 km Fosition &77HC-out  Test Dale i e/znfzmé
Structure Number (DSNggg) = 162 Base Type Cemented Struct. Cap. (E80s): 0.761x10
B= 16 A=2668 Category V: Averagely balanced deep structure (AED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR Range ucs Range E-Mod Range
(mm) (mm/blow)  (mm/blow) %) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.68 0.38 78 61- 102 697 560- 877 280 228- 348
250-520 4.00 0.53 70 51= 59 634 481- 852 256 197- 339
520-800 12.23 1.49 17 13- 23 1s2 141- 239 78 61- 101
Redefined layer summary
Prom-To Avg.DN std.Dev. CBR Range ucs Range E-Mod Range
(mum) (mm /B 1lew) {mm /b low) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-527 3.86 0.48 T4 55- 101 660 510- &70 266 208- 346
527-800 12.45 1.04 17 14- 21 178 149- 215 77 65- 21

User defined layer summary

From-To Avg.DN Std.Dev. CBR Range ucs Range E-Mod
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.75 0.37 77 61- 98 683 556- 848 275 226- 337
250-520 2.94 0.41 104 75- 148 894 669- 1221 385 269- 477
520-800 11.74 2.586 18 11- 31 191 122- 312 82 54- 131
Redefined layer summary
From-To Avg.DN std.Dav. CBR Range ucs Range E-Mod Range
(mm ) (mm /b low) (mm /b Low) (%) 10% - 90% (kPa) 10% - 90% (MPa}) 10% - 90%
0-276 3.73 0.35 77 = 97 E8E 5€3- 843 276 229- 335
276-489 2.70 0.26 116 92- 148 983 801- 1218 388 3l9- 476
489-563 5.05 0.61 52 39- 71 489 380- 638 200 157- 258
563-800 13.08 1.19 16 13- 20 1&9 139- 206 73 61~- :3:2
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Figure A.2: 677HC: DCP profile (untrafficked [left] and wheelpath [right]).
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Area : ATIRC

DCP summary

Area

: ATIRC

ce: 4.00 km

Road : FOR Distan
Structure Number (DSNggq) : 538

B= 34

A=2414

DCP summary
Moisture Moist Cate 1
Position 673HB-In Test Dafe 9.-‘151’201§
Base Type Cemented Struct. Cap. (E80s). >10x10

Category V: Averagely balanced deep structure (AED)

std.Dev.

User defined layer summary

Prom-To Avg.DN CBR Range ucs Range E-Mod ge
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 0.83 0.27 338 224- 434 2501 1757- 3138 1357 T49- 2729

250-520 2.06 0.30 164 116- 213 1333 987- 1679 518 390- 705

520-800 10.49 5.81 21 7- 88 216 82- 773 92 36- 309

Redefined layer summary

From-To Avg.DN std.Dav. CBR Range ucs ge E-Mod Range
(mm ) (mm /b low) (mm /b Low) (%) 10% - 90% (kPa) 10% - 90% (MPa}) 10% - 90%
0-234 0.79 0.24 344 240- 436 2563 1863- 3153 1435 813- 2786

234-517 2.02 0.29 187 119- 216 1358 1006- 1701 528 3%7- 717

517-613 3.32 0.50 89 62- 131 781 570- 1098 312 231- 431

613-800 15.85 3.60 12 7- 23 138 87- 233 &0 39- 99

Moisture Moist Caty 1
Road : FDR Distance: 4.00 km Fosition 673HB-out  Test Dale E/leZ(]l?
Structure Number (DSNggg) = 374 Base Type Cemented Struct. Cap. (E80s). >10x10
B= ie A=1875 Category V: Averagely balanced deep structure (AED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR Range ucs Range E-Mod Range

{mm) (mm/Blow) (mm/Blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%

0-250 132 0.56 244 117- 403 1894 989- 2943 832  390- 2122
250-520 3.12 0.52 96 65- 148 836 592- 1219 333  240- 476
520-800 12.73 6.62 16 6- 63 174 69- 576 75 31- 234

Redefined layer summary
Prom-To Avg.DN std.Dev. CBR Range ucs Range E-Mod

(mum) (mm/blow) (mm/blow} (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%

0- 49 18 0.39 267 161- 389 2050 1315- 2854 938 512- 1918
49-101 0.62 0.13 384 318- 440 2818 2387- 3178 1844 1230- 2892
101-168 1.05 0.25 290 203- 378 2200 1609%- 2783 1056 666- 1777
168-232 1.92 0.32 176 121- 237 1417 1018- 1845 559 401- 802
232-596 3.35 0.60 88 58- 139 774 537- 1155 309 218- 452
596-800 17.33 4.86 11 6- 23 123 71- 234 54 32- 99
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Figure A.3: 673HB:

DCP profile (untrafficked [left] and wheelpath [right]).
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DCP summary

Area : ATIRC Moisture : Moist Cale%c:? I |

Road : FDR Distance: 4.00 km Position 674HB-In Test Dale E B,"Zl/‘EOlé
Structure Number (DSNggg)  : 166 Base Type : Cemented Struct. Cap. (E80s): 0.224x10
B= -7 A=8570 Category IX: Poorly balanced inverted structure (PBI)

User defined layer summary

From-To Avg .DN Std.Dev. CBR Range ucs
(mm) (mm/blow) (mm/blow) (%)  10% - 90% (kPa)
0-250 50.00 0.00 3 3- 3 38

250-520 2.38 0.33 136 98- 185 1134

520-800 8.36 3.38 28 12- 79 278

Range E-Mod Range
10% - 90% (MPa) 10% - 90%

38- 38 18 18- 18
850- 1483 445 338- 597
130- 704 117 57- 283

Redefined layer summary

From-To Avg .DN Std.Dav. CBR Range ucs Range E-Mod Range
(mm) (mm/blow) (mm/blew) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - S0%
0-800 13.34 13.7¢ 15 3- 1a8 165 39- 150 71 18- &07
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Figure A.4: 674HB: DCP profile (wheelpath).
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Area : ATIRC

DCP summary

DCP summary
Area : ATIRC Moisture Moist Cate 1
Road : FDR Distance: 4.00 km Position 676HC-In Test Dale 8.-‘251’2015
Structure Number (DSNggq) : 198 Base Type Cemented Struct. Cap. (E80s): 1.533x10
B= 21 A=2572 Category V: Averagely balanced deep structure (AED)
User defined layer summary
From-To Avg.DN Std.Dev. CBR Range ucs Range E-Mod ge
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 2-71 0.48 116 T7=- 177 982 682- 1430 388 274- 587
250-520 3.73 0.48 77 57- 107 685 524- 913 275 213- 382
520-800 12.86 4.30 16 8- 38 172 90- 371 74 40- 154
Redefined layer summary
From-To Avg.DN std.Dav. CBR Range ucs ge E-Mod Ran,
{mm}) (mm/blow) (mm /b Low) (%) 10% - 90% (kPa) 0% - 90% (MPa) 10% - 90%
0- 74 3.04 0.38 100 5= 137 864 666- 113 34 8- 44
74-150 2.15 0.22 155 122- 189 1273 1029- 1514 496 405- €13
190-291 3.40 0.27 87 71- 106 760 642- 907 304 259- 360
291-362 4.77 0.31 56 48- €7 522 453- 603 213 186- 244
362-514 3.43 0.32 86 €9- 108 754 620- 926 302 251- 387
514-591 5.49 1.12 47 29- 80 446 294- 708 183 123- 284
591-800 16.00 0.95 12 10- 14 135 119- 152 59 52- &7

Moisture Moist Caty £ 1
Road : FDR Distance: 4.00 km Fosition &76Hc-out  Test Dale i e/zsfzmé
Structure Number (DSNggg)  : 158 Base Type Cemented Struct. Cap. (E80s): 0.693x10
B= 20 A=3819 Category VI: Poorly balanced deep structure (PED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR Range ucs Range E-Mod
(mm) (mm/blow)  (mm/blow) (%)  10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.83 0.70 74 49- 119 666 458- 1004 268  188- 396
250-520 4.12 0.84 68 42- 115 614 404- 975 248 167- 385
520-800 17.23 4.76 11 6- 23 124 72- 233 54 32- 99
Redefined layer summary
Prom-To Avg.DN std.Dev. CBR Range ucs Range E-Mod Range
(mum) (nm/blow) (mm/blow} (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-555 4.10 0.83 €8 43- 115 €18 409- 976 250 165- 385
555-800 1g9.29 2.10 10 7- 13 109 87- 139 48 39- €1
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Figure A.5: 676HC: DCP profile (untrafficked [left] and wheelpath [right]).
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Area : ATIRC

Road : FDR Distance: 4.00
Structure Number (DSNggg)  : 192
B= -5 A= 9565

DCP summary

Moisture
km Position

: Moist Cate, g 1
685HB-Tn TEQ%(:?E : 10."1/'201?

Base Type : Cemented Struct. Cap. (E80s). 1.370x10
Category IX: Poorly balanced inverted structure (PBI)

User defined layer summary

From-To Avg .DN Std.Dev. CBR Range ucs Range E-Mod Range
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 50.00 0.00 3 3- 3 38 38- 38 18 18- 18

250-520 1.95 0.26 173 127- 220 1399 1066- 1727 548 41%9- 732

520-800 12.03 8.24 17 5- 103 185 60- 886 80 27- 352

Redefined layer summary

From-To Avg .DN Std.Dav. CBR Range ucs Range E-Mod Range
{mm) (mm /b low) (mm /b Low) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - S0%
0-800 14.76 17.63 13 2- 216 148 31- 1701 €4 18- 717
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Figure A.6: 685HB: DCP profile (wheelpath).

UCPRC-RR-2015-02

227




DCP summary

Area : ATIRC Moisture Moist Caty £ 1
Road : FDR Distance: 4.00 km Fosition 683HC-out  Test Dale i 10:’1/201§
Structure Number (DSNggg) = 180 Base Type Cemented Struct. Cap. (E80s): 1.085x10
B= 17 A=3065 Category VI: Poorly balanced deep structure (PED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR Range ucs Range E-Mod
(mm) (mm/blow)  (mm/blow) (%)  10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.34 0.48 89 63- 128 77 576~ 1073 311 234- 422
250-520 3.70 0. 46 78 58- 106 692 534- 910 278 218- 361
520-800 12.96 4.69 16 7- 41 171 85- 392 74 38- 162
Redefined layer summary
Prom-To Avg.DN std.Dev. CBR Range ucs Range E-Mod Range
(mm} (mm /b Low) {mm /b low) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-179 3.0 0.41 98 72- 138 852 644- 1148 339 260- 450
179-577 3.88 0,46 T3 55- 89 656 510- 857 264 208- 341
577-800 15.82 2.10 12 - 17 137 103- 184 60 46- 79
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DCP summary
Area : ATIRC Moisture Moist Cate 1
Road : FDR Distance: 4.00 km Position 683HC-Tn Test Dale 10/11’2015
Structure Number (DSNggq) : 187 Base Type Cemented Struct. Cap. (E80s): 1.246x10
B= 123 A=3166 Category VI: Poorly balanced deep structure (PED)
User defined layer summary
Prom-To Avg.DN Std.Dev. CBR Range ucs E-Mo: ge
(mm) (mm/blow)  (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.54 0.53 a2 58- 120 726 533- 1015 291  217- 400
250-520 3.63 0.59 80 54- 121 707 504- 1020 284 206- 402
520-800 10.64 4.62 20 8- 63 213 95- 578 91 42- 234
Redefined layer summary
From-To Avg.DN std.Dev. CBR Range ucs 3 E-Mod
{mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - S0%
0-193 3.34 0.49 89 63- 129 777 572- 1081 311 232- 425
193-372 4.51 0.30 61 52- 71 555 483- 642 226 1%7- 259
372-547 2.94 0.21 104 88- 124 895 771- 1045 355 308- 411
547-621 5.16 0.84 51 35- 77 478 341- 689 195  142- 277
621-800 15.29 0.82 13 11- 15 142 126- 160 62 55- 69
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Figure A.7: 683HC:

DCP profile (untrafficked [left] and wheelpath [right]).
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Area : ATIRC

DCP summary

Moisture : Moist Caty £ 1
Road : FDR Distance: 4.00 km Fosition &84HB-out  Test Dale i e/znfzmé
Structure Number (DSNggg) = 189 Base Type Cemented Struct. Cap. (E80s): 1.303x10
B= 20 A=2870 Category V: Averagely balanced deep structure (AED)
User defined layer summary
Prom-To Avg .DN std.Dev. CBR ucs Range E-Mod

(mm)  (em/blow) (am/blow) (%)
2.98 0.52
250-520 3.94 0.89 72 43- 128 645

Range
10% - 90% (MPa) 10% - 90%
615- 1314 351 248- 511
409- 1073 260 169- 422

Range
10% - 90% (kPa)
103 68- 161 883

520-800 11.36 2.38 19 12- 32 198 129- 317 &8s 56- 133

Redefined layer summary

Prom-To Avg.DN std.Dev. CBR
(mm) (mm/blew) (mm/blow) (%)
0-19¢ 2.70 0.37 116
196-560 4.11 0,85 68

560-200 12.61 0.68 16

Range ucs Range E-Mod Range
10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
84- 166 986 T38- 1345 389 296- 523
42- 116 616 403- 986 249 166- 389
14- 19 176 156- 198 76 68~ 85

Balance curve

Normalized curve

DCP summary
Area : ATIRC Moisture ¢ Moist Cate 1
Road : FDR Distance: 4.00 km Position 684HB-Tn Test Dale 8.-‘201’2015
Structure Number (DSNggq) : 178 Base Type Cemented Struct. Cap. (E80s): 1.045x10
B= 12 A=4137 Category VI: Poorly balanced deep structure (PED)
User defined layer summary
Prom-To Avg.DN Std.Dev. CBR Range ucs E-Mo:
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 3.91 0.71 73 48- 116 652 448- 983 263 184- 388
250-520 3.30 0.73 90 54- 158 786 503- 1294 314 205- 504
520-800 14.29 2.69 14 9- 23 153 104- 234 66 46- 99
Redefined layer summary
From-To Avg.DN std.Dav. CBR Range ucs Range E-Mod Range
{mm}) (mm /b low) (mm /b Low) (%) 10% - 90% (kPa) 10% - 90% (MPa}) 10% - 90%
0-256 3.92 0.71 72 48- 115 €50 448- 976 262 184- 385
256-400 2.67 0.28 118 92- 153 999 802- 1258 394 320- 491
400-540 4.37 1.00 63 37- 114 575 361- 969 233 150- 383
540-800 15.08 1.63 13 10- 17 144 115- 183 63 50~ 78
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Figure A.8: 684HB: DCP profile (untrafficked [left] and wheelpath [right]).
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DCP summary

Area : ATIRC Moisture Moist Cale%c:}y g 1

Road : FDR Distance: 4.00 km Position 681HC-Tn Test Dale g 10.!‘1/201?
Structure Number (DSNggg) = 157 Base Type : Cemented Struct. Cap. (E80s). 0.&75x10
B= -3 A=8121 Category IX: Poorly balanced inverted structure (PBI)

User defined layer summary

From-To Avg .DN Std.Dev. CBR Range ucs Range E-Mod Range
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 50.00 0.00 3 3- 3 38 38- 38 1 18- 18

250-520 2.89 0.56 107 68- 173 914 614- 1401 362 248- 550

520-800 9.83 6.90 22 6- 138 232 73- 1148 99 33- 450

Redefined layer summary

From-To Avg .DN Std.Dav. CBR Range ucs Range E-Mod Range
(mm/blow) (mm/blow) (%)  10% - 90% (kPa) 10% - 90% (MPa) 10% - 50%
0-800 14.54 17.50 14 2- 221 150 32- 1737 65 16- 738
€00-670 5.01 1.04 53 33- 90 493 323- 788 202 135- 315
&70-800 21.42 5.68 8 5- 17 97 57- 178 43 26- 77
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Figure A.9: 681HC: DCP profile (wheelpath).
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DCP summary

Area ATIRC Moisture Moist Cale%c:}y g 1

Road : FDR Distance: 4.00 km Position 682HB-Tn Test Dale g 10.!‘1/201?

Structure Number (DSNggg)  : 13 Base Type : Cemented Struct. Cap. (E80s): 0. 385x10

B=-12 A=29388 Category IX: Poorly balanced inverted structure (PBI)

User defined layer summary

From-To Avg .DN Std.Dev. CBR Range ucs Range E-Mod Range
(mm) (mm/blow) (mm/blow) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - 90%
0-250 50.00 0.00 3 3- 3 38 38- 38 1 18- 18

250-520 4.04 1.75 70 28- 201 628 280- 1592 254 118- 656

520-800 9.43 4.67 24 9- 87 243 99- 762 103 44- 305

Redefined layer summary

From-To Avg .DN Std.Dav. CBR Range ucs Range E-Mod Range
(mm) (mm/blow) (mm /B Low) (%) 10% - 90% (kPa) 10% - 90% (MPa) 10% - S0%
0-324 38.37 20.77 4 1- 16 El 19- 17€ 23 9- 76

324-572 2.66 .30 118 90- 157 999 790- 1280 394 315- 499

572-665 6.65 1.40 37 23- &3 359 234- 578 149 99- 234

€65-800 15.87 0.65 12 11- 14 136 125- 1489 53 55= 65
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Figure A.10: 682HB: DCP profile (wheelpath).
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Figure A.11: 672HB: FDR-NS (60 mm) test pit profile (after 713,000 load repetitions).
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Figure A.12: 677HC: FDR-NS (120 mm) test pit profile (after 1,080,100 load repetitions).
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Figure A.13: 673HB: FDR-FA test pit profile (after 1,350,000 load repetitions).
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Figure A.14: 676HC: FDR-EE test pit profile (after 120,000 load repetitions).
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Figure A.15: 685HB: FDR-FA test pit profile (after 1,000,000 load repetitions).
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Figure A.16: 683HC: FDR-NS (60 mm) test pit profile (after 233,000 load repetitions).
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Figure A.17: 684HB: FDR-NS (120 mm) test pit profile (after 590,000 load repetitions).
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Figure A.18: 681HC: FDR-FA test pit profile (after 750,000 load repetitions).
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