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Abstract

The ultra-thin bonded bituminous surface (UBBS)udarly known as Novachip, is a
thin hot-mix asphalt layer with high-quality, gapaded aggregates bonded to the existing
surface with a polymer-modified emulsion membralrtes thin surfacing improves ride quality,
reduces road-tire noise, minimizes back spray,iacreases visibility under wet conditions. The
Kansas Department of Transportation (KDOT) has hestmg UBBS since 2002. Performance
of this thin surface treatment strategy has beea go Kansas and elsewhere. However, some of
these projects are now being rehabilitated. Theative of this study is to evaluate whether
reclaimed asphalt pavement (RAP) materials fromstexg UBBS layers can be used in chip seal
and Superpave mixtures. UBBS millings were stuelét two different polymer-modified
emulsions to assess their performance as precagtgdgates in chip seal. The ASTM D7000-
04 sweep test was used to assess chip retentldBBS millings. Three different mix designs
were developed for both 12.5-mm and 9.5-mm nonmmimatimum aggregate size (NMAS)
Superpave mixtures using a PG 70-22 asphalt bemtthree different percentages (0%, 10%,
and 20%) of reclaimed UBBS materials. The desigh@oerpave mixes were then tested for
performance in terms of rutting and stripping udimg Hamburg wheel tracking device (HWTD)
and moisture sensitivity by modified Lottman teSwsieep test results showed that UBBS
millings did not improve chip retention. Superpanix design data indicated volumetric
properties of Superpave mixes with UBBS millingst mlérequirements specified by KDOT.
HWTD and modified Lottman test results indicatdddakigned mixes performed better with the
addition of UBBS millings as RAP materials. Fielerformance of UBBS projects was also
evaluated. It was found that pavements treated WBBS showed high variability in service life
with majority serving six years. Before and aftBAQ) studies showed that UBBS reduces
pavement roughness, transverse and fatigue craokgear after the treatment. However, no

consistent improvement in rutting condition wasrdu
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Chapter 1 - Introduction

1.1 General

In the United States, the vast highway systemdstibst essential infrastructure and is
vital to the national economy. With increasing #laslemand and budgetary constraints, recent
emphasis has been placed on pavement preservati@r than expansion of the existing
highway network. The National Asphalt Pavement Asgmn (NAPA) estimates that about 94
percent of paved road network in the United Stetesnstructed with hot-mix asphalt (HMA)
(NAPA 2012). Asphalt pavements deteriorate oveetimostly due to traffic loads and
environmental factors. Performance of asphalt pavens affected by type, time of application,
and quality of maintenance treatments. The pavepreservation program includes preventive
maintenance, minor rehabilitation, and routine r@iance activities. Preventive maintenance is
defined as “a planned strategy of cost-effectieatiments to an existing roadway system and its
appurtenances that preserves the system, retdtate fieterioration, and maintains or improves
the functional condition of the system (withoutrsfggantly increasing the structural capacity)"
(FHWA 2012). Preventive maintenance and rehakiitaare important for any pavement
preservation and management system. Figure 1slralies treatment categories based on the
pavement condition index. Preventive maintenantieegroup of activities performed to protect
pavement and decrease the rate of deterioratida qtiality. Proper identification of distressed
pavement and determination of its causes are irapbtd the selection of appropriate
maintenance treatment (Brown et al. 2009). Prevemtiaintenance techniques commonly used
by highway agencies include fog seals, chip seaisty seals, micro surfacing, Novachip, etc.
However, when asphalt pavement gets close to th@kits useful life or starts to show
extensive structural defects, a major rehabilitatfoneeded. Structural recycling, milling, and
structural overlays are some rehabilitation techegqused by highway agencies depending on
the types of distress (Hicks et al. 2000).



A. Routine
maintenance

B. Preventive maintenance

100
» C. Defer action

D. Rehabilitation

E. Reconstruction

PSI

Figure 1.1 Treatment Strategy Based on Pavement Cdition (Hicks et al. 2000)

Pavement recycling is one of the major rehabibtatnethods for asphalt pavements used
by various highway agencies across the United St&tdasting asphalt pavement materials are
commonly removed during rehabilitation or recondtin operations. Reclaimed asphalt
pavement (RAP) contains valuable asphalt binderagygglegates. Use of RAP in HMA mixtures
has been widely investigated. When properly desigmal constructed, RAP mixes have been
shown to be equal if not better in performanceitgir Superpave mixtures. The RAP mixtures

also have environmental and economic benefits (laoge2010).

1.2 Problem Statement

Kansas Department of Transportation (KDOT) paverpesgervation techniques for
asphalt-surfaced pavements include many treatmetitads. One of these is the ultra-thin
bonded bituminous surface (UBBS or Novachip). KDI&iE been using UBBS since 2002, and
to date more than 450 miles of UBBS have been dlaoghe Kansas state highway system.
Some of these projects are being rehabilitated 1$mce the UBBS layer is gap graded,
conventional overlay might result in moisture triaqgpwithin the layer causing, stripping of the
underlying layers. KDOT is currently extendingutse from treatment of the existing surface to

in conjunction with some sort of surface preparasach as surface recycling. Since UBBS uses
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very high-quality aggregates and asphalt binder,afiseclaimed millings from UBBS as
precoated aggregates in chip seal and as RAP iarSaye mixtures is expected to be highly

beneficial. Thus, there is a need to evaluate ndegparformance of reclaimed UBBS millings.

1.3 Study Objective

The main objectives of this study were to:

a) Evaluate the performance of reclaimed UBBS milliaggrecoated aggregates in
chip seal;

b) Develop Superpave mixture designs incorporatingamreed UBBS millings;

c) Evaluate the effect of reclaimed UBBS millings e performance of Superpave
mixtures, especially in terms of rutting and maistausceptibility; and

d) Evaluate the field performance of UBBS project&ansas using data from the
PMIS database.

1.4 Organization of Thesis
This thesis is divided into five chapters, incluglihis introductory chapter (Chapter 1).
Chapter 2 provides a literature review on ultrar-ttonded bituminous surface, chip seal, and
reclaimed asphalt pavement. Chapter 3 describanéiieodology and laboratory testing.
Chapter 4 discusses test results and related analgbapter 5 discusses the field performance
of rehabilitated ultra-thin bonded bituminous sa€grojects in Kansas. Chapter 6 presents

conclusions based on this study and recommenddborfisrther study.



Chapter 2 - Literature Review

2.1 Ultra-Thin Bonded Bituminous Surface

Ultra-thin bonded bituminous surface (UBBS), als@kn as Novachip, is a preventive
maintenance or thin surface treatment that consfsishin, gap-graded hot-mix asphalt (HMA)
layer applied over a thick polymer-modified emutsitoembrane. Thickness of the HMA layer
typically ranges from 9.5 mm (3/8 inch) to 19 mn¥(Bch). UBBS was first developed in
France in 1986 by the SCREG Routes Group to restaderesistance. It has been in use in the
United States since 1992, when the first test @estere placed in Alabama, Mississippi, and
Texas. It is used on structurally sound asphatoicrete pavements (Estakhri and Button 1994,
Kandhal and Lockett 1997). The thick, polymer-mmifasphalt membrane seals and protects
the existing surface and ensures adhesion of trggaled HMA layer to the underlying
pavement. The gap-graded mix provides a stonearestontact that is highly resistant to
rutting. The finished ultra-thin mat optimizes wdéhigh-quality aggregates and provides a
durable, skid-resistant surface. It also has a stigtture that reduces tire noise, minimizes back
spray, and increases visibility under wet condgiddBBS is placed with a specially designed
paver that places the asphalt emulsion membraneéi&hfllayer in a single pass (Hanson 2001).

UBBS is intended as a surface treatment to roadwearysed of rehabilitation due to
raveling, weathering, and oxidation. It is alsemded to restore surface smoothness by filling
ruts less than 12.5 mm (Y2 inch) deep and smoottongigations and other surface irregularities.
In addition, UBBS rejuvenates an aged HMA pavenserfiace. However, it is not designed to
improve structural capacity of the pavement. UBB&oat intended to bridge weak spots or to
cover underlying pavement deficiencies. Any cragieater than 6.2 mm (¥4 inch) in width
should be sealed prior to application of UBBS tewra good performance. No sealing is
required for non-working cracks less than 6.2 mmn¢h) because of the thick application of
asphalt emulsion membrane (Russell et al. 2008).

Hanson (2001) noted that asphalt pavement shouldenconsidered for an UBBS
overlay if it has longitudinal cracking, block ckarg, edge cracking, or reflective cracking at
the joints that exceed medium severity levels &isne@ by the Distress Identification Manual for
the Long-Term Pavement Performance Program (SHRBBS8P-If rutting is greater than 12.5

mm (%2 inch) the surface should be milled or levegdadr to application of UBBS. For rigid

4



pavements, UBBS will not treat blowups, pumpingfauiting problems (Hanson 2001). Figure

2.1 shows a typical ultra-thin bonded bituminoudasting.

JEN
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Figure 2.1 Typical Ultra-Thin Bonded Bituminous Suifacing (Ultra-Thin Asphalt
Surfacing, Austroads, 1999)

2.1.1 Materials

As mentioned earlier, UBBS consists of a gap-gradedthat includes a large portion of
single-sized crushed aggregate bound with mastigosed of sand, filler, and asphalt binder.
High quality aggregates must be used for best peence. The main properties of aggregates
include gradation, shape, and number of crushezbfagear resistance, and clay content.
Aggregates used in UBBS should be cubical, andddieyrand must meet KDOT specifications
as shown in Tables 2.1 and 2.2. Typical gradagguirements for three mixes of UBBS
commonly used is shown in Table 2.3. The 12.5-m#2-fich) gradation is used for roadways
with high traffic volumes. The 9.5-mm (3/8-inchzaiis used for urban, residential, and business
district streets where pedestrian and bicycleitragfa consideration. The 6.2-mm (1/4-inch) size
is not commonly used, and is reserved for pavensrs as airports or areas where a tight

surface is needed.



Table 2.1 Coarse Aggregate Properties (KDOT 1990)

Individual Coarse Aggregate Properties

Property Test Method Limits
Coarse Aggregate Angularity (% min.) KT-31 95785
Los Angeles Abrasion (% maX) KTMR-25 35°¢
Micro-Deval,(% max.) AASHTO T-327 18
Flat and Elongated (% max.) KT-89 25
Soundness (% min.) KTMR-21 0.90°
Absorption (% max.) KT-6 4.0°
Methylene Blue (% max.) AASHTO TP-§7 10’

An individual aggregate will be considered a coaesgyregate source if |t
contributes more than 5% of the total plus No. evaimaterial of the combined
aggregate (individual aggregate contribution Nd. tétal JMF retained No. 4
5%).

a — 95% of coarse aggregate has one fracturedalade85% has two or more
fractured faces.
b — Sample from stockpiled material with top-sizgr@@gate not larger than the
maximum aggregate size for the mix designation fyp@ Table 6.
c - For calcitic or dolomitic-cemented sandstonedidzite,” the maximum % is 40.
d — Use aratio of 3:1 in lieu of 5:1 as shownestfprocedure.
e - May use KDOT'’s official quality results.

f — Perform this test on all individual aggregatest contribute more than 1.0% |to
the JMF for material passing the No. 200 sieve.

\Y

Table 2.2 Fine Aggregate Properties (KDOT 1990)

Fine Aggregate Properties
I Individual or
Property Test Method Limits Combined Aggregate
Uncompacted Voids (% KT-50 45 Combined
min.)
Methylene Blue (% max.) AASHTO TP-57 10 Individual
Sand Equivalent (% min.) KT-55 45 Combined
Soundness (% min.) KTMR-21 0.90 Individual
Los Angeles Abrasion (% KTMR-25 40° Individual
max.)
Absorption (% max.) KT-6 49 Individual
a —May use KDOT'’s official quality results.
The above requirements for soundness do not apphadgregates having
less than 10% material retained on the No. 4 sieve.
The above requirements for wear do not apply faregates having less
than 10% material retained on the No. 8 sieve.




Table 2.3 Mix Design Requirements: Composition by Wight Percentages (KDOT 1990)

6.2 mm (1/4 inch) -| 9.5 mm (3/8 inch) -| 12.5 mm (1/2 inch) -
Sieve Type A Type B Type C
Design General Design General Design General
Limits (% retained) | Limits (% retained) | Limits (% retained)
3/4 inch 0 0
1/2 inch 0 0-3 0-25
3/8 inch 0-3 0-25 20-50
#4 45-60 62-75 62-75
#8 68-78 73-81 73-81
#16 75-85 77-85 77-85
#30 82-90 82-90 82-90
#50 87-92 87-92 87-92
#100 90-94 90-94 90-94
#200 94.0-96.0 94.0-96.0 94.0-96.0

The asphalt binder grade is selected based ontelinaffic speed, and loading conditions for
the project. The binder must meet AASHTO MP1 fa plerformance grade (PG) used. In
addition, the binder must meet an elastic recoveguirement with a minimum value 60
according to ASTM D6084. Both unmodified and magtifbinders have been used (Hanson
2001).

A polymer-modified emulsion membrane, also knowrmNavabond membrane, is
sprayed prior to application of the HMA layer. Thiick membrane ensures adhesion of the
ultra-thin bonded HMA layer to the underlying paverhand reduces surface water infiltration
into the pavement structure. Typically the emulsimembrane is placed at a rate of 0.85+0.3
liters per square meter (0.2+0.07 gallons per sgyard). The actual rate is determined based on
the condition of existing pavement. The main olyecis to fill the surface voids and to provide
enough emulsion so that it rises to about one-thiittie thickness of the ultra-thin HMA layer.
(Hanson 2001 and Technical Advisory Guide [TAG] Bomded Wearing-Course Pilot Projects,

Caltrans, 2003). The polymer-modified emulsion reguents are shown in Table 2.4.



Table 2.4 Polymer-Modified Emulsion SpecificationgKDOT 1990)

Tests on Emulsion: Min. | Max.
Viscosity, Saybolt Furol @ 122°F, sec 25 125
Storage Stability Te5t24 h, % 1
Sieve Test % Retained 0.3
Residue by Distillatior) % 63

Oil Distillate by Distillation, % 2
Demulsibility, % (35 ml, 0.02 N Cag)l(Anionic Version) 60

Demulsibility, % (35 ml, 0.8% Dioctyl Sodium Sulfascinate)
(Cationic Version)

Tests on Distillation Residue: Min. | Max.
Penetration, 77°F, 100 g, 5 sec 90 150
Elastic Recovery, % 60

! Note: After standing undisturbed for 24 hours, sheface shall show no white
milky-colored substance, but shall be a smooth lgemeous color throughout.
% Note: The sieve test is waived if successful aapion of the material has bee
achieved in the field.

¥Note: AASHTO T59 with modifications to include aG#+10°F maximum
temperature to be held for a period of 15 minutes.

* Note: Elastic recovery, AASHTO T 301, 50°F, 20 elongation, 5-minute
hold, % min., run on distillation residue.

=

2.1.2 Mix Design

Optimum asphalt binder content is determined taenadequate film thickness on the
aggregates to provide a durable HMA layer. The deigign is done by compacting the HMA
mixture in a Superpave gyratory compactor usin@@&rhm (4-inch) mold and 100 gyrations.
The bulk specific gravity of compacted specimedatermined using paraffin, parafilm, or the
core lock device because of high voids in the speni The desired air voids level is about 10
percent, with a film thickness of about 10 micraifslesired air voids cannot be obtained, the
aggregate gradation blend is adjusted. After tlsggdebinder content has been established, the
mix is tested for moisture susceptibility using adiied AASHTO T-283 procedure. The mix is
also tested for draindown; desired draindown shooldexceed 0.1 percent. Binder content
ranges from 5.2 percent to 5.8 percent (Hanson)2&&quired mix properties of UBBS in

Kansas are shown in Table 2.5.



Table 2.5 Mix Properties (KDOT 1990)

Mix Properties

Property Test Method Limits
R e alae SEATISUD | i pzora
r[;ier?_i)gn Film Thickness (MM, | 55T Construction Manual 9.0
Drain Down (% max.) KT-63 0.1
e e
(EErg“L';'(‘;’;l'?s‘;r)‘d'“g Liquid Equation 1 (0.20 + 0.07)

a — The asphalt binder used in the mix will contaiminimum of 0.25% of an
amine-based antistripping agent by weight of thehak binder.
b — Calculate using the film thickness equatiosattion 5.17.04-13 of the “KDOT
Construction Manual.”
¢ — Compact gyratory specimen to 100 gyrationsIclate the percent air voids
using KT-15, Procedure IV.
d — Calculate the target EBL shot ratey,(§al.sy)), using equation 1; however, the
value must be within the limits in this table. Raet size (B), and mix factor (MF
are based on the mix designation.

2.1.3 Construction

The ultra-thin bonded bituminous surface procegsires some changes at the HMA
production facility. It requires slightly highemigperature and more mixing time. The mix should
not be stored for more than four hours becauseoisanore quickly than dense graded mixes
and there may be a tendency for draindown in tloe Brior to application of UBBS, the existing
pavement should be prepared and any structuralggnsbmust be repaired to provide a long-
lasting surface treatment. Pavement cracks orggreater than 6.3 mm (1/4 inch) in width
should be cleaned, routed, and sealed. The ermtienpent surface should be cleaned with
pressurized water and/ or a vacuum system to emastlean surface. All manhole covers, grates,
drains, catch basins, and other utility structstesuld be protected and covered prior to paving.
The UBBS layer should not be placed on a wet panénitecan be placed on a damp pavement
provided there is no standing water. Pavement testyre should be at least TD(50 F) at the
time of placement. The ultra-thin bonded bitumineugface utilizes a specially built paving

machine that places the HMA layer and polymer-mediemulsion membrane in a single pass.
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Basic components of the paving machine are shoviamgure 2.2. It consists of a receiving
hopper, auger conveyors that transport the HMAgoscreed, an insulated 11,300-liter (3,000-
gallon) storage tank for the emulsified asphaltl artrombination vibratory bar screed for
spreading and initial compaction of HMA. As the payvmachine pushes the dump truck along,
emulsion is sprayed at 50 to &(120 to 180F). Immediately after spraying emulsion,
conventional augers distribute the HMA at 145 t8 G5(290 to 330F). The heat of hot mix
wicks the asphalt emulsion into the mixture, bogdirstrongly to the existing surface. The
paver operates at a speed of nine to 30 meter® (BOO feet) per minute, depending on the
depth of the lift and width of the pavement. Thegyascreed is hydraulically extendable, so the
process can match varying widths of roadway asireguThe compaction process should start
immediately after application of UBBS. Compactisrobtained partially by the vibratory screed
of the paver and then by a minimum of two passessiéel double-drum roller weighing at least
nine metric tons (10 tons) operating in the statarle. Compaction should be completed before
the mix temperature reaches @0(195 F). Compaction is done in order to seat the aggesga
into the asphalt emulsion membrane and not to owepact the HMA mix (KDOT 1990 and
Russell et al. 2008).

Vertical :
adjustable augers

Hydraulically

ntrol gate i
rol gate extendible screed

Variable width
emulsion spraybar

o o - o

Slldm_g operat
station transpo

éwm "

: Emulsion
Folding loading valve
hopper

Screw

feeders

Figure 2.2 Elements of a Novachip Paving Machine (iBsell et al. 2008)
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2.1.4 Performance Review

Two UBBS projects, namely Tallapoosa and Talladegae constructed in Alabama in
1992. In the Tallapoosa project, the UBBS layer e@sstructed in two sections-one with
granite and the other with gravel aggregate. THdeda project consisted of a UBBS overlay
on three miles of an existing two-lane highway.leatthese projects used a conventional
dense-graded wearing course constructed with gragigregate as the control section.
Performance of these projects was evaluated aboe# to four years after construction and
documented in a report by Kandhal and Lockett (J98@ significant aggregate loss or raveling
was observed on either project, after about foargef service, indicating a very good bond
between the ultra-thin bonded wearing course aaditiderlying surface. It was noted that
friction numbers of UBBS were about the same axtimrol section on the Tallapoosa project
in the driving lane that experienced visible flughiThe flushing was attributed to problems
with the paver screed pushing aggregates durirggplant. The UBBS surface had higher
friction numbers compared to the control sectioritrenTalladega project. They concluded that
a properly designed UBBS surface would performdpetiith regard to friction when compared
to the conventional dense-graded HMA surface. Acloapplication rate of tack coat in the
travel lane would minimize flushing. FurthermoredBRE use was recommended on high-traffic-
volume roads and appeared to be a potential atteerfar chip seals and other surface
treatments.

The Texas Department of Transportation (TxDOT) usB&8S on US 281 and SH 46 in
the San Antonio District in 1992. At the time oapément of UBBS, US-281 had a double chip
seal wearing course with moderate bleeding antitstayeling. SH-46 had been surfaced with
one-inch (25-mm) thick, dense-graded HMA with séaleacks and slight raveling. A six-
kilometer section of US-281 was surfaced with UBB&J a three-kilometer section received no
treatment and served as the control section. Ailb#nleter section of SH-46 was surfaced with
UBBS. A research study conducted by FHWA in coopp@navith TXDOT evaluated and
documented the UBBS process and its performandakl&s and Button 1994). The two
projects were monitored at regular intervals ovtrae-year period. The monitoring consisted
of semiannual collection of friction data and ariraaasurements of ride quality. It was

observed that UBBS significantly increased the skgistance of the pavement. Ride quality of
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both the projects was good before UBBS applicadioth remained so during the evaluation
period, showing no signs of distress (Estakhri Bation 1995).

UBBS was placed on a section of SR-17 through ihed® Soap Lake in Washington in
2001. Performance of this project about six yeétes aompletion was evaluated by the
Washington State Department of Transportation (Blussal. 2008). The report on performance
evaluation concluded that UBBS was effective iruadg both the frequency and severity of
cracking. Rutting of the existing pavement was miaed, and ride quality improved after
construction of UBBS and remained constant througtite evaluation period. Life-cycle cost
analysis was also conducted to compare UBBS litdecgost with those for the WSDOT
standard HMA mixes Class A, G, and Superpave. & maed that UBBS was comparable to
HMA Class G when analyzed on a total project casis However, when only the cost of
overlay was considered, the cost of HMA Class G sugsificantly less.

Louisiana constructed its first Novachip projeciilBB7. Six-year performance evaluation
of Novachip was compared to five-year performarfdgvo control sections constructed in 1998
with HMA overlay (Cooper and Mohammad 2004). Theg@enance evaluation report
concluded that the UBBS project performed satisfagtwith respect to the international
roughness index (IRI), and longitudinal, transvees& random cracking. It was also noted that
the project showed tolerable rut resistance forAD& and truck-traffic level selected. Life-
cycle cost analysis concluded that UBBS treatmestilts in cost savings of approximately
$3.34/yd ($3.99/mM).

The Minnesota Department of Transportation (MnD@dnstructed two projects on US-
169 using UBBS near Princeton in 1999 and 2000.eXi&ing asphalt pavement had transverse
cracks which were sealed prior to the applicatibdBBS. To assess the performance of UBBS,
a crack-sealed control section was used. Fieldpeaence of UBBS was evaluated after seven
years by MnDOT (Ruranika and Geib 2007). It wasrtgn that performance was excellent, and
there was no evidence of weathering or edge det¢ion on any of the sections. UBBS
performed well with respect to ride quality andhBeerse cracking. It was recommended that the
UBBS overlay be extended past existing longitudedde cracks in order to reduce the effect of
longitudinal cracks between the mainline and sheuld

Five UBBS projects were evaluated in North Caro(@arley-Lay and Mastin 2007). All
projects were placed on existing jointed, plainarete pavement. Three were built in the
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Raleigh metropolitan area, one on 1-40 in Burke i@guand another one on 1-95 located in a
rapidly developing area. Two were built in 2003ptim 2000, and one in 1996. Performance
evaluation of these projects concluded that ricediguimproved even for the pavement with the
smoothest pretreatment ride quality and the rougle@siway improved considerably. UBBS
remained fully bonded to the underlying concreteepaent. Reflection cracking remained
narrow and of low severity. Time to reconstructaomd performance curves developed in the
study suggested a life of UBBS treatment of sitQoyears. This was considered an excellent
life extension for concrete pavements that wereaaly 30 years old.

In Kansas, several UBBS projects have been rekatkii. Milling of the UBBS layer
was done on five projects and the milled matemadse used as reclaimed asphalt pavement
(RAP). The quality of this RAP was found to be diag. The Kansas Department of
Transportation (KDOT) is trying two projects thisay for different rehabilitation approaches.
On one project, the top two inches of the existisghalt pavement that includes the UBBS layer
will be surface recycled and then capped with @ sleial. On the other project, a new UBBS

layer will be constructed over an existing UBBS (®D 2012).

2.2 Chip Seal

Chip seal is a thin surface treatment of flexitd@gments which involves application of
liquid asphalt material followed by an aggregatietaThe asphalt binder seals and waterproofs
the existing pavement while the aggregates caaffidr protect the asphalt layer, and develop a
macro structure that results in a skid-resistarfasa. The first reported use of chip seal dates
back to 1920s as a wearing course on low-volumeegraads. Over the past years, chip seal has
evolved as one of the best preventive maintenauateiques. Popularity of chip seals has been
credited to their lower costs when compared tahireasphalt overlays (Gransberg and James
2005). Chip seals are not intended to provide &iratcapacity to the pavement, but rather
minimize the rate of further deterioration and pres the inherent strength of the pavement
structure. However, chip seal applications showoldb@ applied on pavements that are not
structurally sound. Chip seals have been used tnlba- and high-volume roads, but tend to be
more successful on low-volume roadways. Major protd associated with chip seal when used
on high-volume roads are tire noise and loose dlygiggregates that may cause windshield
damage (Shuler 1990, Gransberg and James 2005).
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When properly designed and constructed, chip seaiges the following benefits
(Yamada 1999, Gransberg and James 2005):
seals existing pavement surface against the inmusi water,
enriches existing dry or raveled surfaces,
provides a skid-resistant surface,
provides desired surface texture,
minimizes deterioration of a pavement surface shgwigns of distress, and

provides an aesthetic uniform appearing surface.

S Bitumdnious Binder
foa— Uriformly Graded Agpregate

Existing Asphalt Pavement

Figure 2.3 Single Chip Seal (Gransberg and James @B)

2.2.1 Materials

Selection of appropriate aggregates and asphadtiemals is very important for a
successful chip seal project. Cover aggregateshiprseal are selected based on type, size,
shape, cleanliness, toughness, and soundness.ekifiathor in selecting aggregates is based on
the availability and transportation cost of aggtegaA uniformly graded or one-size aggregate
gradation is preferred as it provides a more coeisismbedment that results in improved
aggregate retention, surface friction, and drair@gabilities of the chip seal. Generally a 9.5-
mm (3/8-inch) aggregate is used for a single-co(s®sgle application of aggregates) chip seal.
The ideal shape of cover aggregate is cubicalestdnd to lock together and provide better
long-term retention. Flat or elongated particles raot desirable because they lie flat on the
surface and normal amounts of asphalt cover thesujting in bleeding or flushing. Igneous,
metamorphic, sedimentary, and manufactured aggredwive all been used successfully for
chip seals. Aggregates should be clean; othenhsadphalt material may not adhere to it
satisfactorily. To improve the quality of the maaérdust on aggregate surface defined as the
percentage of fines passing a No. 200 sieve shutléxceed 1%. The most common solution
adopted to overcome dust problem is use of predaaggregates. Precoated aggregate is

covered with a very thin film of bituminous bindesually 0.5 to 1.5% by weight, prior to the
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seal coat operation (Gransberg and James 2005, @HlG). The small amount of asphalt does
not change the aggregate from a free-flowing maltesihich can still be applied with the
aggregate spreader. Use of precoated aggregateesedust on aggregates and enhances
aggregate binding properties. However, precoatgdeggte is typically used with asphalt
cement binders. When asphalt emulsions are usedpgting slows the breaking duration of the
emulsified asphalt, thereby delaying reopening tohthe project to traffic (Kandhal and Motter
1991).

Selection of asphalt binder for chip sealing isdaasn aggregate type, surface
temperature, and climatic conditions of the are@nduconstruction. They need to provide good
adhesion or stickiness. Asphalt binder can be displiment, cutback asphalt, or emulsified
asphalt. Use of cutback asphalt has declined tneydars due to environmental concerns and
potential health risks as the solvents evaporatethe atmosphere. Asphalt cement is used when
the roadway has to be opened to traffic soon aftgr seal application because it cures faster
and achieves full strength as soon as the mataas. However, it requires higher application
temperatures and the aggregate must be dry aneldolaenediately before the asphalt cement
cools to obtain proper bonding. Emulsified asphatesmost often used for chip sealing
applications. Asphalt emulsion is a mix of asplalnent, water, and emulsifying agent.
Emulsions are designed to set or break, that isvesparates from them when in contact with
the surface of the aggregate. Asphalt emulsiongi#tier cationic or anionic, based on the
electric charge imparted by the emulsifying ag@ationic emulsions typically perform better as
they are electro-statically compatible with the raggtes and less sensitive to weather. Polymer-
modified asphalt binders are used in chip sealtooctson as polymer modification reduces
temperature susceptibility, provides increased sidheio the existing surface, increases
aggregate retention and flexibility, and allows gineject to be opened to traffic earlier (Yamada
1999, Gransberg and James 2005).

2.2.2 Chip Seal Design
The chip seal design process involves determinatigrade, type, and application rate
for an asphalt binder when given the aggregateasidetype; surface condition of existing
pavement; traffic volume; and actual type of ctepldeing used. Hanson formulated the first

design procedure for chip seals in 1934. Beforesdanamount of aggregate and quantity of
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binder used was based on past experience (empiriatder than on results of a rational design
or formula. Later Kearby developed a method in 1%&@r modified by Epps et al. in 1973,
known as the modified Kearby method. In 1969 thé_&bd developed a method known as
McLeod methodThe modified Kearby and McLeod methods are thedhip seal design methods most
widely used in North America (Gransberg and Jand€sp

Table 2.6 lists estimates for the quantity of aggte and binder for various aggregates in
both modified Kearby and McLeod methods. The taidtudes binder quantities for various
aggregates that might cause bleeding and ravetirgalso interesting to see that the ratio of
aggregate to binder quantities in both methodémest the same. A vast majority of highway
agencies still use quantities of asphalt and aggedgased on experience because the design
methods involve time-consuming or complex test edoces and/or computations that

discouraged their use, especially for low-volumadwo(Gransberg and James 2005).
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Table 2.6 Comparison of Design Output for ModifiedKearby and McLeod Chip Seal
Design Methods (Gransberg and James 2005)

Existing Surface Condition

Design Method Slight Bleeding Normal Slight Raveling
Nominal Aggregate Size ifi ifi ifi
ggreg Modified McLeod Modified McLeod Modified McLeod
Kearby Kearby Kearby
Emulsion
3/8in Rate 0.25 0.18 0.29 0.22 0.33 0.27
' (gallyd?)
Natural
Aggregate Aggregate
Rate 21.2 17.1 21.2 17.1 21.2 17.1
(Ib/yd?)
Emulsion
5/8in Rate 0.29 0.3 0.33 0.34 0.37 0.39
' (gallyd?)
Natural
Aggregate Aggregate
Rate 24.6 25.6 24.6 25.6 24.6 25.6
(Ib/yd?)
Emulsion
3/8in Rate 0.54 0.27 0.58 0.32 0.62 0.36
. (gallyd?)
Synthetic
Aggregate Aggregate
Rate 17.1 14 17.1 14 17.1 14
(Ib/yd?)
Emulsion
5/ in Rate 0.51 0.3 0.55 0.35 0.59 0.39
" (gallyd?)
Synthetic Aggregate
Aggregate " “p e 14.3 18.3 14.3 18.3 14.3 18.3
(Ib/yd?)

2.2.3 Construction

Field application of chip seal is critical to iterformance in service. It is essential to note
that suitable ambient temperatures should be ceresddduring construction. Surface preparation
is very important for a long-lasting surface treatrn Sweeping is done before chip seal
application to remove dust and debris so the asphader will have good adhesion to the
existing surface. Then asphalt binder is applietthéosurface at a specified rate and temperature,
using a calibrated asphalt distributor. Aggregaresspread at a specified rate evenly over the
surface immediately after the asphalt binder appbbn. The aggregate spreader should be
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properly calibrated prior to starting the work irder to avoid excessive aggregates. Rolling is
done to push the aggregate into the asphalt bamtto seat it firmly against the underlying
layer. A pneumatic roller is preferred, and the benof rollers is determined by the nominal
maximum size of the aggregate and traffic volunpre&ding and rolling of the aggregate should
be completed before the emulsified asphalt bratlkused, to ensure adequate bond to retain the
aggregates. Sweeping is done right after chipaeatruction to remove excess, loose

aggregates that can cause windshield damage (@&mgnabd James 2005).

2.2.4 Performance of Chip Seal

Chip seal performance is mostly evaluated quaivéigtthrough engineering
measurements or rated qualitatively via expertalisssessment. Measuring skid resistance and
texture depth are the two quantitative methodsrttat be applicable to measure common chip
seal distresses, bleeding, and raveling (Gransireiglames 2005).

The Oregon Department of Transportation construt@dhip seal sections on a
secondary highway with seven different polymer-niediemulsions and two conventional
emulsified asphalts. Overall performance of thes#iens was evaluated with regard to initial
chip retention, surface condition, distress treadsl, frictional resistance after two years of
service. It was observed that chip seals consuluetth polymer modified emulsion provided
improved chip seal performance. Skid resistanceegfor chip seals with polymer-modified
emulsions were greater than those with conventiemallsified asphalts (Miller et al. 1991).

Three chip seal test sections were constructedstata highway in Colorado in 1997. A
report documented performance of these test sesctiompared to a control section that had
received no treatment after three and half yeaseofice. One test section was treated with
light-weight aggregates and the other two with dtaid aggregates. The test sections were
evaluated visually and through use of skid testnfalling-weight deflectometer, and
profilograph equipment. It was found that chip sealtended pavement life by delaying
environmentally induced cracking. Researchers caleel that treated sections were in better
condition than the untreated section at the timevafuation. No bleeding or rutting was
reported (Outcalt 2001).

A study in Louisiana evaluated a five-year fieldfpemance of chip seal and

microsurfacing projects. Data collected in thediglcluded subjective ratings and measurements
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of various distresses (Temple et al. 2002). Thp shal projects investigated in that study were
constructed on low-volume roads (1000-2000 ADT) emassisted of a single layer of aggregate
ranging in thickness from 9.5 to 12.5 mm (3/8 ton&h). The predominant aggregate material
was light-weight expanded clay and asphaltic eronl§iRS-2P. Results indicated rutting was
minimal on these sections and a significant impnoset in the cracking distress was observed.
Skid resistance was also found to be very good.

Liu et al. (2010) conducted a study to evaluatégoerance of chip seals applied on
Kansas highways from 1992 to 2006. Before-and-aftaties were conducted to examine
effectiveness of chip sealing for mitigating img@ort distresses on existing pavements. It was
found that average service life of chip seals is fgears, which is similar to that of thin overlays
of 25-, 37- and 50-mm (1-, 1.5- and 2- inch) thieks. Results indicated a significant decrease in
transverse and fatigue cracking after applicatiochip seal. Improvement in rutting conditions

after chip sealing was observed on non-interstaites (Liu et al. 2010).

2.3 Reclaimed Asphalt Pavement
Reclaimed asphalt pavement (RAP) is any removedmocessed pavement material that
contains aggregates and asphalt cement. RAP igettduring rehabilitation or reconstruction
of existing asphalt pavements, or from utility catsoss the roadways which were necessary to
gain access to underground utilities. In early 29%90e Federal Highway Administration
(FHWA) and Environmental Protection Agency (EPAjreated that more than 90 million tons
of asphalt pavements were reclaimed every yeanard than 80 percent of RAP was recycled,
making asphalt pavements the most recycled pradube United States. When RAP is properly
crushed and screened, it will consist of high-dgualggregates coated with asphalt cement
binder which can be used in a number of highwaystrantion applications. These include its
use as an aggregate substitute and asphalt ceapaiéent in new or recycled asphalt mixes,
as granular base or sub-base, as a stabilizedabgsegate, or as an embankment or fill material.
Use of RAP in asphalt mixes helps reduce costssarors asphalt and aggregate resources, and
limits the amount of waste material going into I&llel(Copeland 2010). Asphalt pavement is
generally removed either by milling or by full-depemoval. Milling is typically done in

rehabilitation projects where the existing wearogrse is removed and then replaced to
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increase the pavement's service life. RAP prodérced milling is ready to be recycled with
little or no processing, depending on the amouirtgoesed in the mixture. Full-depth removal
involves milling the existing HMA pavement structun several passes, depending on existing
depth of the structure, or by ripping and breakheypavement into large pieces using rippers on
a bull dozer. Broken RAP pieces are collected, édaohto trucks, and usually transported to
processing facilities. RAP is processed by crushimg) screening, and then is conveyed and
stockpiled (Brown et al. 2009, Copeland 2010).
Use of reclaimed asphalt pavement in hot-mix agias the following benefits (Al-

Qadi et al. 2007, Copeland 2010):

reduction in cost of construction,

conservation of construction materials like aggte@ad binders,

preservation of existing pavement geometrics,

preservation of the environment, and

conservation of energy.

Figure 2.4 Milled Reclaimed Asphalt Pavement (Copahd 2010)
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Figure 2.5 RAP Stockpiles at an Asphalt Concrete Bduction Plant (Copeland 2010)

2.3.1 Characteristics of RAP Materials

As mentioned earlier, RAP can be used as a coestito new HMA mixtures. During
service, the blend of aggregates and asphalt ErafdRAP undergoes various physical and
rheological changes that must be considered iH¥MA design process to ensure that HMA
mixtures with RAP perform similarly to HMA mixture®ntaining only virgin materials. It is
important to know how much asphalt binder is pregsethe RAP material so that it can be
accounted for in the mix design process. It is algoortant to know some physical properties of
the RAP aggregates, such as gradation and angulBlniése properties can be determined by
one of several methods. The asphalt can be extr&cm the RAP using solvent in a centrifuge,
vacuum, or reflux extractor, or it can be burnefdtloé aggregate in an ignition oven. When
higher RAP contents are used there is a needttbiteder properties of the RAP; it is
recommended to extract and recover the binder arfdiqm performance grade (PG) testing on
the extracted binder. A combined procedure foraetion and recovery is given in AASHTO T
319, Quantitative Extraction and Recovery of AspBahder from Asphalt Mixtures. This
method was recommended because it was found t@etliba recovered binder properties less
than other methods. For low RAP contents, 10 tp&@ent, it is not necessary to do this testing
because there is not enough old, hardened RAP hjmesent to change the total binder
properties (McDaniel and Anderson 2001).
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Aggregate extracted from RAP, after determinirgliinder content, is analyzed to
determine its gradation and other physical propsri\n important property to be determined is
bulk specific gravity (&,) of RAP aggregate. If the source of the RAP isvkm@and original
construction records are available, thgv@lue of the virgin aggregate from constructiororels
may be used as they¥alue of the RAP aggregate. However, if constarctecords are not
available, effective specific gravity (§ of the RAP aggregate could be used instead biits
specific gravity. Gecan be calculated using RAP mixture maximum spegravity, which can
be easily determined by conducting AASHTO T209r &woy given aggregate ¢£s always
smaller than G, so substituting Gfor Gg, of RAP will result in overestimating the combined
aggregate bulk specific gravity. The error introgltliby the substitution will magnify when
higher percentages of RAP are used. For this reas@iternative approach used is to assume a
typical value for asphalt absorption based on egpee with mix designs for the specific

location and to calculate thesf the RAP aggregate from the calculated(Gopeland 2010)

2.3.2 Mix Design Considerations with RAP

Superpave is the most common method of asphaluneixtesign used in U.S. for RAP
mixes, including those that contain greater thap@@ent RAP. The percentage of RAP used in
the mix may be selected by determining the contidinuof the RAP toward the total mix by
weight, or by determining the contribution of th&Rbinder toward the total binder in the mix
by weight while meeting volumetric properties reqments. Due to the stiffening effect of the
aged binder in the RAP, the specified binder gradg need to be adjusted. The current national
guideline, AASHTO M 323 Standard Specification 8uperpave Volumetric Mixture Design,
for determining binder grade adjustment in HMA nsxecorporating RAP has three tiers. Each
tier has a range of percentages that represegbtitabution of the RAP toward the total mix by
weight. Up to 15% of RAP can be used without chagghe virgin binder grade from that
selected for the project location and conditionfleWWRAP content is between 15 and 25%, the
high and low temperatures grades of the virgin éirade both reduced by one grade to account
for the stiffening effect of the aged binder (eeR?G 58-28 would be used instead of a PG 64-22).
If more than 25% RAP is to be used in the HMA, blieg charts are used to determine the
appropriate virgin asphalt binder grade. For paiages of RAP greater than 25%, procedures
developing a blending chart are provided in theeappx of AASHTO M 323. If a specific virgin
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asphalt binder grade must be used and the dederddu binder grade and recovered RAP
properties are known, the allowable percentageA® B determined according to blending
chart procedures (Copeland 2010).

The mix design process for mixes incorporating R&Bmilar to the mix design
containing all virgin materials. Once the RAP hasiibcharacterized, it can be combined with
virgin aggregates for blend gradation for mix dagigirposes. To satisfy gradation requirements
the selected blend must pass between the contirttspMixture volumetric requirements consist
of voids in the mineral aggregate (VMA), voidsdil with asphalt (VFA), dust proportion, and
densification properties at 4% air voids atdnlevel. RAP material generally contains
relatively high percentages of material passingd@®mm (No. 200) sieve as result of the
milling and crushing operations. This limits theamt of RAP that can be used in a mix design
and meet the volumetric properties. The percenvhagsphalt binder in the RAP should also be
considered when determining asphalt binder confesphalt binder content of the total mix
batching includes virgin and reclaimed asphalt eindhe RAP material is to be heated
separately at much lower temperatures (about EX€han that needed for mixing and
compaction. Virgin aggregates are heated enoughasavhen mixed, the resulting mix is within
the required mixing temperature range. HeatingRA® at a lower temperature prevents
additional hardening of the RAP asphalt binder. fidaycled HMA should meet all test
procedures and criteria as required for virgin male (Al-Qadi et al. 2007, Brown et al. 2009).

2.3.3 Performance of RAP Mixtures

In Louisiana, performance of five recycled and foamventional asphalt pavements used
as control was evaluated over a five-year periathdratory and field evaluations conducted
examined the pavements for pavement conditionjcaalbility, and structural analysis. It was
observed that after six to nine years of servieg the recycled pavements containing reclaimed
asphalt concrete materials, in the range of 2Mtpeéscent by weight of mixture in both binder
and wearing course, performed similar to the cotisreal pavements. No significant difference
was reported in terms of pavement condition andicegability rating (Paul 1995).

Five projects, each consisting of a recycled sadiud virgin (control) section, were
evaluated in the state of Georgia. On each proyagin and recycled mixtures used the same
aggregates and were subjected to the same traflieavironmental conditions during service.
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In recycled mixtures, a RAP percentage betweerm B5% was used. The performance
evaluation showed that after one to two and ayeafs in service, no significant rutting,
raveling and fatigue cracking had occurred on drth@test sections. This indicates that both
recycled and virgin mixtures performed equally wedboratory tests on field cores indicated
comparable results for the virgin and recycledisast(Kandhal 1995).

A comprehensive evaluation was done to determitieeitiered approach of the Federal
Highway Administration and Superpave RAP speciiaret are applicable to the materials
obtained from Indiana, Michigan, and Missouri. hiatt study, laboratory mixtures were
compared to plant-produced mixtures with the saratenals at RAP contents between 15 and
25%. Additional mixtures were designed and testetthé laboratory, with RAP content up to
50%, to determine the effect of recycled matemasnix performance. Results showed that
plant-produced mixes were similar in stiffnessaiodratory mixtures at the same RAP content
for the Michigan and Missouri samples. Mixtureshwip to 50% RAP could be designed with
Superpave, provided RAP gradation and aggregaté@ygware sufficient. Linear blending
charts were found to be appropriate in most cdsess observed that increasing RAP content
in a mixture increased stiffness and decreased shai, indicating increased resistance to
rutting. It was concluded that when RAP properéiessappropriately accounted for in the
material selection and mix design process, Superpaxtures with RAP can perform very well
(McDaniel 2002).

The Virginia Department of Transportation (VDO Vpkiated the effect of increased
RAP percentages and relative mixture cost on pi®jesing more than 20 percent RAP in three
VDOT districts. Mix containing less than 20% RAPsaxadso sampled and tested for comparison
purposes. Laboratory test results showed no segmfidifference between higher RAP mixes
and control mixes for fatigue, rutting, and moistsusceptibility. No construction problems
were reported for high RAP mixes. The researchsmsa@ncluded that slight price adjustments
assessed were not due to use of high RAP percentisigeipin et al. 2008).

Recently, another study investigated short- and-@rm performance of RAP mixes and
compared them with virgin HMA overlays used in flag pavement. Data from 18 projects
from the long-term pavement performance (LTPP) oy executed across North America
were analyzed. Projects ranged in age from eigh¥tgears. Distress parameters considered

were roughness, rutting, and fatigue cracking.c®amal performance of overlaid sections was
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also evaluated with deflection data. Results ofyammaof variance indicated the performance of
RAP mixes and virgin HMA were not statistically felifent. Statistical similarity of deflections
showed that RAP overlays can provide structurakrowgment equivalent to virgin HMA
overlays (Carvalho et al. 2010).
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Chapter 3 - Laboratory Testing

3.1 Experimental Design and Methodology
The research was divided into two parts to achieeebjectives of the study. In the first part,
reclaimed UBBS millings were used with two differasphalt emulsions, CRS-1HP and CRS-
2P, to evaluate the performance of UBBS millingpr@soated aggregates in chip seal. The
performance test selected was the ASTM sweepA&SSEN D7000-04). In the second part, three
different mix designs were developed in the labmggteach of 12.5-mm and 9.5-mm nominal
maximum aggregate size (NMAS), using a PG 70-2haspinder grade and three different
percentages (0%, 10%, and 20%) of reclaimed UBB&®nads. The designed Superpave mixes
were then tested for performance in terms of rgttising the Hamburg wheel tracking device
(HWTD) and moisture sensitivity by modified Lottmgests (KT-56).

Table 3.1 Experimental Design Matrix

Part I: Chip Seal
Aggregate UBBS millings
Asphalt Emulsion CRS-2P and CRS-1HP
Performance Test ASTM D7000-04 sweep test

Part II: Superpave Mix Designs

Mix Size 12.5-mm NMAS and 9.5-mm NMAS
UBBS RAP % 0%, 10% and 20%
Asphalt Binder PG 70-22

Hamburg wheel tracking device and modified

Performance Test | - est

3.2 Part | - Chip Seal

3.2.1 Aggregates Used
The reclaimed asphalt pavement (RAP) materialsidxdarom milling the ultra-thin
bonded bituminous surface (UBBS or Novachip) layerd-70 in Logan and Gove counties in

Kansas were evaluated as precoated aggregates.
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3.2.3 Aggregate Tests

3.2.3.1 Sieve Analysis

To determine the particle size distribution of aatied UBBS millings, sieve analysis
was performed following Kansas Test Method KT-2adation of aggregates obtained from the
sieve analysis is listed in Table 3.2. Figure 3dves the gradation of the aggregates. The
uniformity coefficient (Cu) is the ratio of the piate size that is 60% finer by weight to the
particle size that is 10% finer by weight in thaigrsize distribution curve. This is a measure of
how well or uniformly the aggregate is distribut@the closer this number is to one, the more

uniformly the aggregate is graded. Cu for reclaird@&BS millings is 1.41.

Table 3.2 Sieve Analysis of Reclaimed UBBS Millings

Sler\;emsme, Fflvett’aér;re]zd % Retained goug;tlgtrll\é% % Passing
12.5 148.2 6.7 7 93
9.5 500.8 22.64 29 71
4.75 1098.8 49.68 79 21
2.36 337.2 15.25 94 6
1.18 98.6 4.46 99 1
0.6 15.3 0.69 99 1
0.3 2.3 0.1 100 0
0.15 1.7 0.08 100 0
0.075 1.5 0.07 99.7 0.3
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Figure 3.1 Gradations of Reclaimed UBBS Millings

3.2.3.2 Bulk Specific Gravity and Absorption
Bulk specific gravity, absorption, and moisture t&m of reclaimed UBBS millings were

determined in the laboratory following Kansas Tdsthod KT-6. Table 3.3 lists the test results.

Table 3.3 Bulk Specific Gravity, Absorption, and Masture Content of Aggregates

Aggregate Type UBBS RAP
Bulk specific gravity 2.44

Absorption, % 1.4
Moisture content, % 0.12

3.2.3.3 Loose Unit Weight
Kansas Test Method KT-5 was used to determinecibsel unit weight of the reclaimed

UBBS millings. Aggregate loose unit weight and bsifiecific gravity were used to determine
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percent voids in loose aggregate. Voids in looggegate particles provide an indication of

space available to fit the binder in between thgregate particles. Table 3.4 shows the results.

Table 3.4 Loose Unit Weight and Percent Voids of Aggegates

Aggregate Type UBBS RAP
Loose unit weight kg/th 1291.3
Voids in loose aggregates, % 47

3.2.4 Asphalt Emulsion
Emulsified asphalt is a blend of asphalt cemenylsifiying agent, and water. It is
classified according to the sign of the chargetherdroplets and according to their setting rates.
Cationic emulsions have droplets which are eleptsitively charged, while anionic emulsions
are electro-negatively charged droplets. In thislgttwo types of cationic rapid-setting,
polymer-modified emulsions, CRS-1HP and CRS-2Pewesed. The emulsions were
equilibrated to a temperature of’8D (140 F) for chip seal sample preparation for the sweep

test. Asphalt emulsions were obtained from Vangshgars, Inc., Kansas City, Missouri.

3.2.5 ASTM Sweep Test
In this study, the ASTM Sweep Test was used touatalchip retention characteristics.
The sweep test measures performance characteoétiisiminous materials and field
aggregates by simulating a surface treatment ddn@dprooming operation (ASTM D7000-04).
In this test, aggregates are sieved to obtaintaéesple of a certain size that has 100 percent
passing a 9.5-mm (3/8-inch) sieve and less thagrdept passing a 4.75 mm (No.4) sieve. The
amount of aggregate used for each specimen wasat&d using Equation 3.1.

AGGN = 2869.5- 6.3 1502 1 g - 14,71+ AEE6.3- 475 146 4 5y 4.7]

10C 10C (3.1)
where
AGGy = amount of aggregate needed for the sweep test, g
AGGys63 = percent of aggregate from 9.5 to 6.3 mm,;
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AGGss475 = percent of aggregate from 6.3 to 4.75 mm; and
SG = bulk specific gravity.

According to this test method, 83+5 g (0.18+0.0lolbasphalt emulsion at 8D (140F) is
needed for each sample. The asphalt emulsion waegalong the top arc of the exposed felt
disk and excess emulsion was removed with a stifkead. The pre-weighed aggregates were
spread immediately and the specimen was curedadrcad-draft oven before testing for an hour
at 35'C (95°F). At the end of the conditioning time, any lo@sgregate was removed by gentle
hand brushing and the specimen was weighed anddextas initial specimen weight. A mixer
abraded the surface of the sample using a 127-mnctlf nylon brush. After one minute of
abrasion, the test was stopped and any loose aggregmoved. The abraded sample was
weighed and recorded as the final specimen wektfiuation 3.2 represents the total mass loss
based on the initial aggregate sample weight. Messsas a percentage of the area exposed to

the abrading surface was then calculated as:

%M =1.33 \\;V\/:—\\;V\/];I “100 (3.2)
where
Wi = initial specimen weight,
Wi = final specimen weight, and

Wd= asphalt sample disk weight.

Table 3.5 tabulates the sweep test results.
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Figure 3.3 ASTM Sweep Test Setup
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Table 3.5 ASTM Sweep Test Data of Reclaimed UBBS Mings

Emulsion| Sample g_elt Agg Mass Emulsion Initi_al Fin_al %

Type o. isc Wt of Wt specimen specimen Mass
Wit. sample Wit. wit. loss

1 50.6 450 588.4 87.8 521 358 46.11

2 50.9 450 582 81.1 520.8 330.5 53P

3 51.1 450 588.1 87 518 327.7 54.p

CRS-2P 4 51.1 450 588.3 87.2 543.9 371.8 4616

5 51.1 450 589.1 88 533.1 340.9 530

6 51.2 450 584.3 83.1 542.9 367.5 474

7 51.1 450 583 81.9 553.7 379.1 46.2

1 50.6 450 592.1 91.5 543.7 414.8 3409

2 50.9 450 584 83.1 547.4 412.2 36.2

3 50.9 450 582 81.1 534.8 433.4 279

Ciﬁg 4 51.2 450 593.7 92.5 531.8 443 246

5 50.6 450 587.7 87.1 546.9 377.2 45)5

6 50.9 450 592.9 92 552.4 389.3 433

7 51.1 450 580.4 79.3 530.2 398.6 365

3.3 Part Il: Superpave Mix Designs

3.3.1 Materials

3.3.1.1 UBBS RAP

For this study, reclaimed UBBS (Novachip) materia¢se obtained from milling the
ultra-thin bonded bituminous surface layers on ik¥0Qogan and Gove counties in Kansas. The
original UBBS project was placed in 2002 by RitcReving Inc. Asphalt binder PG 70-28 with
0.5% Kling Beta 2912 anti-stripping agent was ugéte design asphalt content was 5.3%. The
original mix design sheet is given in Appendix Aggkegates from the millings were extracted
by conducting an ignition oven test following Kasgaest Method KT-57 and then tested to
determine gradation. Table 3.6 shows the UBBS Rvsdagion. Figure 3.5 illustrates the
gradation of the recovered aggregates. Accordirigedest results provided by KDOT, the
percent asphalt binder content in the reclaimed SBillings was 3.4% and the UBBS RAP PG
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binder grade was equivalent to PG 84-18. The bpikisic gravity (Gsb) of virgin aggregates,
known from original construction records of the UBEyer, was used as the Gsb value of the

reclaimed UBBS millings.

Figure 3.4 Reclaimed UBBS Millings

Table 3.6 Burn-Off Gradation of Reclaimed UBBS Milings

Sieve size, Retained % Retained Cumulgtive % Passing
mm wt, gm % retained
19 0 0 0 100
12.5 4 0.25 0 100
9.5 322.2 19.87 20 80
4.75 803.8 49.57 70 30
2.36 201.3 12.41 82 18
1.18 51.6 3.18 85 15
0.6 33.2 2.05 87 13
0.3 36.1 2.23 90 10
0.15 37.8 2.33 92 8
0.075 30.9 1.91 93.8 6.2
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Figure 3.5 Gradation of Aggregates Extracted from Rclaimed UBBS Millings

3.3.1.2 Virgin Aggregates

For 12.5-mm nominal maximum aggregate size (NMAY) aesigns, aggregates from
five different stockpiles of Shilling Constructi@ompany, Riley County, were used. Virgin
aggregates from four different stockpiles of ShdliConstruction Company and 12.5- mm (¥%2-
inch) chips from Bayer Construction were used lier 9.5-mm (3/8 inch) NMAS mix designs.
Aggregates from each stockpile were sampled ant‘si@ve analyses were performed
following Kansas Test Methods KT-3 and KT-2 to detee gradations. Figures 3.6 and 3.7
show the gradations of virgin aggregates useddrstady. The individual aggregate single-point
gradations are given in Table 3.7 and 3.8. Spegifwity of the aggregates was obtained from
Shilling Construction Company’s mix design databl€a3.9 shows bulk specific gravities of all
virgin aggregates used in the study.
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Table 3.7 Sieve Analysis of Individual Aggregate sl in 12.5-mm NMAS Mixtures

Cs-1
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 425 21.19 21 79
9.5 395.4 19.71 41 59
4.75 922.3 45.97 87 13
2.36 231 11.51 98 2
1.18 11.5 0.57 99 1
0.6 3 0.15 99 1
0.3 1.6 0.08 99 1
0.15 1.4 0.07 99 1
0.075 3.6 0.18 99.4 0.6
CS-1A
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 1040.1 73.4 73 26
2.36 362.3 25.6 99 1
1.18 15 0.1 99 1
0.6 0.2 0 99 1
0.3 0.4 0 99 1
0.15 1.1 0.1 99 1
0.075 1.3 0.1 99.3 0.7
MSD-1
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 4.1 0.35 0 100
2.36 265.3 22.42 23 77
1.18 3254 27.5 50 50
0.6 231.2 19.54 70 30
0.3 187 15.8 86 14
0.15 75.6 6.39 92 8
0.075 18.1 1.53 93.5 6.5
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Table 3.7 Continued

CG-5
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 38.7 2.64 3 97
2.36 22.7.2 15.49 18 82
1.18 407.7 27.8 46 54
0.6 293.8 20.03 66 34
0.3 214.5 14.62 81 19
0.15 112.9 7.7 88 12
0.075 62.9 4.29 92.6 7.4
SSG
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 54.3 5.03 5 95
2.36 170.8 15.81 21 79
1.18 245.4 22.72 44 56
0.6 222 20.56 64 36
0.3 245.4 22.72 87 13
0.15 117.8 10.91 98 2
0.075 14.1 1.31 99.1 0.9
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Table 3.8 Sieve Analysis of Individual Aggregate sl in 9.5-mm NMAS Mixtures

CS-1
Sieve size, Retained % Retained Cumulgtive % Passing
mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 293.6 23.4 23 77
4.75 891.2 71.02 94 6
2.36 60.4 4.81 99 1
1.18 1.4 0.11 99 1
0.6 0.3 0.02 99 1
0.3 0.2 0.02 99 1
0.15 0.2 0.02 99 1
0.075 0.1 0.01 99.4 0.6
CS-1A
Sieve size, Retained % Retained Cumulgtive % Passing
mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 648.1 63.1 63 37
2.36 349.4 34.02 97 3
1.18 13.8 1.34 98 2
0.6 2.1 0.2 99 1
0.3 0.7 0.07 99 1
0.15 0.6 0.06 99 1
0.075 0.6 0.06 98.9 1.2
MSD-1
Sieve size, Retained % Retained Cumulgtive % Passing
mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 17.8 1.66 2 98
2.36 355.6 33.24 35 65
1.18 288.6 26.98 62 38
0.6 167.6 15.67 78 22
0.3 110.8 10.36 88 12
0.15 60.4 5.65 94 6
0.075 19.6 1.83 95.4 4.6
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Table 3.8 Continued

CG-5
Sieve size, Retained % Retained Cumulgtive % Passing
mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 37.1 3.31 3 97
2.36 198.3 17.7 21 79
1.18 299.8 26.76 48 52
0.6 208.1 18.58 66 34
0.3 160.4 14.32 81 19
0.15 94 8.39 89 11
0.075 44.9 4.01 93.1 6.9
SSG
Sieve Retained % Retained Cumulgtive % Passing
size,mm wt, gm % retained
19 0 0 0 100
12.5 0 0 0 100
9.5 0 0 0 100
4.75 41.4 3.68 4 96
2.36 188.9 16.77 20 80
1.18 287 25.51 46 54
0.6 251 22.31 68 32
0.3 201.1 17.87 86 14
0.15 117.5 10.44 97 3
0.075 29.2 2.6 99.2 0.8
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Table 3.9 Bulk Specific Gravities of the Virgin Aggegates

Mix Type Aggregate Type Specific Gravity
CS-1 2.577
CS-1A 2.575
12.5-mm
NMAS MSD-1 2.568
CG-5 2.621
SSG 2.619
CS-1 2.496
CS-1A 2.572
9.5-mm
NMAS MSD-1 2.588
CG-5 2.622
SSG 2.620
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Figure 3.6 Gradations of Aggregates Used in 12.5-mMMAS Mix Designs
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Figure 3.7 Gradation of Aggregates Used in 9.5-mmMAS Mix Designs

3.3.2 Laboratory Mix Designs

In this study, mix designs were developed in th@fatory to meet the requirements of
Superpave 12.5-mm and 9.5-mm NMAS mixtures by usigaggregate sources, one asphalt
binder (PG 70-22) and three different percentagesataimed UBBS millings (0%, 10%, and
20%). Mixtures with no reclaimed UBBS millings, S\.5A and SM 9.5A mixtures, were
designed first as control mixtures. These contriakunes served as baselines to compare the
mixtures developed by incorporating reclaimed UBBi8ings. Then each mixture incorporating
10% and 20% reclaimed UBBS millings was designduk dggregate design structure of the
mixtures incorporating UBBS RAP was kept as claspa@ssible to the baseline or control
mixture gradation. Chosen percentages of individiggregates in aggregate blends and
gradations are shown in Tables 3.10 and 3.11. Agdes of 9.5-mm NMAS mix designs were
very clean. Thus one percent dust obtained froni.tiseAngeles abrasion machine was added to
the mixtures to meet KDOT dust-to-binder ratio riegments. Figures 3.8 and 3.9 show
aggregate blend gradations of 12.5-mm and 9.5-mnASNhixtures, respectively. The 20-year

design, equivalent single axle loads (ESALS), is #tudy was 0.3 to less than 3 million.
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Superpave mixtures were developed meeting Supermdnmetric mixtures in Kansas as shown
in Table 3.12. Design asphalt content was seldzdsdd on KDOT-specified volumetric criteria
at 4.0 percent air voids aiNlevel of 75 gyrations. For mixtures incorporatidBBS RAP, the
percentage of asphalt binder in the UBBS RAP wsa tken into account to determine the
amount of virgin binder to be added. Mixing and pation temperature ranges for PG 70-22
asphalt binder were 149 to 156 (300 to 312F) and 128 to 133C (262 to 272F),

respectively. Mixing was done by a mechanical mixdter mixing, loose mixture was
conditioned for two hours in a forced-draft ovenimeined at compaction temperature. Test
specimens were then compacted at these temperaiitines Superpave gyratory compactor
(SGC). Bulk specific gravity (k) of compacted test specimens was determined byasansst
Method KT-15 (procedure 1ll). Maximum theoreticaksific gravity (G,m) of loose mix was
measured following Kansas Test Method KT-39. Ti®&rperpave gyratory compaction data was

analyzed, volumetric properties were calculated, the design asphalt content was determined.

Table 3.10 Percentages of Individual Aggregates i@ombined Blend

Mix Size Ag_?;ggate Percent in Combined Gradation
UBBS RAP 0 10 20
Cs-1 25 20 15
12.5-mm CS-1A 15 15 10
NMAS MSD-1 15 15 15
CG-5 20 20 20
SSG 25 20 20
UBBS RAP 0 10 20
CSs-1 9 9 4
9.5-mm CS-1A 20 10 5
NMAS MSD-1 22 20 20
CG-5 18 25 25
SSG 30 25 25
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Table 3.11 Single-Point Aggregate Blend Gradations

%

% Retained on Sieve

Mix Size UBBS

RAP 1/2 3/8 #4 #8  #16 #30 #50 #100 #200
0 5 10 35 52 67 79 90 96 97
12.5-mm 10 5 11 38 55 70 81 91 96 97
20 5 12 38 55 70 81 91 96 97
0 0 2 23 46 65 78 88 94 96
9.5-mm 10 1 5 25 45 64 78 88 94 96
20 1 7 25 45 64 78 88 94 96

100

0.45 Power Chart

80

(=)
=]
] ]

Percent Passing
.
(=]
1

0.0750.150.3 0.6

1.18

2.36

Sieve size, mm

4.75

——0%

--10%

20%

9.5

12.5

Figure 3.8 Gradations for 12.5-mm NMAS Mixtures
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Table 3.12 KDOT Superpave Volumetric Mixture DesignRequirements

% % Dust to

Air voids Minimum  Design VFA amm  Gmm  binder

Mixture type

atNdes VMA% % at Nini  at Nf ratio
SM-12.5A, SR-12.5A 4 14 65-78 90.5 <98 0.6-1.2
SM-9.5A, SR-9.5A 4 15 65-78 90.5 <98 0.6-1.2

3.3.3 Performance Tests on Laboratory Mixes
Performance tests were conducted to evaluate tii@peance of designed control
mixtures and mixtures containing UBBS RAP. The periance of HMA mixtures in terms of
rutting and moisture susceptibility were analyzed avaluated to determine the effect of UBBS
RAP on HMA mixture performance. Specimens fabriddig the Superpave gyratory compactor
at target air voids were used to conduct laborgperjormance tests. A brief description of the

tests is follows.
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3.3.3.1 Hamburg Wheel Tracking Device Test

To determine rutting characteristics of the desigBaperpave mixtures, Hamburg wheel
tracking device (HWTD) tests were conducted in agdance with Tex-242-F test method of the
Texas Department of Transportation. HWTD measunesbined effects of rutting and moisture
susceptibility of hot-mix asphalt mixtures. The Hamg wheel tracking device, manufactured
by PMW, Inc. of Salina, Kansas, was used in thigshgt This device can test two specimens
simultaneously. The device is operated by rollingaa of steel wheels across surface of
specimens submerged in a water bath held 4&.50he wheels have a diameter of 204 mm (8
inches) and width of 47 mm (1.85 inches). The dewigerates at approximately 50 wheel
passes/min and the load applied by each wheepioainately 705+22 N (158+5 Ibs).
Specimens used in this test were compacted to @tckpt air voids using a Superpave gyratory
compactor. The specimens were 150 mm (6 inchedipmeter and 62 mm (2.4 inches) in
height. Rut depth was measured automatically antdramusly at 11 different points along the
wheel path of each sample with a linear variabfiedintial transformer (LVDT) with an
accuracy of 0.01 mm (0.0004 inch). HWTD automdityaands the test if the preset number of
cycles is reached or if the rut depth measuredey ¥DTs reaches a value of 20 mm (0.8 inch)
for an individual specimen. The rut depth versushber of cycles is plotted to obtain a typical
curve which is shown in Figure 3.11. The main patams obtained from the plot are rut depth,
average number of wheel passes, creep slope,iatfiplope, stripping inflection point, and
post-compaction consolidation. Post-compaction claation is the deformation (mm) at 1,000
wheel passes. Creep slope is the inverse ratefafndation (wheel passes per 1-mm rut depth)
in the linear region of the plot between the pastipaction consolidation and the stripping
inflection point. Creep slope is used to measut@ngisusceptibility due to mechanisms other
than moisture damage. The stripping inflection paimd stripping slope are used to measure
moisture damage. The stripping inflection pointis number of wheel passes at the intersection
of the creep slope and stripping slope. The stnipgiope measures the permanent deformation
primarily due to moisture damage. It is the inveete of deformation (wheel passes per 1-mm
rut depth) after the stripping inflection point @vn et al. 2009).
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Figure 3.10 Hamburg Wheel Tracking Device Test Sefu
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Figure 3.11 Typical Hamburg Plot Showing Test OutptiParameters
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3.3.3.2 Modified Lottman Test

This test method quantifies HMA mixture sensitividymoisture damage. Less moisture
IS necessary to assure durable and long-lastingiboasphalt. This method evaluates the effect
of saturation and accelerated water conditionsoonpacted HMA samples utilizing freeze-thaw
cycles. Kansas Test Method KT-56, Resistance of fizmted Asphalt Mixtures to Moisture-
Induced Damage, commonly known as the modifiedrhatt test in Kansas, was used to
evaluate moisture susceptibility in this study. Hos test, specimens should be 150 mm (6
inches) in diameter and 95 mm (3.75 inches) intitei§ix specimens are compacted to 7+0.5
percent air voids using the Superpave gyratory @magp. After compaction and air void
determination, the six specimens are subdividemtinb subsets of three samples so that average
air void content of the two subsets are approxipaquivalent. Diameter and thickness of the
specimens are measured before further testingeTpecimens are selected as a control set and
tested dry (without conditioning). The other sulidethree specimens is conditioned by
subjecting those to a partial vacuum saturationOoto 80% of air voids by placing them in a
vacuum container filled with water so that at l€&#stmm (1 inch) of water is covering them. A
partial vacuum of 250 to 650 mm of Hg is appliedie container for a short time. After the
degree of saturation for each specimen has bedredeand meets the test protocol, the
conditioned samples are individually wrapped witblastic film, and placed and sealed in a zip-
lock bag with 10mL water. Samples are then planeifreezer for a minimum of 16 hours at -
18°C. After freezing, the samples are thawed by ptatiem in a hot water bath for 24+1 hrs at
60°C. The conditioned samples are then removed frenhtt water bath and SSD mass is
recorded, and mass under water is also measurecbiditioned and unconditioned (sealed in
plastic wrap) specimens are then placed in a virtr for two hours at 26. Final diameter and
thickness of conditioned samples is measured edteoving them from the water bath before
testing. The specimens are tested at a loadingf&® mm/minute and peak loads are recorded.

The tensile strength is computed using equatior{fl3o3sain et al. 2010).

_ 2000P
tD

S

(3.3)
where
S =tensile strength (kPa),

P = maximum load (N),
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t = specimen thickness (mm), and

D = specimen diameter (mm).

Tensile strength ratio (TSR) is used to denote Hid#istance to the detrimental effects
of moisture. It is defined as the ratio of avertagesile strength retained after freeze-thaw
conditioning (average tensile strength of condeidispecimens) to average tensile strength of
unconditioned samples. Percent tensile strengih isscomputed using Equation 3.4.

S2

_ 227100
TSR= g (B.4

where
$ = average tensile strength of unconditioned sulaset

$ = average strength of conditioned subset.

KDOT and Superpave criterion for acceptable minintansile strength ratio is 80%
(Hossain et al. 2010).
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Figure 3.12 Modified Lottman Test Steps: (a) Vacuun®aturation (b) Specimen in Freezer,
(c) Specimens in Hot Water Bath, and (d) Specimem iTesting Frame
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Chapter 4 - Results and Statistical Analysis

4.1 General

Results of laboratory tests to evaluate UBBS RARop@ance in chip seal and
Superpave mixtures are discussed in this chaplep. I8ss of reclaimed UBBS materials was
compared with that in respect to precoated norneagfiat aggregates (Rahaman et al. 2012).
Volumetric properties of all laboratory designectares were also assessed for various UBBS
RAP contents. Laboratory-mix performance was evathan terms of rutting and moisture
susceptibility. Normality test was done on all gegformance test data. Pair-wise comparisons
or contrasts were done to determine statisticémdihces in a) chip loss between UBBS millings
and precoated normal-weight aggregates for chipdsga, and b) laboratory performance of
various UBBS RAP contents for Superpave mixturBise hypothesis test was done on the
difference of means of two samples, known as thimate of the contrast. The usual null
hypothesis states that contrast has a zero vahiehwesults in a test where the two means are
equal. P-value was used to determine whether tepace reject it. Statistical Analysis Software
(SAS), version 9.2 was used to do the pair-wisepgaomons at 95% level of significance.

4.2 ASTM Sweep Test Results

In this study, seven replicate specimens for theeaggregate-emulsion combinations
were studied to evaluate chip retention performariceclaimed UBBS millings using the
ASTM sweep test. Figure 4.1 shows the percentloisp of each aggregate for two different
emulsions. In general, UBBS millings experienceghbr mass loss (nearly 50%) compared to
precoated normal-weight aggregates when CRS-2Pseamubvas used. UBBS millings had
slightly less chip loss compared to the precoatasted but higher than precoated limestone
aggregates when CRS-1HP emulsion was used. Thedesalata was checked for normality
with the tests listed in Table 4.1. Data was norrggure 4.2 illustrates the diagnostic normal
probability plots that show the evidence of nortyallhe pair-wise comparisons for mass loss
of UBBS millings with respect to precoated normaight aggregates are shown in Table 4.2.
Results show that mean mass loss of UBBS millimgspaecoated gravel are statistically similar
when used with CRS-2P and CRS-1HP emulsions. Riffegs between UBBS millings and
precoated limestone are significant except wheesione was 1.5% precoated and used with
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CRS-1HP emulsion. Table 4.3 shows the contrasnfss loss of UBBS millings with two
different asphalt emulsions. There is a signifiadifference in mean percent mass loss between
both asphalt emulsions, CRS-1HP was better whempaoed to CRS-2P. This illustrates that
chip retention performance of UBBS millings is ated by the emulsion type used. Since UBBS
RAP materials had a significant amount of asplitaltas expected these would be “equivalent”
to “precoated” aggregates, and consequently, tgntion would be improved. Although no
significant amount of dust was obtained in dry-sienalysis of the UBBS millings, good bond
between aggregate and emulsion residue was naohebtd his could be because of the aged/old
asphalt binder that might have slowed the brea#lumgtion of emulsified asphalt, thus leading

to more aggregate loss.

60

%o Mass Loss

[ ) =3 i
o o o o
1 1 1 1

=
o
1

o
|

1.5%coated | 2% coated 1.5%coated | 2% coated
UBBS RAP Gravel Limestone

u CRS-2P mCRS-1HP

Figure 4.1 ASTM Sweep Test Results
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Table 4.1 Normality Test Results of Sweep Test Data

Tests for Normality

En_|1_uIS|on Test Statistic p Value
ype
Shapiro-Wilk| W 0.917401 Pr<W 0.0447
Kolmogorov-| 5 1 131644 Pr>D | >0.1500
Smirnov
CRS-2P
Cramervon |\ s, | 0.082526 Pr>W-Sq| 0.1901
Mises
Anderson- |, oo | 0.63223| Pr>A-Sq| 0.0907
Darling
Shapiro-Wilk| W 0.971443 Pr<W 0.6818
Kolmogorov-| 5 14 091419 Pr>D | >0.1500
CRS- Smirnov
1HP
Cramer-von |\ sq | 0.034153 Pr > W-Sq| >0.2500
Mises
Anderson- |, s | 0.239481 Pr> A-Sq| >0.2500
Darling

@)

(b)

51

Figure 4.2 Normal Probability Plots of Sweep Test Bta with (a) CRS-2P (b) CRS-1HP




Table 4.2 Comparisons of Mass Loss of UBBS Millingsith Respect to Precoated Normal

Weight Aggregates
Compare % Mass Loss
Emulsion Aggregate | Aggregate| Precoating s[l)g;fr]:ﬁ‘lrcearl]r?te zt
type L i .
P type type condition Estimate) Pr> [ 95% confidence
level
Gravel 1.5% 6.6 0.17 No
Limestone| coated 12.0 0.01 Yes
CRs2p | UBBS
millings Gravel 5.8 0.16 No
: 2% coate
Limestone 15.1 0.002 Yes
Gravel 1.5% -4.1 0.24 No
Limestone| Coated 4.5 0.22 No
CRS-1HP| UBBS
millings Gravel 2.1 0.54 No
: 2% coate
Limestone 9.4 0.016 Yes

Table 4.3 Comparisons of Mass Loss of UBBS Millingsith Two Asphalt Emulsions

Compare %Mass Loss
Aggregate . . Differences
type ETm‘Zon ETm‘Zon Estimate| Pr > |t| significant at 95%
yp yp confidence level
UBBS | cRs.1HP| CRs-2F  -141|  0.0008 Yes
millings

4.3 Laboratory Mix Designs
Table 4.4 shows the Superpave mixture volumetop@rties and design asphalt content
of mix designs developed in the laboratory. Desigphalt content was chosen for each mixture
to have percent air voids @ Ndes, as close to 49%ossible. Figure 4.3 illustrates the virgin
and UBBS RAP asphalt contents for all mixtures ttgwed in the laboratory. There is a decrease
in virgin asphalt content with an increase in UBBS&P content. This represents an economical

benefit since asphalt cement is the expensivegbdudt-mix asphalt. The mix design data
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illustrates that volumetric properties of all mixasorporating UBBS RAP met the requirements

specified by KDOT. It can be observed that redoits/MA and VFA did not change

significantly with addition of UBBS RAP. The datls@shows a slight decrease in percent VMA
with increasing UBBS RAP content. This could be thuthe extent of blending between old and
virgin asphalt binder, since the aggregate dedigictsire is similar for the 12.5-mm NMAS and

9.5-mm NMAS mixes.

Table 4.4 Volumetric Properties of Designed Superpee Mixtures

%

Total

. A
Virgin RAP YoAIr Dust to

%

. . .
MIX UBBS asphalt asphalt asphalt voids %VMA  %VEA  binder A)Gmm Gmm
size millings content content content @ ratio @ Nini @ Nf

% % % Ndes
12.5- 0 5 5 0 4.2 14.1 70.4 0.68 89.2 96.7
mm 10 4.8 4.48 0.32 4.5 14 67.8 0.7 88.9 96.4
NMAS 20 4.7 4.05 0.65 4.3 14 69 0.68 88.8 96.6
9.5- 0 6.4 6.4 0 3.6 16.6 78 0.66 88.9 97.5
mm 10 5.9 5.58 0.32 4.6 16.41 71.5 0.78 88.0 96.4
NMAS 20 5.6 4.96 0.64 3.7 15.21  75.49 0.78 89.0 97.3
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Figure 4.3 Asphalt Contents for Designed Superpavwdixtures
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4.4 Performance Tests

4.4.1 Hamburg Wheel Tracking Device Test Results

In this study, three replicate specimens for eachdesign were tested using the
Hamburg wheel tracking device (HWTD) to evaluatiing and stripping performance. The
specimens were compacted to 7+1% air voids anddegt50C. The test was continued until a
20-mm rut depth was reached for each specimene®abland Figure 4.4 show performance of
all laboratory mixes in terms of average numberbéel passes to 20-mm rut depth obtained
from the tests. In general, the average numbehakehpasses to 20-mm rut depth increased with
increasing UBBS RAP content, illustrating that UBRBP content is an important factor in

improving rutting performance.

Table 4.5 Performance of Laboratory Mixes in HWTD Tests

% % Air Rut Average
Mix type  UBBS voids depth number of
RAP (mm)  wheel passes
0 6.4 20 19,686
12.5-mm
NMAS 10 6.7 20 28,085
20 7.3 20 33,049
0 6.5 20 6,707
9.5-mm
NMAS 10 6.9 20 9,819
20 6.5 20 19,732
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Figure 4.5 illustrates performance of all mixesdahsn other HWTD test output
parameters such as creep slope, stripping sloplestapping inflection point (SIP). The mixes
with higher UBBS RAP content performed better whempared to the base mix (no UBBS
RAP). SIP is the number of wheel passes at whighpstg occurs. Figure 4.5 (c) shows that
mixes with UBBS RAP performed better in terms oijpgting. Table 4.6 and Figure 4.6 show
that HWTD test data are normal as proven by thenabty tests. Table 4.7 shows the pair-wise
comparisons of HWTD data among various UBBS RARems. There is no significant
difference in 0% and 10% UBBS RAP content in HWE3ults for both 12.5-mm NMAS and
9.5-mm NMAS mix types. This implies that 10% UBB3MRRdid not show any change in the
average number of wheel passes (HWTD data) statiisti though the effect of UBBS RAP was
evident from Figures 4.4 and 4.5. For 12.5-mm NMAR size, UBBS RAP contents of 10%
and 20% are not significantly different, while goposite trend is observed for 9.5-mm NMAS
mix size. The pair-wise comparisons or contrastgion that the higher the UBBS RAP content,
the more significant are differences at the 95%fidence interval. This can be due to the higher
amount of aged asphalt binder in the mixtures wigiher UBBS RAP content.
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Figure 4.5 Effect of UBBS RAP on HWTD Output Paraméers for All Mixes: (a) Creep
Slope, (b) Stripping Slope, and (c) Stripping Infletion Point
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Table 4.6 Normality Test Results of HWTD Test Data

Figure 4.6 Normal Probability Plots of HWTD Data for (a) 12.5-mm NMAS (b) 9.5-mm

NMAS

Tests for Normality

glx Test Statistic p Value
1ze
Shapiro-Wilk| W 0.97183 Pr<W 0.9099
Kolmogorov-| 15 19387 pr>D | >0.1500
12.5- Smirnov
mm Cramer-von
NMAS Mises W-Sq | 0.03927| Pr > W-Sq | >0.2500
Anderson- |, oo | 022657 Pr>A-Sq | >0.2500
Darling
Shapiro-Wilk| W 0.83994| Pr<W 0.0577
Kolmogorov-| 1y | 559567  pr>D | 0.0226
9.5- Smirnov
mm Cramer-von
NMAS Mises W-Sq | 0.11756| Pr>W-Sq | 0.0543
Anderson- | 50 | 0.65018| Pr>A-Sq | 0.0622
Darling

(@)

(b)
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Table 4.7 HWTD Data Comparisons for All Mixes withVarious UBBS RAP Contents

Average no. of wheel passes to 20-
Compare
Mi mm rut depth
iX
: Differences
0, 0,
S1z€ | %UBBS )| %UBBS Estimate| Pr > |t|| significant at 95%
RAP RAP !
confidence level
12 5. 0 10 -8399 0.07 No
mm 20 -13363 0.01 Yes
NMAS 10 20 | -4964| 0.24 NoO
9.5- 0 10 -3111 0.15 No
mm 20 -13024 | 0.0004 Yes
NMAS 710 20 | -9913 | 0.001B Yes

4.4.2 Modified Lottman Test

The modified Lottman test (KT-56) was done on alftldratory-designed mixtures to
assess their sensitivity to moisture damage. Rsitéist, six specimens were compacted at
7£0.5% air voids for each mix design; three of éhegre conditioned by subjecting them to the
freeze-thaw cycle and the other three were unciamaitl. Moisture susceptibility is measured as
the percentage of average tensile strength ratiibeo€onditioned specimens to unconditioned
specimens. In this study, no liquid anti-strippagent was used, indicating the asphalt binder
effect on adhesion to the aggregates. Figure AWslkhe average tensile strength of both
conditioned and unconditioned samples for each migeneral, average tensile strengths
increased with an increase in percent UBBS RAPettrih the mix. This illustrates the mixture
stiffens with an addition of UBBS RAP, as theraisincrease in the amount of aged/old binder
which affects the bond to the aggregates, and até the tensile strengths. Figure 4.8
illustrates tensile strength ratios (TSR). Thera decrease in TSR values with the addition of
UBBS RAP. All mixes have met the minimum TSR regumients specified by KDOT,
illustrating no significant effect on moisture septbility of the mixtures for up to 20% UBBS
RAP. The normality test results of KT-56 uncondigd and conditioned strength data are shown
in Tables 4.8 and 4.9. The results indicate thatdata are normal. In addition, the diagnostic

plots showed evidence of normality as shown in Fegu.9 and 4.10. Pair-wise comparisons for
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tensile strengths among various UBBS RAP contenetslaown in Table 4.10. It can be observed
that differences in conditioned and unconditionedngths among various UBBS RAP contents
are significant at the 95% confidence level exéep0% -10% RAP contents for both 12.5-mm
and 9.5-mm NMAS mixes. The estimate value for athparisons is negative, which indicates
an improvement in tensile strength with the additd UBBS RAP. This was expected as there
is aged asphalt binder in these mixtures whicheiases their stiffness.

1200 -

1000 -

Avg, Tensile Strength
] = (=) co
8 8 8 8

o

12.5-mm NMAS 9.5-mm NMAS

mUnconditioned ™ Conditioned

Figure 4.7 Conditioned and Unconditioned Strengthsf All Laboratory Mixes

120.00 -+

100.00 -
80.00 -
60.00 -
40.00 -
20.00 -

0.00 -

12.5-mm NMAS 9.5-mm NMAS

TSR %

Figure 4.8 Tensile Strength Ratios
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Table 4.8 Normality Test Results of KT-56 Test (Unanditioned Strength Data)

Tests for Normality
Mix ..
: Unconditioned Strength
Size
Test Statistic p Value
Shapiro-Wilk| W 0.922391| Pr<W 0.4124
12.5- -
> | Kolmogorov-| | 150515 pr>D | 50.1500
mm Smirnov
NMAS
Cramervon |\ sq | 0.046627| Pr>W-Sq | 0.2500
Mises
Anderson- |, o | 0320691| Pr>A-Sq | >0.2500
Darling
Shapiro-Wilk| W | 0.897389] Pr<W | 0.2373
Kolmogorov-| | 5 533688 pr>D | >0.1500
9.5-mm Smirnov
NMAS )
Cramer-von | \v g4 | 0.08503| Pr>W-Sq| 0.1573
Mises
Anderson- |, oo | 0 468637| Pr>A-Sq | 0.1943
Darling

Table 4.9 Normality Test Results of KT-56 Test (Caditioned Strength Data)

Tests for Normality
M.'X Conditioned Strength
Size
Test Statistic p Value
Shapiro-Wilk| W 0.90556 Pr<w 0.286
Kolmogorov-
12.5- Smirmov D |0.187345 Pr>D | >0.1500
mm c
NMAS fiﬂmef-VO” W-Sq | 0.062009| Pr>W-Sq | >0.2500
ises
Anderson- | » o | 0396133 Pr>A-Sq | >0.2500
Darling
Shapiro-Wilk| W 0.899105( Pr<W 0.2469
Kolmogorov-1 | 196801 Pr>D | >0.1500
Smirnov
9.5-mm c
NMAS fiﬂmef-von W-Sq | 0.071408| Pr>W-Sq| 0.2419
ises
Anderson- | 5 g0 | 0421837 Pr>A-Sq | >0.2500
Darling
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(@)

(b)
Figure 4.9 Normal Probability Plots of Unconditional Strength Data of KT-56 Test for (a)
12.5-mm NMAS (b) 9.5-mm NMAS

(@)

(b)

Figure 4.10 Normal Probability Plots of ConditionedStrength Data of KT-56 Test for (a)
12.5-mm NMAS (b) 9.5-mm NMAS
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Table 4.10 Tensile Strength Comparisons for All Mirs with Various UBBS RAP Contents

Compare Unconditioned Strength Conditioned Strength
Mix Differences Differences
. 0, )
size | #UBBS| %UBBS Estimate| Pr > |t| | significant at 95% estimate| Pr > |t| | significant at 95%
RAP RAP . )
confidence level confidence level
10 -101.04 0.088 No -67.33 0.24 No
12.5- 0
mm 20 -263.66| 0.0018 Yes -226.29 0.0045 Yes
NMAS ™10 20 | -162.62 0.017 Yes 1158.96  0.021 Yes
9.5- 0 10 -263.20| 0.0005 Yes -74.89 0.017 Yes
mm 20 -355.99| 0.0001 Yes -246.44 <0.0001 Yes
NMAS ™10 20 | -92.77| 0.056 NoO 17156  0.0003 Yes
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Chapter 5 - Field Performance of Ultra-Thin Bituminous Bonded

Surface Projects in Kansas

5.1 Introduction
The Kansas Department of Transportation (KDOT)l&en constructing UBBS since
2002. More than 450 miles of UBBS have been builtesthen. UBBS is now one of the
accepted preventive maintenance techniques in Isamb& specifications for UBBS are
described in Section 613 (Ultrathin Bonded AspBalitface) of the Kansas Standard
Specifications for State Road and Bridge ConstonctiEdition of 2007. Section 613 was added
as Special Provision 07-06007-R03.

5.2 Performance

The performance of UBBS depends on various faciech as environmental condition,
traffic, materials used, existing pavement condit@nd construction process. In Kansas, during
2002 to 2012, a total of 141 one-mile segmentsBBB have been rehabilitated. The details of
these projects are given in Table 5.1 Servicadifen important measure of performance of any
preventive maintenance technique. In this studgférs to the time duration from the
application of UBBS to the subsequent major reftakibn or reconstruction. Routine
maintenance actions, such as crack sealing areonstdered as interrupting the service of an
existing UBBS layer. As of 2012, the service lifddBBS varies from two to nine years, as
shown in Figure 5.1. More than 75% of the rehadiitt UBBS segments lasted six years or

more as illustrated in Figure 5.1.

63



Table 5.1 Rehabilitated UBBS Projects in Kansas

Project No. of
County Route 1-Mile Coﬁz?rrugzion RerTael?i:igtion Rehabilitation Type
Segments
Atchison us-73 2 2008 2011 Cold mill 2",0L 2"
Butler US-54 18 2007 2010 Crack Sealing
Dickinson K-4 8 2005 2011 Cold mill 1%, OL 1.5"
Ellis [-70 30 2008 2011 Crack Sealing
Gove I-70 38 2004 2010 Cold mill 0.5", OL 2"
Harvey US-50 16 2007 2010 Crack Sealing
Johnson [-35 1 2007 2011 FD PCCP Patching
Johnson US-56 5 2002 2011 Cold Mill 0.5", UBBS
Johnson K-7 2 2007 2011 New Construction
Logan [-70 2 2004 2010 Cold mill 0.5", OL 2"
McPherson US-56 2 2004 2011 Cold Mill 0.5", UBBS
Riley US-24 1 2006 2009 Chip Seal
Sedgwick | US-54 4 2007 2010 Crack Sealing
Sedgwick | K-254 8 2007 2011 Cold mill 0.75", OL 2'
Thomas [-70 2 2007 2010 Chip Seal
Wyandotte| US-24 2 2007 2009 New Construction
Note: OL: Overlay; FD: Full Depth
80.0 -
69.6
70.0 -
60.0 -
. 500 -
=1
S 400 -
&
300 -
20.0 - 14.5
7.2
12:2 __2 | 2 | | 0.0 | | 2 | 0.0 | L
2 3 4 5 6 7 8 9
Service Life

Figure 5.1 Distribution of Service Life of UBBS inKansas
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Pavement distresses usually have significant &sfie the performance of preventive
maintenance methods. To study the effectiveneEB&S in Kansas, the progression of
common distresses was examined in the before aad(BAA) studies. The BAA study
compared the distress data after construction @8 B the data from the year prior to the
construction of UBBS. Roughness, rutting, transyeracking, and fatigue cracking are the
distresses considered in this study. Data needeel eained from the Pavement Management
Information System (PMIS) database of KDOT. Thaatans of distresses were plotted and

BAA comparisons were done for all rehabilitated UBfrojects.

5.3 Roughness

Pavement roughness is produced by the surfacailamies which results in an
undesirable or uncomfortable ride. Roughness isidened as one of the prime indicators of the
pavement condition because of its effect on thesuperception of ride quality and vehicle
operation costs (Brown et al. 2009). InternatidRalighness Index (IRI) is considered as
universal measure of pavement roughness. The Rigrizes the longitudinal surface profile
in the wheel path and is computed from surfaceagien data collected by either a topographic
survey or a mechanical profilometer. It is defitgdthe average rectified slope (ARS), which is
a ratio of the accumulated suspension motion taltstance traveled obtained from a
mathematical model of a standard quarter car tsavgia measured profile at a speed of 80 km/h
(50mph). IRl is expressed in in/mile or m/km (Hu&tp4).

Currently KDOT uses a South Dakota-type profilomeguipped with laser devices to
collect roughness data in terms of IRI. IRI rougésim in/mile is calculated from left and right
wheel path profiles collected with the profilometeoughness levels are based on right wheel
path IRI values for determination of distress Stated performance levels. The higher the IRI
value, the worse is the roughness condition.

Figures 5.2 through 5.15 show the roughness prsigies of the rehabilitated UBBS
projects from 2002 to 2012. Before and after (BARA)dies were conducted to compare IRI
values before and after the construction of the BBdd/er. The results are presented in Table
5.2. A total of 14 rehabilitated UBBS projects iaméas were studied. It is evident from the plots
and BAA studies that UBBS or Novachip had an eféecteducing the pavement roughness. On
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an average UBBS improved the ride quality by 26%e feduction in roughness varies from as

low as 3% to as high as 50%.

Atchison Co, US-73
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Figure 5.2 Roughness Progression on US-73 in Atchis County
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Figure 5.3 Roughness Progression on US-54 in Butl@ounty
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Dickinson Co., K-4
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Figure 5.4 Roughness Progression on K-4 in DickinedCounty

Ellis Co., I-70
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Figure 5.5 Roughness Progression on I-70 in EllisdDinty
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Figure 5.6 Roughness Progression on I-70 in Gove Qaty
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Figure 5.7 Roughness Progression on US-50 in Harv&ounty
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Figure 5

.8 Roughness Progression on US-56 in JohinsGounty
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Figure 5.9 Roughness Progression on K-7 in Johns@ounty
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Logan Co., I-70
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Figure 5.10 Roughness Progression on I-70 in Log&ounty
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Figure 5.11 Roughness Progression on US-56 in McReen County
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Figure 5.12 Roughness Progression on US-54 in SedgjvCounty
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Figure 5.13 Roughness Progression on K-254 in SedglwCounty
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Figure 5.14 Roughness Progression on [-70 in Thom&ounty
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Figure 5.15 Roughness Progression on US-24 in Wyaotte County
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Table 5.2 BAA Comparisons Based on IRI Values

Project No.of 1-mie|  Year Before/After UBBS Treatment
Segments| Before Year 1
AGCS”?O” 2 134 | 128 | Better| 4%,
5;“:2 18 72 51 | Better| 299,
Dicﬁrfo“ 8 92 | 55 | Better| 40%,
EEZ 30 74 48 | Better|  35%,
IG_%G 38 76 52 | Better| 329,
Eg“’:g’ 16 67 65 | Better| 3%,
JCI’ESSO” 1 92 83 | Better|  10%),
JSQ”Z?” 5 141 92 | Better|  35%
Jo;_”;‘on 2 54 48 | Beter|  11%,
'fgg” 2 64 44 | Better|  31%),
MEPSrEresor 2 201 99 | Better|  51%,
URS"‘_?%’ ) 1 63 55 | Better| 139,
Ssg?‘g’fk 4 62 35 | Better| 449,
SE?S‘S’V;C'( 8 108 83 | Better| 239
Trl‘_o;gas 2 101 73 | Better| 289,
WE’JaSrj‘i‘jﬁe 2 96 | 71 | Better| 26%,
Average Better 26%
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5.4 Rutting

Rutting is defined as the depressions in asphakmants’ wheel path as a result of
traffic loads. Rutting is the permanent deformaiimany of the pavement layers or in the
subgrade caused by a consolidation or lateral memweof the materials due to repeated traffic
loads. Rutting can be caused by plastic deformatidghe asphalt mix either in hot climate or
from inadequate compaction during constructionnfiigant rutting leads to major structural
failures and a potential for hydroplaning of fasiwvimg vehicles, leading to unsafe conditions. In
cold climates, water in the ruts may freeze, cngasilick conditions. Rutting is measured in
square feet or square meters of the surface anea,diven severity level based on rut depth
(Huang 2004).

The measurement of rut depth can be automaticafigucted with a rut bar mounted on
a vehicle with three or five or more sensors thatcapable of measuring the profile data of road
surfaces. In Kansas, KDOT uses a three-point systemhnich data are collected in each wheel
path and at mid-lane. In that case, the rut deptialiculated as the difference in elevation
between the mid-lane measurement and the wheehpedsurement.

Figures 5.16 through 5.29 show the rutting progoessof the rehabilitated UBBS
projects from 2002 to 2012. Before and after (BA#)dies were conducted to compare rutting
condition before and after the construction of WlBBS layer. The results are summarized in
Table 5.3. The plots and BAA studies show thatpggormance of UBBS is inconsistent in
terms of rutting. Six projects had worse ruttingngared to the year before the construction of
UBBS layer. Significant improvement of rutting catneh was observed on K-4 in Dickinson
County (82% better).
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Figure 5.16 Rutting Progression on US-73 in AtchisoCounty
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Figure 5.17 Rutting Progression on US-54 in Butle€County
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Figure 5.18 Rutting Progression on K-4 in DickinsorCounty
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Figure 5.19 Rutting Progression on I-70 in Ellis Canty
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Figure 5.20 Rutting Progression on I-70 in Gove Caty
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Figure 5.21 Rutting Progression on US-50 in Harve€ounty
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Figure 5.22 Rutting Progression on US-56 in JohnsoGounty
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Figure 5.23 Rutting Progression on K-7 in Johnson @unty
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Logan Co., I-70
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Figure 5.24 Rutting Progression on I-70 in Logan Qanty
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Figure 5.25 Rutting Progression on US-56 in McPheas County
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Figure 5.26 Rutting Progression on US-54 in SedgwicCounty
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Figure 5.27 Rutting Progression on K-254 in SedgwkcCounty
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Figure 5.28 Rutting Progression on I-70 in Thomas Qunty
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Figure 5.29 Rutting Progression on US-24 in Wyand& County
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Table 5.3 BAA Comparisons Based on Rutting Value

_ No.of 1-mie| Year Before/After UBBS Treatment
Project
Segments | Before Year 1
Atchison
2 .02 . W
US-77 0.0 0.03 orse 50%&
Butler
US. 52 18 0.04 | 0.05| Worsq 25%
Dickinson
‘. 8 0.22 | 0.04 | Better| 82%
|E$Z 30 015 | 014 | Betterl 7%
Gove
0
170 38 0.09 0.08 Better 11@
Harvey
1 A1 A2 W Q
US-5( 6 0 0 orse 9 /1)
Jc:h;;on 1 NA | NA | NA | NA
Johnson
0
US-5¢ 5 0.06 0.04 Better 334}
Johnson
2 A A1 W 1
K7 0 0 orse 0%
Logan 0
70 2 011 | 012 | Worsg 9%
McPhersor
2 N/A N/A N/A N/A
US-5¢€
Riley o
US-21 1 0.14 0.05 Better 64<f;
Sedgwick .
US. 52 4 0.04 | 0.02 | Better| 50%
Sedgwick 0
K254 8 0.14 | 0.07 | Better] 50%,
TTo;gas 2 01 | 008 | Beter| 20%
Wyandotte
US. 22 2 0.03 | 0.04 | Worsq 33%
Average Better 18%
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5.5 Transverse Cracking

Transverse cracking is non-load associated crackingh normally occurs when the
temperature at the surface drops sufficiently tdpce a thermally induced shrinkage stress in
the HMA layer that exceeds the tensile strengttnefHMA layer. Transverse cracks generally
run perpendicular to the roadway centerline andéen equally spaced. These cracks usually
initiate at the surface and progress down with tifiransverse cracks are measured in linear feet
or linear meter (Huang 2004).

In annual KDOT pavement condition survey, transyersacks are manually measured by
selecting three 100-ft sections from each 1-mitgtvay segment and counting the number of
full lane-width cracks (centerline to edge on a4awe road). The average crack numbers of the
three 100-ft sections is recorded as the extetrangverse cracking, which might be a one or
two digit number, to the nearest 0.1 cracks. Advanse crack is judged to fall into one of the
four categories, TO, T1, T2, and T3, based on ggwawnditions that are coded as follows:

TO: Sealed cracks with no roughness and sealaak$®tess than 1 foot per lane.
T1: No roughness, 0.25” or wider with secondarykirag; or any width with
secondary cracking less than 4 feet per lane; pmadith with failed seal (1 or
more feet per lane).

T2: Any width with noticeable roughness due to @spron or bump. Also cracks
that have greater than 4 feet of secondary cradkimgo roughness.

T3: Any width with significant roughness due to degsion or bump. Secondary
cracking will be more severe than code T2.

In the prediction modeling in Kansas, transverseking is expressed as EqQTCR, which
is the equivalent number of T3 cracks observedlpérft segment.

Figures 5.30 through 5.43 show the variationsarigverse cracking of the rehabilitated
UBBS projects from 2002 to 2012. Before and afB#k4) studies were conducted to compare
transverse cracking before and after the constmucif the UBBS layer. Table 5.4 summarizes
the results of the BAA studies. It was found th&B$ was very effective in reducing transverse
cracks. There were no cracks on seven projectsad®ication of UBBS. However, the plots
show that the cracks increased significantly after years of UBBS application on many

projects.
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Dickinson Co., K-4
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Table 5.4 BAA Comparisons Based on EQTCR Values

roject No.of 1-mie| Year Before/After UBBS Treatment
Segments| Before Year 1

Altg“io” 2 172 | 028 | Better| 84%
5;“‘; 18 0.97 | 026 | Better] 73%
DiC}ETO” 8 1 0 Better | 100%
EEZ 30 0.43 0 Better| 1009
?_%e 38 0.19 0 | Better| 100%
Bzwsecy 16 0.62 | 0.15| Betterl 76%
JT_h;;on 1 NA | NA | NA | NA
382”;’” 5 0.87 | 0.06 | Better| 93%
JO;_”?SO” 2 119 | 021 | Better| 82%
LI(_Jggn 2 0.2 0 Better | 100%
Mprerresor 2 NA | NA | NA | NA
Ssg?\gfk 4 111 | 0 | Better| 100%
S}ifigws‘i‘ck 8 0.56 0.01 Better 989<f0
Trll_o7rgas 5 0.21 0.1 Better| 529
WSZT(;SHE 2 068 | 002 | Betterl 97%

Average Better 899
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5.6 Fatigue Cracking

Fatigue cracking or alligator cracking is a loadasated failure which generally occurs
when the pavement has been stressed to the lintg fatigue life by repetitive axle load
applications. Fatigue cracking is a series of gaanecting cracks caused by the fatigue failure
of an asphalt surface, a weakened base courségrasie, too little pavement thickness, over
loading or combination of these factors. Fatigweeking of flexible pavements is based on
horizontal tensile strain at the bottom of the HM#er. This type of cracking initiates at the
bottom of the asphalt surface or stabilized basera/the tensile stress or strain is highest under
a wheel load. The cracks propagate to the surfatally as one or more longitudinal parallel
cracks. After repeated traffic loading the cracksrect and form many-sided, sharp-angled
pieces that develop a pattern similar to an alligatback. Fatigue cracking is measured in
square feet or square meters of surface area (H2@0¥y Brown et al. 2009).

In Kansas, fatigue cracking is measured manuallgb®erving the amount of fatigue
cracking on three 100-ft test sections for eachilé-mghway segment during annual pavement
condition surveys. It is recorded in the unit oilar feet/100-foot and the extent must exceed
five feet to be counted. The average value is teddor each segment with one or more of the
four severity levels, FC1, FC2, FC3, and FC4, wlithcoded as:

FC1: Hairline fatigue cracking, pieces not remoeabl

FC2: Fatigue cracking, pieces not removable, crapkdied.

FC3: Fatigue cracking, pieces are loose and ren@ypavement may pump.
FC4: Pavement has shoved forming a ridge of maijacent to the wheel path.

In the prediction modeling process in Kansas, tegigracking is expressed as EqQFCR,
which is the equivalent number of FC4 cracks pé&-ft@egment.

Figures 5.44 through 5.57 show the variations tfjfiee cracking of the rehabilitated
UBBS projects from 2002 to 2012. Before and afB#A4) studies were conducted to compare
fatigue cracking before and after the constructibthe UBBS layer. The results of BAA studies
are given in Table 5.5. UBBS was found to be véigative in reducing fatigue cracking. There
were on fatigue cracks on ten projects one year #ie application of the UBBS layer. On an
average, UBBS treatment showed 92% better fatigaeking conditions for the first year after

treatment.
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Table 5.5 BAA Comparisons Based on EqQFCR Values

) No.of 1-mie| Year Before/After UBBS Treatment
Project
Segments | Before Year 1
Atchison
0
US-7+ 2 8.97 5.69 Better 37 {9
Butler
US.52 18 4.62 0 Better| 10044
Dickinson
191 Bett 1
k-4 8 9 0 etter| 10045
I'_E:'z 30 231 | 0 | Better| 100
Gove
1-70 38 14.14 0 Better 10Q%1
Harvey
US-5( 16 10.84 0 Better 100%
J?Tgon 1 NA | NA | NA | NA
Johnson
0,
US-5¢ 5 0.68 0 Better|  100%
Johnson
K-7 2 18.2 0 Better 100%}
"I(_)ggn 2 1498 | 0 | Better| 10044
McPhersor
2 N/A N/A N/A N/A
US-5¢ / / / /
Riley
US-27 1 N/A N/A N/A N/A
Sedgwick
US-5¢ 4 2.05 0 Better 100%}
Sedgwick o
K254 8 1.09 | 0.07 | Better| 949
Thomas
)
170 2 8.11 | 261 | Better| 68%,
Wyandotte 0
US. 22 2 281 | 039 | Better| 86%
Average Better 92%
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Chapter 6 - Conclusions and Recommendations

5.1 Conclusions

The following conclusions can be drawn from thisdst
Reclaimed asphalt pavement materials from ultra4tended bituminous surface
(UBBS) layers when used in chip seal did not shoadgchip retention in the
ASTM sweep tests with emulsified asphalts.
Statistically, no significant difference was founekween reclaimed UBBS
materials and precoated gravel. Chip loss wasfggnily higher for reclaimed
UBBS materials when compared to that of precoateedtone, regardless of
emulsion type used in the ASTM sweep tests.
Three different mixes with 12.5-mm and 9.5-mm NMw#&re successfully
developed in the laboratory for three different U BRAP contents and a PG 70-
22 asphalt binder grade. Mix design data indicatddmetric properties of all
mixes with UBBS RAP met all requirements of the Kas Department of
Transportation. Asphalt content decreased withe@sing UBBS RAP content.
Hamburg wheel tracking device test output pararmseteticated that rutting
performance of mixes improved with the additiortU&dBS RAP.
Modified Lottman test results showed average tersgilengths of mixes increased
with an increase in UBBS RAP content, illustratingreased mixture stiffening
due to the addition of UBBS RAP.
All designed mixes met minimum tensile strengtlhor@f SR) criteria specified by
the Kansas Department of Transportation. Thereaxsdght decrease in TSR
with an increase in UBBS RAP, illustrating no sfgrant effect on the moisture
susceptibility of Superpave mixtures for up to 208BS RAP.
In Kansas, pavements treated with UBBS showed Vagiability in service life.
Majority of the UBBS-treated segments served serye
Before and after (BAA) studies showed that UBBSumes pavement roughness,
transverse and fatigue cracking one year aftetrédament. However, consistent
improvement in rutting condition was not observédrdJBBS treatment.
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5.2 Recommendations

The following recommendations can be made basedHisistudy:
Further study on chip retention performance ofai@céd UBBS materials as
precoated aggregates should be done by increasimgdime in the ASTM
sweep test.
Since this study was limited to one source of UBBAP, further investigation
using different UBBS RAP sources should be condlcte
Performance of reclaimed UBBS materials in chip & hot asphalt cement
binders may be investigated.
Results of this study illustrate the benefits afarporating UBBS RAP in
Superpave mixtures. Further research should be widhenore sources of UBBS
RAP, virgin aggregates, and asphalt cement binékngormance of Superpave
mixtures with higher percentages of UBBS RAP shdddtudied to optimize the
amount of UBBS RAP content in a mix.
Life-cycle cost analysis should be done to indiceeeconomic benefit of using

reclaimed UBBS materials.
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Appendix A - Laboratory Mix Design and PerformanceTest Data

Koch Pavement Solutions is a registered servicemark of Koch Materials Company

KOCH MATERIALS LABORATORY.

NOVACHIP® MIX DESIGN SHEE

415 NORTH 10th STREET

TERRE HAUTE, INDIANA 47807 PHONE (812) 232-0421

FAX (812) 235-1144

PROJECT - I-70, Gove and Logan Counties

KSDOT PROJECT ID - UO70 106 K 9329-01
CONTRACTOR - Ritchie Paving Inc.

BINDER - PG 70-28 with 0.5% Kling Beta 2912

SUPPLIER - Koch
SALESMAN - Jason Johnson

W.O. US.KS.NC.2003.0168

DATE COMPLETED:
ENGINEER:
TECHNICAL CONTACT:

5/4/04
Tim McKinney
James Campbell

PHONE: (316) 655-1750

Mixing Temperature ~ 309-319 ZF
Seating Temperature  290-294 'F
Asphalt Content Percentage 53%

AGGREGATE GRADATIONS - INDIVIDUAL AND BLEN
Cl@c co 1/2" Cl@C CO Scr
KMC Lab No. 2003.0834 2003.0835
Carder, Inc. Carder, Inc.
% in Blend 67.0 33.0 100.0 Type B
SIEVE Blend Specs
1/2" 12.50 mm 0 0 0 o - 0
3/8 " 9.50 mm 20 0 13 0o - 25
#4 4.75 mm 97 3 66 62 - 75
#8 2.36 mm 99 29 76 73 - 81
#16 1.18 mm 99 49 83 77 - 85
[#30 0.600 mm 99 61 86 82 - 90
#50 0.300 mm 99 71 90 87 - 92
#100 0.150 mm 99 81 93 9 - 94
[#200 0.075mm 99.0 89.0 95.7 94 - 96
Aggregate Gsh 2.584 2,571 2.580
FAA (TP33) 48 40 min
Sand Equivalency (T176-86) 81 45 min
Meth. Blue (TP57-99) 7 10 max
F & E (D4791-95) 4 25 max
Micro-Deval (TP58-99) 5 18 max
LA. Abrasion (T96-99) 27 35 max
Crushed Face (ASTM D 5821) 100/100 85 min
Water Absorption (T255-92) 0.5 0.6 *Producers Historical Data
Gmm = 2.443 Film Thickness = 10.3 microns
Draindown percentage = 0.02 % Recommended max. emulsion shot rate = 0.16 gallyd 2
TSR percentage = 95 % Recommended min. emulsion shot rate = 0.13 gallyd 2

Test data reported herein has been secured by reliable testing procedures. As we have no knowledge of, or control over, the conditions that may affect
the use of material from which the samples were taken, we assume no responsibility in furnishing this data other than to warrant that they represent

reliable measurements of the properties of the sample received and tested.
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Table A.1 Aggregate Blend Gradation of 12.5-mm Mixvith 0% UBBS RAP

Material Cs-1 CS-1A MSD-1 CG-5 SSG
% Used 25 15 15 20 25
Sieve Size % % % % % Blend | Target
mm | %o Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch
12.5 21.19| 5.2975 0 0 0 0 0 0 0 0 5 0-10
9.5 40.9 10.225 0 0 0 0 0 0 0 0 10 10 min
4.75 86.87 | 21.7175 73.4 11.01 0.35 0.052% 2.64 0.528 5.03 1.2575 35
2.36 98.38| 24.595 98.97 14.84pb%22.77 | 3.4155 18.13 3.626 20.84 5.21 52 42161
1.18 98.96 24.74 99.08 14.862 50.27 7.5405 45931869, 43.56 10.89 67
0.6 99.11 | 24.777% 99.09 | 14.8635% 69.81 | 10.4715% 65.96 | 13.192 64.12 16.03 79
0.3 99.19 | 24.7975 99.12 | 14.868| 85.62] 12.843 80.58 16.116 86/84 21.7190
0.15 99.26 | 24.815 99.2 14.88 92 13.8 88.,8 17.65¢7.759| 24.4375 96
0.075 99.44 24.86 99.29 14.893%93.53 | 14.0295 92.57 | 18.514] 99.06 24.76b 97 90-98
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Table A.2 Aggregate Blend Gradation of 12.5-mm Mixvith 10% UBBS RAP

Material Cs-1 CS-1A MSD-1 CG-5 SSG UBBS RAP
% Used 20 15 15 20 20 10
Sieve Size % % % % % % Blend | Target
mm | Yo Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch
12.5 21.19| 4.238 0 0 0 0 0 0 0 0 6.7 0.67 5 0-10
9.5 40.9 8.18 0 0 0 0 0 0 0 0 29.35 2.985 11 10 min
4.75 86.87| 17.374 734 11.01 0.3b 0.0525 2.64 0.52%.03 1.006 79.03 7.903 38
2.36 98.38| 19.676 98.97 14.84b%22.77 | 3.4155| 18.13 3.626 20.84 4.168 94.28 9.428 5542-61
1.18 98.96| 19.792 99.08 14.862 50.27 7.5405 45.93.1869| 43.56| 8.712 98.73 9.873 70
0.6 99.11| 19.822 99.09 14.8638569.81 | 10.4715% 65.96 | 13.192] 64.12] 12.824 99.43 9.943 8
0.3 99.19| 19.838 99.12 14868 85.62 12.843 80.58.1166 86.84| 17.368 99.53  9.953 91
0.15 99.26| 19.852 99.2 14.88 92 13.B8 88.28 17.65¢.759| 19.55| 99.61] 9.961 96
0.075 99.44 | 19.888 99.29 14.89393.53 | 14.0295% 92.57 | 18.514] 99.06 19.812 99.67 9.967 9 9098
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Table A.3 Aggregate Blend Gradation of 12.5-mm Mixvith 20% UBBS RAP

Material Cs-1 CS-1A MSD-1 CG-5 SSG UBBS RAP
% Used 15 10 15 20 20 20
Sieve Size % % % % % % Blend | Target
mm | Yo Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch
12.5 21.19| 3.1785 0 0 0 0 0 0 0 0 6.7 1.34 5 0-10
9.5 40.9 6.135 0 0 0 0 0 0 0 0 29.35 5.87 12 10 min
4.75 86.87 | 13.030b 73.4 7.34 0.35 0.052% 2.64 0.528 5.03 1.006 79.0%.806 38
2.36 98.38| 14.757 98.97  9.897 2277 3.4155 18136263, 20.84| 4.168 94.28 18.856 55 42-61
1.18 98.96| 14.844 99.08 9.908 50.27 7.5405 45931869, 43.56| 8.712 98.73 19.746 70
0.6 99.11 | 14.8665 99.09 | 9.909 69.81| 10.471565.96 | 13.192] 64.120 12.824 99.43 19.886 81
0.3 99.19 | 14.8785 99.12 | 9.912| 85.62 12.843 8058 16.116 86,84 17,3G®.53 | 19.906] 91
0.15 99.26 | 14.889 99.2 9.92 92 13.8 88.,8 17.656 .7597 19.55| 99.61| 19.922 096
0.075 99.44| 14916 99.29 9.929 93.53 14.029%.57 | 18.514) 99.06 19.812 99.67 19.934 97 90-98
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Table A.4 Aggregate Blend Gradation of 9.5-mm Mix wth 0% UBBS RAP

Material CS-1 CS-1A MSD-1 CG-5 SSG
% 2 22 1
S'(: L(iSSe'de % ; % ° % % ° % > Blend | Target
1ev 1Z , 0 0 0 0 0 0 0 0 0 0
mm Ret. Yo Batch Ret. Yo Batch Ret. Yo Batch Ret. Yo Batch Ret. Yo Batch
12.5 0 0 0 0 0 0 0 0 0 0 0 0
9.5 23.4 2.106 0 0 0 0 0 0 0 0 2 0-1

o

—

4.75 94.41| 8.4969  63.1 12.62 1.6 0.36b2 3,31  @5P53.68 1.104 23 10 mir

2.36 99.23| 8.9307] 97.12 19424  34)9 7.678 21.01 818.7 20.45| 6.135 46 33-53
1.18 990.34| 8.9406f 98.4p 19.692 61.88 13.6136 47.86004 | 45.96] 13.788 65
0.6 99.36| 8.9424| 98.6Y 19.734 77.p5 17.061 66.35.94B1| 68.26| 20.478 78
0.3 99.38| 8.9442] 98.73 19.746 879 19.388 80.67 5204.| 86.14| 25.842 88
0.15 99.39] 8.9451 98.79 19.758 9365 20.5381 89.06.03D8| 96.58, 28.974 94
0.075 99.4 8.946| 98.8p 19.77 95.88 20.9836 93.07.7526| 99.17| 29.751 96 90-98
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Table A.5 Aggregate Blend Gradation of 9.5-mm Mix uth 10% UBBS RAP

Material Cs-1 CS-1A MSD-1 CG-5 SSG UBBS RAP
% Used 9 10 20 25 25 10
Sieve Size % % % % % % Blend | Target
mm | % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch
12.5 0 0 0 0 0 0 0 0 0 0 6.7 067 1 0
9.5 23.4 2.106 0 0 0 0 0 0 0 0 29.35 2985 5 0-10
4.75 94.41| 8.4969 63.1 6.31 1.66 0.382 3.31 0.8278.68 0.92 79.03| 7.903 25 10 min
2.36 99.23| 8.9307 97.12 9.712 34.9 6.98 21101 5.2520.45 | 5.1125 94.28 9.428 45 33-53
1.18 99.34| 8.9406 98.46 9.84p 61.88 12.376 47,78 .94B1 45.96 11.49 98.73 9.873 64
0.6 99.36 | 8.9424 98.67 9.86f  77.55 15.61 66|35 8¥6.5 68.26 | 17.065 99.43 9.943 78
0.3 99.38 | 8.9442  98.73 9.878 87.9 17.58 80|67 206.1686.14 | 21.535] 99.53 9.953 88
0.15 99.39| 8.9451 98.79 9.879 93.55 18,71 89,06 26832 96.58 | 24.145 99.61 9.961 94
0.075 99.4 8.946| 98.85 9.88b 95.38 19.076 93/07 26Z3. 99.17 | 24.7925% 99.67 9.967 96 90-98
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Table A.6 Aggregate Blend Gradation of 9.5-mm Mix uth 20% UBBS RAP

Material Cs-1 CS-1A MSD-1 CG-5 SSG UBBS RAP
% Used 4 5 20 25 25 20
Sieve Size % % % % % % Blend | Target
mm | % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch % Ret. Batch
12.5 0 0 0 0 0 0 0 0 0 0 6.7 067 1 0
9.5 23.4 0.936 0 0 0 0 0 0 0 0 29.35 2935 7 0-10
4.75 94.41| 3.7764 63.1 3.15b 1.66 0.382 3.31 0.8278.68 0.92 79.03 7903 25 10 min
2.36 99.23| 3.9692 97.12 4.85pb 34.9 6.98 21101 5.2520.45 | 5.1125 94.28 9.428 45 33-53
1.18 99.34| 39736 98.46 4.923 61.88 12.376 47,78 .94B1 45.96 11.49 98.73 9.873 64
0.6 99.36 | 3.9744 98.61 4.9335 77.55 15.p1 66,35 58¥6.| 68.26 | 17.065 99.43 9.943 78
0.3 99.38| 3.9752 98.73 49365 87.9 17.68 80|67 626.1 86.14 | 21.535 99.53 9.953 88
0.15 99.39| 3.9756 98.79 4.9395 93.%5 1871 89.06 .2682] 96.58 | 24.145 99.61 9.9601 94
0.075 99.4 3.976/] 98.83 4.9425 95.38 19.076 93.07.2623| 99.17 | 24.7925 99.67 9.967 96 90-98
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Plug no| Pb % Gmb Gmm %Va| %VMA %VFA

Al-4 5 2.301 | 2.447 6.0 15.70  62.00
A2-1 5 2.299 | 2.446 6.0 15.77 61.89
A2-3 5 2.300 | 2.446 6.0 15.73  62.05
A 2-5 5 2.294 | 2.446 6.2 1595 61.04
A3-1 5 2.288 | 2.444 6.4 16.17 60.53
A 3-2 5 2.281 2.444 6.7 16.43 59.41
A 3-3 5 2.295 2.444 6.1 15.92 61.71
A3-4 5 2.281 2.444 6.7 16.43 59.41
A 3-5 5 2.290 | 2.444 6.3 16.10  60.86
A4-1 5 2.282 2.45 6.9 16.39 58.16
A 4-2 5 2.275 2.45 7.1 16.65 57.10
A 4-3 5 2.283 2.45 6.8 16.36 58.34

Plug no| Pb % Gmb Gmm %Va| %VMA %VFA
B1-1 4.8 2.285| 2.449 6.7 16.08  58.3
B1-2 4.8 2.281| 2.449 6.9 16.22  57.7
B 1-3 4.8 2.289| 2.449 6.5 1598  58.¢
B1-4 4.8 2.277| 2.449 7.0 16.3f  57.1
B2-1 4.8 2.279| 2.448 6.9 16.30  57.6
B 2-2 4.8 2.281| 2.448 6.8 16.22  57.9
B 2-3 4.8 2.279| 2.448 6.9 16.30  57.6
B 2-4 4.8 2.280| 2.448 6.9 16.26  57.7
B 3-1 4.8 2.285| 2.446 6.6 16.08  59.C
B 3-2 4.8 2.273 2.446 7.1 16.52 57.1
B 3-3 4.8 2.294| 2.446 6.2 15.75  60.5
B 3-4 4.8 2.292| 2.446 6.3 15.82  60.2
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Table A.7 Volumetric Properties of HWTD Test Specinens for 12.5-mm NMAS Mix with
0% UBBS RAP

Table A.8 Volumetric Properties of HWTD Test Specinens for 12.5-mm NMAS Mix with
10% UBBS RAP
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Table A.9 Volumetric Properties of HWTD Test Specinens for 12.5-mm NMAS Mix with
20% UBBS RAP

Plug no| Pb % Gmb Gmm %Va| %VMA %VFA
C1l1 4.7 2.264| 2.446 7.4 16.79  55.68
Cc1-2 4.7 2.273| 2.446 7.1 16.46  57.03
C1-3 4.7 2.279| 2.446 6.8 16.24  57.96
C1-4 4.7 2.272| 2.446 7.1 16.50 56.89
c2-1 4.7 2.279| 2.453 7.1 16.24  56.32
c2 4.7 2.280| 2.453 7.1 16.20  56.47
C2-3 4.7 2.279| 2.453 7.1 16.24  56.32
1

6

8

A

P

C24 4.7 2.277 2.453 7.2 16.3 56.01
C3-1 4.7 2.273 2.457 7.5 16.4 54.50
C3-2 4.7 2.267 2.457 1.7 16.6 53.64
C3-3 4.7 2.260| 2.457 8.0 16.9 52.67
C34 4.7 2.285| 2.457 7.0 16.0 56.30

Table A.10 Volumetric Properties of HWTD Test Specanens for 9.5-mm NMAS Mix with
0% UBBS RAP

Plug no| Pb % Gmb Gmm %Va| %VMA %VFA
Al 6.4 2.237 | 2.387 6.3 19.06 67.03
A2 6.4 2.225| 2.387 6.8 1899 64.26
A3 6.4 2.239 | 2.387 6.2 1899 67.35
Ad 6.4 2.215| 2.387 7.2 19.86  63.72
A5 6.4 2232 | 2.384 6.4 19.24  66.86
A6 6.4 2.206 | 2.384 7.5 20.18  63.00
A7 6.4 2.237| 2.384 6.2 19.06 67.65
A8 6.4 2.231| 2.384 6.4 19.28 66.71
A9 6.4 2.239| 2.384 6.1 18.99  67.97
A10 6.4 2.236| 2.384 6.2 19.10 67.50
All 6.4 2.225| 2.384 6.7 19.50 65.80
Al12 6.4 2.234| 2.384 6.3 19.1Y 67.18
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Table A.11 Volumetric Properties of HWTD Test Specanens for 9.5-mm NMAS Mix with
10% UBBS RAP

Plug no| Pb % Gmb Gmm %Va| %VMA %VFA
Bl 5.9 2.234| 2.399 6.9 18.80 63.42
B2 5.9 2.237| 2.399 6.8 18.69  63.87
B3 5.9 2.229| 2.399 7.1 18.98 62.66
B4 5.9 2.233| 2.399 6.9 18.84  63.27
B5 5.9 2242 | 2.401 6.6 18.51 64.22
B6 5.9 2.235| 2.401 6.9 18.7Y  63.17
B7 5.9 2.246 | 2.401 6.5 18.37 64.86
B8 5.9 2.242 | 2.401 6.6 1851 64.22
B9 5.9 2.240| 2.408 7.0 1858  62.45
3 5.9 2.230| 2.403 7.2 18.95 62.01
B11 5.9 2.233| 2.408 7.3 18.84  61.43
B12 5.9 2.235| 2.408 7.2 18.7Y  61.72

Table A.12 Volumetric Properties of HWTD Test Specanens for 9.5-mm NMAS Mix with
20% UBBS RAP

Plug no| Pb % Gmb Gmm %Va| %VMA %VFA
C1 5.6 2.248| 2.412 6.8 18.19  62.62
c2 5.6 2.256| 2.412 6.5 1790  63.87
C3 5.6 2.257| 2.412 6.4 17.86  64.02
C4 5.6 2.254| 2.412 6.6 17.9Y  63.55
C5 5.6 2.265| 2.418 6.3 1757  63.99
C6 5.6 2.259| 2.418 6.6 17.79  63.04
C7 5.6 2.256| 2.418 6.7 17.90 62.57
C8 5.6 2.261| 2.418 6.5 17.72  63.36
C9 5.6 2.262| 2.415 6.3 17.68  64.17
C10 5.6 2.259 2.415 6.5 17.79 63.69
Ci1 5.6 2.254 2.415 6.7 17.97 62.90
C12 5.6 2.264| 2.415 6.3 17.61  64.49
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Table A.13 HWTD Test Output of 12.5-mm NMAS Mixtures with Various UBBS RAP

Content
o Total Air No. of Stripping i?lmepcr:ilgg Post :
Plug no. oUBBS | asphalt voids | wheel Creep slope slope point (no. compaction
RAP CO? tent (%) | passes (passes/mm (passes/mm) of wheel (@1000
(%) pass) passes)
Al-4 & A2-1 0 5 6.0 31596 4750 700 21600 1
A2-3 & A2-5 0 5 6.1 19809 3500 438 14700 2
A3-2 & A3-3 0 5 6.4 21973 3000 375 16950 15
A3-1 & A3-4 0 5 6.6 15733 2800 267 12200 2.5
A4-1 & A4-3 0 5 6.8 15475 2000 300 11600 1.9
A3-5&A4-2 0 5 6.7 13527 2000 267 9400 15
B1l-1 &B1-2 10 4.8 6.8 3215( 5000 600 23450 1.7
B1-3 & B1-4 10 4.8 6.8 28827 5000 550 21300 1.8
B2-1 & B2-4 10 4.8 6.9 26161 4500 556 16950 1
B2-2 &B2-3 10 4.8 6.9 30523 5000 500 23000 2
B3-1 & B3-4 10 4.8 6.5 25149 3500 643 18200 15
B3-2 & B3-3 10 4.8 6.7 2570( 3000 563 18800 2.5
C1l-1 &C1-3 20 4.7 7.1 24550 4500 643 1940( 2.2
C1-2&C1-4 20 4.7 7.1 31239 5500 563 2580(¢ 2.2
C2 &C2-4 20 4.7 7.2 20155 2500 500 13500 1.8
C2-1&C2-3 20 4.7 7.1 44950 7500 875 36500 1.8
C3-1&C3-2 20 4.7 7.6 44900 4500 1667 39500 1.2
C3-3&C34 20 4.7 7.5 32500 4500 429 26500 1.8
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Table A.14 HWTD Test Output of 9.5-mm NMAS Mixtureswith Various UBBS RAP

Content
0 Total Air | No. of Rut Stripping imepcg:(r)]g Post :
Plug no. %0UBBS | asphalt voids | wheel dgpth Creep slope slope point (no. compaction
RAP co(r)nent (%) | passes in | (Passes/mm (passes/mm) of wheel (@1000
(%) mm passes) passes)
A2 & A3 0 6.4 6.5 | 6931 20 800 175 4400 2.7
Al & A4 0 6.4 6.8 | 6621 20 800 200 4050 2.7
A6 & A7 0 6.4 6.9 | 6705 20 700 200 4040 3
A5 & A8 0 6.4 6.4 | 6809 20 600 200 4050 2.5
Al10 & Al11 0 6.4 6.5 | 6879 20 650 200 4100 3
A9 & Al12 0 6.4 6.2 | 6299 20 600 200 3300 2.4
B4 & B2 10 5.9 6.9 | 9519 20 933 300 5700 2
Bl & B3 10 5.9 7.0 9399 20 1100 250 6180 2.1
B5 & B8 10 5.9 6.6 | 10613 20 1200 267 6900 2
B6 & B7 10 5.9 6.7 | 9300 20 1200 267 5700 2.1
B11l & B12 10 5.9 7.3| 10931 20 800 333 7000 2
B9 & 3 10 5.9 7.1 | 9150 20 1200 240 6100 2.5
C2&C4 20 5.6 6.5| 16400 20 2000 400 10090 15
Cl1&C3 20 5.6 6.6| 17561 20 1667 429 12000 2.2
C6&C8 20 5.6 6.6 25390 20 1333 750 13800 15
C5 &C7 20 5.6 6.5 23105 20 2000 700 11500 1.8
C9 &C10 20 5.6 6.4 1923b 20 2400 400 15100 1.8
Cl1&C12 20 5.6 6.5 16689 20 2000 375 11800 1.8
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Figure A.1 HWTD Output of 12.5-mm NMAS Mixture with 0% UBBS RAP
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Figure A.2 HWTD Output of 12.5-mm NMAS Mixture with 0% UBBS RAP
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Figure A.6 HWTD Output of 12.5-mm NMAS Mixture with 0% UBBS RAP
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no of wheel passes

Figure A.8 HWTD Output of 12.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.7 HWTD Output of 12.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.9 HWTD Output of 12.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.10 HWTD Output of 12.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.12 HWTD Output of 12.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.13 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.14 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.15 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.16 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.17 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.18 HWTD Output of 12.5-mm NMAS Mixture with 20% UBBS RAP
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Plug No. A2 & A3

T~
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no. of wheel passes

Figure A.19 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Figure A.20 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Plug No. A6 & A7
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Figure A.21 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Figure A.22 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Plug No. A10 & A1l
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Figure A.23 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Figure A.24 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP

130



Plug No. B4 & B2
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Figure A.25 HWTD Output of 9.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.26 HWTD Output of 9.5-mm NMAS Mixture with 10% UBBS RAP
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Plug No. B5 & B8
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Figure A.27 HWTD Output of 9.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.28 HWTD Output of 9.5-mm NMAS Mixture with 0% UBBS RAP
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Plug No. B11 & B12
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Figure A.29 HWTD Output of 9.5-mm NMAS Mixture with 10% UBBS RAP
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Figure A.30 HWTD Output of 9.5-mm NMAS Mixture with 10% UBBS RAP
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Plug No. C1 & C3
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Figure A.31 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.32 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP
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Plug No. C5 & C7
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no. of wheel passes

Figure A.33 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP
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Figure A.34 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP
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Plug No. C9 & C10

rut depth

A\

no. of wheel passes

Figure A.35 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP

Plug No. C11 & C12
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Figure A.36 HWTD Output of 9.5-mm NMAS Mixture with 20% UBBS RAP
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Table A.15 Gmb, Gmm, and %Va of All KT-56 Specimengor 12.5-mm NMAS Mixtures

Plug no %I;JAB\FI?S Gmb Gmm Pb % %Va
A2 0 2.266 | 2.449 5 7.5
Al 0 2.267 2.449 5 7.4

AAl 0 2.270 2.44 5 7.0
AB2 0 2.266 | 2.438 5 7.1
AA2 0 2.266 2.44 5 7.1
AB1 0 2.267 2.438 5 7.0
Bl 10 2.273 2.449 4.8 7.2
B2 10 2.276 2.449 4.8 7.1
12 10 2.281 2.448 4.8 6.8
33 10 2.273| 2.438 4.8 6.8
31 10 2.280| 2.438 4.8 6.5
13 10 2.285| 2.448 4.8 6.7
2 1 20 2.284| 2.452 4.7 6.9
11 20 2.276| 2.451 4.7 7.1
12 20 2.274| 2.451 4.7 7.2
23 20 2.277 2.452 4.7 7.1
C1 20 2.275| 2.453 4.7 7.3
C2 20 2277 | 2.453 4.7 7.2
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Table A.16 Gmb, Gmm, and %Va of All KT-56 Specimengor 9.5-mm NMAS Mixtures

Plug no %I;JABFI?S Gmb Gmm Pb % %Va
2 0 2.214 | 2.393 6.4 7.5
A6 0 2.213 | 2.385 6.4 7.2
3 0 2.220 | 2.393 6.4 7.2
A3 0 2.216 | 2.386 6.4 7.1
Al 0 2.220 | 2.385 6.4 6.9
A5 0 2.281 2.444 6.4 6.7
1 10 2.251 2.407 5.9 6.5
B3 10 2.239 | 2.404 5.9 6.9
2 10 2.237 | 2.407 5.9 7.1
B2 10 2.230 | 2.404 5.9 7.2
3 10 2.239 | 2.407 5.9 7.0
Bl 10 2.235| 2.404 5.9 7.0
2 20 2.254 | 2.417 5.6 6.7
C2 20 2.258 | 2.428 5.6 7.0
3 20 2.245| 2.417 5.6 7.1
C6 20 2251 | 2.428 5.6 7.3
C1 20 2.251| 2.428 5.6 7.3
C5 20 2.246| 2.423 5.6 7.3
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Table A.17 Diameter and Thickness of All KT-56 Spamens for 12.5-mm NMAS Mixtures

T\:gg Diameter AVG Thickness AVG
Al 150.08| 150.11 150.12 150.10 94.76 94.74 94,88 . 794
A2 150.09| 150.08 150.1 150.09 94.72 94.74 94.7 4.
AAl | 150.11| 150.12] 150.0Y 150.1 94.76 94.68 9467 .7®4
AA2 | 150.14| 150.11] 150.1% 150.13 94.61 94.57 94/594.59
AB1 | 150.17| 150.24 150.2y 150.23 94.58 9455 94/514.5%
AB2 150 150.09| 150.17 150.09 94.62 94.69 94,52 194
12 150.09| 150.11 150.08 150.09 94.55 9459  94.574.579
13 150.05| 150.0% 150.11 150.07 94.45 94/54  94.454.489
31 150.13| 150.03 150.07 150.08 94.65 94|63  94.654.649
33 150.05| 150.11 150.11 150.09 94.Y7 94169  94.754.749
Bl 150.1 | 150.11 150.183 150.11 94.66 94.66 94(72 6894.
B2 150.15| 150.17 150.1 150.14 94.69 947 94|69 04
11 94.48 | 94.52| 94.55 9452 9448 9452 94|55 94
12 94.57 | 94.61| 94.56 9458 9457 94.61 9456 94
21 94.53 | 94.45| 94.53 9450 9453 9445 94|53 94
2 3 94.45| 94.47| 94.47 94.46 94.45 94.47  94{47 94
C1 94.62 | 94.63| 94.58 94.61 94.62 94.63 94/58 94
Cc2 94.61 | 94.63 94.6 94.61 94.61 94.63 94.6 94,

.6

.52
.58
.50
46

61
61

Table A.18 Diameter and Thickness of KT-56 Specimamafter Conditioning for 12.5-mm
NMAS Mixtures

T\:gg Diameter AVG Thickness AVG
A2 150.18 | 150.23 | 150.26 | 150.22 | 94.82 94.81 94.85 94.83
AAl 150.29 | 150.3 150.3 | 150.30 | 94.69 94.69 94.68 94.69
AA2 150.3 | 150.32 | 150.25 | 150.29 | 94.68 94.68 94.69 94.68
12 150.06 | 150.13 | 150.14 | 150.11 | 94.61 94.61 94.63 94.62
31 150.23 | 150.17 | 150.18 | 150.19 | 94.65 94.67 94.68 94.67
Bl 150.34 | 150.11 | 150.05 | 150.17 | 94.75 94.6 94.7 94.68
12 150.28 | 150.23 | 150.24 | 150.25 | 94.58 94.57 94.5 94.55
21 150.35 | 150.28 | 150.2 | 150.28 | 94.64 94.68 94.7 94.67
C1 150.21 | 150.22 | 150.13 | 150.19 | 94.56 94.54 94.66 94.59
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Table A.19 Diameter and Thickness of All KT-56 Spamens for 9.5-mm NMAS Mixtures

Plu . )

Nog Diameter AVG Thickness AVG
2 150.84 | 150.82 | 150.86 | 150.84 94.72 94.37 94.33 94.47
3 151.1 151 151.1 151.07 94.34 94.48 94.49 94.44

Al 150.47 | 150.33 150.4 150.40 94.54 94.5 94.53 94.52
A3 150.28 150.4 150.48 | 150.39 94.54 94.54 94.55 94.54
A5 150.53 | 150.07 | 150.25 | 150.28 94.43 94.49 94.48 94.47
A6 150.27 | 150.37 | 150.19 | 150.28 94.5 94.54 94.46 94.50

1 150.2 150.22 150.2 150.21 94.54 94.64 94.57 94.58
2 150.22 | 150.14 150.1 150.15 94.33 94.39 94.38 94.37
3 150.24 | 150.22 | 150.17 | 150.21 94.56 94.32 94.51 94.46

Bl 150.22 | 150.23 | 150.27 | 150.24 94.75 94.66 94.56 94.66
B2 150.45 | 150.45 150.3 150.40 94.45 94.45 94.52 94.47

B3 150.4 150.44 | 150.45 | 150.43 94.62 94.71 94.64 94.66
2 150.05 | 150.03 | 150.03 | 150.04 94.38 94.42 94.43 94.41
3 150.06 | 150.07 | 150.03 | 150.05 94.53 94.5 94.47 94.50
Cl 150.13 | 150.01 | 150.05 | 150.06 94.62 94.6 94.6 94.61

C2 150.05 150 150.07 | 150.04 94.6 94.69 94.67 94.65
C5 150.24 | 150.31 150.2 150.25 94.72 94.78 94.67 94.72
C6 150.06 | 150.17 150.2 150.14 94.67 94.63 94.61 94.64

Table A.20 Diameter and Thickness of KT-56 Specimanafter Conditioning for 9.5-mm
NMAS Mixtures

Plu . .

Nog Diameter AVG Thickness AVG
2 151 150.92 | 150.96 | 150.96 94.46 94.65 94.68 94.60
3 151.15 | 151.42 | 151.17 | 151.25 94.49 95.1 94.53 94.71

Al 150.39 | 150.42 | 150.44 | 150.42 94.53 94.51 94.6 94.55

1 150.56 | 150.58 150.5 150.55 94.7 95.07 94.66 94.81
2 150.24 150.5 150.4 150.38 94.54 94.52 94.47 94.51
3 150.24 | 150.28 | 150.46 | 150.33 94.39 94.51 94.45 94.45
2 150.06 | 150.32 | 150.33 | 150.24 94.44 94.33 94.34 94.37
3 150.13 | 150.14 150.2 150.16 94.72 94.61 94.52 94.62
Cl 150.1 150.09 | 150.19 | 150.13 94.58 94.7 94.67 94.65
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Table A.21 Tensile Strengths of KT-56 Specimens B2mm NMAS Mixtures

Plug no

Cond/Uncon

)

%UBBS

Strength in

RAP %Va Load in N KPa %TSR
A2 cond 0 7.50 19477 870.4
Al uncond 0 7.43 19408 868.38
AAl cond 0 6.97 17682 790.93 99.5
AB2 uncond 0 7.05 17389 796.18
AA2 cond 0 7.13 17249 77171
AB1 uncond 0 7.01 17759 779.38
Bl cond 10 7.19 19124 856.29
B2 uncond 10 7.06 19900 891.11
12 cond 10 6.82 20639 925.09 95.9
33 uncond 10 6.77 21017 940.93
31 cond 10 6.5 19066 853.66
13 uncond 10 6.66 20379 915.02
21 cond 20 6.85 24548 1098.45
11 uncond 20 7.14 25488 1143.69
12 cond 20 7.22 23991 1074.64 96.2
2 3 uncond 20 7.14 24899 1116.78
C1 cond 20 7.3 20950 938.82
C2 uncond 20 7.17 21742 974.44
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Table A.22 Tensile Strengths of KT-56 Specimens 9tbm NMAS Mixtures

Plugno | Cond/Uncond %I;JABFI? S %Va Load in N Strir;)g;h n %TSR
2 cond 0 7.48 14942 666.12
A6 uncond 0 7.21 11991 537.51
3 cond 0 7.23 15771 702.04 116.3
A3 uncond 0 7.12 13688 612.9
Al cond 0 6.8 14458 647.18
A5 uncond 0 6.92 12999 582.88
1 cond 10 6.48 17440 777.85
B3 uncond 10 6.86 19476 870.71
2 cond 10 7.06 16159 723.82 88.8
B2 uncond 10 7.24 18124 812.06
3 cond 10 7 16467 738.34
Bl uncond 10 7.03 18768 840.13
2 cond 20 6.74 20329 912.81
Cc2 uncond 20 7 22210 995.66
3 cond 20 7.12 19928 892.89
Cé6 uncond 20 7.29 21094 945.09 98.3
C1 cond 20 7.3 21182 948.98
C5 uncond 20 7.3 19237 860.51
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