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10 Il NTRODUCTI ON

Centerline rumble strips (CLRS) are devices proven to increase safety on the roadwatynigy aler
drivers of a potential departure into opposing lanes of traffic through audio cues and haptic
vibrations on the steering wheel. These alerts are created through the milled components in the
roadway and tires that create noise and vibration. Rumige sire also used on the shoulder to
prevent lane departures; however, the focus of this study will be on center line rumbles. CLRS
are installed to distinguish between opposite sides of the road and therefore have been widely
used to produce significarafety benefits ah very low cost. CLRS are generally installed on

roads that do not have a divider (mediarB#&trier,concrete barrier, cable barrieajl, etc.). In

recent years, however, the Oregon Department of Transportation (ODOT) has beengbservin
failures of the asphalt pavement surface that may be due to the installation of CLRS on rural and
low-density mountainous roadwayldmothy Earnest andustinModerie personal

communication, October 19018) developed a technical memorandum to provide scoping
guidance and considerations fegionsto reduce CLRSelated distresses on Oregon roadways.
However, determining the major mechanisms behind the @eR$ed failures on roadways and
recommendingtrategies to mitigate those failures were not within the scope of the
memorandum.

Despite numerous research studies inspecting the safety benefits of CLRS on pavements, there
has been limited exploration into the impact on pavement durability as aafethdtinstallation

of CLRS. Existing studies that have investigated asphalt pavement durability relating to CLRS
installation have generally concluded that CLRS has a limited effect on pavement performance.
Only Alaska and Oregon have reported major faduelated to the installation of CLRS (Datta

et al., 2012). Although CLRS installation could be reducing pavement performance and life,
many states and countries continue to actively implement CLRS on roads to improve safety.
Most of the literature presaeed in this report regarding pavement performance is anecdotal and
needs actual testing to corroborate what specific factors are controlling the cracking failures due
to the construction of CLRS.

The installation practices of CLRS vary between state aggaad are based on nhumerous
components such as agency standards, existing pavement surface types, climate, traffic, etc.
Also, there are multiple types of CLRS, and they can be introduced to the roadway through a

number of methods. The most commontypds CL RS are Amilled CLRSO,
any point during a pave me-siZzedgsooves irftoghe payetnene by ¢
using a rotary rumble strip grinder. Another

concurrently wih the placement of a new asphalt surface by pressing grooves into the fresh hot
mix asphalt mat using a wheldte device. Rolled CLRS typically have ashape or sinusoidal
waveform. Raised rumble strips are another type that are installed on newing @asements

with epoxy and are either rounded or rectangular with widths ranging #tinrithes (FHWA,
2015a). Detailed testing and evaluation of milled and rolled installation methods is necessary to
better understand and quantify the impact of CL{§fe4 on pavement performandélied

CLRS was the focus of this research project since it is the most commonly used CLRS type in
Oregon.



Although several states have identified pavement performance concerns associated with CLRS
installation, there has bea limited number of scientific research studies evaluating and
guantifying the impacts of CLRS on pavement performance. Since CLRS have proven to be
costeffective safety measures in reducing lane departure crashes, pavement failures due to the
installaton of CLRS, particularly in rural mountainous areas or snow zones, sheuétluced
However, these early cracking failures of CLRS in Oregon point out a need to develop
innovative methods and strategies to improve installation methods and mainterategeestfor
pavements with CLREarnest and Moderie, 2018)his research project intends to evaluate,
guantify, and mitigate the potential negative impacts of CLRS on the condition and serviceability
of the pavement whilpreserving (or enhancing) thrigting safety benefits of CLRS

1.1 ORGANIZATION OF THIS RESEARCH REPORT
This research report is structured as follows:

1 Chapter2.0provides a comprehensive literature review summarittiagafety
benefits and applications of rumble stri@d RS application strategies, factors
controlling the longterm performance of CLR andthe use of finite element
analysis (FEA) for rumble strip performance evaluation.

1 Chapter3.0summarizeshe process followed in this stuéty dynamic 3D
viscoelastic FEA model development and the major findings from the model outputs

1 Chapterd.0presents the followed research methlody and results and conclusions
from thefield test strip construction addboratory testing

1 Chapters.0summarizes all major conclusions, provides suggestions for
implementation, and recommends future work.

1.2 KEY OBJECTIVES OF THIS STUDY
The primary objectives of this study are to:

1 Quantify the mpacts of CLRS installation on the performance and maintenance of
asphalt surfaced pavements, particularljnountainous areas and/or snow zones;

1 Identify the best construction practices for CLRS installation to minimize negative
impacts on pavement perfoance; and

1 Identify, evaluate, and compare the effectiveness of chip sdalirmgher surface
treatmentsjo mitigate any pavement performance issues-ipssllation of CLRS
while considering performance, cost, and safety.



20 LI TERATURE REVI EW

2.1 BENEFITS OF RUMBLE STRIP APPLICATIONS

Centerline rumble strip@CLRS), asshown n Figure2.1 (Smadi & Hawkins, 2016keekto

prevent heaan collisions from vehicles crossing over the centerlineopimosingtraffic. CLRS

act as a speed mitigation measand alert drivers oimpendinglane departures by producing

sound and vibratiomsideand outsidehe vehiclgKalathas et al2019) This alertraises

situational awareness ardcouragesdrivers to make minocoursecorrections back into their
propertravellane ando avoid orcoming traffic in the opposite directioBLRS are typically

applied to rural twdane roads anget, can also be applied to multilane undivided facilities

(FHWA, 2015) Louisiana crash data between the years 2007 and 2016 showed that 29.3% of all
state highway crashes were due to roadway departure and might have been partially avoided by
using CLRS or similar devices (LTRC, 202Datafrom urbanand rural twelanehighways
havealsoshownsignificantsafety improvementsom the installation ofCLRS(Torbic et. al.,
2009)(Donnell et al,2014) CLRS on rural twelane highways havalsobeen shown to reduce
headon and oppositdirection fatal and injury crashes 8% % (FHWA, 2016) A 64 %

reduction on urban twane roadsvas also observg@FHWA, 2016)(Smadi & Hawkins, 2016)

Figure 2.1: Example of a centerline rumble strip on asphalt pavemen{Smadi & Hawkins,
2016)

According to Russell and Rys (2005), the installation of CLRS on ruralameoroads and four

lane highways created about an 80% reduction in@wesscrashes in Oregon (Seable2.1).

The reduction in accident rates for other states is significantly lower than in Oregon. However, it
should be noted that the data collected for Oregon in the study was limited when compared to the
data from the otheseven states. According to the befafer crash analysis recently conducted

by ODOT (see ODOT2022), the installation of CLRS reduced heauwl fatalities by54 %.

Safety benefits for the relative cost have led the Oregon DOT to be proactive with CLRS
installation (ODOT, 2@2).



Table 2.1: The Impact of CLRS on Accident Rates (Russelind Rys, 2005)

Before Period After Period

Mile | Average| Crash Count | Mile | Average | Crash Count

State Miles | Sites| Years | AADT | Total | Injury | Years| AADT | Total | Injury

California | 47.8 |29 |206.5 |2,235 679 | 257 112.5| 10,430 | 351 |144

Colorado |16.9 |10 |118.4 | 5,000 551 | 262 84.6 | 6,154 415 | 187

Delaware | 2.9 1 8.4 16,500 | 34 16 21.3 (21,685 |82 38

Maryland |[30.4 |11 |914 11,680 | 156 |55 42.5 | 12,991 |55 14

Minnesota | 66.2 | 24 |508.6 | 9,305 751 | 158 158.6| 10,315 | 275 |41

Oregon 3.1 2 22.8 11,400 |31 20 4.6 11,150 |6 3

Washington | 43.5 |21 |166.5 | 7,200 308 | 116 173.3| 7,963 297 | 109

Total 210.8| 98 |1,122.6| 8,820 2,510| 882 597.3| 9,858 1,481| 536

Note: AADT=average annual daily traffic. (Source: Persaud et al. 2003)

Pavement markings are often placed over C{$&8Figure 2.7) andaresometimeslsoreferred

to as centerline rumble stripSHWA, 2011) CLRS can help drivers identify the centerline
pavemenmarking better during nigtime or on wet paveme(fEHWA, 2015) The

retroreflective capacity of pavement markings can be seriously reduced in a rain event. When
placed on a CLRS, the vertical component of the rumble stripe is still visible unveéesad
conditions(FHWA, 2011) CLRSvibrationalso act as a navigational aid during fog, snow, or
blinding rainto assist drivers from crossing the centerline during these condiEbiVA,

2011) Most, if not all benefitsof rumble strip applicationare related to safety.

Rumble strips can be millddarved into the existing pavement surfacaisedor rolled
(applied to fresh asphalbnto a pavemensurface giving flexibility to the type of rumble strips
usedon pavementsHowever, he majority of CLRS installed on twlaneroadsare milledsince
milled rumble strips are better at alerting the droee tomore noise and vibratiortseatedn
the vehiclg(Hawkins et al., 2016)Accordingto the current literatureummarized abovéhere is
no added benefit to pavement performaasea result of usingpilled rumble stripgwhich is the
most commonly used CLRS type in Oregadit)ere is, howeveg greatconcernof accelerated
pavement deterioration from the installation of milled rumble stiipe hypothesis presented is
that thie mlling processs creatingmicro-cracks in the pavement structure thaymropagate to
macro cracks over time with freétteaw cycles and traffic loadingDespite this concermt the
time of writingthis literature reviewthereis no scientificresearclavailable in the literature
guantifyingthe effecs of milledrumple strips on pavement performance

2.2 CLRS APPLICATION STRATEGIES

CLRSare known to improvéhe safety of the roadway and reduce headcollisions. Most
agencies have implemin CLRS based on crash history data wroaesystematic approach
(based on aisk assessment procegslimes et al.2017) According to the literature pplication
strategies of CLRS also differidely from agency to agendyecause oho national
standardizationn this section, possiblELRS applicatiorstrategies are discussiedsed on the
findings from the literature.



2.2.1 DesignDimensionrs, Geometry, and Installation Criteria

Rumble strip and stripgstripe is the name of a rumble strip wheredge line or center line
pavement markings applied orthe rumble striphave four mai dimensiongHimes et al.
2017)(also shown irFigure2.2).

T

T

Offset(A): Distance from the pavement marking (delineating the edge of the traveled
way) to the inside edge of the rumble strip

Length(B): Sometimeseaferred to as the transverse widthmeasured lateral to the
travel direction

Width (C): Measured parallel to the travel lane

Depth(D): Measured from the top of the pavement surface to the bottom of the
rumble strip groove in the vertical direction. This distance is the maximum diepth.

part of the rumble strip goes above the pavement surface (such as sinusoidal rumble
strips), effective depth is the distance between the lowest and higher points (minimum
peak to maximum peak) on the rumble strips.

Spacing(E): Distance between rumblé&ip patterns can be measured either from the
center of one rumble strip to the center of an adjacent rumble strip, or it could be
measured from the beginning of one rumble strip to the beginning of an adjacent
rumble strip.
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Figure 2.2: lllustration of rumble strip dimensions (Himes et al, 2017)



Since there is no national standard of rumble strip dimenstarglardlimensionanvary

from state to statédimes et al. (201)7documenteall standard dimensions of shoulder and
centerline rumble strips from each state and presented average dimensions of width, length,
depth and spacingasshown inTable2.2.

Table 2.2: National Average Dimension (in Inches) for Shouldr Rumble Strips (SRS)and
Centerline Rumble Strips CLRS) (Himes et al. 2017)

TYPE WIDTH (C) LENGTH (B) DEPTH (D) SPACING (E)
Traditional 7 16 0.5t0 0.625 12
SRS
Traditional 7 12 or 16 0.5 12
CLRS

Most agenciefollow different methods tprepareexistingrumble strips prior to overlaffo

avoid any reflection cracking on the new pavement lagmafo re-install the rumble strips after
completing the pavement overlay based on field experience with rayelkde support these
methodgDonnell et al. 2014)CLRSinstallation for new costruction, reconstructigror
resurfacingare usually doa following asystemati@pproachhase on pavement condition,

posted speed limit, and lane/pavement widthile the contractofollows methods to ensure that
pavemenperformance anduality are not reduced by milling fareventresurfacing in the near
future (Himes et al. 2017)According to several agencjepplication of CLRS may also happen
onanexisting pavemergectionif: i) thepavemenmeesthefi g o o d ocnoon drietqgiui) r e me n't
the pavement ithick enough to avoid any permanent damage during the installation of the
rumble strip;andiii) no pavement maintenaniseplanned withirthe next 23 yeargHimes et al.
2017) ODOT Pavement Service Urdtso has ast of recommendations within their guidelines

for CLRS installationgTimothy Earnest and Justin Moderie (personal communication, October
19, 2018). These recommendations are given in the next section (S8cidn). CLRS

installation decisions are generally based on an agreement between the Traffic, Roadway, and
Pavements divisions at ODOT. Consultation with the Districts is also requirae bed&ing the
CLRS installation decisions.

Current systematic installation selection critesiecording taheliterature focus mostlyonthe
condition of the pavemeiatcross all state¥he isting ppvementondition isprimarily
considered for CLR8onstructionby agencies because of the potential for increasing pavement
deteriorationHimes et al. 2017MostDOTs require the pavemetatbe in good conditionthe
analysis of which reliesiainly ont h e Dm@ihtenancenddistrict officedexpertise. While
CLRS implementation poliesand strategieselated to pavement conditishave been

congstenty developed by state agencies, the argumetth@placement location of CLRS

related to longitudinal joints vari€blimes et al. 2017t is well-known that the longitudinal

joints are weak spotwith lower densitie®n an asphaksurfacedpavement and caseriously
impactpavement longevityMilling a CLRS across a longitudinal joint could accelerate
pavement deterioration and allow water to infiltrate the pavefoantiation (subgradegausing
acceleratedtructural damageilthoughmost state DOTSs try to avo@LRS installation on the
longitudinal joints, limited road width might require the installation of CLRS on a construction
joint (Himes et al. 2017)



2.2.1.10regon Department oTransportation(ODOT)

Centerline rumble strips are comnipnsed throughout the state of Oregon as a safety
countermeasure. According to the 2019 ODOT Pavement Design Guide, CLRS installed
on densegraded pavemetrhias a low risk of expected failure for pavements with good to

very goodpavementondition pavementondition rating of76 out of 100, or better)
CLRS can be installed on fair or lower condition pavements in Orgmmement
condition rating for fair condition ranging from 50 to 7Bt should be consulted with
ODOT Pavement Service Unit, as therenis potential for higher risk of failu@DOT,
201%). Dimensions and geometof themost commorCLRSfor rural highwag in
Oregon(ODOT DET 4556 detai)sareshown inFigure2.3 (ODOT, 201%). If there is

not enough room in the middle of the latieglength of the rumble strip can be decreased

to 8 inchesQDOT DET 45%).
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ODOT6s current di men s jaadrdepth)(ame alldvitinthe s paci ng,
national aeragegasshown inTable2.2). ODOT Pavement Service Urhas the

following recommendationwithin their guidelinesfor CLRS installationgTimothy

Earnest and Justin Moderie (personal communication, October 19, 2018)).

DenseGraded Pavements

1 CLRS installed in a densggraded pavement which is rated in good to very good
condition (76 out of 100, or better) has a low risk of expected failures.

1 Densegraded pavements affair or lower condition (0 to 75 out of 100) have a
higher risk of failure, and the ODOT Pavement Services Unit should be contacted
early in the design phase to evaluate the potential impatkese pavements.

[Note that fair pavements may have a deteriorated longitudinal joint, which could
require somadditional work.]

1T At el evations above 250006 in the Cascad
placedon thedense pavementhich is 5 years old or less and in good or better
(767 100) condition. If CLRS is installed the pavement that does not meet
thesecriteria, then a chip seal should be applied over the rumble strips for a
mi ni mum width of 26.

1 If CLRS are placed in a dense pavement that has been chip sealed, then a chip
seal should be applied over the rumbl e

1 If CLRS are being installed over a deteriorated longitudinal joint, it is
recommended to fog seal the R& and the joint.

1 CLRS are not recommended in thin lifts of degsaded pavement (less than or
equal to 1.50 thick).

1 All densegraded pavements older than 2 years should be fog sealed.

1 It should be noted that there is an issue with pavement markirgiateadhering
to fog seals. Paint has to be applied multiple times, and it typically takes 2 years
before urethane will adhere.

OpenGraded Pavements

1 There is a moderate risk when installing CL&San unsealedpengraded
pavement. The CLRS may nast due to raveling.

1 CLRS should not be installed on sealed egeaded pavements. There is a high
risk for pavement deterioration and failure.

Emulsified Asphalt Concrete (EAC) Pavements



1 Regardless of condition, it is not recommended to install CLR® iBAC
pavement due to a high risk of early failure. The cost and safety impacts of
pavement failure likely outweigh the safety benefit gained on these tydmaly
volume highways.

1 Portland Cement Concrete (PCC)

1 CLRS can be installed into good or befC pavements provided that the
centerline joint is cleaned and resealed, and only if the CLRS are intended to be
permanent.

ODOTO0s pavement esdnotioinstal ELRS etundiftndersegcded
pavements (paveme® 1. 5 i n(©ODGT,201®)No@*planation or research
wasprovidedto explainwhy CLRSis not recommended for dengeadedthin lift
pavements in Oregoklowever, intuitively, the concern is that a milled CLRS on a new
thin lift pavement would cause significant damage and undermine the lifespan of the lift
and underlying road conditio8ufficient layer thicknest® be able to install the CLRS
without damamng thenewlift and the bond between the new and the existing pavement
layersis probably thenajorreasoning with regard to this recommendation. They also
recommenddfog sealingor CLRSthat wadgnstalled on densgraded pavements older
than 2 yearODOT, 201%). ODOTGE current installation criteria for CLRS depend
mainly onthe condition of the pavement, just like most other agenE&iristing
recommendatiosion CLRS for ODOT are based on field experieacd the current

limited literature

SinusoiddCLRSs are not commonly used in Oregon. However, a research study
conducted byKalathaset al.(2019) suggested that sinusoidal CLRS can create a
significant reduction in noise levels impacting the residential areas near the roadway.
According toStaatst al. (2020), although the sinusoidal CLRS significantly reduces
noise levels for the surrounding residential areas, they still create the required vibrations
and noise in the vehicles to alert the drivers.

2.2.1.20ther States

Installation criteria and policyaveloped by other states differ from ODOT depending on
surface treatment, lift thickneasdage of pavemenbonnell et al. (2014¢onducteda
transportation agency surveyall 50 agencies to understatite currentinstallation

criteria andpolicy for CLRS The major findingsof this survey are summarizes

follows:

1 Rumble strip installation policfor thin overlays existfor Kansas Maine, New
Hampshire, New York, South Dakota, and Washin@tate Theyhave the most
detailed recommendations regardthgapplication.

1 New Hampshire allowmilled CLRS to be installed oasphalt pavemeirtdyersat
least 1.25 inchethick with aCLRS groove depth of 0.Bches If a pavement
overlay isgoing to beconstruceédover an existing rumble strip, the existing



rumble stripshould bemilled and inlayed before the thin pavement overlay is
constructed

1 For thin asphalt pavement overlays (preferradch), state of New Yorkmills
out 2inch deep and 2 feet widwer the centerline joint if the centerline is
deemed inadequate for implementation of milled CLRS. TheQIleRSis
installedafter the milled area is cleangd¢cked,andhot-mix asphalt isnlayed.
This process can also liellowed with 0.75inch-thick chip seals, micro
surfacing, and asphalt overlays.

1 South Dakotallows fortheapplication of one asphalt surface treatment tver
existingrumble strip patternf additional asphalt surface treatments are later
required, then the rumble strip is fogakl and renstalled/remilled.

1 Washington State mdlexisting rumble strips for chip seal overlays and requires
at least dnch thickness to renstall milled rumble strippattern on chip seal
overlays. For hemix asphalt overlays, the existing rumBteip does not have to
be milled ou if theoverlay thicknesss 1.75inches or greateAlso, lane
configurations cannot requiteaffic to crossover thepre-existedrumble strip as
the underlying rumble strip will reflect to the surface layer.

1 Pennswania has developed separate desigaision matrices for rumble strips.
These matrices considéretype of rumble strip (center, edge, shoulder), type of
overlay (hotmix asphalt, mim-surfacing, chip seal, etcdimension, inlay
materialsdepth of rumble strip groove based on surface thickeesivhether
existing rumble strips should be millethese matrices were developed based on
aliterature reviewof best practices developed by evaluating the rumble stri
installationdecisionmaking processes followed barious state and other
transportation agency stakeholdarsl state transportation agency surveys

Otherstateageresd r umbl e strip i nst aldimansionon r equi r
geomety, and paverant conditiorare similar to ODO® surrent desigs Although

agencies agree on installing CLRS on pavemargsod conditionthe termigood

conditioro varies from agency to agencdihe following summarizethe figood condition

pavemera definition forsame of the state agenci@ésimes et al. 2017)

1 Maine DOT. apavement less than 5 years old with no signs of distress and a
minimum surface thickness of 1.25 inches or a total depth of at least 3.inches

ConnDOT a pavement less than 4 years.old
LaDOT: apavement installed within the last 10 years

NYSDOT: a pavement witimo more than one longitudinal crack.

= == =2 =2

Oregon DOT: A pavement condition rating ranging from 80 to 95 is called
GOOD, while the VERY GOOD condition is from 96 to 100.
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Thelist aboveexempifiesthedefinition varianco f figood ¢ o nabhcrass o n
agenciesof which there is no scientifically supported stand&tdte agenciedo agree
howeverthat CLRS should only be installed on pavements in good condition.

2.2.2 Impact of Installation Methods onBenefits from Rumble Strips

The most common tygef CLRS aranilled into the pavement surface with a specialized
diamond bitto form grooves in the pavement. Other installation methods of CLRS are rolled,
raised, oisome otheexperimental patterns. These othestallationmethods are usualgeenn
nortsnowy climates and allow for flexibility with installatiggHWA, 20153 (Hurwitz et

al.2019) This section will discuss CLRS installation methods and how they impact rumble strip
benefits.

2.2.2.1Rolled Rumble Strips

Rolled rumble stripssometimes referred to as formed rumble staps introduced into
the pavement surface withsteel pipe attghed to a roller compactor druwhile the
asphalt is still hot and malleallEHWA, 2011JGuin et al. 2014)This makes rounded
grooves for the rumble strip and is showrrigure2.4. This type of rumble strip creates
less noise and is less expensive when compared to othdersimjp typegCorkle et al.
2001)(Guin et al. 2014 Although rolled rumble stripcost less, they can only be
installed on new construction or restruction projects of a pavement surféedore the
pavement surface hardef@orkle et al. 2001)(Guin et al. 2014)

Figure 2.4: Rolled or formed rumble strips (Richards & Saito, 2007]Guin et al. 2014)

2.2.2.2Milled Rumble Strips

Milled rumble strips are the most common type of CLRS instaleoughout the United
StateqFigure2.5). CLRS milling operatioacan be performed anytinfer any scale
project(FHWA, 2011) Maintenance for milled rumble strips is minim&hey have also
shownnegligible effectsfrom snow plowingaccording to a study conducted EyWA
(20158). However,in Oregon, it was observed treime plow blades may drop into the
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rumble strip grooves and damagjther the plow blade dhe rumble stripsAs

previously statedmilled rumble strips have been known to help direct drivers in heavy
rain and snow event€omplications caused by normal crowr{sthndard centerline

cross slopedpavements present issues for attainimgyequired depth for milled rumble
strips. To avoid these issues, a vertical alignment guide should be equipped to the milling
machine to position rumblegith the horizontal levelandnot milled at an anglelue to

the crown of the road. This may resulime side of the rumble deeper than the gther
howeveragencies need to specify the maximum and minimum depth, how they will be
measured, and acceptable tolerances. Due to this installation method, agencies should
expect thatumble strip deptlocould chang transverdg across the roadwgFHWA,

2011) A major keyto the successful installation of milled rumble strips is to have a state
agency inspector and contractor present during the milling ope(&HdNA, 20153).

Figure 2.5: Examples of milled rumble strip s from the Oregon State University test section

2.2.2.3Raised Rumble Strips

Raised rumble strips can be instaltatio new or existing pavements with epoxy and are
either rounded or rectangular ranging frori2inches widéFHWA, 2015a). Examples

of different type of raised rumble stripgreshown inFigure2.6. Raised rumble strips
are used mainly in warmer climates with no snowdaitesnow plowing can damage the
rumble strip and make them less effec(iFeIWA, 20153). In Oregonyraised rumble
strips are notommonlyused. Howeveraisedpavementmarkings & common and
generally installed on a milled groove to avoid any snowplow damageimate plays
an important rolén the performance of raised rumble strips, so diesding on the
proper product to use. Raised rumble strips compo$eised pavement markdisat

can improve visibilityon theroadway bumay be less effective in warning thewni
through noise and vibratidirHWA, 2011) Lastly, another critical factoin the
performance of raised rumble stripghe proper adhesion dhe pavement markingto

the surfacdFHWA, 2015b). If the raised rumble strip does mobperlyadhere to the
pavement surface, ali¢ safety benés become insignificant.
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Figure 2.6: Raised rumble stripsand pavement markers(Cottingham, 2020)(Raised
Pavement Markers, 2020)

2.2.2.4ExperimentalDesigns

State agencies have modified and experiegnwith multiple rumble strip designs,

mainly to reduce noise levels in urban argddWA, 2015) According to the literature

no experimeral rumble strip designs have looked at reducingble strip related

pavement deterioratioRegarding noise level reduction, sinusoidal rumble strips have
gainedmomentum(Figure 2.7). Sinusoidakumble strips are continudysmilled into the
pavement fobbwing a sinusoidavave pattern and do not haspacing in betweestrips
compared to traditional milled rumble strifpdurwitz et al.2019) This technology is
desigredto decrease the amount of exterior noise generated when struck by a tire while
providing tactics (internal noise and vibration) to alert the driveich like milled

rumble strips (Himes et al. 20L{Hurwitz et al.2019) Thereis debate regarding the
efficacyof sinusoidal rumble stripgroviding sufficient internal noise to alert distracted

or drowsy drivergKalathaset al., 2019FHWA, 201%). WSDOT is currently testing
several experimental rumble strip designs to reduce noise levels by increasing spacing
between strips and decreasing gneove depth of the rumble stri@lsen, et al., 2012)
(FHWA, 201%).

Figure 2.7: Sinusoidal rumble strip designfrom MNDOT o ptimization study (Terhaar et

al. 2016)
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2.3 FACTORS CONTROLLING THE LONG -TERM PERFORMANCE
OF CLRS

The literature hamo significant quantitative datanavhat controlghelong-term performancef
pavements witlCLRS (Datta et al. 2012)Smadi & Hawkins, 2016)The najority of the
researclstudiesdentifying the impad of installing rumble sijps on pavement deterioration are
subjective visual field assessme(ismes et al. 2017)Studies conducted in Colorado and Texas
found that rumble strips have minimal to no significant effect on pavement deterioration or
pavement lifgDatta et al. 2012)A 2015surveyexploredissues related to rumble strip
installationandrevealed that 17 DOTs rated pavement deterioratiam asmportant issuayhile

18 DOTs rated it as not importai@madi & Hawkins, 2016 Although there idimited

information availablen how CLRSaffectsthe pavement deterioratiomechanism,ie

following sections presetihe potential factors controlling the lorigrm performance of CLRS.

2.3.1 Climate

It is known that climate has a direct ingban asphalt pavement performance and properties.
Temperature, humidityfreeze and thaw cycleand precipitation all have an influence on
pavement deterioration and pavement life, wilhying degrees of impad®recipitation or
rainwateron the pavemersurface can have serious negative effects on pavement deterioration
and longterm performance. Alsaéhetemperature is known itlheliterature as one of the main
factors in controllinghelong-term performance aisphaksurfacedgpavementsin this literature
review, freeze and thaw cycldew temperature cracking resistanaegdmoisture susceptibility

are the threenajor factors that are expected to affect the performance of rumble strips on
roadways in Oregon.

2.3.1.1Low-Temperature Crackindresistance

Cold weatherwith temperatures significantly below freezimgresponsible for low
temperature cracking, which leads to accelerated deterioration of asphalt pavements.
Rapid changes in surface temperatwigh a surface and bottom temperatdiféerence

of more than 9.5°C (15°Fgan result irthedevelopment of cracks due to differential
thermalexpansion and contraction in the pavement l@yergt, 2002)(Ahmad &

Khawaja, 2018)Thes cracks usually propagate in gfeortest direction, which for
asphalt pavements is thransverse directioof the roadwaybecause thstressn that
direction isgreater than theensile strength of the pavement mateiidilled CLRS are
vulnerable tahis type oflow-temperature cracking becausegoofentialmicro-cracks
formed duringhe application of the rumble strift. is hypothesized thahicold weather
the micracracksintroduced to the rumble stnpill connect and propagate through the
CLRS, accelerating pavement deterioratigithough Oregon usually has relatively mild
weatheiin highly populated regionsiot a lot of cold weather days throughout the year,
significant temperature fluctuatiosanstill be experiencedn a given daySignificant
temperature fluctuationa a given dajhavebeen shown taid in the development of
low-temperature crackin@@cherocman, 1991Ksaibati & Erickson, 1998)%ince milled
CLRSare the most common application method in Oredaity temperature cyclingn
colder regionshould be of great concern for CLRS performance on asphalt pavements.
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Figure2.8 displays typical longitudinal and transverse cracking in asphalt pavement at
the rumble strips.

Figure 2.8: Transverse and longitudinalcracking at milled rumble strips (Coffey and Park,
2016)

2.3.1.2Hydro Static Camage from Raiwater

Water is known to have negative effects on asphalt pavementsaiasaieterioration.
Themilling process to creatamble stripson thepavement's surface may result in
micro-cracks thatmay allow wateto infiltrate throughthe surfaelift into subsequent
pavement liftgDatta et al. 2012)This would accelerate stripping within the pavement at
the CLRS Water entering between the top and the underlying lift can also damage the
bond between the two lifts and result in delaminatidns increases tensile strains at the
bottom of the asphalt layer, which can cause premature boipdiatigue cracking and
ultimately lead to early pavement faily€oleri et al. 2020)Typical fatigue cracking at
milled rumble strip locations idwewn inFigure2.9.

Figure 2.9: Fatigue cracking at milled rumble strips (Coffey and Park, 2016)

ODOT conducted research at four pavaitgs in 2009 to identify the mechanisms of
moisture infiltration in the pavements and the resulting pavement damage. One method of
water infiltration identified was through surface infiltration into the pavement structure
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fithrough or between lifts (laygrsf densegraded material(Scholz and Rajendran,

2009) The primary pavement damage observed at the sitethesadting of the

pavement structure caused by the combination of moistiteatidn and traffic loading.

Milling CLRS could be a factor initiating increased moisture infiltration of the layers and
subsequently cracking of the pavement (in addition to observed rutting). Also, ODOT
stated that cold millingmilling conducted afteconstruction at ambient temperaturat)

the sites could have disrupted the bond between the asphalt binder and the newly exposed
aggregates. These were identified as critical locations of moisture infiltration between
layers and milling CLRS has the partial to induce similar effec{&cholz and

Rajendran, 2009)

Othertheories aboumilled rumble strigdincreasng surface area of exposed pavement
have raised concern with regardaitceleated pavement deterioratiaue to water
accumulation and freeze and thaw dam@gatson et al. 2008)(Guin et @014)

However, vibration from wheels passing by the rumble simagremove water, iceand
debris from the groovesisproving the previous hypothe¢arlson & Miles,

2003)Guin et al.2014) This mechanisno remove water out of the milled rumble strip
grooveselies onthesignificant traffic flow of trucks(FHWA, 1999)(FHWA,

2011)Guin et al.2014) Standingwater in rumble strips has been noted by state agencies
to have no effect on accelerated pavement deterior@uimar & Parkhill, 2005f5uin et

al. 2014) although no quantitative data was available

2.3.1.3FreezeThaw Cycle

Water that infiltrates or collects in CLRS can experience fréea® cyclesn cold
weatherthat expand water within thmicro-cracks along theumble stripor in the asphalt
layer, potentially leadingo increasectrackingdamaggFHWA, 1999{Guin et al.2014)
Oregon DOT responded to a surveyi999 and indicated thatater would gather in the
rumbleafter a rain everand upon encountering cold weather, would freezeating a
trench of ic FHWA, 1999)Guin et al.2014) The Missouri DOTon the other hand, has
mentioned that most locations remain in good condditer several freez¢haw cycles
(Himes et al. 2017)'he majority of the literature othefreezethaw cycle effects of
CLRS is anecdotalyith little to no scientific data to support these theodthough
freeze and thaw cycles were proven to directly affect the cracking resistance of concrete,
the impact on asphattased materials expectedo be less due to the more elastic and
ductile nature of asphalt concrete.

In 2012 there was a shetérm observation study conducted by Michigan DOT trying to
capture this phenomenon. Regions with different climatic conditions were selected to
determinenow the difference in the number of freghaw cycles could affe¢he
performance of rumble strip installed pavements onfre@way roads (Datta et al.,
2012).Climate information for both Michigan and Oregon are available under these
links: Michigan climateg(WorldData, n.da)versusOregon climat€¢WorldData, n.d.)In

the studytherate of crack propagation between road segments with and without CLRS
were compared (Datta et al., 201Pable2.3 summarizes the rate of crack propagation
for each region from the twgear study (Datta et al., 2012). The study ultimately
determined that there was not a statistically significant difference in crack propagation
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https://www.worlddata.info/america/usa/climate-michigan.php#:~:text=Michigan%20is%20one%20of%20the,deep%20winters%20and%20warm%20summers.&text=The%20number%20of%20hours%20of,the%20sun%20is%20actually%20visible.
https://www.worlddata.info/america/usa/climate-oregon.php

betwea the control sectiongvithout CLRS) and sections with installed CLRS and
concluded that CLRS did not adversely impact pavement performance in theesimort
(Datta et al., 2012). However, with this being the only scientific data looking at CLRS
performarce and performance data available for only two years, more research is needed
to confirm the findings from this study.

Table 2.3: Michigan DOT Two-Year Study of CLRS Rate of Crack Propagation [&ta

(Datta et al. 2012

Region| Increase incracks per 0.1 mileduring a t-test p-value | significant
two-yea period statistic difference?
Rumble strip Control sections
Sections
Mean | Standard Mean | Standard
Deviation Deviation
I 3.04 4.32 3.26 5.77 -0.82 0.41 No
Il 3.30 5.07 3.51 5.40 -0.78 0.44 No
1] 4.57 5.14 4.70 4.92 -0.44 0.66 No

2.3.2 Asphalt Mixture Type i Emulsified Asphalt versus Conventional Asphalt

Emulsified AsphaltConcrete (EAC)alsok n 0 w n
maintenance and rehabilitation amal roads in Oregoremulsified asphakmulsioncontairs
asphalt, water, and an emulsifying agent (surfattaaf), which reduces the viscosibf the
binderbelowthat of conventional asphatiinder at ambient tempétaes Thislow viscosity at
ambient temperaturedlows emulsifiedasphalt to b mixed with graded aggregates without any
heating which consequently lowers energy consumption and emigsitresn comparewith
conventionahot mixasphalf{HMA)] (Huang & Di Benedetto, 2015nergy savings of 95%
can be achieved when usiB§C compared to conventional asph@happat, 2003)Chehovits

& Galehouse, 2010%oyer et al. 2012)(Fang et al. 2018hother benefit of BC is theability

to retain its flexibilitya t

high

as

temperatuheal (ad soapabiwhi By o’

fh&s deenl corivhnorlyoused for

3

alsoan excellent choice to otrol reflectivecracking, as Emulsified Asphalan withstand 25%
more tensile straithanconventionaHMA (ODOT, 201%). ODOT typically use€AC in

Eastern Oregon, where the climatic conditions take advantage of these benefits. However, it is
important to understand tli&ctors controlling the benefits &AC, as they become drawbacks

in some climatic conditions.

A major drawback oEAC is the need to have dured completely before opening the road to
traffic. The water in the EA@eeds tawompletelyevaporate from the emulsioo promote
adhesion betwedhebinder and aggregat€his process can take several weeks to achieve full
strength(Nageim et al. 2012ang et al. 2016)hus,ODOT recommends the useBAC only

in Easten Oregon(hot and dryclimate compagdto the rest of Oreggrio be able to reach
reasonable curing times during construc(iOOT, 201®). According to the Oregon Pavement
Design GuideEAC can only be plaakon low-traffic roadswith less than 2,500 average daily
traffic dueto the longcuring time of the materiaRnotherimportantyet oftenoverlooked factor
controllingthe performance oEAC is proper material storagéDavis, 2013)Due to the

complex nature of asphalt emulsioimsproperstorage of these materials can have severe
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negative impacts on their performanEeom a temperature standpoint, in order to ensure that the
water and the emulsifying agent stay bonded, a minineumperature of 50°F is required or the
emulsion becomes susceptible to possible freezing at low temperatuess.factorare

therefore of paramount importaneten considering thieng-term performance oEAC.

According toa comparisorstudyconductedn India onEAC and HMA EAC had about 25%
higher airvoids than the HMA after constructi¢@hale & Pataskar, 201 Hligher airvoid
content of EACcan resulin increasd moisture damage due to highmarmeabilityandreduced
strengthultimately reducindong-term structuratiurability (Al-Busaltan et al. 201ZNeedham,
1996)(Thanaya, 2003)Cheng, 2013}Khalid & Monney, 2009)fang et al. 2016 hese
drawbacksaisel serious concerns regarding the installatioruofble strips ofEAC. In fact,
ODOT6s Pav e me nrecordnesdagginsin§Gallingduenble strips on existingAC
(ODOT, 2019).

2.3.3 The Thickness ofthe Surface Layer

As discussed in the previous sectiongled rumble strip installation is the most common
method followed to instalumble strig on pavementBecauseltterumble stripmilling process
reducessurface layer thicknesa minimumlayer thickness needs to be specifiedall

pavement types and treatme(®sIWA, 2016) Overlay thickness needs to exceed the depth of
therumble stip to avoid exposure of underlying pavement layetsWA, 2016) Damaging the
underlying pavement layeduringthe rumble strip instadkioncancompromise the integrity of
the surface overlay, creatindgasttrack path for moisture to infiltrate and accelerate stripping in
the pavement structu(EHWA, 2016) Water accumulating between the overlay and the
underlyirg layer can also result in delamination. Delamination of the two layeneases tensile
strains at the bottom of the asphalt layer, which can cause premature-bpttatigue cracking
and ultimately lead to early pavement fail(@»leri et al. 2020)FHWA statel that most state
agencies requiraminimum pavement thickness for rumble strip installatieiHWA, 2016)
Table2.4 outlines theminimumrecommende@avement thickness for rumble stiystallation

of five state agencies

Table 2.4: RecommendedViinimum Pavement Thickness for Rumble &ip Installation
(FHWA, 2015a)

State Recommended Minimum Pavement
Thickness

Missouri 1. 750
New York 2.50

Pennsylvania | Less than 1 yearoldl . 5 0
Oldergr eater than 2

Texas 2.50
Washington |3 0
Oregon! 1.50

! Idaho and California do not have any recommended standard minimum thickness, per the FHWA report.
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2.3.4 Roadway Roughness and Related Excessive Dynamic Loads

As previously mentionedheinstallation of rumble strips on good condition pavement is
important toavoid anyrumble striprelated pavement cracking on roafmadi andHawkins
(2016) concluded that heavy traffic and excessive dynamic loadsridsie strips do not cause
any cracking failures on roads withrfagood and very goodonditions(pavement condition
rating ranging from 50 to 100 offee and Park016)confirmedthatthe impact of traffic

volumeon rumble strip performancensinima. However, only observational studies have been

performedo characterize pavement deterioratresulting from rumble strip3here arealsono

studiesavailablein the literature evaluating the impact of rumble strip roughness on cracking

performance.

In Oregon, mountaousroad failure potentiallyrelated to CLRS placemeateof growing
concern Vehiclestraveling onmountain roadsespecially large sentiucks are more likely to
unintentionallydrive over rumble stripdue to the curvyature of theoadway. Therefore, the
CLRS on these mountain roadway sectioosld be experiencing much highmmrmbers of
heavydynamictruckloadsshanCLRSon less curvyroadway sectiasior lower elevatioa The
common use of studded tires and chaingddyicles traveling on mountain roads might be
another reason for CLR&®@lated crackingAlthough literature regardintipetrajectory of semi

trucks on curvy mountain roadway sections is limited, there haamerégearch studies
conducted regardiniipetrajectory ofpersonal vehicleshese studies have confirmetht

drivers aranorelikely to unintentionally cross into opposing lanesraffic on curved roads

thus impactingCLRS. Xu et al.(2018 concludedhati o c cupat i on

of

t he

bends $ a common driving behavior on tdane mountain roads, especially at sraatius
c ur vkegsre2.10from Xu et al.(2018 shows trajectory transection rates (TTRsjatio of
pavement width occupied by the driver to the total width of the pavement at a givendrsnd,

curve radius
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Figure 2.10: The relationship between TTR and curve radius (aY TR with respect to curve
radius for left bend (b) TTR with respect to curve radius for right bend (c) illustration

for TTR (Xu et al. 2018)
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In summary,the data frontigure2.10for personal vehiclesoncludes that drivers would cover
more pavement width on bends with smaller curve fatlarper curvespueto thelarger

length of semirucksand consequentlywider turning radiugompared tgersonal vehiclegs
shown inFigure2.11 belowfrom the Traffic Engineering Handbogkthepreviouslymentioned
resuls wouldlikely beamplifiedwhen observingemitruckson curvy roadsGiven this
information, it could be hypothesized that CLRS on curvy mountainous roadway sections are
morefrequently impacted biiigh dynamicloadsgeneratedby semitruckscrossing into

opposing langedue tosharp curves within moagin roadways. fiis hypothesisequires

scientific researclto prove its validity.

Minimum Turn
Vehicle Designation 1 W A ] wiz why w u 1 Fa Ry
Semitrailer large WEB-50 55.0 50,0 10 2.0 18.0 30.0 L] 8.5 15.2 1.3 A5
Semitrailer medium or small WHB-40 50.0 0.0 4.0 6.0 130 5.0 L] 8.3 20.1 1.5 .0
Bus large B-40 40.0 25.0 1.0 8.0 — -— B.5 8.5 16.8 4.5 42,1
Single-unit truck or bus-medium SU-30 30.0 20.0 4.0 6.0 - - ] 83 13.6 0 41
Pass car-large or delivery van P 19.0 11.0 1.0 50 — - 1.0 6.0 8.7 20 4
L
~ B o Ak
Single Rear T === CE =
F Vehicle 11l B [=E2, = Fose o
E-Axle— Whg— ! b Teal L
d-Axlg—— why ——— ity g 4 A
Whaeelbase ({Overal)———  wp—— s N
All Vehicles v
s

Figure 2.11: Required turning radius pervehicletype (Institu te of Transportation
Engineers,2019

With heavydynamictruck loads being a potential threatttee long-term performance c€LRS,
especially on mountainous roadways comparddg® curvyroadwaysthe impact ohigh

vibrations( ver t i c al mo v e me causeddprtheldatiirey oftthe wrobke Gtapitta x | e )
high surface roughnessay causeaccelerated deterioration of the pavement surfaiteough

there is no literatureegardingpavement deterioration dueheavy dynand loads ormumble

strips, there hae beennumerousstudiesthatcorrelate roadway roughnesspavement damage

Cebon (1986j)letermined that some portions of a roadwagerience loadsgp to 50% higher

than the gross vehicle weight due to the spddbevehicleand roughness of the roadway

Given the correlation between roadway roughness and high dynamic loading, it seems rational to
investigate the damage implications of heavy trucksoaghCLRS surfacesespecially in
mountainous roadway sectioffsmjadiet al, 2014)

2.3.5 Location of the CLRS relative to the Longitudinal Joint
When hotmix asphalt (HMA) is placed next to the previously constructed lane (cold mat) during
construction, a longitudinal joint occurs between the newly constructed latieeaold one. Due

to the particles in the HMA bouncing back from the stdfd mat under heavy compactor loads
during compaction, proper compaction around the joint generally cannot be achislie
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density of the longitudinal joint is generally lowtban the constructed larieor this reason,
longitudinal jointsareaccepted to be weaker spots on the pavements that are more vulnerable to
cracking and permanent deformati@®cause of the inherent weakness generally
recommended to leave an offbetween the CLRS and the joint. However, CLRS sometimes
need to be constructed on longitudinal joints when the lane is not wide enough to allow the
installation of the CLRS with an offsdEHWA, 20158). However according tessurveys and
interviews of nany state agencies, longitudinal joint location isanotiticalfactor forthe
installation ofmilled CLRSunlessthejoint is already in poor conditiofFHWA, 20153).
Alternative milling strategies to limit &impact onthe joint wheninstalling CLRS also exist
(Torbic et al, 2009) For instance, Nebraska DOT mills two rumble strips on each side of the
joint with a gap between themwvhile Michigan DOT uses a CLRS pattern that skips every third
rumble strip(SeeFigure2.12) (FHWA, 20153). Other states have tried offsetting CLRS on one
side or the other of the joint to redubeimpact on the longitudinal joifEFHWA, 20153).

An anecdotafield study conducted for the Kentucky Transportation Cabiregedthat
pavement deterioratidnom CLRSalong centerline joint&/as observetbr two locationdn

their study(Smadi & Hawkins, 2016 However, the pavement was already in poor condition
before installationand a retrofiCLRS application was useduring the studySmadi &
Hawkins, 2016)No significant issues avsefrom other locationsf the studywith good
condition pavement with the retrofit applicati®madi & Hawkins, 2016)llinois, lowa,
Nebraska, Nevada, ahdashingtorhave all experienced issues related to CLRS on longitudinal
joints, but all hypothess for failure are related to previodg mentioned factors: poor pavement
condition or flawed construction practic@SDOT, 2022)Guin et al. 2014)As there is no
strongscientificpavement performance data to corrobothésehypothesesit is difficult to
concludethatCLRS installation near longitudinal joints$@n impact on pavement
deterioration.
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Figure 2.12 MDOT CLRS designfor non-freeway roads(MDOT, 2010)
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2.3.6 Age of Asphalt Surfacing

As theasphaltbinderagesit losesmaltenes due to oxidatiand volatilizationreducing the
ductility of the asphalt concrete mateyiahichleads to crackingon thepavemensurface. The
literaturepredominantly cites pavement condition, rather than pavemerasagamportant
factor when installing rumble strips on existing pavem@BNVA, 20153). As mentioned in an
earlier section, the term pavement conditexks standalization acrosstate ageries though
asphalt agstrongly contributes tanydenotationof pavement conditiarMilling rumble strips
into older(aged asphaksurfaced pavement®uld be creatinghoremicrocracks in the asphalt
layer, compared to rumblstrip installation on fresfnew) asphaltsurfaceslit should be noted
that asphalt binder type and the recycled asphalt content (RAP) also play an important role in the
aging process. Asphalt mixtures with higliRAP contents and softer bindéosetheir ductility

at a much sloer rate than mixtures with lower RAP and stiffer binders. However, since the
initial ductility of the mixtures with low RAP contents and softer binders will be significantly
higher, theyshould bdess likely to crack due tie installation of rumble strips. However, it
should be noted th#ttedensity of the asphalt layer (aioid content) also plays an important
role in ductility and cracking resistance (Coleri et al., 2017)%Aincrease in density can create
a33.8% t066.3% improvement in the lortgrm fatigue cracking and rutting performance of
asphalt mixtures (Tran et a2016) respectively.

According to FHWA, some agencies do notrrstall rumble strips immediately after resurfacing
and sometimewait for areawide installation(Donnell et al. 2014)Thisdelay couldead to
accelerated deterioration due to microcrackmogn rumble strip installation on older pavengnt
However, there is little to no scientific proof thiaeage of the pavement is leadingoavement
cracking failure from CLR&nd has more to do witheoverall condition of the pavement.
Michigan DOT had few issues when installing milled rumble striipslderasphalt pavements

in fair or better conditiofFHWA, 2016) This is all still very anecdotal, with vetynited

scientific dataguantifying howthelong-term performance of CLRS depends on asphalt age.

2.3.7 Surface Treatments

Rumbe strips have been installed witiany different types of surface treatmeffitg seal, chip
seal, micresurfacing, thin hemix overlays, etc.pver the yearswith each strategyavingits
own benefits and drawbackshis section willtry to urcoverthepros and cons different
surfa@ treatments related to the performance of CLRS.

2.3.7.1Fog Seals

Fog Seals are light applicatioaf a slowsetting emulsiontypically used to increasthe

flexibility of a previously aged asphalt surfaédecording to FHWA(2011), milled-in

rumble strips witldeterioration concerns can be covered with asphalt fog seals to reduce
oxidation and moisture infiltration into succeeding pavement(Fi8/NVA, 2011)

(FHWA, 2016) The applicatiorof fog sealsafter the installation of milled rumble strips

could prevenbr decelerate the propagationdafmage created lilie introduction of
Amicrackd0 from the highly aggresTisonee natur e
commonly usedtrategy howeve, has been discontinued by many States toalack of

scientific validation ofncreased pavement lifeom applyingfog sea$ over rumble strips
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(FHWA, 2016) It is worth noting thatiermoplastic materials sometimes dier
pavement markings kia been shown to be incompatible with fog s€&ldWA, 2016)
For the reasons abovlge use of fog seatsn CLRS needdurtherscientificinvestigation
to determinavhetherthere isa significant benefit to applying this type of surface
treatment strateggn CLRS

2.3.7.2Chip Seals

Chip sealing is the most commonly used surface treatment of all the different strategies
for rumble stripsChip sealing a roadway involves the application of @igph@rotective
wearing surface on an existing roadwmade typically from asphalt emulsion and
gradel crushed aggregatdsxisting rumble strips that have been chip seabddbit a
reduction indepth androsssectioral area, bugenerally stillretainthe overallbasic
shapeand functionalityof the rumble striglesignwhile the applied chip seal layer serves
its functionof reduéng waterinfiltration into thepavemen{FHWA, 2016]Himes et al.
2017) According toODOT Pavement Design Guiddyip seals are udever rumble

strips to prevent accelerated deteriorafrmm moisturewhich can emergm some
pavementypesthat respond negatively to the aggressiggon ofmilling rumble strips
(ODOT, 2019)

Despite he common implementation of chip seals as a surface treatment for rumble
strips, there is a lack of literature relatedheeffectiveness and durabilitf this
treatmentThe Nebraska Transportation Certenducted a study determinghe
effectivenes ofdifferent milled rumble strip depthgith appliedchip seakurfaces. The
study also evaluatetie effectiveness of chigealed rumble strips in termsaiérting
vehicle driverslit was concludethat there is no significant differenicethe efficacy of
therumblestripto alertdrivers, providedtherumble stripwas reduced no more than 41/8
inch depth after the application thfe chip sealTufuor et al. 2017)

2.3.7.3Micro-Surfacing and Ultra-Thin Asphalt Overlays

Micro-surfacing is a processmilar toaslurry seal, typicallyhe application of an
asphaltic mixtureonsisting of asphalt emulsion, water, finerustedaggregates,
polymers, and chemical additives. The major difference between-sudaxing and a
slurry sealor chip seglis thecuring mechanismMicro-surfacing hardens quicker than a
chip seal due to theresencef chemical additives the mixture Micro-surfacing and
ultra-thin hotmix asphalt overlays can fill in ruts angimble strips on existing
pavementgFHWA, 2016) Micro-surfacing is both cosffective and efficient for
reopening roadwaye traffic after2-3 hours of application. Micrsurfacing can also be
applied in adverse weathewnditions and requirasinuteenergylevelsto apply.
According to FHWA milled-in rumble strips can b@stalledinto pavementpreviously
treated withmicro-surfacing or ultrahin hotmix asphalt overlaywithout significant
delamination occurrinFHWA, 2016) Whereas for chip seals, milled rumble strips
should be installed before application of the surface treatment.

Thereare no research studies in the literature quantifyingén®rmance benefits of
usingmicro-surfacing or ultrathin overlay surface treatmerda pavements witlCLRS.
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According to researctonductedy TXDOT, microsurfacing can be installed with a
minimum thickness of approximately ltifhesthe nominal maximum aggregate safe

the asphalt mixtur@Vest et al. 1996)n NCHRP Synthesis 411, the miesarfacing
thickness can be two to three tisibe size of théargestaggregatéTransportation
Research Board, 2010)hemostcommon thickness formicro-surfacing treatment is
typically aboutt i nc h. Si nc e r@bl®Strip designudepteguimements
ranging fromY2to e inch, multiple micresurfacing lifts would have to be placed to avoid
infiltration and deteriorationf the pavemenrdfter theinstallation of rumble strips.

Further evaluation and scientific dateeneeded to identify whether miesurfacing and
ultra-thin overlays provide beneficial impaas the performance of CLRS.

24 USE OF FINITE ELEMENT ANALYSIS FOR RUMBLE STRIP
PERFORMANCE EVALUATION

Finite Element Analysis (FEA¥ a numericainodeling processonstructed bgovering a

virtual material with a mesh with finite poinfsalled nodesin a computer simulation. Properties
of the material are generally modeled by conducting laboratdiigld experiments and entered
into the software by following a complex equation system. By modeling the behavior of the
material, the changes in the pssties €.g.,changes ideformation, temperature, moisture,
noise, etc.) of all nodamder different external factors.§.,vehicularloadng) are calculated
and reportedOnce the model has been develodelA allowsmultiple scenarios to be
tesedsimulatedin a shorttime periodandwith minimal effort and costlInput parametersf the
FEA model can be correlated with tahtoryor field performance data girengthen the mods!'
field performanceredictionaccuracy and precisiomn a previous ODOTesearch project,
Kalathas et al. (201@pnducted~EA to quantifythe noise generated kifairee differentlesign
profiles forrumble stripsand compared those outputs to the noise generated by the current
rumble strip designs followed in Oregdrhe threaumble strip desigprofilesevaluated by
FEA are givenn Figure2.13.
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Figure 2.13: Rumble strip designs for FEA of exterior noise generationK alathas et al.
2019)
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By modeling the three design profile categories (Rectified Sinusoidakd@dtal, and Sawtooth)

via FEA, Kalathas et al. (2019) developed and tested 20 different model cases by rolling a
standard road tire on the rumble strip designs. Simulated noise values were extracted from the
models to determine which rumble strip desigag lower exterior noise values while still being
able to alert the driver. Although this FEA model focused on the safety and noise aspect of
rumble strip performance, it also demonstrates that rumble strips could be modeled using FEA
for other analyses (Kathas et al., 2019).

Kim et al. (2017) conducted 2D FEA to determine the impact of CLRS on stress and strain levels

experienced by pavements by comparing model outputs with and without CLRS for composite
pavements (asphalt overlay on top of concrete)candrete pavements. Along with the two
different pavement structures, the study also investigated the impacts of three modified rumble
strip designs shown iRigure2.14, tire footprints with varying widths and pressure distributions,
and two tire | oading scenarios of the CLRS
the developed models were 2D atd not consider the impact of the 3rd dimension on the
pavement response, they can be considered as one of the first comprehensive FEA models
investigating the impact of rumble strips on pavement performance.
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Figure 2.14: Three modified CLRS designs tested by thEEA model developed by(Kim &
Rilett, 2017)

In Figure2.14, thevieweris looking in plan view transverseffong the roadway. This means
traffic is movingfrom left to right (orvice versj The modified designs utilize rumble strips on
either side of the longitudinal joint, and 3 sets of rumbles are shown to deat®ualstensions.
The finite element models in the study were developed to focus on thettegh gradient zone

in the center of the pavement at the surface layer where the CLRSs are placed, as shown in

Figure2.15below.
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Figure 2.15: Finite element mesh crossectional profile of the composite pavement
structure (Kim & Rilett, 2017)

As seenirFigure2.15, t he | ower pavement | ayersd mesh
mesh. With the model focusing on attempting to understand damage potential and pavement
responses around CLRS, model accuracy around the upper layers is more important than the
battom layers of the structuf&im et al., 2017)Also, two different tire loading scenarios were
employed irnthe FEA, one scenario placing the tire in the middle of the CLRS and the other
placing the center rib of the tire on the right edge of the C{®8 et al., 2017) The tire pattern

and loading scenarios used for the FEA are showigure2.16.

Load #1 Load #1

Figure 2.16: Position of two tire loading scearios used in the Nebraska studyKim &
Rilett, 2017)

The two tire loading scenarios figure2.16 weresimulatedon the three modified CLRS
designs, the current CLRS desigength-8 0, wdiod,t ha n-@ . dadg without a CLRS
(control casejSeeFigure2.14for all three evaluated CLRS designis) both loadingscenarios,
the case without a CLRS had the lowest stress véies& Rilett, 2017) as epected The
currentCLRS design hadh higher stresdistributionthan the modifie€CLRS designs with the
highest stress levelging observed usually in the corners of the CI(RiS & Rilett, 2017)

Zoomed in images of the stress profiles at the corner/edge of the CLRS modeled in the study for

both tire loading scenarios are showrrigure2.17.
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Figure 2.17: Zoomed-in views of CLRSedges/corners: (a) 2 loading, (b) 2! loading (Kim
& Rilett, 2017)

Stress ratio

Kim et al. (2017)givesthe stress ratio percentages-igure2.17 for each modified CLRS

design with the reference case being the current CLRS design for a composite paverheth

tire loading scenarios, the second modified design ffgure2.14( 66066 0 wi t h 0. 50
experienced the lowest amount of stress contptaréhe reference case. Tieviously

mentioned modified CLRS design experienced about half the stress for both tire loading
scenarios when compared to the reference CLRS design. Also shbigaie2.17, each

modified CLRS design had a lower stress ratio percentage compared to the reference CLRS
design for both center and edge tire loading. However, these modified CLRS designs have not
beentested andalidated by labratoryand field testing to determirvehetherthese new design
could reduce pavement damggém et al., 2017)Functionality in terms of safetyasalso not
tested or evaluated in the study.
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30 FI NI TE ELEMENT MODELI NG FOR CE
RUMBLE STRI PS

3.1 INTRODUCTION

In this study 3D dynamicviscoelastic FEA modeling was used tmglate loaded truck tires
rolling on the pavement surfaeseth CLRS to determine the stress, straand displacement
response of the pavement structure under different condifibismodel is the first 3D FEA
model in the literature for rumble strifizr structural response evaluatidviodel details,
experimental factorial, and results are given mfttiowing sections.

3.2 MODEL METHODOLOGY

A 3D dynamic implicit FEA model was developed to determine the stress, sind

displacement response offdifent CLRS strategies to truck loading on asphalt pavements.
AbaqusTM software was used for the development of the FEA models. The FEA mesh consisted
of Lagrange elements with modified secerder interpolation functions. Tetrahedral elements
were usedd accommodate the compact geometry at rumble strip corner points. The selected
elements employ full numerical integration using the method of virtual work.

In the finite element model, an asphalt layer was placed on top of an aggregate base with an

Ai ntffeani(5 meters [16.4 ft] thick) subgrade ber
input parameters are givenTiable3.1. In order to characterize the viscoelastic behavior of the

stiff and soft asphalt layers, the generalized Maxwell model was used in this study to simulate

the time dependency of asphalt materials used in the surface layer. The model consists of two
basicunits, a linear elastic spring in series with multiple Maxwell elem@ugeri and Harvey,

2013)

Mathematically, the behavior of this model follows the Prony series and is described as:

Zla

F4 fm Tm

(3-1)
where;

O is the equilibrium modulus of the elastic spriand? are the relaxation modulus
and relaxation time of th& member among n Maxwell elements.

The viscoelastic behavior of two stiff and soft asphalt matesiatcharacterized usindné
falling weight deflectometer (FWD) test (a rdastructive field test to determine material
properties through baealculation) results from two pavement sections (one with stiff and one
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with soft asphalt layers on the surface). Using the relaxatiaulug outputs, the constants of
the Prony series were backlculated and then imported into the finite element models as the
inputs to model the asphalt behavi@oleri and Harvey, 2013fEstaji et al., 209) (Harvey et

al., 2016)

The temperature dependency of the asphalt mix was defined by using the Wiillinded Ferry
(WLF) equation, given as follow&erry, 1980)

J J
7 "l‘ ‘jfl‘%f F 'I| 'I|>-I

R
(3-2)
where
ar = the timetemperature shift factor,
C. and G = regression coefficients,
Tret= the reference temperature, and
T = test temperature.

To optimize the regressiaoefficientsC, and G, the shear modulus data were first fitted to a
sigmoid function, in théorm of:

1+ exp(b + glog(x))

log(G(x)) =d+

(3-3)
where

Lhrir AT ¥A= regression coefficients, and
c=reduced ti me.

Shift factors were calculated by fitting the measured or4satdulated modulus to the sigmoidal
function (Eqn.3-3). Finally, the dynamic modulus master curve for each section was obtained by
processing the test results for the stiff and soft asphadtrialst Backcalculated input

parameters for the finite element model development are givEabie3.1.
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Table 3.1: Finite Element M odel I nput Parameters for Soft and Stiff Asphalt L ayers(Estaji
et al., 209

Material | Longterm |Poi s § Density Viscoelastic WLF model
elastic ratio [Tonne/mm?3] | model inputs coefficients
modulus P W | Trf| Ci Co
IMPa] ,, :

Soft | 2,447 0.35 2.3E09 0.28 |6.4E 19 | 11.03] 123.81

Asphalt 05

0.31 0.01
0.17 2.6E
07
0.14 1.33
0.08 152.31
Stiff 20,414 0.35 2.3E09 0.21 4.6E 19 |16.17| 283.73
Asphalt 05
0.23 0.003
0.15 3.9E
07
0.25 0.18
0.15 71.2

In the developed viscoelastic FEA model, linear behavior was consi@enatl strain domain).

No nonlinearity (fatigue, permanent deformations, and cracks) was taken into @ocmatuice

the model details to achieve reasonable model run ti&mesilating cracking and permanent
deformation in an FEA model is not common ameéxpected to increase the modeltinme
significantly. The boundary conditions along the edges of the model allowed for movement in
only the vertical direction. The boundary condition at the base of the model fixed the
displacements/rotations for all dations (encastre). Complete bonding was assumed between the
different pavement layers. An unconstrained longitudinal joint was included in the models to
simulate an unbonded joint. Due to considerable stress concentration in the asphalt layers, half
lanewidth models were developed to reduce the computational running time. The total FEA
model length was 4.9 meters (16 feat)d the width was 3.8 meters (12.5 fe€hje FE model
developed in this study was not calibrated with figldasured pavement resges, but the
comparisons between evaluated cases and their impact on the strain with respect to each other
should be close to reality.

The tire was represented by an extremely stiff block with s#mcular ends. The utilized shape

was selected forsimglii ty, to avoid the tire Afallingodo in
edges to reduce contact errors in the FEA model. In order to simulate moving loads in the
viscoelastic FEA model, a velocity boundary condition was applied to the loadingdody t

simulate the constaisipeed passage of axles over the pavement section (dynamic loading). The
loading body permitted movements only along the vertieatig and the Jaxis for the specified

velocity boundary condition (no rotations). The projected acaqeessure from a tire was

applied to the simulated tire shape. The distribution of contact pressure on the tire was assumed

to be constant and uniform. The square loading area was approximated as the ratio of tire load to
pressure. Additionally, the meslas refined under the wheel path to improve the accuracy and
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precision of the model outputSigure3.1 shows a typical model structure with 16 centerli
rumble strips and a dual tire tandem axle loading configuration.

16 Rumble Strips
Tire Load

Asphalt Concrete Base

Subgrade

Figure 3.1: FEA model structure

Moving tire loads in the FEA model were selected based on the axle configuration of a typical
Class 2ruck with one steering single and two dual tandem axles (8 tires on one axle). Truck tire
pressure was assumed to be 725kPa (105psi). The spacing between dual tires was assumed to be
360 mm (14.2 in)and the spacing between tandem axles was assumed ®78emm (54 in).

Figure3.2 shows the loading configuration of the Class 9 truck used in the factorial for model

development.
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Figure 3.2: Loading configuration for the Class 9 truck; lengths are feet and inches, and
circled axle weights are givenin poundé i Sled Sue Per mit Program Ma

3.2.1 Sensitivity AnalysisT Finding the Optimum Mesh Size and Loading
Time Increment; Determining Critical Load Case

A mesh sensitivity analysis was performed to determine the optimum mesh density and number

of step increments. A coarse mesh is one with a limited number ofdargelementsyhile a

fine mesh consists of numerous small elements. The number of step increments describes the rate
at which a tire load moves across the FEA model. A large number of increments corresponds to a
tire load moving very small distances at a time, whitesieincrements mean a tire load travels

longer distances at a time. The goal of the mesh sensitivity analysis was to find the balance
between a fine mesh with many increments (longest model runtime, highest level of detail)

versus a coarse mesh with minimmecrements (shortest model runtime, lowest level of detail).

Trial meshes were examined using coarse, medium, and fine meshes with 2,000, 6,700, and
8,700 elements, respectively. Trial time increments of 50, 100, 150, 300, and 450 were also
assessed tdetermine the optimum time increment that will provide the most accurate model
outputs with a reasonable model runtime.

Figure3.3 shows the vertical dacement profiles using various loading time increments for a
base corner point of a m&kction rumble strip with a standard (coarse) mesh. The base corner
point corresponds to the node located along the asphalt surtaeeaitner of the deepest point

of the rumble stripFigure3.4 demonstrates the vertical displacement profiles for varying mesh
densities for a base corner point of a séttion rumke strip with 150 increments.
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Figure 3.3: Mesh sensitivity analysig Time step increments
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Figure 3.4: Mesh sensitivity analysis Mesh density
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Optimal mesh density and time step increments correspond to the point at which convergence
occurs. This is the scenario in which smaller time increments and a finer mesh structure will not
provide significantly different outputs. The sensitivity analyssuited in the coarse mesh with

150 increments chosen as optimal. Over the course of model development, the selected number
of time step increments was increased to 200, and minor mesh density modifications were made.
Figure3.5 andFigure3.6 display the typical meshed model structure.

Figure 3.5: Meshed model structure in Abaqus Traffic flows in the X direction

Figure 3.6: Meshed model structure in Abaqus’ Closer view with rumble strips and
applied whed loads
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Five tire orientations of a typical Class 9 loaded truck were examined to create the maximum
impact on the rumble strip structure. The five orientations were Middle Single, Edge Single,
Middle Dual, Edge Dual, and Adjacent Dual, as demonstratEgyure3.7. Middle Single and

Edge Single cases correspond to the front axle tire running directly over the rumble strip or along
the edge of the rumbkrip. Middle Dual, Edge Dual, and Adjacent Dual cases correspond to the
rear dual tandem axles running with both tires centered over the rumble strip, one tire directly
over the rumble strip, or one tire along the edge of the rumble strip, respectiniglyh©tire
orientation and axle loading were varied among the strategies analyzed. The maximum principal
stress was utilized to determine the critical loading scenario. This value was extracted at the
critical node along the asphalt surface at the-sattion rumble strip in each model. The critical
node was the nodeith peak stress among all time step increments. These results are given in
Figure3.8.
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Middle Singlei View 2

iddIe inIe'|' View 1

Ed SinIéView 1 Edge Singlé View 2

Middle Duali View 1 Middle Duali View 2
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Edge Dual View 2

Ed Dual iew 1

Adjacent Dual’ View 1 Adjacent Dual View 2
Figure 3.7: Critical load cases- Tire orientations
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Figure 3.8: Critical load casei Maximum principal stresses
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Based on the results of the analysis, the two criticabrientations for FEA modeling were
selected as Middle Single and Edge Dual cases.

3.2.2 Modeling Factorial

Several factors were considered in the numerical modeling factorial to assess the structural
response under different conditions, which included dgpeenperature, asphalt layer stiffness,
rumble strip depth, rumble strip type and geometry (rectangular versus sinusoidal, conventional
versus modified), tire orientation, sinusoidal wavelength, and longitudinal joint loe@tion

respect to CLRSTable3.2 throughTable3.4 show the FEA numericdhctorial that was

followed in this study. A total of 72 FEA models were developed with typical runtimes of
approximately four hourfor each modelutilizing a computer with 12 logical processors and 32
GB of memory.

Table 3.2: Numerical Modeling Factorial 1 Rectangular CLRS M odels

Factor Subcategories

Speed 4828 kph, 96.56 kph (30 mph, 60 mph)
Temperature 25°C (77°F)
Asphalt type Stiff, Soft

Depth Deep (15.88 mm [5/8 in]), Shallow (12.7 mjfi2

in]), Very Shallow (6.35 mm [1/4 in])
CLRS Geometry Conventional (40.64 cm x 17.78 cm [16 in X 7 in]),
Modified (20.32 cm x 17.78 cm [8 in X 7 in])
Tire Orientation Rear dual tandem axle
Tire and CLRS Location | Over joint
Adjacent to joint

Table 3.3: Numerical Modeling Factorial 1 Sinusoidal CLRSM odels

Factor Subcategories
Speed 48.28 kph, 96.56 kph (30 mph, 60 mph)
Temperature 25°C (77°F)
Asphalt type Stiff, Soft
Depth 12.7 mm (1/2 in)
Wavelength 355.6 mm (14 in), 609.6 mm (24 in)
Tire Orientation Rear dual tandem axle

Tire and CLRS Location | Over joint
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Table 3.4: Numerical Modeling Factorial T Control Models(No rumble strips on the
pavement)

Factor Subcategories
Speed 48.28 kph, 96.56 kph (30 mph, 60 mph)
Temperature 25°C (77°F)
Asphalt type Stiff, Soft
Tire Orientation Rear dual tandem axle
Front single axle
Tire Location Over joint
Adjacent tgoint

Stiff and soft asphalt layer inputs ayj@en inTable3.1. The tire orientation described Trable
3.2throughTable3.4 is the critical dual tire orientation shownkigure3.8 and is labeled Edge
Dud in Figure3.7. The single tire orientation was excluded from @nalysis inTable3.2 and
Table3.3, as digussed in Section 3.3.1 belowhdred lines irFigure 3.9show the locationof
the longitudinal construction joint with respect to the rumble strips
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(a) Rumble strips and tires over longitudinal joint

(b) Rumble strips and tires adjacentdagitudinal joint
Figure 3.9: FEA rumble strip locations with respect to longitudinal construction joints

Conventional ODOT rectangular rumble strips (40.64 cm x 17.78 cm [16 in X 7 in]) and
modified rectangular rumble strips (20.32 cm x 17.78 cm [8 in x 7 in]) referenced for FEA
modeling are shown iRigure3.10 andFigure3.11, respectively.
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Figure 3.10: Conventional rectangular CLRS, 40.64 cm x 17.78 cm (16 in X 7 in),
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Figure 3.11: Modified rectangular CLRS, 20.32 cm x17.78 cm (8 in X 7 in), dimensions in
inches( A ODOT Standard Details | Traffic 4

Typical sinusoidal rumble strips referenced for modeling purposes, as well aserben

views of the sinusoidal CLRS, are showrFigure 3.12 anérigure 3.13 Wavelength refers to

the spacing from rumble strip petikpeak in the sine wave function, where 40.64 cm (16 in) is
typical, as shown ifigure 3.12 The FEA models simulated 35.56 cm (14 in) and 60.96 cm (24
in) sinusoidalvavelengthdo deermine the impact of higher and lower wavelengths.
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Figure 3.12 Sinusoidal CLRS, dimensions in inchegHurwitz et al, 2019
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a) 35.56 cm (14 in) wavelength cressction

(b) 60.96 cm (24 in) wavelength cressction
Figure 3.13: Sinusoidal CLRS crosssection viewsrom the developed FEA models

3.3 MODELING RESULTS AND DISCUSSION

Among the factors included in the modeling factorial of Section 3.2.2, three additional
components influenced the modeling results. Thesktional influencindgactors include:

1. The viscoelasticity effect,
2. dynamic loading effect, and
3. vibrational effect.

The viscoelastic effect (Section 3.2) is a complex interaction between temperature and loading
rate that impacts the viscosity and stiffness of asphalt concrete material. In the finite element
modeling, this viscoelastic effect showed itself in high tentpegaand low tire speed cases,
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which corresponded to lower asphalt stiffness and greater displacements. Conversely, low
temperature and high tire speed cases corresponded with higher asphalt stiffness and less
displacement.

The dynamic loading effect is¢hncreased impact loads applied to the pavement structure due
to highspeed interaction between the vehicle suspension systems and rumble strips. This
dynamic loading is relatively minimal on a smooth roadway but increases drastically as a

v e hi c |estérssa rumble strip groove. In the finite element modeling, this suspension effect
was captured by the front edge of the tire load plate impacting the front edge of a rumble strip,
rebounding from the impact, then returning to the pavement surfaceyiamid loading effect

was greater at higher speeds (increased noise in the displacement outputs), as Bigus in
3.14for 48.28 kph (30 mph) and %& kph (60 mph) cases.

Vertical Displacement (mm)

Time (s)

(a) High speed, 96.56 kph (60 mph)

Vertical Displacement (mm)

Time (s)

(b) Low speed, 48.28 kph (30 mph)
Figure 3.14: FEA dynamic loading effect
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Figure3.14 demonstrates the vertical displacement profile for a critical node on the front edge of
the midsection rumble strip. The portions of the displacement curve circled in red correspond to
the inpact of the tire load plate upon the front edge of the rumble strip. The larger displacement
spikes observed for the higipeed model compared to the {espeed model show the dynamic
loading effect.

The vibrational effect is related to the movement ottitieeload plate along the asphalt surface.

In finite element modeling, the dynamic implicit model type was used. The model does not
function such that each time increment is solved as an individual matrix of equations, unrelated
to the results of the premiis increment. Instead, matrices are directly influenced by the results of
the previous increments. Tiphienomenon allowed the tire load plate to be continuously pushed
along the surface of the asphalt concrete. The combination of this motion, the modeled
viscoelasticity of the asphalt concrete layer, and the speed of the tire load created a vibrational
response throughout the models.

The viscoelasticity effect, dynamic loading effect, and vibrational effect were present in all
models of the testing factiat. One effect was typically dominant in each model and as described
previously, the controlling effect depended primarily upon asphalt stiffness, speed, and
temperature. The impacts of the viscoelastic, dynamic, and vibration effects give insight into th
variations observed in the modeling results and are discussed in the remainder of this section.

Maximum principal stress and elastic strain outputs were extracted from models in the factorial.
Stress and strain outputs were taken for all nodes withiwittth and depth of the asphalt layer.
Results for a distance equivalent to three rectangular CLRS on either end of the model were
excluded to avoid any edge effects in the model outputs. From the output data, the average
maximum principal stress and elasttrain of the peak 10 nodes (critical nodes) were extracted.
Results for the peak 10 nodes were used to capture the critical stress and strain in the models.
These critical values mark the onset of cracking in the asphalt layer and are assumeddo indica
the pavement s structur al perfor mance. It sho
surfaces controlled the critical strain outputs by creating higher dynamic impact loads on the
rumble strips. For this reason, peak strains due to these dyioahscare significantly higher

than the typical strain levels used for pavement dgsigout 3640% higheraccording to Cebon
(1986)) which are extracted from linear elastic theory and FEA models without any dynamic
components. It is assumed in this sttigdat those high critical dynamic impact loads as a result

of the extremely rough nature of the rumble strips created early age cracking and failures along
the rumble strips on roadwaysgure3.15 displays the typical nodes in the asphalt layer utilized
for output extraction.
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Figure 3.15. Nodesalong the wheel path utilizedfor stress and strainoutput extraction

3.3.1 Results for the Control Models (No CLRS)

Maximum principal elastic microstrain outputs for control models (models with no CLRS) over
the longitudinal joint are shown Figure3.16.
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Figure 3.16: Control case (no CLRS)at 25°C with dual tires passing over the longitudinal
joint - High and low speeddor stiff and soft asphalt models 1 mph = 1.61 kph

It can be observed froffigure3.16 that greater speed is creating slightly higher strain outputs
for both comparison®lthough the viscoelastic response of the asphalt material should result in
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higher strain values for the slow 48.3 kph (30.0 mph) cases, the dynamic load effect is
dominating the viscoelastic response and resulting in higher stdaiesvfor the cases with

higher speed levels (96.6 kph [60mph]) due to the higher dynamic loads experienced by the
pavement at greater speedmong the stiff asphalt layer models, average peak microstrains for
the highspeed cases are 5% higher than trarslevels for the slower speed level (mostly due

to the dynamic loading effect). It can also be observed that soft asphalt results in 259% more
strain than stiff asphalt for the cases with tires passing on the longitudinal joint.

Figure3.17 shows thempact of axle type on the overall strain response.

1600
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Figure 3.17: Control caseat 25°C with soft asphalt layer- Impact of axle type on maximum
principal elastic microstrain response 1 mph = 1.61 kph

It can be observed iRigure3.17 that the dualire scenario results in greater maximum principal
elastic microstrain outputs in the asphalt layidre total load applied by the four tires in the dual

tire with tandem axle scenario was 75.6 kN (17,000 Ibs), and the total load applied by the single
tire in the front axle scenario was 26.7 kN (6,000 Ibs). The higher total load, load interaction due
to spacing between tires, and the smaller tire footprint in the dual tire scenario led to higher
critical microstrains.

Maximum principal elastic microstraimutputs for control models adjacent to the longitudinal
joint are shown irFigure3.18.
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Figure 3.18 Control case at25°C with dual tires passing adjacent to the longitudinal joint-
High and low speeds for stiff and soft asphalt modeld mph = 1.61 kph

It can be observed froffigure3.18 that the soft asphalt models have 262% higher average

elastic strain values than the stiff asphalt mod&scomparing the strain outputs for the control
models loaded with the dual axle o¥ke longitudinal joint to the models loaded with the axle
adjacent to the joint, it can be observed that the models loaded over the longitudinal joint have
5% higher elastic strain on average due to the proximity of the axle with respect to the joint. It
was also determined that the control models with no CLRS had significantly lower (214%)
critical microstrains than the models with rectangular and sinusoidal CLRS, which are presented
in the next section.

3.3.2 Results for the Models with CLRS

Figure3.19throughFigure3.22 displaythe maximum principal efdic strain outputs for models

with CLRS in the mmerical modeling factorial. Figures for maximum principal stress were not
included since the principal elastic strain parameter is expected to represent the cracking
susceptibility of the asphalt layerhile stress is expected to be highly controlled by the applied
truck loads and less affected by the asphalt layer properties. Elastic strain is a function of both
load and displacement and serves as an effective measure of pavement structural performance
and cracking resistanc@xles with dual tires are used for all models in this section since they
were determined to provide higher (more critical) strain levels according to the simulations with
the control models (sddgure3.17). Figure3.19 displays thenaximum principal elastic

microstrain output$or rectangular CLRS ovehelongitudinal joint
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Figure 3.19: Rectangular CLRS overthe longitudinal joint, 1 inch (&) = 2.54 cm andlL mph
=1.61 kph

It can be observed froffigure3.19that the models with soft asphalt layers have average strain
levels 421%higher than the models with stif§jphalt layers. Softer asphalt concrete more easily
deforms under loading and, as such, observes greater increases in recoverable strain.

Deeper CLRS provided slightly more strain for hgpgeed levels, which points out the benefits

of reducing CLRS depthnoasphalt layer performancehis was an expected result since thicker
CLRS depths reduce the pavement's thickness and provide less resistance to vehicular loads.
However, when the speed was reduced from 96.6 kph (60 mph) to 48.3 kph (30 mph), this
benefitof CLRS depth diminished. This result is due to the dynamic loads applied in the

developed FEA models. Since the asphalt concrete layer was modeled as a viscoelastic layer, it is
expected to have significantly higher strain levels at lower speeds. tioaddigher vehicle

speeds created higher dynamic loads in many cases, which increased the strain levels in models.
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Since these two mechanisms are working inversely at slower speeds, the impact of CLRS depth
on strain is reduced because of the reductidhe dynamic loads at lower speed levels.

For instance, when the speed is low (48.3 kph [30mph]), the case with 6.35 mm (1/4 in) CLRS
depth provides very low vibrations and dynamic loads in the model due to the lower roughness
of the CLRS and the slow spi The reduced dynamic load impact under these conditions

allows the viscoelastic effect to dominate and results in a higher strain level for the models with
shallow CLRS at slower speeds. For this reason, when the results for soft asphalt models for 96.6
kph (60 mph) and 48.3 kph (30 mph) speed levels were checked, it can be observed that
decreasing speed results in lower strain levels for the deep (15.88 mm [5/8 in] and 12.7 mm [1/2
in]) CLRS models due to the reduced dynamic eftdotvever, there ian increase in strain

level with decreasing speed for the model with shallow (6.35 mm [1/4 in] deep) CLRS, due to
the dominating viscoelasticity effect at slower speeds (since the dynamic load effect is less
significant because of lower roughness on ttadlelw depth CLRS).

Although, on average, the deepest rumble strips had the highest critical microstrains, it is not
possible to concludigom the FEAthat reducing CLRS depth can reduce critical strain levels

and reduce CLRS cracking when it is installedlee construction jointlowever, this

conclusion changes when the results for the CLRS installed adjacent to the construction joint
were analyzed later in thgection(shallow CLRS provides less strain and ultimately better in

situ performance)lhe mirimal difference in critical microstrains between 48.28 kph (30 mph)

and 96.56 kph (60 mph) models can also be explained by the counteracting impacts of dynamic
loading, and the viscoelasticity effects explained in the previous paragigptre3.14 shows a

visible dynamic effect upon displacement values due to speed, and this trend was slightly visible
with 3% higher peak microstrains for the higfreednodels.

Overall, models with modified CLRS with smaller milled surface area (20.32 cm x 17.78 cm [8
in X 7 in]) provided 4% lower elastic strain values than those with conventional CLRS (40.64 cm
x 17.78 cm [16 in X 7 in]). The comparison between modified andectional CLRS models
showed a small difference because the tire load distribution was equivalent between the model
types. The distribution of maximum principal elastic microstrain is visibkegare3.20 (critical
strains concentrated primarily at tire corner points).
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a) Modified CLRS
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(b) Conventional CLRS
Figure 3.20: Distribution of m aximum principal elastic microstrain

Maximum principal elastic microstrain outputs for sinusoidal CLRS over the longitudinal joint
are shown irFigure3.21.
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Figure 3.21: Sinusoidal CLRS over the longitudinal joint, 1 inch @ = 2.54 cm andlL mph =
1.61 kph

It can be observed froffigure3.21that a higher speed level is creating slightly higher peak
microstrains (5% higher on average). Greater peak microstrains for higher speed models were an
expected trend, and the relationship was stronger when compared to rectangular CLRS models
over the bngitudinal joint. There was no significant trend between the responses for short and
long wavelength models, while shorter wavelength provided slightly less strain distribution along
the longitudinal joints (3% lower on average). It is likely that theeri@pacing between CLRS
peaks in the shorter 355.6 mm (14 in) wavelength models resulted in a hydroplane effect where
the tire load moved primarily along the peaks of the rumble strips. In the 609.6 mm (24 in)
wavelength models, it was observed that ifgereached lower into the rumble strip groove than

in the 355.6 mm (14 in) wavelength models. This factor could be causing increased dynamic
loading and higher peak microstrains for longer sinusoidal CLRS wavelengths.

It is important to note that by comjuag the strain outputs for the rectangular CLRS models to
sinusoidal CLRS models (both with rumble strips directly over the joint), on average 35% lower
peak microstrain can be observed for the sinusoidal CLRS models. This important conclusion
points outthe benefits of using sinusoidal rumble strips on roadways to reduce cracking. The
sinusoidal shape of the rumble strips reduces the critical strain locations by avoiding sharp
corners and edges. Maximum principal elastic microstrain outputs for recta@gi& adjacent

to the longitudinal joint are shown Figure3.22.
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Figure 3.22: Rectangular CLRS adjacent to longitudinal joint, 1 inch (@) = 2.54 cm andl
mph = 1.61 kphi M: Modified; C: Conventional

It can be observed frofigure3.22 that unlike the models with rectangular CLRS over the
longitudinal joint, the models with rectangular CLRS adjacent to the longitudinal joint
experienced greater changes in trends with modified versus conventional CLRS, deep versus
shallow rumble stps, and high versus low speed. The madgputs showrmn Figure3.22

provided 27% greater average peak microstrains for modified CLRS cohgpared to

conventional CLRS. Additionally, the deepest rumble strips had 20% greater microstrains than
the shallow rumble strips. Also, higher speed models observed 8% higher microstrains than low
speed models due to the dynamic load effect. Companexttangular CLR&djacent tdhe
longitudinal joint, 27% higher average peak microstrains for models over the joint were
observed. This result indicates the benefits of avoiding the construction joints (when possible)
when installing CLRS. Due to the wesa nature of the construction joints (not having proper
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