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Hot-mix asphalt (HMA) overlay is one of the commonly used methods
for rehabilitating deteriorated pavements, The Nevada Department of
Transportation (DOT) uses HMA overlays as a rehabilitation technique
for the majority of the state’s flexible pavements. One major type of
distress influencing the life of an overlay is reflective cracking, In the
past, Nevada DOT has experimented with a number of techniques—
such as cold in-place recycling, reinforced fabrics, stress relief courses,
and mill and overlay—to reduce the impact of reflective cracking on
HMA overlays. Several projects were constructed under each category.
The long-term field performance of various Nevada DOT reflective
cracking mitigation techniques was evaluated; the techniques were used
on flexible pavements at 33 field projects. Performances of the various
projects were analyzed by fatigue, transverse, and block cracking
measurements from Nevada DOT's pavement management system
data. In addition, the statistical approach called principal component
analysis was used to asses the effectiveness of each of the reflective crack-
ing techniques. The study indicated that cold in-place recycling and mill
and overlay were the most effective treatments for reflective cracking of
HMA overlays over HMA pavements under Nevada's conditions, except
when the existing pavement experiences severe alligator cracking. In
such situations, it is recommended that HMA pavement be subjected to
reconstruction or full-depth reclamation.

Pavement rehabilitation is rapidly becoming one of the most important
issucs facing many highway departments. Hot-mix asphalt (HMA)
overlay is one of the commonly used methods for rehabilitating dete-
riorated pavements. The Nevada Department of Transportation (DOT)
uses HMA overlays as a rehabilitation technique for the majority of
the state’s flexible pavements,

One major type of distress influencing the life of an overlay is
reflective cracking (/). When asphalt overlays are placed over jointed
or severely cracked existing rigid and flexible pavements, cracks
reflect to the surface in a relatively short period. Physical tearing of
the overlay occurs because of movements under heavy wheel loads
at joints and cracks in the underlying pavement layer. Therefore,
long-term performance of the HMA overlays depends on their ability
to resist reflective cracking. Reflective cracking in the overlay allows
walter (o percolate into pavement structure and to weaken the HMA
and the supporting layers, hence contributing to many forms of
pavement deterioration,
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Numerous previous efforts have been undertaken to reduce or
prevent reflective cracking of HMA overlays, including increased
thickness of HMA overlay, use of a stress-absorbing membrane
interlayer (SAMI); use of fabrics and geotextiles membranes; and
fracturing of the existing concrete slabs. The basic principle of
reflective cracking is that tensile stresses at the interface of the crack
and the new HMA overlay are significantly increased due to the
discontinuity at the tip of the crack. The developed tensile stresses
rapidly exceed the tensile strength of the HMA layer, and the
crack forms at the interface and quickly propagates to the surface,
Combating reflective cracking can be achieved by cither one of
two approaches; (a) reduce the magnitude of the tensile stresses at
the crack—overlay interface or (b) increase the tensile strength of the
HMA overlay.

The increase of thickness of the HMA overlay, as well as placing
a SAMI, follows the approach of reducing the magnitude of the tensile
stresses at the crack—overlay interface. The SAMI usually consists
of a single or double chip seal. The chip seal is a highly flexible layer
that reduces the magnitude of the tensile stresses before they inter-
sect with the new HMA layer. The ability of the SAMI to reduce the
tensile stresses increases as its thickness increase (i.e., single versus
double chip seal), as its binder content increases, and as the flexibility
of the binder increases. However, having a thick, rich, and highly
flexible SAMI may cause potential rutting and shoving problems under
heavy traffic. An optimum design must be established to effectively
mitigate reflective cracking without negatively affecting the long-term
performance of the HMA overlay.

The fabrics and geotextiles technique follows the approach of
increasing the tensile strength of the HMA overlay. Those materials
have high tensile strengths and if they are effectively bonded to the
HMA layer, they will improve the tensile strength of the overlay.
Numerous brands of fabrics and geotextiles currently are on the
market, covering a wide range of cost and strength properties. Select-
ing the best type of fabric or geotextile requires an in-depth assessment
of their relative properties and long-term performance.

The research effort documented in this paper was directed toward
identifying an effective method to eliminate and retard the propaga-
tion of the cracks from the old surface layer through the new HMA
overlay. In 2006, Nevada DOT initiated a two-phase research project.
Phase I identified the most promising techniques to mitigate reflective
cracking in HMA overlays. Phase I identified an analytical model
that could be used to predict the resistance of HMA overlays to
reflective cracking and predict their long-term performance. Also, that
phase reviewed the laboratory and field tests being used 1o evaluate
the resistance of HMA overlays to reflective cracking. On the basis
of such review and in-depth investigation of the problem, and at
completion of both phases, a system will be recommended for
implementation in Nevada. This paper summarizes the findings and
recommendations of Phase T of this study.
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BACKGROUND

Numerous studies have been conducted throughout the years to
assess the cffectiveness of various lechnigues currently available in
the indusiry, Tn 1982, FHWA reporied 2 study on the performance of
fabrics in asphali overlays from Colorada lest sections (2), The report
revealed that the control section (1.5-in. AC overlay) developed
1% cracking in 1.25 yewrs and 50% within 3.25 years, while the
fabric section (1.5-in. AC overlay and fabric) developed less than 2%
reflection cracking in 1.25 years and 30% within 3.25 years,

In 1984 and 1983, the evaluation of HM A overlays over deteriorated
PCC pavements in Georgia indicated thal 206 of the cracking area
occurred in 6 years [or a 6-in. HMA overlay compared with 2 years
for a 4-in. HMA overlay (3, 4). Reflective cracking appeared alntost
immediately after construction for a 2-in. overlay.

In 1989, Scoficld documented in a research report the history,
development, and performance of asphait rubber (AR) mixtures in
Arizona {5). In that report, the conclusion was stated that “asphalt
rubber has successfully been used as an encapsulating membrane 1o
conlrol pavenient distoriion due lo expansive soils and to reduce
refltection cracking in overtays on both rigid and (lexible pavements.”
The rescarch also indicated that during 20 years of AR usc, Arizona,
DOT treatment cvolved from nsing slurry applied asphalt rubber chip
seals to using reacted asphalt rubber as a binder in open and dense-
graded HMA. In 1990, Arizona DOT designed and canstructed a
farge-scale, gap-graded AR lest project in Flagstaff, Arizona, on
the very heavily traflicked Interstate 40 {6, 7). In 1999, the wralGe
exceeded 20,000 vehicles per day with 359 heavy trucks. The
purpose of the test project was to delermine whether arelatively thin
overlay with AR and without u SAMI could reduce refleciive crack-
ing. AR 1s 2 mixture of 80% hot paving grade asphalt and 209 ground
tire rubber. It was reported that the AR overlay has performed beyond
original expectations.

The California Department of Transportation (Caltrans) evaluated
the incrcase of HMA thickness overlays to minimize reflective
cricking. Research conducted by Predochl in California showed that
4.8 in. of overlay is required to retard reflective cracking for 10 yeurs
{5). In 1992, Calirans cvaluated the cffectiveness of glass-grid in
retarding reflective cracking caused by thermal fatigue (9). Asaresull,
the glass-grid retarded reflective cracking in the area of high tensile
stresses. Therefore, Calirans now considers glass-grid application
for the overlay strutegy.

In 1999, Butlar et al. evalumed the cost-effectiveness of Tllinots
DOT's reflective cracking control system consisting of a nonwoven
polypropylene paving fabric ({0). The perlurmance monitoring indi-
cated an increase in life spans by 1.1 and 3.6 years (or paving fubric
strip (over lane widening) and area applications {(over the entire pave-
ment), respectively. Lanc-widening and entire pavement applications
were expected to have lile spans of 12 and 14 years, respectively.

I 2002, the Texas Transportation Insttute perfonmed a research
project in cooperation with Texas DOT and FHWA o investigale
and develop inlormation that will aid in evalualing the relative
effectiveness of commercially available geosynihetic materials in
reducing the séverity or delaying the appearance of thennally induced
reflective cracking in HMA overlays (17). Results showed that the
performance ol geosynthetics in addressing relflection cracking
in HMA overlays has ranged from highly successful to disastrons
Failures.

i 2004, an experiment (o assess the economy of various types of
reflective cracking reduction techniques was conducted on [-25 near
Colorado Springs, Colorado (/2). The performance of the various
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methods was widely variable, but in general. geotexlile, reinforced
Fabrics, fiberglass tape. and crack sealer showed less reflective
cracking than the control section did.

BEVIEW DOF NEVADA DOT EXPERIENCE

[ the past 15 years, Nevada DOT experimented with different tech-
nigues (o reduce the impact of reflective cracking on HMA averlays.
Thal research cffort identified and reviewed the performance of
the field projects where Nevada DOT has implemented relfective
cracking mitigation lechniques. The design, construction, and waffic
details of those projects were eollected along with their corresponding
lona-term field performance. Information wis anulyzed to assess the
cf{ectiveness of various techrigues in miligaling reflective cracking
under Nevada's conditions.

Performance-Related Data

Pavement rouphness, rulling, and cracking represent major compo-
nents of Nevada DOT s pavement conditions survey program. Nevada
DOT's pavement management system (PMS) uses the present service-
ubility index (PS1) to monilor performance of various pavement
sections tiroughoul the state. The PSI is heavily dependent on the
roughness of the pavement and it does not give enough weight to the
cracking distresses, which makes it not uselul in assessing the cffec-
tiveness of reatments for mitigation of reflective cracking in HMA
overlays. For the purpose of this research, individual data collected
on fatigue, lransverse. and block cracking monitored over the service
life of the selecled pavements were used to asses the actual perfor-
mance of varions refllective cracking mitigation techniques. The
cracking types. extent. and severity as defined by Nevada DOT’s
Flexible Pavements Distress fdentification Manua! are summarized
as follows {13).

Fatigue Cracking

Fatigue cracking is caused by repeated traffic loading of the pave-
ment. These cracks initiate at the bottom of the HMA layer and
slowly work their way Lo the surface. Fatigue cracking usually starts
us a longitudinal crack in the wheelpath, which Nevada BOT cias-
sifies as Type A. Further weakening of the HMA and base layers,
coupled with repeated traffic loading, leads 1o progression of lon-
gitudinal crack and formation of interconnecied cracks relerred Lo
as alligator cracking, which Nevada DOT classifies as Type B.
The extent of Type A fatigue cracking is measured ax the total lin-
car fect of that type of cracking iv the wheelpath of the pavement
arca being surveyed, The extent of Type B fatigue cracking is
measured as the olal square feet of that 1ype of cracking in Lhe
wheelpath of the pavement being surveyed {i.e., 10-ft x 100-ft
arca al every milepost).

Transverse Cracking

Transverse cracking is primarily caused cither by thermal stresses
or reflection lrom cracks and joints in the fayer underneath. The
exlent is measured as the total linear feet of cracking through-
oul the pavement area being svrveyed (i.e., 10-1t x 100-It arca at
every milepost).
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Block Cracking

Block cracking starts as a combinalion of short transverse and
non-wheelpath longitudinal cracking, which Nevada DOT classifies
as Type A. It is caused by age hardening and shrinkage of the HMA
fuyer. Although taffic loading is not the primary cause of that type
of distress, contineed loading on the brittle surfuce will aceelerale
the distress and break the larger picees into smaller pieces, which
Nevada DOT classifies as Types B and C. The extent of Type A is
measured as the total lincar feat of this type of cracking throughout
the puvement arca being surveyed. The extent of Types B and Cis
measured as the total square feet of this type of cracking throughout
the pavement area being surveyed.

Long-Term Field Parformance of Selected
MNevada DOT Projects

The following section represents a suminary of various reflective
cracking mitigation lechniques that Nevada DOT has evaluated within
Lhe past 15 years. These arce

s Cold in-place recyeling (CIR).
s Reinforced fabrics (RFs),
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¢ Siress reliel courses {SRCs), and
* Mill and overlay (MOL).

A totul of 33 projects were construcled under all eategories. Project
localions varied between the northern and southern parts of Nevada,
covering differem environmental and traffic conditions, Table 1
sumntarizes the project contract number, project location, appled
reflective cracking mitigation lechnique, date of construction {DOC),
and 2005 annual average daily lraffic (AADT). The DOC of projects
varied belween 1990 and 2003. Of Lhe 33 projects, 19 were localed
in northern Nevada. All of the long-term ficld performances were
obtiined from the Nevada DOT's FMS. The following paragraphs
present brief descriplions of various treatrnents evaluated in this study.

Cold InFlace Recycling Projects

CIR is carried oul using spectalized recycling machines, the heart of
whicly is a milling drum equipped with a large nwaber of hardened
steet picks. Generally, CIR technolopy is used to build a strong,
{Texible base course. CIR is believed to strengthen the existing
pavement by treating many Lypes and degrees of distresses, Origi-
nally, the CIR projects were constructed on low trallic volume
roads ranging from 30 to 300 AADT. However, some agencics,

TABLE 1 Bummery of Nevada TIOT Projects Analyzed in Study

Thickness of Surface

Treatment DoC Caniract Route Locallon Layer (in.)* Binder Grade AADTS
CIR-A-t 1995 28084 US-350 MNorth 2-in. CIR + 2.5-in. DGHMA AC-20P 2,950
CIR-A-2 1997 2BOBDL Us-30 Marih 2-tp. CIR + 2.5-in. DGHMA AC-20P 2,950
CIR-A-3 1999 2838 SR-396 Marth 2-in. CIR + 2.5-in. DGHMA AC-20P 1,100
CIR-4-3 1999 2935 SR-360 South 2-tn. CIR + 3-tn. DGHMA ALC-20P 00
CIR-B-1 1998 2819 US-95 South 3-in. CLR + 3-in. DGHMA AC-20P 5,550
CIR-B-2 998 2873 Us-as South 3-in. CIR + 3-in. DGHMA AC-HIP 5.550
CiR-B-3 1999 29401 USs-6 Sauth F-in. CIR + 3-in. DGHMA AC-20P 2.000
CIR-B-4 1509 3013 US-954A North 3-in. CIR + 3-in. BGHMA AC-20P 14,300
CIR-C-1 2003 3025a 1J5-93 Morth Z-ip. CIR + 2-1 DGHMA AC-20P 5,000
CIR-C.2 2041 Mr2sh Us-93 North 2-in. CIR + Z-in. PGHMA AC-20P 1,000
CIR-C-3 2001 3035 SR-208 Nornh 2-in. CIR + 2-in. DGHMA AC-30P 1,000
CIR-C-4 200 2B70 SR-208 Morth Z-in. CIR + 2-in. DGHM A AC-20P 1,300
R¥-1 1999 2761 SR-443 Norih Fabric + 2-in, 123HMA AC-20P 9,600
RF-2 1999 2932 U595 Soulh Fubric + 2-in. DGHMA AC-20P 2,850
RF-3 000 2080 LI5-30 Narth Fabric + 2-in. DGHMA AC-20P 1,000
RF-4 2000 2980 Us-95 Marth Fabric + 2-in. DGHMA AC-20P 4,400
RF-3 2¢040 3006 IR-80 North Fabric 4 2-in. DGIHMA AC-20F T7.200
EF-6 2001 3008 SR-227 North Fabric + Z-in. BGHMA AC-20P 10,0506
SRC-] 1997 2723 US-95 South [-in, SRC + 2-in. DGHMA  AC-20P 40,000
SRC-2 2000 3031 US-395 North I-in, SRC + 2:n. DGHMA ~ AC-20P 15,600
SRC-3 2040 3048 SR-157 South I-in. SRC + 2-in. DGHMA AC-20P 2,700
SRC-4 2001 3045 (JS-50 Morth 1-in, SR + 2-in. DGHMA AC-20P 1,900
SRC-5 203 k1 L U5-395 North l<in. SRC + Z-in. DGHMA PG 64-28NV 29 100
MOL-A-1 1890 2384 Us-95 Morth | . O-in, DGHMA AC-10 30,600
MOL-A-2 1993 23840 US-95 Narth 1.0-in. DGHMA AC-20 3,500
O -A-3 1993 2432 SR-157 South L.0-in. DGHMA AC-20 2,700
MOL-A-4 1993 2505 USs-85 South 1.0-in. DGHMA AC-20F 3,350
MOL-B-1 1995 2651a U805 Somth 1.5-in. DGHMA AC-209P 2,000
MOL-B-2 1996 2651h Us-95 South 1.5-in. DGHMA AC-20F 1,700
MOL-B-3 [ 2068le LIS-95 South 1.53-in. DGHMA AC-20F 1,700
MOL-B-4 1997 679 US.-95 Sauth 1.5-in. DGHMA AC-20P 6,750
MOL-C-}] 2000 3023 SR-512 Muorth 1.53-in. DGHMA AC-20P 7.250
MOL-C-2 2003 2070 SR-160 South 1.5-in. DGHMA AC-20P 7.500

“DOC denotes dale of canstruction.
*DGHMA denotes dense graded hat-mis asphalt.
"AADT denotes annual average daily trallic,
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including Nevadu DOT, currently apply this Lreatment (0 roads with
traffic varying from 1000 to even 10,000 AADT. A totat of 12 Nevada
DOT CIR projects constructed between 1992 und 200{ were analyzed
in this study, Following is a description of various CIR wrealments
applicd:

* C]R-A—Conlracts 2808a, 2508b, 2838, and 2935. CIR the top
2.01n. of the existing HMA layer and oveslaying it with 2.5-in, donse
graded HMA and 0.75-in. open graded friction course (GGFC).

*» CIR-B—Coniracts 2819, 2873, 2061, and 3013, CIR the top
3.0 in. of the existing HMA layer and overlaying it with 3.0-in.
dense graded HMA and 0.75-in, OGFC.,

* CIR-C—Contracts 30251, 3025b, 3025¢, and 2876. CIR the
top 2.0in. of Lhe existing HMA Jayer and overlaying it with 2,0-in.
dense graded HMA and 0.75-in. OGFC.

Nevada DOTs standard practice is to place a 0.75-in. QGFC within
the first year of construction.

Reinforced Fabrics Projects

Paving fubrics are a special class of geosynthetic thal provide the
sencrally acknowledged funclions of a stress-absorbing interlayer
and a waterproofing membranc. A tolzl of six Nevada BOT projects
with paving fabrics constructed between 1999 and 2001 were analyzed
in this study. The construction consisted of cold milling 2.0 in. of
the existing HMA layer, placing fiberglass yarns, and overiaying
with 2.0-in. Type I densc graded HMA and 0.75-in. OGFC.

Stress Relef Course Profects

The SRC consists of a Nevada DOT Type I (0.5 in, maxiimum size)
dense graded HMA layer. The SRC is placed between the existing
pavement and the overlay layer; it is supposed (o act as a separalor
layer between the cracked surface and the overlay. A total of five
Nevadu DOT prajects with an SRC construcied between 1597 and
2003 were analyzed in this study. Following is a deseription of the var-
ious SRC treatments applied. This treatment consisied ol eold milling
2.0in. of the existing HMA {ayer, placing a 1.0-in. SRC. and overlay-
ing with 2.0-in. Type Il dense graded HMMA and 0.75-in. OQFC.

Mili and Owverlay Projects

This lechnique consists of cold milling up to 2 in. of the existing
HMA layer and replacing 11 with an HMA overlay. The inlenlion is
o reduce reflective cracking by eliminating surfuce crucks through
cold milling and replacing with new HMA malerial. A total of 10 Ne-
vada DOT projects constructed between 1990 and 2003 were ana-
lyzed in this study. A description of the various applied HMA
overlays is as (ollows:

* MOL-A—Cantracts 2384a. 2384b, 2432, and 2505. Cold milling
1.0in. of the existing HMA layer and overlaying with 1.0-in. Type 13
dense graded MMA and 0.75-in, OGFC,

* MOL-B—Contracts 20514, 265 b, 265 1¢, and 2679. Cold milling
1.5 in. of the existing HMA layer and overlaying with 1.5-in. Type I
dense graded HMA and 0.75-in. OGFC.

* MOL-C—Contracts 3028 and 2070. Cold mitling 1.0 in. of the
existing HMA Tayer and overlaying with L5-in. Type 1 dense
graded HMA and 0.75-in, OGFC,
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DOverall Summary of Performance
of Selected Projects

Table 2 summarizes the kong-lena field performance of the various
Nevada DOT projects analyzed in this study. Pavement distresses
in regard to surface cracks before and afler application of the
treatment are summarized for cach project. Tn addition, Table 2
shows, for each project, the severity of cach type of distress con-
sidered alorg with the number of years after construction that eracks
appeared on pavemenl surface. Generally, all projects experienced
precehabilitation surfnee cracks ranging from minor o severe.

CIR treatment was mainly used on roadways with an AADT less
than 6,000, except onc project on US9S with 14,500 AADT. Per-
formance data in Table 2 indicate the following trends for the CIR
projects:

s The CIR project with the lowest AADT (CIR-A-}) did not expe-
rience any distresses after 6 years in service. However, tle CIR project
wilh the highest AADT (CIR-B-4) was wmong the best performers
after & years in service.

» Reflective lransverse cracking was Uie most commaon Lype of
distress on CIR projects. Seven CIR projects experienced refiective
transverse cracking 1 to 2 years after construction. Three CIR
projects experienced reflective transverse eracking 6 to 7 years after
consiruclion.

* Two CIR projects with medivm AADT experienced fatigue
cracking after 3 and 7 years in service,

RF reatment was used on readways with AADT of belween [,000
and 10,000, Performance daia in Table 2 indicate the lollowing trends
for the RF projects:

# Three of six RF projects did not experience any distresses alter
4 10 © years in service.

» Refective ransverse cracking was the most common {ype of
distress on the RF projects, Three of six RF projects experienced
reflective transverse cracking after | 1o.3 years in service.

* The two RF projects with the highest AADT (RF-1 and RF-6)
were aimong the worst performers,

The 1-in. SRC afier cold milling and before application of over-
lay was used on roadways. with AADT between 1,900 and 40,000,
Perfarmance data in Table 2 indicate the following trends for the
SRC projects. Three of the five SRC projects did not experience any
disiresscs, One of those projects is 8 years old and has the highest
AADT (SRC-1), while the other (wo are 2 and 4 years old, Also, lwo
of the five SRC projects experienced reflective transverse cracking
after 5 years in service.

MOL treatment was used on roadways with AADT between 1,700
and 40,000, Performaunce data in Table 2 indicate the {ollowing
trends for the HMA projects:

* One MOL project did nol experience any distresses after 12 years
in service (MOL-A-4).

» Reflective transverse cracking was the most common type of
distress on the MOL projects. The length of lime afler construction
for the transverse eracking Lo reflect to the surface ranged from | 10
5 years.

* The MOL projects were the only ones ihat experienced block
cracking afler 5 (o 6 years in service.

* The worst performing MOL project was the one that had the
highest AADT (MOL-A-1 . ilexperienced reflective (atigue cracking
alter | year in service.
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TABLE 2 Pavement Distresses Summary of Selected Neveda DOT Projects
Pavemenl Distresses Aller Treatment
Pavement Distresses Before Treatmnent Application (severity) Application (severity/lime in years
to develop)
Fatipue
Age at Cracking Type Block Cracking Type Fatigue Blnck
2005 _— Transverse Cracking Teransverse Cracking

Treatmenl AADT (years) A B Cracks A B o Type A Cracks Type A
Cold tn-Place Recycling
CIR-A-} 39350 Sev, — Maod. Min. — — — Min.7 —_
CIR-A-2 2,950 8 Min. Sev. Mod. — — Min. — Min./2 —
CIR-A-3 1,100 ¢ — — Scv. Sev. Sev. Sev, — Mins) —
CIR-A-4 RQON ¢} Sev Mod Min. Min. Maod, Muod. — — —_
CiR-B-1 5.550 7 — Sev. Muod. — Min, Min. Min.j3 Min,2 —
CIR-B-2 5,550 7 Min. — Min Min Sev, Min. Min./7 Min./7 -
CIR-B-3 2,000 6 Min. - Min, Sev. Sev. Sev, — — —
CIR-B-4 14,500 6 Min. — Min. Mod. — —_— — Min/6 —
CIR-C-] 5000 2 Min Min. Min —_ — — — Min/1 —_
CiR-C-2 1,000 4 Min. Muod. Min. Mod Mod Min - Mind —
CIR-C-3 1.000 4 Min, Min. Min. Mod Mad Min — Min/l —_
CIR-C-4 1.500 4 Mlin. — Sev Muod — Min — Min.f1 —
Reinforeed Fabric
RE-1 9,600 6 Min. Sew. Muoxd. Sev. Mod. — Min /5 Min/1 —
RE-2 2,350 6 Min Min. Sev — — - — — —
RE-3 1,000 5 Min. Min. Sev, — Min. Min, —_ — —
RE-4 4,400 5 Min, Min. Min. s — - — Min./3 -
RF-3 7,200 4+ Min. Min. Min. — — — — — —
RE-6 10,000 4 Min, Min. Min. — — — — Min.f2 —
Stress Relief Course
SRC-1 40,000 g Mod. Sev, Mod. Meod. Min. — — — —
SRC-2 15,600 5 Min, Min. Mod. Sev. — — — Min./3 —
SRC-3 2,700 5 Med,  — Mod. — — — — Min.f5 —
SRC-4 1,900 4 Min. Mod. Mod. — — — — — -
SRC-35 29,100 2 — — Min. — — — —_ — —
Mitl and Overlay
MOL-A-1 40,000 15 e Sev, Min. Mod. — — Mod.£1 Mad./ —_
MOL-A-2 5500 2 Maod. Sev, Ml Min. — — Min.id Winf2 —
MOL-A-3 2,700 iz Mod. — Mo, — — — — Min/5 —_
MOL-A- 3,350 12 —_ Sev, — wlod. -— Sev. — — —
MOL.-B-1 2000 1} — Mad. — Mod. — Min. — — Min/5
MOGL-B-2 1,700 g — — — — Sev, Sev. — Min/5 —_
MGL-B-3 1,700 g Mad. - Mod. Mo, Sev. Scv. Min./5 Min./5 —
MQGL-B-4 6,750 8 Mo, — Min. Mod. Min. — — Muod /1 Mins6
MOL-C-1 7.250 5 —_ — wMod. — — — — Min./3 —_
MOL-C-2 7,500 2 Min. Min. Min, Mad. Mol —_ — — —

Nott: Min. denotes minor, mod. denotes moderate, sev. denoles severe,

Statistical Analysis of Surface Cracking Data
by Principal Cornponent Analysis

Principul component analysis (PCA) is a way of identilying pal-
terns in data and expressing them in such a way as to highlight their
similarities and differences. A formal definition indicates that PCA
is 2 method that reduces data dimensionality by performing a covari-
ance analysis among factors. Thus, it is suitable for dala sets in

mutltiple dimensions. such as a targe data sel of puvement distresses.
The main applications of PCA are to (@} redoee the number of vari-
ubles and {H) detect structure in the relationships among variables,
that is, 1o rank variables,

An example for undersianding PCA is provided for combining
1wo variables into o single Factor. Typically, the correlation between
iwo vartables can be presented in a scaller-plol. A regression line
can then be fitted that represents the best summary of the lincar
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relationship between the variables. 1f one could define a factor that
approximates the regression line in such a plot, then that factor would
caplure most of the essence of the lwo variables. Therefore, single
scores on thal new factor, represented by Lthe regression line. could
then be used in fulure data analyses to represent the essence of the
two items. Ina sense, the two variables have been reduced 1o one
factor, Note that the new faclor is actually a linear combination of
the two viwiables.

The example as provided, combining two correlated variables
inta onc factor, illusteates the basic idea of PCA. Il onie extend (he
two-variable example to multiple variables, then the computations
become more involved, bul the basic principle of expressing two or
more variables by a single factor remains the same.

The most valuable product oblained [rom PCA is a lincar param-
vter esthmated from a linear combination of the original variables.
The objective of the PCA is to reduce dimensionalily by extracting
the smallest number of variables (Tactors) that account for most
of the variation in the original mullivariate data and 1o summarize
the data with little loss of informatian. In the presenl case, the
multivariate data correspond to Nevada DOT's cracking surveys
For cach year, while the dimensionalily represents the extent, severity.
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and years of occurrence ol the various types of cracking, Therefore,
in the case of cracking, PCA lries to provide a combined indicator
or a faclor that interprels simublaneous effects of fatigue, transverse,
and block cracking in regard 1o their extent. severity. and years of
oCCuUrtence.

Overall Ranking of Performance of Selected
Nevada D0T Projects

PCA analysis was conducled on all projects combined at | year before
rebabilitation (—1) and at 1 (+1) 3 (+33; and 3 years (+5) afler teatment
appiication based on their measured surface cracks (Fatigue, trans-
verse, wid bloek cracking). The SAS Macro called factor was used
to perflorm the PCA analysis (f4).

Table 3 shows the ranking of the various trealments based on PCA
of the cracking data for the various projects. Fiest, all 33 projects were
ranked based on their pretreatment conditions (- 1) and their condi-
liom at | year (+1) aller reatment application. At (—1), the projects
were ranked between | and 33, with a rank of 17 indicating the best
conditions project and a rank of 33" indicating the worst conditions

TARLE 3 Nevada DOT Projects information and Rarking of Treatments

Arcording ta PCA

Ranking'

Treatment 20O AADT® -1 +] -1 +3 -1 +5

CIR-A-} 1DUR 2,850 2 1 i i 1 2
CIR-A-2 1997 2,950 7 1 8 13 7 12
CIR-A-3 1905 1109 28 2 27 3 22 fi
CIR-A-4 1909 800 | 1 20 1 la 2
CIR-B-1 19498 5,530 5 1 3 5 3 1
CIR-3-2 18498 5,550 26 1 26 1 19 2
CIR-3-3 1599 2,000 G 1 9 1 23 2
CIR-B-4 1904 14,500 16 1 15 1 iz 2
CIR-C1 2003 5,000 12 3 N.A. N.A N.A. -
CIR-C-2 2001 L0 22 4 racd 1 N.A. N.A.
CIR-C-3 2001 1,060 24 4 23 7 N.A. MNoA.
CIR-C-4 2001 1,500 1o 4 G ¥ N.A. M.AL
RE-1 1909 9,600 b} 5 15 7 18 9
RE-2 1404 2,850 & i 4 | 4 2
&F-3 200 1,060 17 I 17 | 15 2
RF-4 2000 4,400 G t 12 2 10 4
RF-5 AN00 7,200 9 t 3 | N.A. NOA
RE-6 2001 10,000 L] 1 13 4 N.A. N.AL
SRC-A-1 1907 40,000 11 1 g | 6 2
SRC-A-2 o0 13,600 18 t 18 I 13 ]
SRC-A-3 2000 2,700 B 1 10 | ] a
SROC-A-d 2001 1,900 3 1 4 1 N.A. NoAL
SRC-B-1 2003 20,100 14 i N.A. N.A. N.A. MNoA
MOL-A-1 1890 40,000 4 4] 6 a 8 12
MOL-A-2 1993 5,500 1 I 3 3 3 10
MOL-A-3 1493 2,700 5} 1 5 | 3 12
MOL-A-d 1593 3,350 25 b b2 | 20 2
MOL-B-1 1995 2,000 20 1 3 | 17 |
MOL-B-2 1996 1,700 3 1 30 | b3 7
MOL-B-3 1996 1,700 pic) 1 28 | ks 13
MOL-B-4 19497 6,750 15 4 160 & 14 7
MOL-C-1 2000 7.250 13 1 14 3 il 5
MOL-C-2 2003 7,500 23 1 M.A, MoA N.A. N.A.

Nere: For ranking categaries, —1 represenls previous year Lo construction, and +1, =3, and +5 repre-
serd 1, 3, and 5 years, respectively, alter construetion,

*DOC denotes dute of construction.
"AADT denotes annual average daily teafTic.

‘ Ranking is from best 1o worsy that is, the projects rimhed as | had the best performance.
N.A. = project is younger than the indicated long-performance year.
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project. However, Lhe data in Table 3 show thal the maximum rank-
ing is “31" instead of “33". This occurred because projeets RE-2 and
MOL-A-3 were both ranked as "6" and projects RF-4 und RF-3
were both ranked as “9"—indicating that conditions of the similarly
ranked projects are statistically the same.

Then the projeets were ranked af +3 and +3 years afler treatment
application by conducting PCA again al both —1 yeuar and (he analysis
year (+3 or +5), excluding the projects that were younger than the
indicated long-perfonmance year, Subsequently, the ranking was bused
on he same total number of projects before (1) and after (43, +5)
treatment application, A total of 30 and 24 projects were ranked al
—1 and +3 years, and al ~1 and +5 years, respectively, I1 should be
noted that the ranking at —1 year changes across Tables 3 and 4 because
the number of projects that are ranked in =1 year is not constant;
itot all projects have performante data at years +3 and +3, As the
number of projects used in the relative ranking process changes,
the ranking of the individual projects alvo changes.

In the case of the ranking of projects at the +1, +3, and +5 years,
there are several occusions i which several projects are given the same
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rank. This occurred due to the statisticully similar performunces of
those projects. For example, in the cuse of ranking based on [ year
after construction {+1) in Table 3, a ranking of "1™ is assigned to
cach project that did not experience any cracking | year afler con-
struction. Howoever, if two prajects showed cracking | year after
construction, the extent and severity of cracking would then play a
role in Lhe runking. For example, projects CIR-C-1 and CiR-C-2
both showed minor (ransverse cracking in Year |, but PCA assianed
a.ranking of 3" and *4,” respectively, The reason for the worse
ranking of project CIR-C-2 s that the extents of the minor transverse
cracking of project CIR-C-2 is higher than the extent of the minor
transverse eracking in project CIR-C-1, In summary, the projects are
first ranked based on the vear of cracking occurrence, followed by
severily of the cracking, and finally by extent of the cracking. In the
cases in which all three faclors are the same, then the projects are
assigned similar ranks.

Figure la threugh 1r shows u comparison between the ranking
of the various treatments at 1 year before construclion versus the
ranking at 1, 3, and 5 vears after construction, The objective of

TABLE 4 Nsyada DOT Projacts Information and Percent Ranking of Treatments

According to PCA

PCA Ranking’ (%)

Trewtment DoCH AADT -1 +1 -1 +3 -1 +5

CIR-A-1 1998 2950 3 O [H i) [ 4
CIR-A-2 1997 2,950 22 9] 24 104} 26 87
CIR-A-3 1999 1,100 9i T8 90 52 21 57
CIR-A-4 1999 800 69 4] [+1s] 4] 63 4
CIR-B-1 1998 5,550 13 a0 7 93 17 53
CiR-B-2 1998 5,550 Bd 0 86 [¢] 78 3
CIR-B-3 1900 2,000 97 [ 97 [ 96 4
CIR-8-4 1509 14,500 53 0 48 0 48 4
CIR-C-1 2003 5.000 4] 81 N.A N.A, N.A. MN.A.
CIR-C-2 2001 LGGG 72 84 72 Q N.AL N.A.
CIR-{Z-3 2001 1,30 T8 8 76 83 N.A. N.A.
CIR-C-4 2001 1,500 G3 34 62 83 N.AL M.A
REF-1 1990 9,600 33 97 83 23 T4 74
RI-2 1999 2,850 16 { 1] 4] 13 4
RF-3 2000 1,000 50 0 55 o] fil 4
RF-4 2000 +.400 28 1] 33 62 39 48
RI-5 pIE 7,260 28 0 3 1] N.A. N.A.
RF-6 2001 10,0080 34d 0 41 72 N.AL N.A.
SRC-A-t 1907 40,000 38 4] 28 1] 22 4
SRC-A-2 00 {3,600 59 [H] 59 0 52 T
SRC-A-3 2000 2,700 25 Q 31 [ 35 43
SRO-A4 2001 1.900 6 Q 10 53 N.A N.A
SRC-B-1 2003 209,100 47 Q N.AL M.A. N.A N.A
MOL-A-l 1980 40,000 o 100 21 97 30 87
MOL-A-Z 1993 5,500 [¥] 0 3 76 4 T8
MOL-A-3 1993 2,700 16 ] 17 1] 9 B7
MOL-A-4 1993 3,350 81 1] 79 a 83 4
MOL-B-1 1595 2,000 66 ¥ 69 0 70 0
MOL-B-2 1994 1,700 100 G 100 [ 100 al
MOL-B-3 1956 1,700 G 4] 93 ¢ 87 100
M{L-B-4 1997 £,750 50 54 32 79 57 61
MOL-C-1 2000 7.250 44 ] 43 &Y 43 52
MOL-C-2 2003 7,500 73 3] NA N.A. M.A. N.A,

“DXQC denotes date of construction.
*AADT denotes annuul average daily iraffic,

“PCA Ranking is the relative standing of a PCA rank within the PCA data set in percentage; that is. the
project with a percent ranking af 100% means all projects have a higher PCA rank; henee this prayeci
has the worst performance. The project with a percent ranking ol 0% means none o the prajects has a
higher PCA tunk: hence this project has Lhe best performance.

N.A. = prajeet is younger thua the indicated long-performance year.



Lora, Sebsaly, and Hajj

36 —‘ -
® Maxﬁ'num Teotal numbet of projects = 33
[T 31 —_— — .
2 S
5 S
5 26
] l Mean [
8 2t Lo T
§ I T . -
b 16 &)
g1 Minimum |
x Seeen
1 } I f } I f et 1
CiR-1  CIR+1 RF-1 RF+1  B5RC-1 SRG+1 MOL-1 MOLH1
12 projects 8 projacts 5 projects 10 projects
Treatments
{a}
36
“ Tolal number of projects = 30
5 31 T
2, T
Q2
5 28 —
fir]
8o —
@ ! _
2 16
<]
B n
x —
© 5 —
‘r L L) y p
1 i f f ; 4
CiR-1  CiR+3 AF-1 RF+3 BRC-1 SRC+3 MOL-1 MOL+3
11 projects & projects 4 projects 9 projects
‘Freatrments
{b)
36
o Total number of projects = 24
5 3
2
o
5 2B —
m ——
82
5 -
=16
° gn P
g1 T :
- L.
5 T T '
b i - ] B L i ] ~ L i ! — 1
T ] T ¥ T L} T
CIR-1 CiR+5  RF4 RF+5 BSRG-1 SRC+5 MOL-1 MOL+S
8 projects 4 projects 2 projects 9 projects
Treatments
{c)
FIGURE 1 Comparison betwsan rankings of various treatments at 1 yesr bafors

treatment construction and {a} 1 year, (b 3 years, and (c) 5 years after
treetment construction,

g3



84

these plots is 1o be able Lo asscss the effectiveness of various treat-
ments by comparing their hislorical performance as they relate (o
conditions of pavement before rehabilitution. In other words, a
treatment applied on badly deteriorated pavements and that main-
taingd good performance would be more effeetive than a treat-
ment applied on less-deterioraled pavements and thal maintained
good performance. By examining data presented in Figure 1, one
can gbserve the following:

« IR and MOL ireatments were applied on lexible pavements that
experienced the widest range of pretreatment (1) performance, and
SRC treatment wus applied on flexible pavements (hat experienced
the narrawesl range of pretreatment performance.

s Afler I year (+1} of treatment construction (Figure 1}, CIR,
RF, and MOL, treatments showed similar performance, while SRC
treatment showed significantly better performance.

s Afler 3 years (+3) of reument construction (Figure 15), RF and
MOL treatments showed similar performance, while SRC {reatment
still showed significantly betier performance.

» Afler 5 years (+3) of treatment construction (Figure i¢), CIR
and MOL treatments still performed similarky, while perforniance off
RF und SRC treatments became similar and.closer 1o the perfonmance
of CIR and MOL wreatments. 1t should be noted that the four worst-
performing CIR projects, based on (+3} unalysis, were not included
in the (+5) analysis due 10 the lack of 5 years of performance dala
from those projects.

The runking according o the PCA data in Tabie 3 was slso
transformed into a percent ranking o evaluate the relative stand-
ing of & project PCA rank within the projects PCA data set at a
certain ycar. [n other words, the percent ranking shown in Table 4
is used to evaluate the standing of a project PCA rank in a4 cer-
tain year snong all projects PCA rankings. For example, project
CIR-B-2 had a2 PCA percent ranking of 785 at yerr —1 and a PCA
percenl ranking of 4% at year +3. This means that 78% of all
projects {18 projects) were better in performance than CIR-B-2
at year ~|, while only 4% of all projects (1 projeet) were better in
performance than CIR-B-2 at year +5. The rclative comparison of
the PCA percent ranking by different years is a good indicalion of
the relative effectiveness of various treatments, considering pre-
construction pavement conditions. For example. project CIR-A-2
had a PCA pereent ranking of 26% al year -1 and a PCA percenl
ranking of 87% at year +3. It means thal only 6 projects of 24 had
better performance al year —}, while 20 of the same 24 projects
had better performance than CIR-A-2 al year +5, This indicates
that the relative ranking of the CIR-A-2 project 5 years after con-
struction {(+3) was lower than ils relative ranking 1 year before, That
finding lcads (o the conglusion that, relative to other projects, the
pavement condition of the CIR-A-2 project at +3 is worse thar its
condition al year —1.

The data in Tables 3 and 4 show that 1 year after construction, a
otal of 5 of 12 CIR prajects performed among the worsl. Four of
those worst-performing five CIR projects {CIR-C-1,-2. -3, and -4)
consisted of milling the top 2.0 in. of the existing layer and overlay-
ing it with 2.0-in. dense grade HMA, Only one RF project (RF- 1) of
six runked ameong the worsl projecls. The RF-1 project experienced
severe alligator cracking (Type B) before construclion ol the treal-
ment, All of (he SRC projects ranked among the best-performing
projects. Two MOL prajects (MOL-A-1, B-4) runked among the
waoisl-perlurming projects.
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Three years after construction, an additional two cach of CIR, RFE,
and MOL projects performed among the worst projects, whergas
SRC projects still outperformed the other treatments.

Five ycars after construction, five of eight CIR projects per-
formed ameng the best projects: they included three of the four
CIR-B projects, CIR-B treatment consists of milling the top 3.0 in.
ol the existing HMA tayer and overlaying it with 3.0-in. dense graded
HMA. Only two RF projects of four, ore SRC project of three,
and two MOL projects of nine ranked among the best-performing
projects.

The PCA percent ranking data in Table 4 showed that there
are two CIR projects (CIR-A-2 and CIR-B-1); one SRC project
{SRC-A-2); and three MOL projects (MOL A-1, -2, and -3} in
which their percent relative rankings 5 years aller construction
{(+3} were significantly lower than their percent relalive rankings
1 year before construction. A clese examination of performance
data summarized in Table 2 showed that four of those six projects
had experienced severe alligator cracking (Type B) before con-
struction of the CIR, SRC, and MOL trcatments, This indicales
that the existence of severe alligator cracking skewed the relative
ranking ol various projects,

CONCLUSIONS

The following general conclusions concerning the performance of
refleclive cracking treatments in Nevada arg based on the combined
analyses of disiress data und PCA,

* PCA was conducted to identify any reflgctive cracking treat-
ment that may be uble lo provide good leng-term performance
regardless of the conditions of pavement before its application.
According to resubts of PCA as presented in Figure 1, this goal
was nol achieved, Generally, the performance of the reflective
cracking treaunent is highly dependent on conditions of pavement
before construction of the treatment. This is supported by the dala
shown in Figure le, where the worse performance afler 5 years tn
service was for CIR and MOL, which were applied to pavements
having lower performance than the pavements where RF and SRC
were applied.

s The PCA ranking data in Tables 3 and 4 showed that the CIR-A
(CIR 2 in. and overlay 2.5 in.) and CIR-B (CIR 3.0 in. and overlay
3.0 in.} treatments, regardless of traffic Ievel, are gencrally effective
in stopping reflective cracking for 3 years and in retarding reflective
cracking for 3 years, as long as the existing pavement does not
show severe alligator cracking before application of those treat-
ments. However, the CIR-C (CIR 2 in. and overlay 2 in.) treatment
is ineflective in resisting refiective eracking.

* RT lreatment showed marginal performance after 3 and 5 years
of construction. RF treatment was incffective when applied on a
pavement with severg alligator cracking before application of the
treatment, or on pavemnent with a traffic level above 3.000 AADT,
or both.

» SRC treatmeni showed cxeclient performance up lo 3 years
after construction regardless of the traffic level and the existing
pavemenl condition. However., 5 years alter construction, reflec-
tive transverse cracking showed up considerably on the pavement
surface.

» MOL treaiment was effective in stopping reflective crack-
ing up to 3 years alter construction for projects with AADT lower
than 3,000, or for projects with no severe alligator cracking before
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TABLE 5§ Statistical Analysis of Various Trestments Based
nn PCA Rankings &t 1 Year Before Trestment Construction
and & Years After Tragtment Construgtion

!-¥ear Pre- 5-Year After

construction Construction Change

(~1} (+3) in

Number of Relative

Treatment Projects Mean 5D Mean 5D Ranking
CIR s 6 8 3 2 I3
RF 4 12 4] 4 3 B
SRC 3 9 4 4 3 5
MOL 7 1 7 ¥ 7 9

application of the reatinent, or both. Alter 5 years of consiruction,
MOL treatment showed marginal performanee by stowing down
roflective cracking.

+ Another way of looking at the effecliveness of various treatments
is 10 examinc the means and standard deviations of their relative
rankings al pretreatment and the 5-year stages. This analysis was
conducted on all projects having data trom the 5 years of perfor-
mance, and excluding the four projects in which severe alligator
cracking skewed the ranking process. Table 5 summarizes the means
and standard devialions data of the various projects. along with
the change in the mean relative ranking. An effective treatment is
one that has high mean and standard deviation for pretreatment per-
formance and low mean and standard deviation for the 5 years of
performance. coupled with the highest change in the mean ranking.
According (o Lhis crilerion, the evaluated treatments for mitigating
reflective cracking under Nevada's conditions are ranked from
best to worst after 5 yeurs of construction as follows: CIR, MOL,
RF, and SRC.

However, the long-term effectiveness of the CIR and MOL
trealments 15 significantly hampered by the existence of severe
alligator cracking on the projects before application of these treat-
ments. Therefore, it is recommended that projects experiencing
severe alligator cracking ay classified by Nevada DOT s puvement
distress manual (3] be subjected 1o either reconstruction or full-depth
reclamation.
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ABSTRACT

Hot mixed asphalt (HMA} overlay is one of the commonly used mcthods for rehabilitating
deteriorated pavements. The Nevada Department of Transportation (NDOT) uses HMA overlays
as a rchabilitation technique for the majority of the state’s flexible pavemems. One major type
of distress influcncing the life of an overlay is reflective cracking. In the past, NDOT has
experimented with a number of technigues to reduce the impact of reflective cracking on HMA
overlays itke celd in-place recycling, reinforced fabrics, stress relief courses and mill and
overlay. A number of projects were constructed under each category. This paper evaluates the
long-term field performance of the various NDOT reflective cracking mitigation techniques used
on 33 diffcrent field projects on flexible pavements. The performances of the various projects
were analyzed in terms of the fatigue, transverse and block cracking measurements from the
NDOT’s Pavement Management System (PMS) data.  Additionally, the statistical approach
called Principal Component Analysis (PCA) was used to asses the effectiveness of each of the
reflective cracking techniques. This study indicates that cold in-place recycling and mill and
overlay were the most effective treatments for reflective cracking of HMA overlays over HMA
pavements under Nevada's conditions except when the existing pavement is expericncing severe
alligator cracking. In such situations it is recommended that the HMA pavement be subjected to
reconstruction or full depth reclamation,

TRB 2008 Annual Meeting CD-ROM Paper revised from original submittal.
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INTRODUCTION

Pavement rehabilitation is rapidly becoming one of the most impostant issues facing many
highway departments. Hot mixed asphalt (HMA) overlay is one of the commonly used methods
for rchabilitating deteriorated pavements. The Nevada Department of Transportation (NDOT)
uses HMA overlays as a rechabilitation technique for the majority of the staie’s flexible
pavements.

One major type of distress influencing the life of an overlay is reflective cracking (/).
When asphalit overlays are placed over jointed or severely cracked existing rigid and flexible
pavements, cracks will reflect to the surface in a relatively short period of time. Physical tearing
of the overlay occurs because of movements under heavy wheel loads at joints and cracks in the
underlying pavement layer. Therefore, the long-term performance of the HMA overlays will
depend on their ability to resist reflective cracking. Reflective cracking in the overlay allows
water to percolate into pavement structure and to weaken the HMA and the supporting layers,
hence contributing to many forms of pavement deterioration.

Numerous previous efforts have been exerted to reduce or prevent reflective cracking of
HMA overlays including the increase thickness of HMA overlay, the use of stress absorbing
membranes inter-layers {(SAMI), the use of fabrics and geotextiles membranes, and the fracturing
of the existing concrete siabs. The basic principle of reflective cracking s that the tensile
stresses at the interface of the crack and the new HMA overlay are significantly increased due to
the discontinuity at the tip of the crack. The developed tensile stresses rapidly exceed the tensile
strength of the HMA layer and the crack forms at the interface and quickly propagate to the
surface. Combating reflective cracking can be achieved by either one of the two approaches: a)
reduce the magnitude of the tensile stresses at the crack-overlay interface or b} increase the
tensile strength of the HMA overlay.

The increase of the thickness of the HMA overlay as well as placing a stress absorbing
membrane inter-layer follow the approach of reducing the magnitude of the tensile stresses at the
crack-overlay interface. The siress absorbing membrane inter-layer usually consists of a single
or a double chip seal. The chip seal is a highly flexible layer which reduces the magnitude of the
tensile stresses before they intersect with the new HMA layer. The ability of the stress absorbing
membrane inter-layer to reduce the tensile siresses increases as its thickness increase (i.c. single
versus double chip seal), as its binder content increases, and as the flexibility of the binder
increases. However, having a thick, rich and highly fiexible stress absorbing membrane inter-
layer may cause potential rutting and shoving problems under heavy traffic. An optimum design
must be cstablished in order to effectively mitigate reflective cracking without negatively
impacting the long-term performance of the HMA overlay.

The fabrics and geotextiles technique follows the approach of increasing the tensile
strength of the HMA overlay. These materials have high tensile strengths and if they are
effectively bonded to the HMA layer, they will improve the tensile strengtn of the overlay.
There are numerous brands of fabrics and geotextiles currently in the market covering a wide
range of cost and strength properties. Selecting the best type of fabric or geotextile requires an
in-depth assessment of their relative properties and their long-term performance.

The research effort documented in this paper was directed toward identifying an effective
method to eliminate/retard the propagation of the cracks from the old surface layer through the
new HMA overlay. In 2006, the Nevada Department of Transportation (NDOT) initiated a two-
phase research project Phase I to identify the most promising techniques to mitigate reflective
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cracking in HMA overlays, and Phase II: to identify an analviical model that can be used to
predict the resistance of HMA overlays to refiective cracking and predict their long-term
performance and to review the laboratory and field tests that are being used to evaluate the
resistance of HMA overlays to reflective cracking. Based on this review and an in-depth
investigation of the problem and upon completion of both phases, a system will be recommended
for implementation in Nevada. This paper summarizes the findings and recommendations of the
Phase I of this study.

BACKGROUND

Numerous studies were conducted throughout the years to assess the effectiveness of the various
techniques that are currently available in the industry. In 1982, FHWA reporied a study on the
performance of fabrics in asphalt overlays trom Colorado test sections ¢2). The report revealed
that the control section (1.5 inch AC overlay) developed 10% cracking in 1.25 years and 50%
within 3.25 years, while the fabric scction (1.5 inch AC overlay + fabric) developed less than 2%
reflection cracking in 1,25 years and 30% within 3.25 vears,

In 1984 and 1985, the cvaluation of HMA overlays over deteriorated PCC pavements in
Georgia indicated that 20% of the cracking area occurred in six years for a 6-inch HMA overlay
compared to two years for a 4-inch HMA overlay (3, 4). Reflective cracking appeared almost
immediately after construction for a 2-inch overlay.

In 1989, Scofield (5) documented in a research report the history, development, and
performance of asphalt rubber mixtures in Arizona, In that report the following conclusion was
stated, “asphalt rubber has successtully been used as an encapsulating membrane to control
pavement distortion due to expansive soils and to reduce reflection cracking in overlays on both
rigid and flexible pavements.” The research also indicated that during the twenty years of asphalt
rubber use, ADOT evoived from using slurry applied asphalt rubber chip seals to utilizing
reacted asphalt rubber as a binder in open and dense-graded HMA. In 1990, the Arizona
Department of Transportation (ADOT) designed and constructed a large scale gap-graded
Asphalt-Rubber (AR} test project in Flagstatf, Arizona on the very heavily trafficked Interstate
40 {6, 7). In 1999, the traffic exceeded 20,000 vehicles per day with 35% heavy trucks. The
purpose of the test project was to determine whether a relatively thin overlay with AR and
without a stress absorbing membrane interlayer could reduce reflective cracking. AR is a
mixture of 80% hot paving grade asphalt and 20% ground tire rubber. It was reported that the
AR overlay has performed beyond original expectations,

The California Department of Transportation (Calirans) evaluated the increase of HMA
thickness overiays to minimize reflective cracking. Research conducted by Predoehl (1989) in
California showed that 4.8 inch of overlay is required 1o retard reflective cracking for 10 years
7). In 1992, Caltrans cvaluated the effectiveness of glassgrid in retarding reflective cracking
caused by thermal fatiguc /9). As a result, the glassgrid retarded reflective cracking in the area of
high ensile stresses. Therefore, Caltrans now considers glassgrid application for the overlay
strategy.

In 1993, Buttlar et al. evaluated the cost-cffectiveness of the Illinois Department of
Transportation (IDOT) reflective cracking contrel system consisting of a nonwoven
pelypropylene paving fabric (J0). The performance monitoring indicated an increase in life
spans by 1.1 and 3.6 years for paving fabric strip {over lane-widening) and area applications
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(over the entirc pavement), respectively. Lane-widening and entire pavement applications were
expected to have life spans of 12 and 14 years, respectively.

In 2002, the Texas Transportation Institute (TTI) performed a research project in
cooperation with the Texas Department of Transportation (TxDOT) and FHWA to mvestigate
and develop information that will aid in the cvaluation of the relative effectiveness of
commercially available geosynthetic materials in reducing the severity or dclaying the
appearance of thermally induced reflective cracking in HMA overlays (/7). The results showed
that the performance of geosynthetics in addressing refiection cracking in HMA overlays has
ranged from highly successful to disastrous faifures.

In 2004, an experiment to assess the economy of various types of reflective cracking
reduction techniques was conducted on I-25 near Colorado Springs, Colorado (/2). The
performance of the various methods was widely variable, but in gencral geotextile, reinforced
fabrics, fiberglass tape and crack sealer showed less reflective cracking than the control section.

REVIEW OF NEVADA DOT EXPERIENCE

In the past fifteen years, NDOT experimented with different techniques to reduce the impact of
reflective cracking on HMA overlays, This research effort identificd and reviewed the
performance of the field projects where NDOT has implemented reflective cracking mitigation
techniques. The design, construction, and traffic details of these projects were collected along
with their comresponding long-term field performance. The information was analyzed to assess
the cffectiveness of the various techniques in mitigating reflective cracking under Nevada's
conditions.

Performance Related Data

Pavement roughness, rutting, and cracking represent the major components of NDOT's pavement
conditions survey program. The NDOT Pavement Management System uses the present
serviceability index (PSI) to monitor the performance of the various pavement sections
throughout the state. The PS] is very heavily dependent on the roughness of the pavement and it
does not give enough weight to the cracking distresses which makes it un-useful in assessing the
effectiveness of treatments for the mitigation of reflective cracking in HMA overlays. For the
purpose of this research, the individual data collected on fatigue, transverse, and block cracking
monitored over the service life of the selected pavements were used to asses the actual
performance of the various reflective cracking mitigation techniques. The cracking types, extent
and severity as defined by the NDOT Flexible Pavements Distress Identification Manual (13) are
summarized as follows.

Fatigue Cracking

Fatigue cracking is caused by repeated traffic loading of the pavement. These cracks initiate at
the bottom of the HMA layer and slowly work their way to the surface. Fatigue cracking usuaily
starts as a longitudinal crack in the wheelpath which NDOT classifieds as Type A. Further
weakening of the HMA and base layers coupled with repeated traffic loading leads to the
progression of the longitudinal crack and the formation of interconnected cracks referred to as
alligator cracking which NDOT classifies as Type B. The extent of type A fatigue cracking is

TRB 2008 Annual Meeting CD-ROM Paper revised from original submittal.



L. Loria, P. Scbaaly, E. Hajj 6

measured as the total linear feet of this type of cracking in the wheelpath of the pavement area
being surveyed. The extent of type B fatigue cracking is measured as the total square feet of this
type of cracking in the wheelpath of the pavement being surveyed (i.e., 10 feet by 100 feet area
at every milepost).

Transverse Cracking

Transverse cracking is primarily caused by: cither the thermal stresses or reflection from
cracks/joints n the layer underncath, The extent is measured as the total linear feet of cracking
throughout the pavement area being surveyed (i.e., 10 feet by 100 feet area at everv milepost).

Block Cracking

Block cracking starts as a combination of short transverse and non-wheelpath longitudinal
cracking which NDOT classifies as type A. It is caused by age hardening and shrinkage of the
HMA layer. Although traffic loading is not the primary cause of this type of distress, continued
loading on the brittle surface will accclerate this distress and break the larger pieces mto smaller
pieces which NDOT classifies as Types B and C. The extent of type A is measured as the total
tinear feet of this type of cracking throughout the pavement arca being surveyed. The extents of
types B and C is measured as the total square feet of this type of cracking throughout the
paverent arca being surveyed

Long-term Field Performance of Selected NDOT Projects

The following list represents a summary of the various reflective cracking mitigation techniques
that NDOT has evaluated within the past 15 years.

o Cold n-place recycling (CIR)
e Reinforced fabrics (RF)

o  Stress retief courses {(SRC)

o Mill and overlay (MOL)

A total of thirty-thrce projects were constructed under all categorics. The projects
locations varied between the Northern part and the Southern part of Nevada covering different
environmental and traffic conditions. Table | summarizes the projects contract number, projects
location, appled reflective cracking mitigation technique, date of construction (DOC). and the
2005 annual average daily traffic (AADT). The projects DOC varied between 1990 and 2003.
Nincteen out of the thirty-three projects were located in northern Nevada.  All of the long-term
field performances were obtained from the NDOT pavement management system (PMS). The
tollowing represents brief description of the various treatments that were evaluated in this study.

Cold In-Place Reoveling (CIR} Projects
Cold tn-place recycling is carried out using specialized recycling machines, the heart of which is

a milling drum equipped with a large number of hardened stecl picks. In general, the CIR
technology is used to build a strong flexible base course. The CIR is believed to strengthen the
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cxisting pavement by treating many types and degrees of distresses. Originally, the CIR projects
were constructed on low waffic volume roads ranging from 30 to 300 AADT. However, some
agencies, inciuding NDOT, currently apply this trcatment to roads with traffic varying from
1,000 to even 10,000 AADT. A total of twelve NDOT CIR projects constructed between 1992
and 2001 were analyzed in this study. The foliowing is a description of the various CIR
treatments applied.

e (IR-A: Contracts 2808a, 2808b, 2838 and 2935. CIR the top 2.0” of the existing HMA layer
and overlaying it with 2.5” dense graded HMA and 0.75” open graded friction course
(OGFQ).

o (CIR-B. Contracts 2319, 2873, 2961, and 3013. CIR the top 3.0” of the cxisting HMA layer
and overlaying it with 3.0” dense graded HMA and 0.75” OGFC.

e (IR-C: Contracts 3025a, 3025b, 3025¢c and 2876. CIR the top 2.0” of the existing HMA
laver and overlaying 1t with 2.0” dense graded HMA and 0.75” OGFC.

It is the NDOT standard practice to place a 0.75” OGFC within the first year of construction.
Reinforced Fabrics (RF) Projects

Paving fabrics are a special class of geosynthetic that provide the generally acknowledged
functions of a stress-absorbing interlayer and a waterproofing membrane. A total of six NDGT
projects with paving fabrics constructed between 1999 and 2001 were analyzed in this study.
The construction consisted of cold milling 2.0” of the existing HMA layer, placing fiberglass
varns, and overlaying with 2.0” Type IT dense graded HMA and 0.75" OGFC

Stress Relief Course (SRC) Projects

The stress relief course consists of a NDOT Type 11 (0.5 inch maximum size) dense graded
HMA. layer. The stress relieve course is placed between the existing pavement and the overlay
layer and is supposed to act as a separator layer between the cracked surface and the overlay. A
total of five NDOT projects with a stress relief course constructed between 1997 and 2003 were
analyzed in this study. The following is a description of the various SRC treatments applied.
This treatment consisted of cold milling 2.0 of the cxisting HMA layer, placing a 17 stress
relieve course and overlaying with 2.0” Type II dense graded HMA and 0.75" OGFC.

Mill and Overlay (MOL) Projects

This technique consists of cold milling up to 2 inch of the existing HMA layer and replacing it
with a IMA overlay. The intention is to reduce reflective cracking by eliminating surface cracks
through cold milling and replacing with new HMA material. A total of ten NDOT projects
constructed between 1990 and 2003 were analyzed in this study. A description of the various
applied HMA overlays is as follows:

o  MOL-A: Contracts 2384a, 2384b, 2432, and 2505. Cold miiling 1.0 of the existing HMA
layer and overlaying with 1.0” Type III dense graded HMA and 0.75 OGFC.
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o MOL-B: Coniracts 2651a, 2651b, 2651¢ and 2679. Cold milling 1.5" of the existing
HMA layer and overlaying with 1.5” Type II dense graded HMA and 0.75” OGFC.

s MOL-C: Contracts 3028 and 2070. Cold milling 1.0” of the existing HMA laver and
overlaying with 1.5” Type Il dense graded HMA and 0.75” OGFC.

Overall Summary of the Performance of the Selected NDOT Projects

Table 2 summarizes the long-term field performance of the various NDOT projects analvzad in
this study. The pavement distresses in torms of surface cracks before and afler the application of
the treatment are summarized in Table 2 for cach project. Additionally, Table 2 shows, for each
project, the severity of each type of distress considered along with the number of vears afier
construction that the cracks appeared on pavement surface. In gencral, all projects experienced
pre-rehabilitation surface cracks ranging from minor to severe.

The CIR treatment was mainly used on roadways with an AADT less than 6,000 except
one project on US95 with 14500 AADT. The performance data in Table 2 indicate the
following trends for the CIR projecis:

¢ The CIR project with the lowest AADT (CIR-A-4) did not experience any distresses after
6 years 1n service. On the other hand the CIR project with the highest AADT (CIR-B-4)
was among the best performers aficr 6 years in service.

o Reflcctive transverse cracking was the most common type of distress on CIR proicets.
Seven CIR projects experienced reflective transverse cracking 1-2 years after
construction. Three CIR projects experienced reflective transverse cracking 6-7 years
after construction,

s Two CIR projects with medium AADT experienced fatigue cracking after 3 and 7 years
m service.

The reintorced fabric treatment was used on roadways with AADT between 1,000 and
10,000. The performance data in Table 2 indicate the following trends for the RF projects:

& Three out of the six RF projects did not cxperience any distresses after 4-6 years in
service.

» Reflective transverse cracking was the most common type of distress on the RF projects.
Three out of six RF projects experienced reflective transverse cracking after 1-3 years in
service.

e The two RF projects with the highest AADT (RF-1 and RF-6) were among the worst
performers.

The l-inch stress relief course after cold milling and before application of overlay was
used on roadways with AADT between 1,900 and 40,000, The performance data in Table 2
indicate the following trends for the SRC projects:

e Three out of the five SRC projects did not cxperience any distresses. One of these
projects is § years old and has the highest AADT (SRC-1) while the other two are 4 and 2
years oid.

¢ Two out of the five SRC projects experienced reflective transverse cracking after 3 years
in service.
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The mill and overlay treatment was used on roadways with AADT between 1.700 and
40,000, The performance data in Table 2 indicate the following trends for the HMA projects:

o  One mill and overlay project did not experience any distresses after 12 years in service
(MOL-A-4).

a Reflective transverse cracking was the most common type of distress on the mill and
overlav projects. The length of time after construction for the transverse cracking to
reficct to the surface ranged {from 1 to 5 years.

« The mill and overiay projects were the only ones that experienced block cracking after 5-
6 years in service.

s The worst performing mill and overlay project was the one that had the highest AADT
(MOL-A-1) which experienced reflective fatigue cracking after | year service.

Statistical Analysis of the Surface Cracking Data — Principal Component Analysis

The Principal Components Analysis (PCA) is a way of identifying patierns in data, and
expressing them in such a way as to highlight their similarities and differences. A formal
definition indicates that PCA is a method that reduces data dimensionality by performing a
covariance analysis among factors. As such, it is suitable for data scts in multiple dimensions,
such as a large data set of pavement distresses. The main applications of PCA arc: (1) to reduce
the number of variables and (2) to detect structure in the relationships among variables, that is to
rank variables.

An example to understand the PCA analysis is provided here for combining two variables
into a single factor. Typically, the correlation between two variables can be presented in a
scatter-plot. A regression line can then be fitted that represents the "best” summary of the linear
relationship between the variables. If we could define a factor that would approximate the
regression line in such a plot, then that factor would capture most of the "essence™ of the two
variables. Therefore, single scores on that new factor, represented by the regression line, could
then be used in future data analyses to represent the essence of the two items. In a sense, we have
reduced the two variables to one factor. Note that the new factor is actually a linear combination
of the two variables.

The example described above, combining two correlated variables into one factor,
illustrates the basic idea of PCA. If we extend the two-variable example to multiple variables,
then the computations become more involved, but the basic principle of expressing two or more
variables by a single factor remains the same.

The most valuable product obtained from PCA is a linear parameter estimated from a
linear combination of the original variables. The objective of the PCA is to reduce
dimensionality by extracting the smallest number of variables (factors) that account for most of
the variation in the original multivariate data and to summarize the data with little loss of
information. In our case, the multivariate data corresponds to the NDOT cracking surveys for
each year whilc the dimensionality represents the extent, severity, and years of occurrence of the
various types of cracking. Therefore, in the case of cracking, the PCA tries to provide a
combined indicator or a factor that interprets the simultaneous effects of fatigue, transverse, and
block cracking in terms of their extent, severity, and years of occurrence.
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Overall Ranking of the Performance of Selected NDOT Projects

The PCA analysis was conducted on all projects combined at one vear before rehabilitation (-1)
and at one (+1), three (+3). and five years (+5) after treatment application based on their
measurcd surface cracks (fatigue, transverse, and block cracking). The SAS Macro called
“factor” was used to perform the PCA analysis {/4).

Table 3 shows the ranking of the various treatments based on the PCA analysis of the
cracking data of the various projects. First, all thirty three projects were ranked based on their
pre-treatment conditions (-1) and their condition at one year (+1} after treatment application. At
{-1) the projects werc ranked between 1 and 33 with a rank of 1™ indicating the best conditions
project and a rank of 33" indicating the worst conditions project. However, the data in Table 3
show that the maximum ranking is “31” instead of *33", this occurred because projects RF-2 and
MOL-A-3 were both ranked as *“6" and projects RF-4 and RF-5 were both ranked as “9”
indicating that the condifions of the similarly ranked projects are statistically the same.

Then, the projects were ranked at +3 and +5 years after treatment application by re-
conducting the PCA analysis at both the -1 and the analysis year (=3, or +5) excluding the
projects that were younger than the indicated long-performance year. Subsequently, the ranking
was based on the same total number of projects before (-1) and after (+3, +3) treatment
application. A total of 30 and 24 projects were ranked at -1 and +3 vears and at -1 and +5 years,
respectively. It should be noted that the ranking at -1 year changes across Tables 3 and 4 because
the number of projects that are ranked in -1 year is not constant since not ali projects have
performance data at years +3 and +5. As the number of projects used in the relative ranking
process changes, the ranking of the individual projects also changes.

In the case of the ranking of projects at the +1, +3, and +5 years, there are several
occasions where several projects are given the same rank. This occurred due to the statistically
similar periormance of these projects. For example in the case of ranking based on 1-year after
construction (+1) in Table 3, a ranking of ~*1” is assigned to each project that did not experience
any cracking in t-year after construction. On the other hand it two projects showed cracking in
I-year after construction, the extent and severity of the cracking would then play a role in the
ranking. For example, projects CIR-C-1 and CIR-C-2 beth showed minor transverse cracking in
year 1 but the PCA analysis assigned a ranking of 3™ and 4", respectively. The reason for the
worse ranking of project CIR-C-2 is that the extents of the minor transverse cracking of project
CIR-C-2 is higher than the extent of the minor transverse cracking on project CIR-C-1. In
summary. the projects are first ranked based on the year of cracking occurrence, followed by the
sevenity of the cracking. and finally by the extent of the cracking. In the cases where all three
factors are the same, then the projects are assigned similar ranks.

Figures l.a, 1.b, and l.c show a comparison between the ranking of the various
treatments at one ycar before construction versus the ranking at one, three and five years after
construction. The objective of these plots is 1o be able 1o assess the effectivencss of the various
treatments by comparing their historical performance as they relate to the conditions of the
pavement prior te rehabilitation. In other words, a treatment that was applied on bedly
deteriorated pavements and it maintained good performance would be more effective than a
treatment that was apphied on less deteriorated pavements and it maintained good performance.
By examining the data presented in Figure 1, the following observations can be made:
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o The CIR and MOL treatments were applied on flexible pavements that experienced the
widest range of pre-treatment (-1} performance and the SRC treatment was applied on
flexible pavements that experienced the narrowest range of pre-treatment performance.

e After one year (+1) of treatment construction (Figure [.a), the CIR, RF, and MOL
treatments showed similar performance while the SRC treatment showed significantly
better performance.

e After threc years (+3) of treatment construction (Figure 1.b), the RF and MOL treatments
showed similar performance while the SRC treatment still showed significantly better
performance.

e After five years (+5) of treatments construction (Figure 1.c), the CIR and MOL still
performed similarly while the performance of the RF and SRC treatments became similar
and closer to the performance of the CIR and MOL treatments. It should be noted that
the four worst performing CIR projects (based on the (+3) analysis) were not included in
the (+5) analysis duec to the lack of the 5-years performance data from these projects.

The ranking according to the PCA data in Table 3 was also iransformed into a percent
ranking to evaluate the rclative standing of a project PCA rank within the projects PCA data set
at a certain year. In other words, the percent ranking shown in Table 4 is used to cvaluate tire
standing of a project PCA rank in a certain year among all projects PCA rankings. For example.
project CIR-B-2 had a PCA percent ranking of 78% at year -1 and a PCA percent ranking of 4%
at year +5 meaning that 78% of all projects (18 projects) were better in performance than CIR-B-
2 at year -1 while only 4% of all projects (1 project) were better in performance than CIR-B-2 at
vear +5. The relative comparison of the PCA percent ranking of different years is a good
indication of the relative effectiveness of the various treatments taking into consideration pre-
construction pavement conditions. For example, project CIR-A-2 bad a PCA percent ranking of
26% at year -1 and a PCA percent ranking of 87% at year +5 meaning that only 6 projects out of
24 had better performance at year -1 while 20 projects out of the same 24 projects had better
performance than CIR-A-2 at year +5. This indicates that the relative ranking of the CIR-A-2
project S-years after construction (+5) was lower than its relative ranking |-year prier to
construction leading to the conclusion that, relative to other projects the pavement condition of
the CIR-A-2 project at +5 is worse than its condition at year -1.

The data in Tables 3 and 4 show that 1-year after construction a total of five CIR projects
out of twelve performed among the worst projects. Four out of these worst performing five CIR
projects (CIR-C-1, -2, -3, and -4) consisted of milling the top 2.07 of the existing layer and
overlaying it with 2.0” dense grade HMA. Only one RF project {(RF-1) out of six ranked among
the worst projects. The RF-1 project experienced severe alligator cracking (Type B) prior to the
construction of the treatment. All of the SRC projects ranked among the best performing
projects. Two MOL projects (MOL-A-1, B-4) ranked among the worst performing projects.

Three years after construction, additional twe CIR, RF, and MOL projects performed
among the worst projects whereas the SRC projects still outperformed the other treatments.

Five years after construction, five CIR projects out of cight performed among the best
projects, The five CIR projects included three out of the four CIR-B projects. The CIR-B
treatment consists of milling the top 3.0 of the existing HMA layer and overlaying it with 3.0”
dense graded HMA. Only two RF projects out of four, one SRC project out of three, and two
MOL projects out of nine ranked among the best performing projects.
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The PCA percent ranking data in Table 4 showed that there arc two CIR projects {CIR-A-
2 and CIR-B-1}, one SRC project (SRC-A-2). and three MOL projects (MOLA-1, -2, and -3}
where their percent relative rankings S-years after construction (+3) was significantly lower than
their percent relative rankings 1-year prior to construction. A close examination of the
performance data summarized in Table 2 showed that four out of these six projects had
cxperienced severe alligator cracking (Type B) prior to the construction of the CIR, SRC, and
MOL treatments. This indicates that the existence of severe alligator cracking skewed the
refative ranking of the various projects.

CONCLUSIONS

The following general conclusions concerning the performance of reflective cracking treatments
in Nevada are based on the combined analyses oi distress data and PCA.

o The PCA analysis was conducted to identify any reflective cracking treatment that may
be able to provide good long-term performance regardless of the conditrons of the
pavement prior to its application. Based on the resulis of the PCA presented in Figure 1,
this goal was not achieved. In general, the performance of the reflective cracking
treatment 1s highly dependent on the conditions of the pavement prior to the construction
of the treaiment. This is supporied by the data shown in Figure 1.¢c where the CIR and
MOL were applied to pavements having lower performance than the pavements where
the RF and SRC were applied and showed worse performance after 5-years in service.

e The PCA ranking data in Tables 3 and 4 showed that the CIR-A (CIR 2" and overlay
2.5} and CIR-B (CIR 3.0 and overlay 3.07) treatments regardless of the traffic level are
generally etfective in stopping reflective cracking for 3 years and retarding reflective
cracking for 5 years as long as the existing pavement does not show severe alligator
cracking prior to the application of these treatments. On the other hand the CIR-C (CIR
27 and overlay 27) treatment is incffective in resisting reflective cracking.

e The RF treatment showed marginal performance after 3 and S-years of construction. The
RF treatment was ineffective when applied on a pavement with severe ailigator cracking
prior to the application of the treatment and/os a raffic level above 3000 AADT.

e The SRC treatment showed excellent performance up o 3 years after construction
regardless of the traffic level and the existing pavement condition. However 5 vears after
construction, reflective transverse cracking showed up considerably on the pavement
surfacc,

e The MOL treatment was effective in stopping reflective cracking up to 3 years after
construction for projects with AADT lower than 5000 and/or projects with no severe
altigator cracking prior to the application of the treatment. After 5 vears of construciion
the MOL treatment showed marginal performance by slowing down reflective cracking.

e Another way of looking at the effectiveness of the various treatments is to examine the
means and standard deviations of their relative rankings ai the pre-treatment and the -
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years stages. This analysis was conducted on all projects having data on the 5-years
performance and excluding the four projects where the severe alligator cracking skewed
the ranking process. Table 5 summarized the means and standard deviations data of the
various projects along with the change in the mean relative ranking. An effective
treatment would be one that has high mecan and standard deviation for pre-treatment
performance and low mean and standard deviation for the 5-years performance coupled
with the highest change in the mean ranking. Based on this criterion, the evaluated
treatments for mitigating reflective eracking under Nevada’s conditions are ranked from
best to worst after S-years of construction as folfows:

- Cold in-place recycling (CIR)
- Mill and overiay (MOL}

- Reinforced fabrics (RF)

- Stress relief course (SRC)

However, the long-term effectiveness of the CIR and MOL treatments is significantly
hampered by the existence of severc alligator cracking on the projects prior to the
application of these treatments. Therefore, it is recommended that projects experiencing
severe alligator cracking as classified by the NDOT pavement distress manual should be
subjected to either re-construction or full depth reclamation.
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TABLE 1 Sumamary of NDOT Projects that Were Analyzed in this Studv

i T z F
Treatment ! DOCE ; Contract Route Lacation ' Thickz:;;zrnfii;irface ]2:;;: AADT*
CIR-A-! 1998 L 28084 US50 | North 27 CIR + 257 DGHMA AC-20P 2956 |
| CIR-A-2 1997 ¢ 230%p ! USSH) | Norh | TCIR:2STDGHMA | AC-20P 2950 |
CIR-A-3 1999 ; 2838 4 SR396 North . 2" CIR+25"DGHMA AC-20P 1,100
CIR-A-4 16Sg © 2935 . SR3GU South 2TCIR = 3"DGHMA y aC-20P 30
CIR-B-| 998 1 2819 § USES South 3" CIR » 3" DGHMA AC-20P 5550
CIR-B-2 1 1998 381, USI5 | souh | ¥ CIR -3 DGEMA AC-20P 5550 |
CIR-B3 | 1999 . 2961 US6 South 37CIR - 37 DGHMA AC-20P 1 2000
CIR-B-4 1996 | 3013 | Usysa | Nombh  37CIR- 37DGHMA AC-20P | 13500 |
CIR-C-] 2003 | 3023a | USH3 Norh | 2" CIR ~2"DGHMA AC20P 1 500 |
CIR-C-2 1 2601 © 3025h | US43 North 2 CIR+ 2"DGHMA AC-20P 1050 |
CIR-C-3 | 2001 . 3025c | SR208 | Nemh | 2" CIR + 2"DGHMA AC20P 1 1q00
CIR-C-4 2001 2876 | SROO North | 2 CIR ~2"DGHMA AC20P [ 1500
RF-1 1699 2761 | SR43 North Fabric + 2" DGHMA AC-20P | 9600
RF-2 1999 2932 | Us9s Southi  :  Fabric t 2" DGHMA ACIOF | 2850
RES3 . 2000 29K LS50 Norih | Fabric - 2" DGHMA AC20P  * 1500
RF-4 T 2000 29a U893 | Norh Fabric - 2" DGHMA AC-20P T gann
RF-3 T gt 006 | IR&G | Nown | Fabric - 7 DGEMA | AC30P ¢ oy

; RF-5 2001 00K ' S®227 l North Fabnic + 27 DGHMA AC-20P L 10,000

| SRC-! b 097 | 2723 | US85 ¢ Sawh ¢ 17SRC s 27 DGHMA AC-20P 1 40006 |

PSRC2 L EG 3630 D US3SS | Yot " SRC - 27 DGHMA AC20P T 15660 |
SRC-3 0 XG0 364k ¢ SRIST | Soum 1" SRC - 27 DGHMA AC-20P 2,700
SRC- 2601 . 3045 5 USS0 | North . 1"SRC -2 DGHMA AC-20P 1,500
SRC-5 | 20603 3167 | USs Norh | 1" SRC - T DGHMA | PG 64 28NV | 20100 |
!' VAGL-A1 POISY0 © 238%4a | US9s Norh ¢ 16" DGEMA ACaG T 40000
. MOL-A-2 ‘ 1993 2384b Us9s | Nomh L™ DGHAMA T ACe 5,500 :
MGL-A-3 | 1993 2432 SRI57 * South 167 DGHMA - AC20 2,760 I
MOL-A-4 | 1993 2505 US9s :  Sowh 10" DGHAMA  ACZOP T 3asg

PMOL-B-l 995 . 2651a | US95 ©  Sowh 1.5” DGHMA COAC2P | zaiu

TMOL-B-2 | 1996 2651b . U895 | Soath | 1.5 DOHMA O AC0P T 7w |

OB [T 1651 U89 b Seum E.5" DGHMA AC-2uP Ty

CMOL-B-3 1657 2679 USYs | South L.57 DGHMA | al-20p 6350
MOL-C-1 | 2000 30zs ! SRS12 | Norh 1.5" DGHMA AC20P 0 7230 |
' MOL-C-2 0 2003 207 SRisy | Seuth 15" DOHMA | ACZOP 7 560

= DGC Denotzs "Date of Constructon” and AADT Denotes “Annual Averags Duily Trathe.”
- DGHMA Denotes “Dense Graded Hot Mix Asphait™

TRB 2308 Annuval Meating CD-ROM
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TABLE 2 Pavement Distresses Summary of Selected NDOT Frojects

Pavement Distresses Before Treatment Applicatien lzlw'cn?enf stireslse.s .i'\ft'er Tf‘eatment
: = (Severity) pplication (Severity/Time in Years
: = to Deveicn)
:2 i P g ::::11{51‘:1; - ' Block Cracking Type | o
g Lo 2 Type £y | Fafigue £ 3 Block
- ! = ] é : t Ty eg i g E Cracking |
3 A | B | &% 0 a4 B c 5 L e Type A
1 1 1
P CIR-ACT 2950 7 Sav - Mod | Min - - - C AMme ] 1
FCIR-A2 2950 ] Min | Sev | Mod - - Min - i Mip2 -
£ [ CIRAZ 1100 o 3 - Sev Sev Sev 551 R [ %in: -
3, ClR-A-4 300 [ Sev | Mod | Min Min Mod Maod - : - -
3 I CIR-B-I | 5550 7 - Sev | Mad - Min Min Mind T Min2 -
5 CIR-BZ . 5.550 7 Min ! - Min Min | Sev Min M7, Min?
'._E ?CIR-BJ 2 600 f Min “in Sev  ° Sev Sev - ! - -
Z 1 CIR-B4 14300 © 6 Min - Min Med 1 - - - © Mins -
= [ CR-C1 000 0 2 BMin | Min [ M - - - - i Mint -
& TCRCZ ¢ 000 - 4 Bin | Mod | Min ; Mod Mod Min - T Min | -
| CIR-C-3 | 1,600 . 4 Min | Min | Min_; Mod Led Min - T Min'i -
CIRC-4 : 1500 . 4 Min - Sev Mod - Min - Min'| -
RT-1 L vet0 8 Mm | Ssv | Maod Sev Mod - Min/5 Min‘l -
= RF-2 i 2850 [ 6 Min | Min Sev - - - - - -
5 £ | RF-3 EIE Min | Min Sev - Min Min - - -
=7 | RF-4 [ 4400 . 3 Min | Min Min - - - Min3 -
= RF-5 T TA ¢ 4 Mm | Min | Min - - - - -
RE-6 10000 ¢ 4 M | Min | Min - - - - Min2 -
SRC-i | 40090 . 8 Mod | Sev Maod Mod Min - - - -
45 &l SRCZ P 15600 2 s Min | Min | ™uod Sev - - - Mins | -
g5 3l SRC3 T 2mn o “Mod | - Mad - - - - Mins | -
A= ol sRC4 L3 | 4 Min | Mod | Mod - - - - - i -
SRC-5 9000 2 - - Min - - - - | - ;
MOL-A-1 | 40,000 & 15 - Sev Min Mod - - Modid L Mod] -
MOL-A2 | 5,500 12 Mod | Sev | Mad Min - - Minid . Min2 -
g | MOL-A3 | 2700 12 Med | - Mod - - . - i Min3 -
T | MOL-A-4 | 31350 12 - Sev - Mod - Sev - : - -
2 [ MOLBI | 20060 @ 14 - | Mod -1 Mod - Tl - ' - Min'S
E [ MOLB2 ;1700 - 9 - - R Sev Sev - Minsd -
= [MOLB-3 | 1700 @ 9 Mod Mod ¢ Mod Sey Sev Min‘s Min'S -
= [MoLB4 ; 6750 . 8 Mod [ - Min | Med Min - - Mod1 Mini6
MOL-C-1 1 7250 © & - - Mod | - - - - Mina -
MOL-C-2 1 7500 ;2 Min | Min Min 1 Mod Mod - - -

Mote: Min Denotes “Minor™,
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TABLE 3 NDOT Projects Information and Ranking of Treatments According to PCA

| Ranking’

Trestment | DOC* AADTH - — " p " —

-1 +1 1 +3 -1 +3
CIR-A-1 1598 2,950 2 1 i 1 ' 2
CIR-2-" 1997 2.950 7 1 g i 7 0
CiR-A-3 1999 1100 28 2 27 2 2 6
CIR-A-4 1999 K00 21 | 20 1 16 2
CIR-B-1 1998 5.550 3 | 3 % 5 11
CIR-B-2 1998 5550 26 | 26 ] 19 2
CIR-B-3 1999 2.009) 34 ! 2% 1 23 2
CIR-B-4 1596 14,500 15 t 15 I 2 2
CIR-C-] 2003 5 600 12 3 N.A N.A NA NA.
CIR-C-2 2001 1000 22 4 22 1 N.A N.A.
CIR-C-3 2001 1000 24 4 23 7 NA. N.A.
CIR-C-4 2001 1,500 15 § 19 7 NA N.A.
RF-1 1999 5,666 27 5 25 7 8 9
| RF-2 1999 | 2450 6 1 y 1 4 3]
| RE-3 B 17 i 17 1 '5 2
R7-4 2600 4,400 9 i 02 2 10 4
RF-3 20071 7,200 9 I 11 1 | NA. N.A.
RF-6 2001 1,000 1 1 13 4 N.A, N.A,
SRC-A-1 1997 40,000 1 1 9 1 6 2
SRC-A-2 2000 15600 § I8 ; % 1 13 5
SRC-A-3 ) 2700 1 & I 10 ; 9 3
SRC-A-4 200 1.508 3 1 4 i ona N.A.
SRC-B-1 | 2003 29.16y 14 1 NA N4, NOA N.A.
MOL-A-1 1950 40,006 4 6 | 6 1 9 5 12
MOL-A-2 ¢ 1993 5,500 1 T 2 10
MOL-A-3 1993 2700 0 & ; ! 3 i2
MOL-A 1993 L 1 24 1 20 2
| MOL-B-1 1993 2006 i 21 ] 17 1
MOL-B-2 | 1996 e BE ] 24 7
MOL-B-3 1996 70 24 i 28 : 21 13
MOL-B-4 | 1997 6,750 T 15 6 1 7
MOL-C-l i 2000 =250 13 1 L 3 i 5
MOL-C2 | 203 7500 23 I NA [ Na NoA. WAL

* DOC Denoies "Date of Constriction” snd AADT Denotes “Aanual Averass Daily Traffe”
" Ranking from best w worst: Le., the projects ranked as 1" had the best performarce.

" -1: Previoas yesr 12 comstruction, - 1. 3, +3: one, (aree, ond five years after conutruction.
*N.A Projec: iy younger thas the mdicated long-perfimance veur.
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TABLE 4 NDOT Projects Information and Percent Ranking of Treatments According to
PCA

! Treatment * bOoC AADT= | - — PCA Percent Ranking
-1 +1* -1* +3F -1 +5*
{ CIR-A-L 1998 2,959 3% s § 0% 0% oo 4%
§ CIR-A2 1907 2950 22% 0% 24, 160% 26% 7%
CIR-A-3 1999 1,100 91% 4% 90 6% 9175 575
CIR-A-4 1999 301 69°0 0% (5% re, 65% | 4%
CIR-B-1 1998 5,350 139 0% % 93% 7% | 83%
CIR-B-2 1998 5.550 %1% 0% R6% A 7807, 4%
CIR-B3 1999 7,000 97, 0% 97% " 96%. | 4%
CIR-B-4 1999 14.500 539 0% 8%, 0% 48, 4%
CIR-C-1 2003 5000 41% R1% NAS N4 NA NA
CIR-C-2 2001 1,000 2% R4% 720, 0% NA. NA.
CIR-C-3 2007 1,000 788, 84T, 76% %3, NA. NA.
CIR-C-d 2001 1,500 6325 8474 62% 839, NA. NA.
RF-1 1999 9,600 8504, 7% g3 8% 744 74%
[ RF-2 1969 |  2.850 6% 0% 0% 1 0% |13 FEN
RE-3 2000 1600 6% % 55% PR BPETA 4%
RF-4 2000 4,400 5 L 38% 62 9%, %%
RF-3 2001 7200 % 1 0% 340 07 NA ) NA
RF-6 2001 10.000 34, 0% 41% 7% NA. NA.
SRC-A] 1997 40.000 38% 0% 28% 0% 2% 4%
SRC-A-2 2000 15.600 59 0% <97, 0 529 707
SRC-A-3 2000 2.700 25, 0% 3% 0%, 35% 43%
SRC-A-4 2001 1.900 6% 0% 16% 0% NA. NA.
SRC-B-1 2003 29.100 17% 0% NA. NA. A NA.
MOL-A-| 1990 | 49,000 9%, 100% 1% 97% 0% 7%
MOL-A2 | 1993 5.500 0%, 0% 305 6% % 78%
MOL-A3 | 1993 2,700 16% 0% 17% 0% 9% 873
MOL-A4 | 1983 3,350 817 0% 79% 0% 33% Pe
MOL-B-| 1995 2,000 66% 0 69% 0% 70% 0%
MOL-B-2 1996 1.760 100%, % 100% 0% 100% 61%
[ MOL-B-3 1996 | 1,700 gat, | 0% 93¢ (% §7% {0025
MOL-B4 | 1997 6.750 0% 84%, 52% 79% 7% 61%
MOL-C-1 | 2000 7.250 44, 6% 157 69% 43% 2%
MOL-C-2 | 2003 7.500 7564 0% NA. ™A NA. N A

= DOC Denotes “Date ol Construction” and AADT Denotes “Annual Average Daily Traffic.”

' Percent Ranking is the relalive standing of a PCA rank within the PCA data set in pereentage: i.e.. the project with a percent
ranking of “ 100%™ means all projects have a higher PCA rank. hence this project has the worst perfermance. On the other
hand, the project with a percent ranking of “0%+” means none of the projects has a higher PCA rank hence this project has the
best performance,

¥ _1: Previous vear 1o construction, +]. +3,+5: one, three, and five years after construction.

¥ %.A. Project is younger than the indicated long-performance year.
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TABLE 5 Statistical Analysis of the Various Treatments Based on the PCA Rankings at
One-year Before Treatment Construction and Five-years After Treatment Construction

lE Treatment i Number of i 1-year Pre-cm}s'.ruction (-1} S-year After Construction {~3) Cg?g;; %:; :. !
. Projects Mean STD* i Mean STD* Ranki i
i : anking
CIR .‘ 6 16 .' 8 3 2 13
RF 4 i2 5 4 3 8
SRC ;’ 3 9 ! 4 4 3 5
MOL | 7 , 16 ; 7 7 7 r 5

* Standard deviation
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» LIST OF FIGURES
FIGURE 1 Comparison Beiween the Ranking of the Various Treatments at I-year Before

Treatment Construction and l-vear, 3-vear, and S5-year After Treatment
Construction
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FIGURE 1 Comparison between the ranking of the various treatments at 1-vear before
éreavment econstruction and lI-vear, 3-year, and 3-year after treatment
construciion
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