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EXECUTIVE SUMMARY

NCDOT manages the annual Highway Safety Improvement Program to address crashes in the
following emphasis areas: lane departure, frontal impact/intersection, and pedestrian and bicycle
crashes in an effort to reduce crashes by the installation of safetyvienpent countermeasures

at locations with patterns of correctable crashes. Lane departure crash patterns can be identified
in various ways with one of the methodologies being an increased frequency of lane departure
crashes and/or crash rates duringmwatl conditions. Lane departure crashes and crash rates may
increase when the surface is wet because skid resistance can be affected and reduced under these
conditions.The precise loss skid resistances dependent on many factors, but the consensus
among experts is that pavement friction and macrotexture are important factors. Although the
NCDOT actively addresses skid resistance issues as they are identified, recent studies have shown
that friction and more notably macrotexture, are negatively affected when the pavements are
newly overlaid. While the current studies have successfully identified the potential for issues in
recently overlaid projects, they have not yeovided the DOTwith pavementfriction and
mecrotexture performance modelThat is a function or set of functions capable of capturing and
guantifying the magnitude of the change due to an overlay and the-tengetemporal changes

in friction and macrotexture over the lifetime of the pavement surface. Without these pec®rman
curves it is difficult to impossible to identify performance thresholds, limits on friction and
macrotexture that warrant investigation or intervention, and subsequently maitdige
performance across the roadway network.

With respect to this needhree specific objectives were set for this reseat¢hcharacterize
friction and texture performance models p2ypposdfriction and texture performance thresholds,
and 3) identify asphalt mixture compositional factors that affect ttoe@structed macrotexture
and friction.

To develop friction and texture performance models, observationsHHOMA/NC 202011 and
datacollected in the current effowere combined and organizedtimo main groupsThirty-six

sites inGroup-1 were primarily usetb describe the early friction and texture developnmEmse
siteshad received a surface overlay at some point between the end of 2019 dtedomD22

and were evaluated around that same tidrehundred seventeen sites in Greuwere usedo
describe the longerm friction and teture development; therefore, these sites were rehabilitated
prior to 2018 andvere more than three years olebntinuous friction measurement equipment and
a highspeedtexture profilerwere used to characterize friction and texture, respectiVelkyse
observations were collected in the outermost lane, both in the right wheel path and in the center of
the laneAll the observations were collected after construction in both site groups,i3&noup

1 sites a measurement was collected before the asptealay was placed. Also, a set of field
cores were extractddom 13 Groupl sitesand transported to the laboratory to get static friction
using a British Pendulum Tester and texture scans agiAlIES 9500 rapid laser texture scanner.

The comparison of the laboratory and the field observations collected before and after the overlay
has shown, at | east I n t h thattbeaesisestroad evidemce that Car
texture reduces after an asphalt overlay. This reduction was 55% on average and observed to be as
high as 73%. On the other hand, the effect of asphalt overlays on friction is not clear because half

of the sitesevaluatedshowed an average reduction of 17%, whereas the other half showed an
increase of 19%.



Two setsof models weredevelopedto predict the initial friction and texture as a function of
mixture compositionThe first set can be used to predict the average representative friction and
texture in the field basedn the asdesigned mixture composition. It was found that Mean
Profile Depth(MPD) can be estimated using the gradation coefficient of curvaturéhangbids

filled with asphalt In the case of friction, the proposed model indicates that friction is affected by
the skewness of the texture profile and the interactiasifialt content and tipeoportion of fines

in the mix

To model friction/texture performance, the measurements collected in the center of the lane (CL)
and right wheel path (RWP) were compared to evaluate if they were statistically different. The
statistical comparison indicated that overall, theanfriction values recorded in the CL were
different than those collected in the RWP. The analysis showed that CL values were higher than
the RWP values in 70% of the 251 comparisons evaluated. For texture, the statistical comparison
suggested théMPD there was no clitative or statistical evidence that indicated M&D
observations from the RWP were lower than the CL. Hence, seasonal models were calibrated only
for friction and these models were used to remove seasonality from RWP records. Once seasonality
is removed from the RWP records these were used to calibrgierfoemance models.

Mixed effect (random/fixed) modelsvere usedto account for the unobserved random
heterogeneityin friction and texture These random parametevgere coupledwith fixed
parameters that capture consistent deterioration patterns as a function of the trafficlieadts,
and surface typ&kandomneswasassumed to manifestihe initial friction and texturand occur
due tovariability that results fromdifferent mixture volumetrics and construction quality of
pavementsn the same family

The model validation showethat the proposed performance modebn capture individual
deterioration trensl The random effect in the intercept seehto capturethe majority of the
deterioration trend at each siféhe proposed expressions to prefficin mixture compositiothe
initial friction and textureafter an overlaycan be used to approximate the random effect in the
intercept. Thdriction performancenodel suggested the same friction rate of deterioration should
be used across families, whereas different rates must be condletedture with the faster
deteioration observed in the pavements located in the coastal areas and ddd@rerration
observed for pavemenitscatedin the mountains.

The general methodology to determittee friction and texturénvestigatory thresholéhcluded
the following steps: 1) characterizifigction and texture at a network leyél) identifying the
safety measure to compare against friction and texturen@elirg friction and texture
performance, 4) applying Method 3 of the NCHR®8 Guide for Pavement Frictipand 5)
evaluating the economic implications of setting an investigatory threshold.

In Step 1, the 10friction percentile and the 80meanprofile depth percentile were used as the
values that represent the available skid resistance on a given pavement. In Step 2, the safety
measure selected was the lane departure wet crash rate in a peried@ith8. Next, in Step, 3

the proposed performance models were used to predict friction and texture values to complement
the available observations. Later in Step 4, friction and texture histograms were estimated and the
aggregate crash rate feach bin was computedhe crash rate variation was used to set the
investigatory values. Finally in Step 5, the North Carolina highway network, the friction and
texture performance models, and a set of maintenance and rehabilitation strategies were used to
estimate the cost/befiteratio of including safety requirements in the pavement maintenance



planning and execution. Two main surface treatments were analyzed, Open Graded Friction
Courses (OGFC) and UltrBhin Bounded Wearing Course (UTBWC).

While the precise cost implications varied by the maintenance scenario evaluated or the interest
rate used, all the combinations showed a bene#t ratio from using the OGFC and UTBWC
greater than oné minimum beneficost ratio of4.5was obtained and the maximum observed

was 12. It must be noted that the economic analysis conducted in this project focused on the
primary economic implications of implementing a pavement friction management program
(PFMP), secondary and tertiary implications (e.g., {tergh administrative costs, environmental
impact, budget allocation, etc.) were not evaluated.

On the basis of these conclusions, the research team recontmefawingwith respect to the
St atebs pavement friction management program

1 For new pavements, itis recommended to collect four equally spaced measurements during
the first year of construction. Thesybsequenmneasurements should be conducted in the
summer.

1 Avoid collecting friction or texture measurements in sites with more than 20 consecutive
dry daysln this situation, there is a greater chancedat and contaminants could affect
friction observations.

1 The highesffriction and textureneasurement frequels should be used imterstates,
US-routes,curves,ramps, andntersections.

1 Friction should be measured atd{ph and 66mph. The 48mph is relevant in ramps and
intersections. The thresholds proposed here were set based on frictiemgit.60

1 For quality control, define a section in North Carolina fiaction and texturedevice
calibration/verification

With respect to pavement investigatory and intervention threshb&sgesearch conducted herein
recommends the following:

1 Macrotexture investigatory level: 0.80 m(specific to AMES AccuTexture 100)

1 Macrotexture intervention level: @&nm (specific to AMES AccuTexture 100)

1 Friction investigatory level specific to Moventor B\V11 at 683mph): 0.57 for norn
interchanges and 0.65 for interchanges, and

1 Friction intervention level (specific to Moventor BM. equipmentat 60mph): 0.43 for
norrinterchanges and 0.49 for interchanges.

The research team also suggests that future work be conducteatdoterizédriction and texture

for other surface treatments, suchmasrosurfacing, chip sealdjamond grindinggrooving,stone
matrix asphalt mixturesetc. The information gained from these surfaces should be used to
evaluate the efficacy of other mitigation strategies.
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1. INTRODUCTION

1.1.Overview

The available skid resistance during wet conditions is one of the major safety concerns for the
North Carolina Department of Transportation (NCDOT). Skid resistance is relevant because it is
a critical factor affecting highway safety during wet conditiddlgd resistancés the force that
develops when a tire that is prevented from rotating (for example when brakes are applied to avoid
a collision) slides along a pavement surfaben skid resistance is higher, the overall stopping
distance decreases, whicaAnchelp to reduce vehicle collisions. However, since many factors
contribute to any single collision, increasing skid resistance does not guarantee a reduction in
collisions.Wet conditions have a negative effect on skid resistance because the water serves to
lubricate the driving surface and thereby redute sliding forces. This lubricating effect is
dependent on many factors including the surface miara macreexture, surface texture
connectivity, tire characteristics, speed, and others. Histlyrithé NCDOThas taken an active

role in identifying and correcting problematic areas by using loekeeel skid tests and other
standard and best practice methods.

Although theNCDOT has been actively addressing skid resistance issues as they are identified,
FHWA/NC 201702 (1) and previous FHWA/NQ@02011 (2) have found that pavement friction

is affected by overlayandthat pavement macrotexturersducedwhen a new surface layer is
placed on a roadway. THEHWA/NC 202011 projectquantifiedthe precise magnitude of this
change andighlightedfactors that are contributing to its longevity lt#snot able to definitively
identify causative factoysnor was it within the scope of that project to characterize
friction/macrotexture performance functions. These functions are necessary to develop a fully
functioning pavement friction management program. Likevilse, FHWA/NC202011 did not

collect sufficient data to make recommendations with respect to the material factors that may
contribute to greater or less impact to friction/macrotexture and thus positively impact roadway
safety. To address this issue, research is needatharacterize friction and macrotexgur
performance models and to identify preliminary thresholds that allow the NCDOT to identify
potential problematic sites.

Based on this needye specific objectives of géhresearch study described in this report@re

1. Characterize friction and texture performance models,

2. Develop friction and texture performano@estigatorythresholds, and

3. ldentify asphalt mixture compositional factors (gradation, asphalt content, presence of
modified versus nomodified asphalt, etc.) that affect the@mstructed macrotexture
and friction.

1.2. Connection of Research to Previous Effort

This research has built upon but does not duplicate the work conducted under FHWA/NC 2020
11. Under that project the research team; 1) evaluated the effect of surface overlays on friction and
macrotexture to confirm the findings from FHWA/NC 26027, 2)estimatedhe traffic repetitions
needed to readhiction equilibrium (T1), and 3) developed a strategy for how to best monitor the
friction and surface characteristics of North Carolina roadways. Some of the models presented in
FHWA/NC 202011 havebeen upated based on the new observations collected in this project
and based on the new modeling techniques that are discussed in this do&meeatelevant in

the results section of this repdtie original and modified models are shown together so that it is



clearly understood which models from thRBWA/NC 202011 project have beesupplemented
by the findings in this study

1.3. Status of the Literature

A summaryreview of the literature pertaining to this project is presented in Appéndixit a
summary othe mostelevant components of this review is presented below.

1.3.1.Friction and Texture Performance

Figure 1 shows the general model that is internationally accepted to represent skid resistance
performance over time or trafffor a new pavement surfaoghich includes three distinct phases
(319). In the initial phase, the skid resistance increases as the binder film covering the aggregate
is removed. After the bituminous film is worn away, the aggregate microtexture is exposed to
traffic and, hence, skid resistance increases. Then, once expogesjates suffer from a normal
polishing process and their friction level reduces. This friction redudiassociated with two
possible mechanismsone is a reduction in the microtexture friction component because
aggregates are polished, and the ath#frataggregates might lose angularity and become rounder.
This rounding reduces macrotexture as well and contributdsetoss of friction. The loss of
angularity and polishing might occur simultaneouskhese processes continue undih
equilibrium phase is achieved where the skid resistance tends towards an asymptotic value.

Initial friction

4+ improvement
I

=

Friction

Polishing Equilibrium

phase

Seasonal
variation

h T2 Time/Traffic
Figure 1. Skid resistance variation with time or traffic.

Once the equilibrium phase is reached (i.e., dgrthe only variation in friction is attributed to
the seasonal fluctuation of temperature and precipitation at the pavement location (if traffic levels
remain constant). This fluctuation is denoted as the seasonal effect.

No consensus exists about the duration of each phase. The time span over which the binder cover
of the aggregates is removed (&gk) depends on the binder type and truck traffic characteristics.

For exampleT1 has been observed to occur at two or three months for-desxdedasphalimixes,

but the first phase may extend throughout the efifieeof a Stone Mastic Asphalt (SMA) mix
surface(10).

Different regression equations have been proposed over the years to describe theduatit
polishing effect (i.e., the phase betweBnand T2). A detailed discussion of these models is
included in AppendidA. These expressions use aggregate polishing resistance properties, usually



expressed in terms of the Polished Stone Value (PSV) and the cumulativeSoaficexpressions
usemixedtraffic volumes others focus on truck traffiakewise, authors like Jayawickrama and
Thomas (11) and Cenek et al.(12) have developed some expressions to describe friction
seasonalitythat use as input variablesf air (or pavement temperature) and the amount of
precipitation.

The general macrotexture performance model is depicteéigare 2, which includes four
componentgl, 2, 4, 8, 9, 13): initial macrotextureNli), equilibrium macrotextureMe), time to
equilibrium (T1), and the harmonic characteristics of the seasonal effect. The general model
suggests that macrotexture is maximum immediately after construction and decreases because of
a densification of the surface due to the traffic repetit{@8s

It is generally accepted and proven that texture values do not vary substantially due to traffic
polishing. It is important to note that other factors may contribute to an increase in macrotexture
during a pavement 06s sieducedracebng and theeloss df sunfacediea mp | e
may increase the surface text(® This process is represented by the line with the positive slope

in Figure 2. Most of the texture performance models presented in the literature are based on
laboratory observatian Raveling and the loss of surface fines may not be replicated in the
laboratory so these effects have not been fully described.
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Figure 2. Macrotexture variation with time or traffic.

Texture changes induced by traffic were studied by Miao ef18].14) who evaluated the
degradation of mean texture depsfiTD) with traffic volume and developed the model structure
indicated in Equatiofil). To develop this model, field tests were conducted seven times in a period
of two years. Two highway sections were included in the field test, covering four surface types.
Macrotexture was characterized using the Sand Patch Test (SPT).

MTD=a Oog( Traffig (1)
where;
aandb = regression coefficients presenteqid).
MTD = mean texture depth measured with a SPT, in mm.



A similar model suggesting thsdTD decays with repeated traffic loading was evaluated by Wu
and Abadig13) who characterized friction and texture in the laboratory and then validated their
results with field observations.

The raveling process, describedrigure2, has been observed by different researcfi&)s This

process starts once the binder has been peeled off from the aggregates, then due to a combined
effect of weather and traffic coarse and fine aggregates are lost. This aggregate loss generates more
voids in the mix and thus increases the textureilprofegularities, which translates into higher
texture parameters. Several field texture observations have been reported as part of the Phase VII
(20182021) of he National Center of Asphalt TechnologfCAT) Test Track findingg15). In

these experiments, a power growth in texture values with respect to traffinitidly observed

after which thetexture stabilizes at a roughlgonstantvalue Interestingly though, in some
locations truck traffic seems to be the causative fadtorraveling whereas otherlocations the

best descriptor is pavement age.

1.3.2.Establishing Investigatory and Interventi®dhreshold

Two forms of minimum skid resistance thresholds are commonly used by highway agencies for
pavement friction management, namely theestigatorylevel and theinterventionlevel The
investigatory threshold value is the higher, and less serious of the two thregodasthe surface

texture and/or friction is ahe investigatory levés) there exists some evidence toaash rates

may be negatively affected by the surface characteristics of the pavéfoemver,since there

are many interacting factorsét contribute to crashes, the criticality of the surface characteristics
being at the investigatory level for any given site cannot be estimated. Hence, there is a need to
investigate the site more closely to determine whether maintenance or restoeativients are
needed. Even if it is determined that such treatments are not immediately necessary, pavements at
the investigatory level should be continually monitored because they are at a point where continued
decreases in surface texture and/or fricttnay lead to higher crash ratds. contrast, the
intervention level ishe more serious of the two thresholds and represents the conditionanhere
agencyshould considemmediate corrective action, suchraaintenancer restorative treatment.

At this level, there exists more substantive evidence that crash rates are affected by the surface
texture and friction values and deesafety riskcan increase rapidly when surface texture and/or
friction fall belowthe intervention leve(l6).

Typically, the common criteria for establishing the skid resistance threshol a6e17):

1 Engineering judgment

1 Deterioration trend of the skid resistance

9 Crash history

1 Other agencies practice similar site characteristics.

In the NCHRP 108 Guide for Pavement Frict{@PF) Hall et al.(7) recommendedsingthree
methodgo establish skidesistance thresholds:

1 Method 1: Set the threshold based on historical skid resistance trends. The big challenge
with this method is to identify the point at which friction starts to decnegsély.

1 Method 2: Set the threshold based on a combination of historical skid resistance and crash
data. The problem with this method is that is hardiémtify theexactconditionswhere
friction and crash trends start to decreais@creaserenderingthe assessment subjective.



1 Method 3: Identify the skid resistance probability mass function (pmf) and calculate the
expected crash rate for each value of the grhé thresholds are set based on expected
values of crash ratesConsequently safety is underestimated on some sites and
overestimated in others.

The methodology propos@dthe NCHRP 108 GPWas developed based on a friction monitoring
program that uses theckedwheel skid teste (WST). A similar attempt was made by de Leon
Izeppi et al.(18) who proposed a methodology for determiningestigatory levelsusing a
continuous friction measurement equipmé@EME). This new methodology is discussed in
AppendixA. Finally, the intervention threshold is typically set as a percentage of the investigatory
value.

1.3.3.Knowledge Gaps and Applications

Based on the literature discussed above and in Appéndhere are some important knowledge
gaps:
Friction and Texture Performance

1 New testing technologiesuch as the CFME for friction and higheed texture profiler
(HSTP) for texturecan capture more precise friction and texture values and provide more
precise representations of the available skid resistance. However, these new technologies
lack historical observations to get reliable representations of skid resistance performance.

1 There are different technologies available to measure frietnaleachhasits own pros
and cons. The choice offiaction-measuring devicwill depend on thepecific problem
The US. does noturrentlyhavean established protocol for measuring frictime/uding
the optimal speed or the location along the pavem@unsequentlysome agencies have
started monitoring friction based on previous experience with a LWST or based on the
deviceavailable for monitoring the networo inform the development of a protocol
However, adirect comparison of the measurements collected with devices from different
manufacturers and/or technologissiot possible

1 Though a good correlation between devices has been reported, this correlation depends
highly on the tire and speed used for measurements. Most of the comparisons presented in
the literature focused on evaluating a possible correlation at a specific condition; however,
there are no references about the effect of climate on devices from differeriantarers,
or with different measurement mechanisms.

1 Texture parameters, such as MED or MTD, are sensitive to the measurement location
within the pavement (e.g., the center of the lane versus wheel paths), the technology used
(laser resolution and frequency), and the processing algorithm applied (filtering
techniques). Hence, measurements ctdlbdy different operators, with different testing
technologies, at different locations on the pavement surface may not be directly
comparable.

Pavement Friction Management Program (PFMP)

1 Road geometry information is needed to accurately establish friction demand categories.
In the case of North Carolina, information related to highway alignment is not easily
available at a network level, in particular the super elevation and curve radius. Surrogates
of this information, such as tHgall Bank Indicator (BBl)index can be used, but it is
necessary to evaluate the relationship of this index with crash risk and friction.



1 Thoughboththeinvestigatory and interventiadhresholds proposed biye federal aviation
administration FAA) serve as a reference, it is important to notice these values were
envisioned for airports. To set investigatory levels for a highway network it is necessary to
considercrash risks, which can be estimated by any of the statistical methods disnussed
Appendix A

1 Although there are some references in the U.S. for friction and texture thresholds, most of
these references are based on a LWST.

1 Textureis easier to measure at a network letn friction. Howevermost agencies do
not have a measurement protocol for texture. Moreover, the attempts to use texture
information as a predictor insafety performance functio®PH are quite limited.

1 In the PFMP structures available in the literature athaysis moduléhat relates friction
and texture in the field has not been exploMhile the U.K. and New Zealanchave
PFMPs thar programs do not includeferences for the quality control process of friction
and texture in the field. It is imperative that such protocol becomes available among
practitioners.

1 Also, as with any other netwotkvel asset management, PFMPs are susceptible to data
variability due to changes in the data collection process, either by a change in vendor or
technology used. This is the current situation faced by many agencies thageaeng
from friction collected with an LWST to values measured with a CFME. This data
variability poses a challenge for data processing and forecasting future conditions.

1.4.Report Organization

This report is composed skvenprimary sections anten appendicesChapterl presents the
needs, objectives, and summarizesniust relevanlkiteratureonfriction and texture performance

and thresholds (see Appendixfor the full literature review)Chapter2 describes the primary

data collected, i.e., friction and texture values, the secondary information, pertaining road
geometry and characteristics and the crash records for each of the test€hajpes3 presents

the different elements of thieiction and texture performanamodels;it shows the modeling
techniques selected to represent each of these elements and includes the considerations needed for
making predictionsChapter presentshe steps followed to establish a set of preliminary friction
and texture thresholdsvhere hree evaluation methods are discusstubsequentlyChapter5
presergthe conclusions of this research adrespondingecommendation€haptei6 provides

the implementation and technology transfer plan, respecti@élgpter7 lists the references cited

in the main body of the report. Appendice$ A providedetailedliterature review and detailed
analysis and results for those who are interested.
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2. DATA PROCESSING

2.1.Overview

In this researchtwo groupsof siteswere evaluatedGroupl and Groug?. The sites irGroupl
were primarily usedo describe the early friction and texture developmé&hese sitehad
received a surface overlay at some point between the end of 2019 atid ohi2l022 and were
evaluated around that same tifBroup 2 siteswere usedo describe the lonrterm friction and
texture development; therefore, these sites were rehabilitated prior to 204r@ amokre than three
years old Table 1 and Table 2 show the distribution of the sites in Grodp and Groug,

respectively
Table 1. Distribution of Group -1 sites across North Carolina division units.
Division
SurfaceTypel|2|3|4|6 5/7]18]9]10] 11] 12 [13] 14 | Total
CO Pl MO

JCP 0
S9.5B 1 1 2 4
S9.5C 11643 8 1 1 24
S9.5D 1121 1 5
UTBWC 3 3
OGFC 0

0|1|{7|5|5|2|0]10]/]2] 0] 0] 1 ]3] 1
Total 18 1 7 36

CO: Coastal region; PI: Piedmont region; MO: Mountain region; JoiRtConcrete Pavement; S9.5B, C,
D: Superpave mixes designed for low, moderate, and high traffic; UTBWC:-THiraBounded Wearing
Course; OGFC: OpeGraded Friction Course.

Car ol

Table 2. Distribution of Group-2 si t es acr oss Nounitsh
Division
SurfaceType1|2|3|4|6 5/7[8]9]10] 11 ] 12 [13] 14 | Total
CO Pl MO
JCP 1 2 3
S9.5B 1 11211 1 1 8
S59.5C 3|1 6|7 |1]|10]| 8 1 6 6 2 6 57
S59.5D 3 1|1 1 2 8
UuTBWC 1 1 1/3|]1)|6 1 2 6 22
OGFC 119 2 2 5 19
1142|148 (13| 7 |11|17| 2 6 10 | 11| 11
Total 29 66 52 117

CO: Coastal region; PIl: Piedmont region; MO: Mountain region; JCP:-Gointrete Pavement; S9.5B,

C, D: Superpave mixes designed for lowpderate, and high traffic; UTBWC: Ult#Ehin Bounded

Wearing Course; OGFC: Opédbraded Friction Course.

As shown, he sites were selected to represent the three predominant climate ragiorsn
Carolina,coastal, piedmont, and mountaii$espatial distributiorof the sites is tracked within

the reporty using the administrative division number where the project was placed, i.e., one of

the 14 divisions used by the NCDOThe highest proportion of sites are locaitethe piedmont
region and most dhe sites are surfaced wahs59.5C mixsurface However, collectively this data

does cover all three rimms and all surface types. The mixture composition for both site groups is

11
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included in Appendix BGroupl includes10 Interstates, 16 US-Routes, andlO NC-Routes.

Eleven of theGroup1 sites also received a measurement before the overlay was placed. The
number of observations collected after the construction of the overlay varied from oine to
observations. Each observation consisted of a measurement of friction and texture; typically, both
measurements were collected on the same date. If not, they were collected one dagrdpart.
Group2 sites 54 are Interstatesp@reUS-Routes, and the remaini3gare NGRoutes.

For each sitethe research team consulted the Highway Construction And Materials System
(HICAMS) and the NCDOT Connect website to obtain the Job Mix Formula (JKi&) mixture
composition and adesigned volumetricgnd the construction dates. For some of these dites
wasalsopossible to locate the gsoduced volumetrics from the North Carolina quality control
plan databaselso, for each site,lte annual traffic survey of 2019 was consultediamtify the
annual average traffic volumesinally, it is noted that additionafield cores fromquality
assurance operations ivision 1, 5, 6, 7, 10, and 13 weevaluated using the static laser to
complementedneasurements takem Groupl sites.

Forthe purposes of thisreppag6 si t ed i s a roadwheadskegmens 6beiehh
to a subset of a site that is homogeneous with respect to geometry type (e.g., tangent, curves,
tangents with an intersection, etc.) awtrage annual daily traffid@ADT). Most sites consist of

multiple segments. An example of one study site (Site 113) is shokigure 3 to illustrate the

meaning of these definitions. For the site shown, there are five homogeneous road segments with
AADT sequal to 25,000, 21,500, 21,000, 20,500, and8@yehicles per day (vpd).

Homogeneous
Road Segments

M\A T~

Figure 3. Concept of site and homogeneous road segment, Site 113.
Thefield friction and texturaneasurements performed in both groups of sites were collected by

KPR engineering in collaboration with the North Carolina Department of Transportation
(NCDOT). A subset of pavements in the second group recemextiditional friction and texture
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measurement using the Srey-Force coefficient Routing Investigation Machine (SCRIM). This

extra measurement was carried out by WDM USA, and the values were used to compare the two
different testing devices and to assess the implications of using different testing technologies to
characterize the skid resistance at a network I@Wese measurements were part of two NCDOT
research project;HWA/NC 202011 A Evol uti on of Pave meaftet Fric
Asphal't O vhe presant teseaach aff Figure 4 provides an overview of the data
elements that were captured in this research. These data elements are the same for both groups of
sites.As indicated irFigure4, the data collected from these sites included field m@@surements

field measurements of friction and macrotexture, crash inventory before and after the overlay, and
supplementary information.

‘Field Cares Field Measurements Crashes Suppleme!ﬂary
Static Measurements Information
Road
l l vﬁ l G A Traffic JMF
British Salmety;
Pendulum Sand Patch CFME HSTP Road Construction
Test Test Climate

Characteristics History

Figure 4. Data collected for the PFMP framework.

2.2.Continuous Pavement Friction Measurements (CFME)

Most of the friction measuremenised in this studyere conducted by KPR Engineeriagd

were complemented by a set of measurements made by WDM USA. The device used by KPR was
the CFME Moventor Skiddometer BY1. Tchea wsi ce was utsheed sianmet hoen ep r
research prol2Z@andHWA/eNG eader is referred to
details on the specification of the device. I
slip tawiandfreports meads.lmB&me nodtasit @ovodalsye clt G df ti
the outermost | ane, and within that | ane the
(RWP) and in the cemtpdr (®f6 tkhmd bl mmESeMmled, aats e
measuremmaph @604Km/ h) .

WDM USA uSedefwanece Coefficient RouSgRml)eMolrnvest
friction nTeaisdevce esesadynansc. vertical load measurements with aoltieg

test wheel oriented at a 2@gree angleelative to the travel directiorit reportsfriction values

every 26.4 ft (8 m). Friction was measured at operating speeds and values were later standardized

to a speed of 50 mpB0 km/h) All the observations were collected in the left wheel path (LWP)

of the outer most laneA comparism of thetechnical details ofwo devices is presented in
AppendixC along with a comparison of measurements with the two instruments on the same sites

The friction measurements made by KPR were the ones used for performance model calibration
and for the definition of investigatory thresholds. WDM USA observations were used only to
compare measurement technologies and to illustrate the conceptPBMP. The friction
measurement dates made by KPR in eaclasti@dicated inTable D1 of AppendixD. For each

site, the target date for théirst measurement wasithin the first 15 to 30 dayef the overlay
construction For each site, friction measurements were processed following the same statistical
process described in the previous research préjd@VA/NC 202011, i.e.,the research team
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decided to use the 2'%ercentile calculated in Orhile incrementsind then the average of these
0.1-mile values was defined as the representative friction @ue

This metric was used whenever possible; however, as discussed in Chaptar 4 site is divided

into friction demand categories, it is possible to end up ghttrtsegmentsof roads less than 6.5

miles long. Slitting these short sectionsto 0.1mile segments to compute the 2 gercentile
andthen takng the average does not provide any statistical benefit given the small sample size.
For this reason, the representative friction dach of these shosegmentds set as the 10
percentile of the entire site. The reader can refer to App&fdixmore details about the selection
process of the T0percentile.

2.3.High-Speed Texture Measurements

The equipment used for macrotexture measuremegassthe Ames Engineering High Speed
TextureProfiler (HSTP) and was operated by KPR engineerifigs devicewas the samene
used in the previous research project FHWA/NC 202@nd the reader can refer to that report
for further details on the testing technold@gy. Like for friction, the measurements made by KPR
were complemented with observations made by WDM USA in a subset of the-Bsitep.

KPR measuretexture in the CL and RW#f the outermost laniea the traffic flow direction at the
posted speed limitOnce collectedthe software that accompanies tAenes HSTP applies the
filters indicated by ISE13473 taremove potential outliers and then compute the following texture
parametersmean profile depthMPD), estimated mean texture depEMTD), root mean square
depth (RMSD), mean elevationRa), elevation mean square rodRd), kurtosis Rkuy, and
skewnesgRsRK. These metrics are reported every 10 ft (3 m).

Texture measurements were processed following the statistical procedure established in the
previous research projeEHWA/NC 2020-11. Accordingly, each site is divided into Orile
segments, the B0percentile of the texture parameters are computed on each segment and the
representative value of the site is defined as the average of'thmef®@ntiles computed on the
0.1-mile segmentsThe texture measurement dates made by KPR in eaclnesitelicated inTable

D.2 of AppendixD.

In the case of WDM USA, texture was reportederms ofMPD, which was measured using a
single spot laser mounted in the SCRIM machBecause in this report, in particular in the
analysis presented in Append®, the MPD was the parameter selected to compare the
measurements made by WDM and KPR, it was decided to use superscripts to differentiate the
parameter resulting from the data of each vendorMRD without superscript was used to denote

the values collected by KPR and1PDscrivwas used to indicate ti¢PD obtained from WDM
data.The reader can refer to Appendixfor a comparison of the two testing technologies. The
MPD measurements made by KPR were the ones used for performance model calibration and for
the definition of investigatory thresholds. WDM USA observations were used to compare
measurement technologies and to illustrate the concept of Pavement Friction Mamagem
Program (PFMP).

2.4.Field Core Observations

The labmeasurements on field cores were carried out faf 16e 34 sites in Group using cores

takena few days after theverlay Also, in three othese Grougl sitesa set of preconstruction

cores were acquired to compare the loergn conditions with the recently overlaid ones. The core
acquisition process was coordinated with the division engineers. The average height and diameter
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of the cores wa8-10 in. 20-25 cm) and6-8 in. (1520 cm), respectively. In the field, the cores

were collected in the center of tR&VP, and their locationvasestimated using a GPS receiver.

The NCDOT personnel tried to evenly separate the cores along the section surveyed with the
CFME device and the Ames laser scanner. Three cores were extracted from each site, except for
Site 24 where four cores were extragtand for sites 34/35, 37, and 39 in addition to the three
after construction cores anothbrde preconstruction cores were obtained.

Once the cores were pulled from the field, they were transported to the lab to obtain the laboratory
friction and texture measurements. The cores were cut to an approximate hdight @0 cm),

as indicated irigure5, so that they would fit beneath the laser profiler and inside the BPT testing
jig. In the case of friction, BPT measurements were carried accordiAGTM E30393. To
facilitate the measurement proce$® tesearch team developed a device that serves as a support
base for the BPT andahalso holds steady the field cores and keep the surface leveled, as shown
in Figure6 (a).

Core Extractio

“Trimmed Core
Figure 5. Core extraction and height adjustment.

Two different techniques wergsedto measure the texture of the field coresst,an SPTwas
conducted on each core following tASTM E96515 specification. The result of this test is the

mean texture depttMTD). Second, the AMES 950@pidlaser texture scanéiLTS) was used to

scan the surface of the cores and obthmMPD. The devices arshownin Figure 6. The
measurements made with the AMES 9500 rLTS were used to replace the measurements made with
the custom laser used in the previous research project because this device produce surface scans
with higherresolution

@ ’ : (b) i 2 2
Figure 6. Images of laboratory test equipment used in this study: (a) BPT and support base
and (b) AMES 9500line texture scanner.
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Thespecifications for the AMES 9500 laser are as follaawan area of 4 in. by 4 i§100 by 100

mm); vertical resolution of 0.01 mptength resolution of 2048 points in 4 {spacing =0.0496

mm); width resolutiorof 2448 points in 4 in(spacing £0.0415 mm); san time for full scan of 90
secondsandelevation height data and scan intensity imagecollected.

The output of the laser measurements were processed according to the 1ISO 13473. Three
parameters were manually computed using the 3D scanned surfag®|The the average peak

heigth and the average valley depth. The peak height is the possitive difference between the surface
elevation and the mean plane, while the valley depth is the negative difference between the surface
elevation and the surface mean plaire addition to three parameters mentioned above, the
following indices were obtaine®PD, RMS Ra, Rg Rsk andRku.

2.5.Crash Records

For eachGroupl and Groug? site the crash history wasxtractedfrom the NCDOT Traffic

Safety Systems (TSSh the NCDOTFTSS, each crash event is inventoried by completing a
collision report form, which contains all the information required to describe the severity of the
crash (property damage only, injury type A, B, or C, and fatal). These severity le\aisiaadent

to those defined in the Model Minimum Uniform Crash Criteria (MMUQDY). It also describes

the events that led to the collision ahé location of the crasiBased on the description of the
event, four crash types were evaluated: total, total wet, lane departure, and lane departure wet
crashes. These records correspond to the period of January 1 of 2010 to April 30 of 2023.

2.6. Supplementary Information
2.6.1.Traffic

Traffic was characterized by three different sources of information, 4] $enhsiss$ of a set of
continuous traffic counting stations, ii) S&tonsistsof traffic predictions extracted from the
StreetLight database, and iii) Setonsists ofannual average daily trafficAQDT) from the
NCDOT traffic surveyStreetLight is a company that uses information from mobile devices and
ground counting stations to make a continuous characterization of the different modes of
transportation across the USA and Canada.

Setl Traffic Dataset (ST1)

The NCDOT has 113 continuous counting stations distributed across the state. These stations
report hourly and daily vehicle couni3ue tovariousreasons, such as maintenance, weather, or
malfunction, the stations do not operate the entire Jémugh the specific type of sensors varied
across the network, all generally involve embedded-fmepaloop sensor arrays.

Prior to analysis, the vehicle counts from 22121 from all 113 stations were reviewed to remove
outliers and to verify that at least 200 days of data were available in each year for each station.
Additionally, only stations that have been operatingafioleast three consecutive years prior to
2020 were considered for the analysis, i.e., the minimum period before 2020 was set2&12017

After applying these two filters, the numbers of continuous counting stations reduced from the
original 113 to 65, ad the data was cleansed by removing outliers following the same procedure
employed in Goenaga et §0). Afterwards, daily counts were totaled by month for each station
and used to calculate the Monthly Average Daily Traflé\DT) according to Equatio(®).

_ Monthly Sum Daily Counts Statior

MADT, ., =
Station i, #days Month j

(2)
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The 65 stations arpresented irFigure 7 (a) and aredistributed as follows across the road
functional classes; 17 are placed on Interstates, 26 eRduges, seven on Nfdutes, 14 on
secondary routes, and one on a local rohds&stationsarediverse with respect to baseline traffic
and varied from an approximateédpOaverage vehicles per day (vpd)l42,600vpd.

Counting Station

® Interstates
M US Routes
4 NC Routes
4% Secondary
A Local

—— StreetLight Site

Figure 7. (a) Location of counting stations and (b) StreetLight sites.

Set2 Traffic Dataset (ST2)

The second source of traffic data was the Streetlight database. This platform provided estimates of
the MADT for a set of road sites that were selected based on their construction history and surface
type.Traffic predictions were extracted for 147 sites, selected based on their construction history,
and 49 segments placed adjacent to a continuous counting statio8Tigryielding a total 196
locations (sites and segmerghown inFigure? (b)) analyzed using the StreetLight platform. The
observations irthe 49 segments adjacent to tBE1 counting stationsections were used to
compare and validate the StreetLight predictions. These observations were extracted for the years
20172021.

Set3 Traffic Dataset (ST3)

Finally, the third dataset consisted of the AADT, reported by the NCDOT traffic survey unit for
years 20172019. This information is publicly available on the NCDOT website in the form of a
shapefile. GIS tools were used to match the locations of theiegutations with the line layers

of the shapefileln this way, he AADT was extracted for the road segments adjacent to each
counting station ir5T1 and the segments of the 147 siteST@. ThereforetheST3 AADT values

are reported by segments.

2.6.2.Road Geometry
Curve ldentification

Becauseurvesare not differentiated from tangents in the NCDOT GIS system, it was necessary
to find a methodology that could successfully identify curves and their corresponding radius of
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curvature from roadway shapefileherefore, theool developed by Bil et a(21), the Road Curve
Analyzer (ROCA), which is an ArcGIS toolbox for road alignment identificationcamde radii
computation, was used to differentiate between curves and tangkistgoolbox requires the
information presented iRigure8. Asshown, it is necessary to define a trainitagaset, then this
information is used to conduct an empirical Bayes categorization where the probability of being a
straight segment, or a curve is computed. After categorizing each element, the toolbox used a set
of predefined rules to compute the radiuswivature.

. Empirical Bayes Most probable road
[ Training set ] [ categorization ] [ geometry assignation

Figure 8. Elements of the ROCA toolbox.

1 NCDQOT Division
— Group-1 Sites
— Group-2 Sites

¢ Training Set

Figure 9. Distribution of the training set and the 160 sites.

In this research, 193 roadiles were selected and manually classified into curvesrmagent
segments. These 193 reatles were used as the training sets in the ROCA toolbox. Then all sites

in the dataset were classified using the trained model, for a total of 1,111.5 miles. The results were
randomly checked for correctness using Graugites. Each section of these sites was found to be
correctly identified verifying thecalibrated ROCA toolbox. The distribution of the training set

and the evaluated sites is depicteéFigure9.

Ramp and Intersection Identification

The location of the interchanges along the routes was determined using a shapefile provided by
the NCDOT. This shapefile contains the geometry that delimits the area of influence, entry and
exits of a given interchang@nce the sites were categorized either into a tangent or into a curve,
the resulting entities were intersected with the geometry of the interchanges and the length of the
total site inside an interchange was computed. The interchange distribution acpossdheroad
network of North Carina is presented iRigure10.
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Interchanges
[ NCDOT Divisions

0 50 100 mi

Figure 10. Distribution of interchanges along the primary road network of North Carolina.

Road Characteristics

The road characteristicd each siteincludingthe number of lanes, type of facility (divided vs
undivided), speed limit, design speed, and functional class were extracted from the NCDOT road
characteristics shapefile, accessed through the connect website of the NCDOT. There are seven
possible functioal classesincluding interstates, freeways, principal arterials, minor arterials,
major collector, minor collector, and local.

As will be discussed in Chapter 4, to defmeet of investigatory and intervention friction and
texture thresholdghose sites that were rehabilitated during the period of analydis; which
thesurface typés portland cement concretere removed from the database. Also, the geometry

of the sites was intersected with the milepost extension of the crash dataset to get accurate estimates

of the crash rate.
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3. PAVEMENT FRICTION AND TEXTURE PERFORMANCE M ODELING

3.1.Overview

This chapter detailsvo main model development tasks; 1) updates to the FHWA/NC-2020

mixture compositiofto-friction/texture models and 2) extension of tiretion and texture
performance models to cover a larger temporal span. The first modeling task is important in order

to better understand how mixture composition factors affect texture and friction. The second model
development is important because, for a PFMP it is important to be able to estienatailable
friction and texture throughout a pavement 0s
research suggests that a reduction in the available friction and texture of a pavement surface could
contibute to increases in collisior{82, 23) when other factors that affect crash rates, such as
changes in traffic patterns, roadway geometry, vehicle speeds etc., are constant.

3.2.Updates to FHWA/NC 202011 Mix Composition Models

In FHWA/NC 202011, a set of expressions were calibrated to predict the expected friction and
texture as a function of mixture composition. Two types of models were proposed, oneeithat rel
on mixture composition arahotherthatincluded field coresto representhe construction quality
These cores were used to obtaiBCarepresentation of the pavement surface in the flalthe
current research effort, teemodels were updated by incorporating the observations collected in
the news sites that weswaluatedin this project.Theseadditionalobservations increased the
numberof field cores froml0Oto 13and added ten new observatiomthefield friction and texture

site measuremenddter constructiongne additional UTBWC, two OGFC, and seven dense graded
mixes.

Appendix F provides a detailed description of the models and the data used for their calibration,
butTable3 summarizes the original and modified mod&lsemodels shown in Equatior(8) and

(10) are of particular interest to other parts of the research prafjeatidition to estimating the

effect of mixture composition on texture and mixture composition arabrsructed surface
texture on friction,liese expressions can be used to approximate the random effects in the intercept
of the proposed perforamce models for a pavement that has not been used during the calibration
process, i.e., to make predictiofts new pavements. This process is discussed in detail in the
validation procedure presentiader in this chapter.

Table 3. Summary of original and modified friction and MPD models.

Model' Version Equation
Original ~ Friction,, =0.645 +0.141(CTc Pk Vy+ 0.00548 %C B) ©)
1 Modified ~ Friction,,, =0.619 +0.172 (Cc Pk Vy+ 0.0060( %%C B,) (4)
) Original MPDyq =0.243 +0.331 EMTD,, (5
Modified MPD,,, =0.433 +0.310 MPD,, 0.025 %AC (6)
Original  No significant expression was found @)
3 Modified  Friction,, . e=0.786 -0.065 Rsk  0.580( 9AC B} ©®
Original MPD=0.674 +0.150 Gc  6.00088R,2 VFA (9)
4 Modified MPD,_,ceonane=1.22 -0.009 VFA 6:087 Cé 0.04q %C Densg (10)

IModel LFriction prediction based on field cores and mixture volumetkittalel 2MPD prediction based on
field cores and mixture volumetrics; ModeFa8iction prediction based on-aesigned mixture volumetrics;
Model 4MPD prediction based on afesigned mixture volumetrics
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where;

Frictionfield = 250ft average, centered in a field core location, of the continuous friction,
MP Drield = 250ft average, centered in a field core location, of the continiiR3,
Frictionrepresentative = average of the 2Sriction percentile estimated every @niiles,
MPDrepresentative = average of the SOMPD percentile estimated every niles,in mm,
Cc = gradation coefficient of curvature, computed with Equatidib),
%AC = mix designed asphalt content,

P200 = aggregate gradation percent passing Sieve No. 200 (0.075 mm),
Pk = average peak elevation of the texture surface, in mm,

Vy = average valley depth of the texture surface, in mm,

Rsk = texture profile skewness (mm3/mm3),

VFA = asdesigned asphalt mix voids filled with asphalt, and

Dense = binary variable; 1 = Dense mix and 0 = otherwise.

3.3. Performance Model Development

Mixed effect (random/fixed) modeisere used to describe friction and texture evolution while
accouning for the unobserved random heterogeneltye random parameters in these models
account for individualriction/texturedeterioration rates and/or initifction/texturevalues(24).
These random parameters are couplét fixed parameters that capture consistent deterioration
patterns as a function of the traffic levatBmate andsurface typeRandomness is assumed to
manifest inthe initial friction and textur@and occur due tgariability that results frondifferent
mixturevolumetrics and construction quality of pavementthe same family.

Groupl and Groug sites werecombinedto calibrate the performance modedsd the
observations were processed as indicated in Chapi&e representative frictigat 63mph)and

texture in 0.imile increments was defined as the™iction percentile and 30MPD percentile,
respectively.The variation of the mean friction and texture was computed in this way across the
sequential set of measurements in each site. Trends with respect to time, climatic conditions, and
traffic were used to evaluateasmnality early evolution and longterm performance

StreetLightMADT predictions for each site were used to estimate the cumulative traffic until the
moment of the frictiofiexture measurement, as indicated in Equatidd). These traffic
predictions were used in all sites except for Sites 8, 9, and 15, becauswatreean AADT lower

than 6,000 vpd. For thesites cumulative traffic was estimated by assuming a constant AADT
equal to that observed in 2019.

Meas date Overlay Date

Cummulative Traffic a ( MADTJ (112)
i=1

For the longterm performancepredictions sites were grouped into families defined by the
combination of climate regioand surface type. In this sense, there are three climate regions
piedmont, coastal, and mountaiaad two distinct surface types, dense mixes (S9.5B, S9.5C, and
S9.5D) and higHriction coursegUTBWC and OGFC)It must be noted that in this research, the
termhigh friction courseHFC) is used to refer UTWBC or OGFC as surfaces that provide either
high-friction and/or highktexture. Inthe literature the term is used to refer to any of these surface
types(5, 7, 9, 14, 22). Hence a total of six different families were defined, and the number of sites
in each family is summarized rable4.
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The methodology followed for the modeling effort is depicteBigurell. As shown, the friction

and texture collected in the center of the lane (CL) and right wheel path (RWP) were compared to
evaluateif they are statistically different. This evaluation is important because the performance
models rely on the hypothesis that the CL experiences lesser traffic repetitions than the RWP;
hence the CL can be used to calibrate a seasonal model to remove the seasonal effect from the
RWP observations. Once seaatity is removed from the RWP records thesere used to
calibrate the performance models.

Table 4. Number of sites per family.

Family Surface Climate Region Number of Sites
1 Blue Ridge 26
2 Dense Piedmont 40
3 Coastal Plains 32
4 : - Blue Ridge 15
5 ggg?sggg:gg) Piedmont 17
6 Coastal Plains 13

Friction and Texture

£ observations l

Center Lane (CL) Right wheel path (RWP)
measurements measurements

— Statistical comparison S S

v

Seasonal modeling

A 4

Performance models

Figure 11. Methodology followed to calibrate theperformance models.

3.3.1.Modeling Seasonality

The functional form shown iEquation(12) was used to describe seasonality. This model was
calibrated in the FHWA/NC 20201 using CL measuremenssd is updated here by including
new observationsi-or the model calibrationonly observations from sites with at least three
measurementsfter the overlay were included, i.e., a totaB8fites.

— Ob%easonal — H é2p3 DOY 6

SF Obs,... =3 4 smm 3 +9 a fTenip a4 B (12
where;
SF = seasonal factor,
Obseasonal = Observed value at any given day of the year,
Obsvean = mean value of friction or texture without seasonal effect,
aptoas = coefficients to be calibrated,
DoY = Julian calendar days,
Temp = average tlay mean temperature, Celsius degrees, and
DD = number of dry days.
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3.3.2.Friction Performance

Based on the finding of the FHWA/NC 202Q and the research presented by Goenaga(28nl.
the functional form of the friction performance modegigenin Equation(13). This model uses
cumulative traffic T) as the independent varialdad has two parts, the first part describes the
early friction evolution whed  Tmaxand the longerm performance wheh> Tmax The traffic
repetitions required to reach the maximum frictiBpg) is estimated from the Phagdunctional
form shownin Equation(14). Thedetails on theelection of théunctional form and the calibration
process to obtain the model coefficients are provided in App&hdix

glar By) b BRD T OT+ D L

FN(T) = . ) (13)
M H(A+ By,) g B BR) T EOT T,
where;
a = fixed effect of Phasé Friction intercept,
gasite = random effect of PhasEFriction intercept, one value per site,
b = fixed effect of Phas4é Friction rate of change,
gbsite = random effect of PhaskFriction rate of change, one value per site,
C = fixed effect of the second order curvature,
A = fixed effect of Phas@ Friction intercept,
gAsite = random effect of Phas2Friction intercept, one value per site,
B = fixed effect of Phas@ Friction rate of change,
gBramiy = random effect of Phas2Friction rate of change, one value per family, and
T = cumulative traffic.
T, =2t (14)

max 2C
3.3.3.Texture Performance

Similarly, based on the finding of the FHWA/NC 2620 and the research presented by Goenaga

et al.(28), the proposed texture performance model is shown in Equdtt)nThe main update

from the model proposed in the previous research effort is the inclusion of the random effects
terms and the use of traffic instead of time as the independent variable.

MPD=(a + 4,) T'O (15
where;
a = fixed effect ofMPD intercept,
gmsite = random effect oMPD intercept, one value per site,
T = cumulative traffic,
b = fixed effect of theMPD rate of change, and
gbramiy= random effect oMPD rate of change, one value per family.
3.4.Results

The statistical comparison indicated that overall, the friction values recorded in the CL were
statistically different than those collected in the RWRe analysis showed th&L values were
higher than the RWP valu@s 70% of the 251 comparisons evaluatedr texturethe statistical
comparison suggested thd@PD measured in the CL is statistically different than the value
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recorded in the RWP. Howevdherewas no qualitative or statistical evidence suggesting the
MPD observations from the RWP are lower than the CL

3.4.1.Friction Performance

As a result of the statistical comparison, Equat(d®) was only calibrated for friction. The
proposed model is presented in Equat{@®). Appendix G provides details on the model
calibration and verification process.

Friction

52p2 DoY 5
sessonsl = 1 10 -0.028 SiG 2" 1593 0.006Ferip 0.600DC (16
Friction ¢ 365 9 P (19

Mean

This seasonal model wésst used to remove the seasonal effect from the RWP observatidns

then these corrected values weeed to calibrate Equatiqd3) usingthe MATL AB oO0f i t gl m
function Thestatistical analysis of thmodel coefficients of the two phases of Equatibd) are

presented ippendix G. It is noted thateither the random effect temor the fixed effecterm

used to represent the exponential dagagstatistically significantNevertheless, the form shown

in Equation(13) was retaned for this modebecausat is the most widely usedxpressiorin
literature.The final form of the model is shown in Equat(d?).

e S & 0.0051 -+,
1054+ B,,) (00051 B,) T 03-16 F D _146§¢105@
FN(T) =i 17

5 -0.0051+ D, o
(-0.44 + ,) el 3.7 10°T g gr e y

> —>

Model Predictions

Two sitesareused as exampsdo illustrate the process of making predictions with Equfia)

Site 4.1 shown irrigure 12 (a) and Site 14 shown iRigure12 (b). In both graphs, the friction
observations are represented by the blue dots, the fixed eféele! predictions foPhasel and
Phase2 are represented by the blue dashed lines and the red dotted lines, respectively. In a random
effects model, the fixed effeatodeldescribes the average value of the deterioration curve. The
average performance curve is obtained ukiggaion (17) whenDasite, Dbsite, andDAsite are equal

to zero If only the fixed effects are used, the model predictions are close to the observations for
Site 4.1 but deviate substantially from the measured data for Site 14. By using E¢fu8tiaith

Dbsite = 0, the traffic repetitions needed to reach the maximum frichiorSites 4.1 andl4 is
estimated a3max= 35.1 million repetitionsThe second order polynomial (blue dashed line) and
the exponential decay (red dotted line) intersect Wihe max

The random effects in the initial frictions estimated during the calibration process for Sites 4.1 and
14 areDas.1 = 0.03 andDau4 = -0.06. The random effect in the initial deterioration ratehs; = -

2.33x10% andDb14 = 3.38x10 for Site 4.1 and 104, respectively. By substituting tisealues

in Equation(17), theTmaxis estimated to be 33.5 and 37.4 million traffic repetitions for Sites 4.1
and 14, respectively. The predictions using the random effect terms are represented by the black
continuous lines-or the purposes of the threshold analysis presented in Chaipéesite specific
parameters are known through the model calibration process. Howetteg, future it may be

useful to also use the models with new sites, for which the site specific parameters are not known.
Since it is not directly applicable to tittereshold analysipresented lateiadetailed explanation

of themethodto estimatdhese site specific valuésonly included in Appendix G.
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Figure 12. Example of the friction prediction procesdor: (a) Site 4.1and (b) Site 14

Model Verification

Figure 13 shows model verification fondividual sites that wereised agart of the calibration
processFigurel3(a) shows the predictions made for a UTBWC #itd isless than one year old
andFigurel3(c) showsthe predictions made foldirBWC sitegreater thad yearld. Similarly,
Figure13 (b) andFigure13(d) show the verificatios fordense mituresat different ages
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Figure 13. Friction model verification plot for: (a) Site 4.1, (b) Site 8, (c) Site 131, and (d)
Site 155.
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For both surface types and agé® modekhows a googrediction of friction valuesdowever,

as presented iRigure13, the accuracy of the model reduces for older pavements, like the one in
Figurel3(d). At older ageghe friction deterioration rate tends to deviate from that of the family.
As discussed ikppendix G, durindgstep 3 of the calibration processost of the pavements with

a cumulative traffic higher thahmax exhibited a decreasing trend, but a f@wnostly the oldest
pavementsghowed driction increase.

Model Validation

To validate the modehew observations collected on nine sitest arepart of the calibration set

were employed to check the prediction of unobservedudaig sitespecific random effectsee
Tableb). The individual coefficients of the friction performance curve for the sites list€dhte

5 were used to predict friction for each of the observations, including the new measurements.
Example results are shownhigure14.

Table 5. Sites with newobservations used for friction model validation.

Site Surface Observations Used for Calibration New Observations
142 S9.5C A-1, A-2 A-3, A4, A-5, A-6
146 S9.5D A-1, A2 A-3, A4, A-5
134.1 OGFC A-1, A-2 A-3, A4, A-5, A-6
165.4 OGFC A-1, A-2 A-3,A-4
111.3 uTBWC A-1, A-2 A-3, A4, A-5, A-6
5 uTBWC A-1, A-2, A-3, A4, A5 A-6
6 S9.5D A-1, A-2, A-3, A4, A-5, A-6, A-7 A-8
18 S9.5C A-1, A-2, A-3, A4, A-5, A-6 A-7
33 S9.5C A-1, A-2, A-3, A4, A-5, A-6 A-7, A-8, A-9
Calibration ® Validation ——Prediction Calibration ® Validation —Prediction
1.0 1.0
(@ (b)
0.8 0.8 P
506 — 506 -~ *
L‘il.’ 0.4 LgL 0.4
0.2 0.2
0.0 0.0
0.0 20.0 40.0 60.0 80.0 100.0 0.0 50.0 100.0 150.0 200.0 250.0 300.0
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1.0
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Figure 14. Friction prediction check for: (a) Site 142 (dense mix)(b) Site 134.1 (OGFC),
and (c) Site 111.3 (UTBWC)
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In these figures, the observations used for calibration are represented by the blue dots, whereas the
ones used for validation are shown with red dots. The continuous data series is the model
prediction.Table6 shows a summary of the root mean square errors (RMSE) for the sites listed in
Table 5. In general, bothhe calibration and validation data points are cedten the model
prediction and thaccuracy of the calibration and validation data sets are compagainidicated

in Table6. Note that the model was also validated with respect to predictions for completely new
sites. Thisvalidationwas not needed for the threshold analysis, performed in Chgiet does

have implications for the use of this model in a PFMP.

Table 6. Summary of the root mean square errors on the friction validation sites.

Site - .RMSE. -

Calibration Validation
142 0.021 0.027
146 0.005 0.024
134.1 0.018 0.045
165.4 0.028 0.074
111.3 0.024 0.068
5 0.064 0.056
6 0.032 0.041
18 0.038 0.011
33 0.051 0.080

3.4.2. Texture Performance

The reader can refer to Appendifor a detailed description of the calibration process of the
texture performance model. The calibrated coefficisnEguation(15) are shown imable7. The

rate of deterioration random effect coefficients for the six pavement families are shdalolen

8. The final form of the texture performance model is presented in Eqa8yn

Table 7. ANOVA table for texture model.
Parameter Estimate SE t-statistic DF p-Value Lower* Upper* Stdgasie Std qdramiy

a -0.74 0.04 -20.6 264 0.0 -0.81 -0.67
b 0.13 0.03 4.7 264 0.0 0.08 0.18 0.24 0.06
*95% confidence interval

Table 8. Random effect coefficients for the rate of deterioration.
Family  Parameter Dbamiy Surface Type Climate Region

1 -0.070 Dense Mountains
2 -0.055 Dense Piedmont
3 -0.029 Dense Coastal
4 -0.010 HFC Mountains
5 0.070 HFC Piedmont
6 0.095 HFC Coastal
MPD(T) =(0.48 + 4,) T&* P) (18)

Model predictions

To useEquation(18),it is necessary to have the random eff@etse andDbyramiy. These parameters

are sitespecific and represent the deviation of the initial texture and rate of change from the
average values across all sitBsth Dasite andDbramily are estimated during the calibration process
for each site; hence, to make predictions for the calibratioit sebnly necessary to input the
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random effect terms and the cumulative traffio iBquation(18). As with the friction model, this

model can also be used to predict texture performance over time for completely new sites. In that
case the site specific parameter would need to be estimated. Since completely new sites were not
used for the threshold analyg, the details and validation of the approach needed for completely
new sites are described in detail in Appendix G

Two examples are presented to illustrate the prediction prdégsse 15 (a) shows Site 4.1 and

Figure 15 (b) shows the results fdBite 14. Site 4.1 has an UTBWC and belongs to Family 4,
whereas Site 14 has a dense surface type and belongs to FamiBidlurel5, the predictions

made using the fixed effect coefficients onlg (, settingDasie and Dbramiyare equal to zejcare
represented by the blue dashed lines. As shown, using the fixed effect alone produces inaccurate
predictions.

© Observations === Fixed-Effects == Pred o Series! === Fixed-Effects ==——Pred
20 1.0
(@) (b)
15| e || eemem=mmTTTTT
E E "-"-
L4
o Eos s
o
= g ¥
05
0.0 0.0
0 20 40 60 80 0 20 40 60 80
Cumulative Traffic (millions) Cumulative Traffic (millions)

Figure 15. Example of theMPD prediction processfor: (a) Site 4.1and (b) Site 14.

The model calibration resulted Das.1 = 0.56andDai4 = -0.097for the intercept of Site 4.1 and

Site 14, respectively. Given the family associatgth each site, the random effect in the
deterioration rate iBbs.1 = -0.010andDb14 = -0.070. Therefore, using these random effect values

in Equation(18)the predictions represented by the continuous black lines are obtained. As shown,
by including the random effects the model accuracy increases making the predictions to align with
the observed data.

Model Verification

Figure16 showsverification plotsfor individual sitesused in the model calibratioRigure16 (a)

shows the predictions made for a UTBWC site less thgmatold andFigure 16 (c) depicts the
predictions made for a site more thatyelarsold. Similarly, Figure 16 (b) and ¢l) show the
verifications for dense mix sitethat arel- and more thaB-yearsold, respectively. As illustrated,

the model has a good prediction capability producing accurate estimations of texture values, for
different surface typesf different ages.
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Figure 16. Texture model verification plot for: (a) Site 4.1, (b) Site 8, (c) Site 131, and (d)

Model Validation

Site 155.

The procedureised to validate the texture model was the same as the dnietfon. The same

sites listed inTable5 were used twalidatethe texturemodel The individual coefficients of the

texture performance curséor the sitedisted inTable5 were used to predidiPD for each of the
observations, including the new measuremdixample results are shownmFigurel7. In these

figures, the observations used for calibration are represented by the blue dots, whereas the ones
used for validation are shown with red dots. The continuous data series is the model prediction.

Table9 shows a summary of the root mean square errors (RMSE) for the sites liSedula®
andTable G6. In general, bothe calibration and validation data points eeateedonthe model
prediction and the accuracy of the calibration and validation data sets are comparabieated

in Table9. Note that the model was also validated with respect to predictions for completely new
sites. This application was not needed for the threshold analysis, performed in Ehapteloes

have implicationsdr the use of this model in a PFMP.
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Figure 17. MPD prediction check for: (a) Site 142 (dense mix)(b) Site 134.1 (OGFC), and
Site 111.3 (UTBWC)

Table 9. Summary of the root mean square errors on th&PD validation sites.

Site - .RMSE. -

Calibration Validation
142 0.030 0.062
146 0.031 0.039
134.1 0.007 0.106
165.4 0.083 0.132
111.3 0.021 0.067
5 0.101 0.067
6 0.035 0.094
18 0.027 0.057
33 0.038 0.002

3.5.Summary

To model friction and texture performance, a model structure that includes random effects was

used. The mairesults were:

1 Pavement families were defined as the combination of surface type and climate region.
Two surface types were considered; dense-d#f@d which is the combination of UTBWC
and OGFC surfaces. Three climate regions were defined, coastal, piedmont, and

mountains.

1 The model validation showedatthe proposed performance models can capture individual
deterioration trensl The random effect in the intercept seems to cagitemaajority of the
deterioration trend at each site; but, as shown in the validation procedure in some sites the
rate of deterioratiormay deviate from that of the familyAs a solution, when more
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observations per site become available it might be possible to incorporatespesite
deterioration rate

The models indicated that tih¥PD has different deterioration rates per family, with the
lowest variation observed in dense mixes in the mountains, and the highest variation is
associateavith HFCsin the coast. For friction, the model indicated the same deterioration
rate should be used across families.

Texture performance models have higher accuracyftiw@ion models This is attributed

to the more stable variation MPD among the successimeeasurements, whereas friction

is more susceptible weasonal variability due temperature changes and precipitation.
Friction decreases due tumulative effect of traffic repetitions that cause aggregate
polishing after an initial phase where friction may increalds possible thafriction
increaseslue to anoderate t@evere raveling proceddore research is needed to identify
the role of raveling in the friction and texture performaneaveling occurs, new
aggregate faces will be exposed increasing the microtexture friction component.
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4. DEFINITION AND EVALUATION OF FRICTION AND TEXTURE THRESHOLDS

4.1.Overview

This chapter evaluates the relationstygtween crash rates and both friction and texflines
chapter isupportedy the findingspresented ilChaptei3, AppendixG, and AppendiX. Friction

and texture observations have been contrasted against the crash history ef @nou@roug?

sites, detailed ifablel andTable2 of Chapter2. For this analysis, each site has been categorized
depending on its geometnyhich isused to sethe basis for defining friction demand categories.
The friction and teture observations used in this chapter were the ones collected by KPR
engineering on the dates specified in Apperilix

Afterwards, friction and texture measurements on the sections that belong to the same demand
category were processed according to the methodology discus§dwhter2. Finally, crash

records were associated with each friction and texture measurement following the method
discussed i\ppendixH. These records were combined with the information on traffic volumes

to compute representative crash rates. Also, to increase the dataset available to calibrate the
models, random effect models for friction and te&tperformance were used to baelst both

indices to gain additional values to compare to the available crash records.

The literature that supports the methodolgygposed here is presented Appendix A. The

chapter is organized as follows; first, friction demand categarigresented, then the methods
followed to establish and evaluate a set of candidate friction and texture threshold are presented.
The chapter ends with the results and conclusions derived from the analysis.

4.2.Methodology

The general methodology to determine investigatory friction and texture thresholds starts by
characterizing friction and texture at a network leyetliscussion bthis process fothe North
Carolina highway networls presented irChapter2. The second step consists of identifying the
safety measure that will beompared tofriction and texture. The third step focuses on
characterizing friction and texture performanclhe elements of the friction and texture
performance modeblrefully described irChaper3. The last step evaluates the primary economic
factors of setting an investigatory threshold at a network level.

4.2.1.Establishing FrictiorTexture Demand Categories for North Carolina

The total mileage available for analysis is summarizetainle 10 As shown, most of the data
was collected omterstatesand freeways with a small fraction omrterials In terms of speed,
most of the sites are higdpeed facilities with speed limits greater than or equal 4mph. For a
few sites, measurements were collected at 35 ammdptbbut none were acquired at&ph. The
observations from Group and Groug? stes were combined to obtain a first approximation to
the effect of skid resistance dighway safety.

As indicated in Chapteit, Section2.6.2 the ArcMap ROCA toolbox was used to identify curves

at a network level. For the threshold determination, a filter was applied to remove sitestthat
one or more of three criteria; 1) sites thatre rehabilitated during the period of analy2jssites

with a PCCsurface, oB) siteswhere the crash record was not available during the analysis period.
Finally, based on the reliability of the geolocation records of the crash dataset, the NCDOT
highway safety unit recommended to use evaluation lengthtegtean 0.3 miles. Hence, the total
number of miles shown ihable10reduced from 731.3 miles to 507.1 miles.
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Table 10. Distribution of site mileage by speed limit and road functional class.
Speed Functional Class

Limit Interstate Freeways Principal Arterials Minor Arterials Major Collector Total
35 5.6 0.1 1.0 0.0 0.2 6.9
45 0.0 0.0 5.6 0.0 0.0 5.6
50 0.0 0.0 0.0 0.0 0.0 0.0
55 12.1 27.8 45.3 9.9 51 100.2
60 20.4 21.6 8.2 0.0 0.0 50.1
65 150.7 82.8 0.0 0.0 0.0 233.5
70 190.3 131.8 12.8 0.0 0.0 335.0

Total 379.1 264.1 72.9 10.0 5.2 731.3

Consequently,riction demand was defined based on the road geometry (curwesgsnts) and
presence of interchanges. Based on this categorization, four groups were defihestrated in
Figurel8:

1 Category 1: Alldemandsombined (without any friction demand consideration),
1 Category 2: Tangents,

1 Category 3: Curves, and

9 Category 4: Interchanges

It must be noted that these categories are not mutually exclusive, e.g., when one evaluates the
tangent geometry, it includes some portion of the segment in the interchange area of influence.
Similar effectsmay occur with the curveBy defining the friction demand categories in this way,

it was possible to redudbe number ofoad segments shorter than 0.3 miles. After the demand
categorizationthe geometry of the sites was intersected with the milepost extension of the crash
dataset to get accurateipsdtes of the crash ras the sitesThe total number of miles per friction
demand category available for the threshold definition is summarizédure19.

Curve R
0.17 miles Interchange
0.40 miles

A S Acvstin Elenstrical

angen - Tan
i gent
1.73 miles & | 1.78 miles .

| Total Length: 3.67 miles

Figure 18 Example of the friction demand category definition.
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Figure 19. Total number of miles with friction and texture observations on each friction
demand category.

4.2.2.Representative Friction anBextureValues

Friction and texture measurements on each site were aligned on the segments resulting from the
friction demand categorization. Crash records are reported for both traffic directions; however, in
the database theseashesare mileposted using only the inventory direction. Hence, to keep
consistencyfor those sites where friction/texture were measured in both traffic directions the
measurements were combined as if they were a single dataset using the milepost information
Afterwards,the friction and textue recordsthat wereorganized in the inventory directiomere
assigned to eadimmogeneousegment and the representative friction and texture values on each
segment was set as the"Percentile and the 80percentile of the continuous observations,
respectivelyChapter2 and Appendi provideadditionaldetails.

To increase the sample size available for analytsesperformance models derived@hapter3

were used to baekast friction and texturfor the Group 2 sites A backcasted value for a given

site is a prediction made using the friction or texture performance models for a cumulative traffic
value lower than the cumulative traffic at the first friction or texture measurefRwerthis group,

the crash record dates from January 2010 to April 2088 availableso depending on the first
testing date somsites obtained one to up to threackcased values.For these sites the first
friction/texture observation was collected in 2020, the total traffic repetitions accumulated until
the date friction/texture were recorded is denotethasin Figure20, and this traffic value was
used as the starting point for the baciculation

Based on the finding of the analysis conducted in AppeHdithe backcalculation is made in
periods of 13months, i.e.the trafficaccumulated duringhe 13-month(DT) window beforelmeas

is subtracted frorimeas For texture, the resulting traffid geas- DT) value is replaced in Equation
(18) to predict theMPD. For friction, if theTmeas- DT valueis higher thaTmay the second part of
Equation(17) is usedto make the predictigrotherwise the second order polynomialised to
make the predictianThis process is repeated sequentially as long as thefhth period does not
overlap with the overlay period, in other words as long as the diffefleage DT do not include
part of the overlay period he overlay period is defined as ah®nth window centered around
the overlay date included in Appendix The total number of miles available for the threshold
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definition, after combining the observed friction and texture with the -basted values, is
depicted inFigure21l.
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Figure 20. Back-cast prediction process.
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Figure 21. Total number of miles available for threshold determination after combining the
observed friction and texture with the backcasted values.

4.2.3.CrashRates Estimation Procedure

To calculate the crash rates used for threshold analysis, segments (both measuredaastdack
were first grouped by their friction and texture values. Theniitth used for these groupingas

set based othe method fromLi et al. (27), i.e., the bin width was selected as that a minimum of
1-mile of friction/texture data was included in each bin. As a rdbelfprobability density function

of friction and texture datased bin widths 00.05 units for the friction histogram and 0-20n

for theMPD histogram For each bin, a representative crash rate was calculated by combining the
total crashes, cumulative traffiand total length of segments in that bin. These values were
obtained by analysis period, which wasrh8nths long and centered around either a measurement
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or backcasted friction/texture value. The rationale and justification for choosingraohéh
analysis window is provided in Appendix H.

Once the segments were in their respective bin, each was reviewed to make sure that the analysis
window did not coincide with the month the overlay was recorded as being plac@alft=®1

andTable D2), the sixmonths preceding the overlay month, or thersonths after the overlay

month. This 13nonth timeframe centered around the overlay month was referred to as the

0 oV er | apabaduyriegrhis pediad is omitted from crash rate estimation because it is believed
that work zone activities and @huncertainties in the construction process might affect crash
numbers.

Once groupe@nd reviewed for the overlay peridithe number of collisions and the number of
vehiclemiles traveled were totaled for each bin. The expressised to compute the crash rate
are provided irequation(19)to (21).

"Med N0
= L #0 19
T A ®M ¢ _
13
VMT =g MADT 30 % (20
j=1
13
N, = Q #Crashes (21
i=1
where;
Rs = crash rate on biB, in 100 million vehiclemiles traveled,
VMT; = vehiclemiles traveled on Sitein a 13month period,
Ni = number oflane departure wetrashes in a X&onth period on Site
#Crashes = number oflane departure wetrashes on Sitein monthj,
MADT;; = monthly average daily traffic on Sitén monthj, and
Li = length of the sité, in miles.

The unit of the crash rate computed, either for an individual site or for afgistgan/texture bin,
is 100million crashes per million vehiclmiles traveled in a X&onth period, shortened as 100
Mvmtis.

4.2.4.Estimating the Investigatognd InterventiorThresholds

Two analyses were conductiedestimate the investigatory and intervention threshold vafiress,
Method 3 of th&suide for Pavement FrictioPH was applied. By using this method, individual
friction and texture thresholds could be estimated. Next, the combined effect of friction and texture
was analyzed using a sequential Logit model. For both analysedentend categorieendthe
observed and baetasted friction values were used, as indicatefignre 21. Also, although in
Figure21 the availablenumber of miles per friction demand category is segregated further by the
speed limit, it is clear that the majority of the dataset was collected in facilities with a speed limit
of 65 or 70 mph. For this reason, the effect of the speeddmiite investigatory thresholds will

be evaluated only foCategoryl, i.e., all demand combinedor both methodsthe same
nomenclature is used as summarizedable11.
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Table 11. Nomenclature used for the proposed thresholds.

Abbreviation Meaning
FNinv Investigatory friction threshold
FNinT Intervention frictionthreshold
MPDiny InvestigatoryMPD threshold
MPDint InterventionMPD threshold

Analysis 1: GPF Method 3

Using the procedure described in the previous two sections, friction and texture histograms and
their associated crash rates were obtained for each friction demand cafbégatyesholds were
defined based owisual inspection to determine the inflection point where crash sitet
increasingrapidly. The different elements involved in the analysis are depict&dgure 22. In

this schematic, the vertical left axis shows the histogram frequency, the horizontal axis shows the
mid-point of the histogranbins, the vertical right axis depicts the lane departure wet\W€D)

crash rate associated with each histogram bin. As mentioned aboveWset Erash ratas
estimatedusing Equation(19) for each histogram binThese estimated values are represented by
the continuous orange linéd power model fittedo the crash rates computed on the histogram
bins is calibrated as indicated Eguation(22). This modelis represented with the tick dashed
black line. Finally, the thin dashed black lines represent tlhestapes computed as described

above.
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Figure 22. Graphical representation of the elements for GPF Method 3.

R=a& (22)
where;
R« = crash rate ofriction/texture histogram bik,
X = mid-point friction or texturedin, and

aandb= parameters to be estimated.

As shown in the figurdor the purposes of establishing crash rate functions and calculating slopes,
thecrash rates wengositioned at thenid-point oftheir respectivéin. For example, the crash rate
calculated from the sites in the texture bin coveM®D values between 0.4 and 0.6 mm was
positioned aMPD equal to 0.5 mmAlso as shownthe maximumslopeline was computed using
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each pair otonsecutive binso identify themaximum slope. This maximum slope was used to
draw a line, through the average of thve trash rates that produced the maximum skop#hat
delineates the highest crash rate variation. A similar processmpésmented usinghe lowest

slope calculatebetweertwo consecutive binsvhichwas used to identify the average crash rate
level associated with the lowest variation with respeettteer friction or texturga horizontal line

was draw around this average crash rate. The intersection point of both defegesthe
investigatory levelFor some friction demand categories there were anomalies in the crash rate
profile described ifrigure22. See for example the friction histogram tangents shown iRigure

1.10. In cases like that, engineering judgment was applied to define thaviih the maximum

slope. Finally, as depicted iRigure 21 the segments with a speed limit lower tharngsh
constitute the smallest sample proportion in the database. Hence, these were combined with the
55-60 mph segments to determine the investigatory threskotdhe all of the friction demand
categories, the intervention threshold is set as 75% of the investigatory level, following the practice
of FAA (29) and NCHRP108 GPF 7).

Analysis 2: Sequential Logit

The alternative methodsedto define skid resistance thresholds is based on the structure of a
sequential Logit. The model consists of four nests, as showigime 23, where each nest is a
binary model. The options for each nest areRfi& OR« < Ux) andP(R« OUx), where the first
element indicatethe probability the crash rat®d is greater than or equal to a lower boundary
(Lx) but lower than an upper bounddhyy); the second term is the corresponding complement.
The model calibrates all the nested binary models at once. In this sdngethe current nest,
then the probabilities in nekt1 depends oR(R« OUy).

For example, in the first nest Bigure23, the probability of observing a crash rate between 0 and
10 isP(0 OR« < 10), then the probability of observing a crash rate greater than or equal to 30 would
be[l - P(0 OR« < 10)]x[1 - P(10 OR« < 30)]. The limits of each nest, i.e., the crash rateb0of

30, and 60 100vmt3, were established based on the cumulative distribution of the lane departure
wet crash rate. In the same order, these three values represerit, tig"sand 98" percentile of

the crash rate, respectively.

In abinomial Logit model, the dependent variablecan tke one of two values 0.0 or 1.0, i.e.,
injury or nonrinjury, fatal or norfatal crasheslt is also possible, as is the case here, Yhiat
defined as a categorical variaplehich wouldindicate whether or not the observed crash rates are
between certain valueassumingg = Pr(Y; = 1), the general shape tiebinomial logit model is
given in Equatior{23).

Logit(p, ) Iog? S—X L (23

where;
Xi = avector of explanatory variables, i.e., risk factors, and
/= avector of regression coefficients.

Based on Equatiof23), the odds on each nest are definethdisated in Equatio24).

Logit(p,; ) = lole% 0=4 +bSpeed ,#{ MPD Frictiy] (24)
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where;

P = probability of observing a crash rate for SegmeRk i, betweerlLx andUy,
Speed = speed limit of Segmemt

MPDi = mean profile depth segmeint

Friction; = friction value representative of Segmerdand

k = is the number of nests in the model.

Probability = 1.0

P(0 (R < 10) PRO 10

P(1 0 R< 30) P(R 030)

P(30 R&60 P(R O60)

Figure 23. Sequential Logit model structure.

If the probability computed when both friction and texture are equal to their corresponding
investigatory levelsFENinv and MPDiny, is taken as the base of comparison, the relative risk of
observing a texture/friction value above or below the investigatory level can be estimated using
Equation(25). In this sense, the relative ridRR) concept can be used to evaluate the implications

of having one, or both, skid resistance parameters below their corresponding investigatory values.
If, an allowable risk ratio is definedhe RRcould serve as a tool to refine the definition of the
intervention levels.

P(R< R| MPD, FN)

RR( MPD, FN)= (25)
( ) P(R<R| MPRQ,, FNy)
where;
RR = relative risk,
MPD; = any givenMPD value,
FN; = any given friction number,
MPDinv = investigatoryMPD level, and
FNinv = investigatoryFN level.
4.3.Results

The observed and badasted values are compared against thelamet departure crash rate in
Figure24. As shown, there is consistency between the two datasets and no bias is induced. The
percentile distribution of the lane departure wet crash ratexluded inTable12. As shown,

most of the sites have a lane departuegcrash rate below 30 18dvmtis.
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Figure 24. Observations available to determine thresholds for: (ayiPD and (b) friction.

Table 12. Lane departure wet crash rate, in 100Mvmt 13, percentile distribution across the
different observations.
Crash Rate (100Mvmt 13)

Observations Pas Pso Pzs Pos Max
All Sites 0 7.9 25.2 69.8 3955
Raw Obs. 0 5.6 24.0 68.8 395.5

BackCasted 0 9.4 27.0 72.0 361.1

4.3.1.GPF Method 3
Friction

Sites were grouped by friction demand category and for each category the friction histogram was
obtained; then, foeach histogram bin crash rate was computed using Eqagpiorexample

Figure 25 and Figure 26 shows thefriction histogramfor all Categoryl segmentsand only
Categoryl segmentst 65-70 mph, respectively. Individual plots for each category are included

in Appendixl.
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Figure 25. Wet lane departure crash rate variation as a function oFriction for Category-1.
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Figure 26. Wet lane departure crash rate variation as a function oFriction for Category-1
at 6570 mph.

The thresholds wemrefined using the GRPivot estimation method\ccordingly,the crash rates

were inspected to identify the friction value at which crash rates start to increase rapidly. If one
conducts a visual inspectiofi Bigure25 andFigure26 and looks for thé&Ninv at which the wet

lane departure crash rate starts to increase rapidly, the thie&lrothtegoryl and Categori

at 6570 mphare0.53 and 0.8, respectively. By following a similar procedure for all the other
friction demand categories, th@vestigaobry friction thresholds are summarized Tiable 13. It

must be noted that individual thresholdere evaluatetbr different speed limits, but those were
only obtained for Catego+y.

Table 13. Investigatory and intervention Friction Thresholds estimated with the GPFPivot

method.
All Speed Limit
Parameter Combined 6570 5560 Tangents Curves Interchanges
FNinv 0.53 0.62 0.51 0.57 0.60 0.65
FNinT 0.39 0.45 0.38 0.43 0.45 0.49
Texture

After categorizing the sites based on the friction demtnadtexture histogram for each demand
category was obtained. As mentioned in the Methodology section, the effect of the speed limit was
evaluated only for Categoiy. Then, for each bin in the histogram the wet lane departure crash
rate was computed using Equati@d®). Examplesof such plotsare presented irFigure27 and

Figure 28, for Categoryl (all demand combinedndfor Categoryl segmentsat 65-75 mph
respectively In both figures, the red line represents the md&D of all segmentsindividual

plots for each category are included in Appenrdikhe elements shown Figure27 andFigure

28 are described ifigure22.
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Figure 27. Wet lane departure crash rate variation as a function oMPD for Category-1.
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Figure 28. Wet lane departure crash rate variation as a function oMPD for Category-1

using only segments with a speed limit of 680 mph.

Two distinct regions are observed Figure 27 and Figure 28. One region(MPD above
approximately 1 mmyvhere crash rates are mostly constant and then a second (M&Drat or
below 1 mm)where crash rates seem to be increasing lineBdged on the analytical process
described in Sectiof.2.4 the datan Figure27 andFigure28is found to yield aiPDinv values
of 0.8 mm and0.9 mm, respectivelyAfter following a similar procedure for the other friction
demand categories, tMPDinv sSummarized i ablel4 are foundIt must be noted that individual
thresholdsvere evaluatetbr different speed limits, but those were only obtained for Catetory
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Table 14. Investigatory and intervention MPD thresholds estimated with the GPFHPivot

method.
All Speed Limit
Parameter Combined 65‘)7%6 5@'60 Tangents Curves Interchanges
MPDinv 0.80 0.90 0.67 0.76 0.88 0.90
MPDint 0.60 0.68 0.50 0.57 0.66 0.68

4.3.2.Sequential Logit Regression

To calibrate Equatigi2z4)b ot h t he &ér awd o0 bcastervalies were nsed aaih d t
they were a single database. To calibrate th
resulting coefficients are summarizedTiable15. These coefficients define the odatio on each

nest as indicated in Equati¢26) to (28).

Table 15. Coefficients of the sequential Logit model.
Crash Rate Nests

h
e

Parameter
P P2 Ps
b -0.69 -1.22 -1.0¢%
by -0.16 0.14? 0.252
Jo) 2.68 2.05 243
ISignificant at a 95% confidence lev&jgnificant at a 90% confidence level.
P(0¢ R <0 >
=——~ =F£x + b Speed MPD Fri 26
T p( & +bSpeed ,# MPD Frictioh) (26)
P(10¢ R <30 o
= Ex + b Speed MPD Fri 2
P2 =" bRz 30) p( 4 +bSpbeed ,# MPD Frictiof) (27)
P(30¢ R <60 ..
P ) £xp( § +b Speed 4 MPD Fricton) (28)

P2 =" p(Rz 60)

For each nest, the total probability must add to 1.0, i.e., Equ@&must be satisfied. Hence,
individual probabilities can be solved on each nEst. example, the odd ratior first nestis
definedin Equation(30). Solving forP( 0RX10) in Equatior{29) results in the expression shown
in Equation(31), thenP(RO10) i s -B(qORXU0).t o [ 1

P(L ¢ R <U,)+P(R, 2U)=1 (29

P(0O¢R «0) _ >
P(R—Zlo)_Exp( 0.69 0.16 Speed 268] MPD Frictioh) (30)
P(O¢R 40 = : (31

1+1/Exp( 0.69 0.16 Speed 268] MPD Frictiph)

Consequetly, one can compute the probabilities in the following nests by assuming the events are
mutually exclusive and independent. By doing so, Rflel (R&30) is defined ashown in
Equation(32).
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Figure 29. Probability P(Lx ORk < Uy) as a function of texture and a fixed friction of 0.4, for
Category-1 at: (a) 55mph, (b) 60mph, (c) 65mph, and (d) 7Gmph.

After doing so, one can observe how the probability of being at a given crash rate level varies as a
function d different values of the predictors. An example of such variation is depictadune

29, where the model was used to evaluate the effddiRid and speed limit, at a fixed friction of

0.4, on the four crash rates levels. As shown in the figure, the probability of observing the highest
crash rate levels increases wiMBRD decreases and the speed limit increases.

For example, if thd&MPD is set equal to-Inm in all four plotsin Figure29, then theP(R< 10) is

56, 52, 48, and44% for each speed limit evaluated. While (@& < 60) is 8, 90, 91, 93%, for

55, 60, 65, and #Mph, respectively. This model can also be used to evaluate the effect of
increasing friction at a certain level if all the other factors remain constant. Following the previous
example, if the speed limit is #@ph, te MPD is 1-mm, and if friction increases from 0.4 to 0.8

the probabilities of each crash rate level will change as indicatEdyime 30. As shown that
friction increases from 0.4 to 0.8 will reflects in a reduction of the chances of observing a crash
rate greater than 30, i.d?(R < 30) went from 4% to 92%.
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Figure 30. Probability P(Lx ORk < Uy) for: (a) friction = 0.4 and (b) friction = 0.8.

The results shown iRigure29 and Figure 30 can be generalized by computing all the possible
combinations of friction and texture at a given speed lifflitis analysis results in tiree
dimensional surfaceyhich can be visualized in two dimensions by using a contourliglothe
onesshownin Figure31. In this figure, the darker the color, the higher the probability that the
crash rate will be below 10 18avmti3 (P(R < 10)). For example, for a posted speed limit of 55
mph, if friction is 0.7 andMPD is 1-mm there is a4% chance the crash rate Wik less than 10
100-Mvmtya. If friction reduces to 0.5, to maintain the same level of probabiliti/thB must be
equal to 1.4mm. For these two frictictexture combinations, if the speed limit increases from 55
to 70mph, theP(R < 10) reduces to®B% for the combination oMPD = 1.0mm and friction 0.7
andMPD = 1.4mm and friction = 0.5, respectivelBy using this contour plot, it is possible to
identify friction and texture combinations that lead to the same probability, or risk level.

Speed Limit: 55-mph

Speed Limit: 70-mph
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Figure 31. P(R < 10) envelope fora speed limit of 55mph (left panel) and 70mph (right
panel).
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One way to communicate thedividual friction/texture investigatory thresholds estimated with

the GPRPivot methodis by computing the probabilities associated whenMR® and friction

reach their respective investigatory thresholds. As before, the intervention level is set as 25%
below the investigatory level and an optimum value is set as 25% above the investigatory level.
Intermediate values can be defined as needed.ekample, if the thresholds estimated for
Categoryl using the GPF method for fiigh and texture are used, yields an investigatory level

for friction of 0.53 and for texture ®fIPD = 0.80 mm, se@ablel3andTablel4.

In that case, the 50% interval around the investigatory friction is 0.4 to 0.7 (25% below and above
FNinv, respectively), and for thMPD is 0.6 mm to 1 mm (25% below and abdvDinv,
respectively). Using Equatiqi26) whenFN = 0.53,MPD = 0.80 mm, and speed limit is equal to
55-mph, theP(R < 10) is calculated as 58%. In the c&beis now the intervention level ¢iN =

0.4 butMPD is still equal to 0.8 mmP(R < 10) = 50%. If instead;N is still 0.4 but theVIPD is

now at the intervention level of Brim, P(R < 10) = 45%.

Based on tese probabilitiesthe relative risk is calculated with Equati@b) andRRMPD = 0.8,
FN = 0.4) = 50/51 = 0.98, and the relative rRRMPD = 0.6,FN = 0.4) = 45/51 = 0.78. The
higher theRRthe better. A summary of the differdRRvalues computed based B(R < 10) is
presented iMablel16. Similar tables can be made by using other probabilities, such B§RRe
30) orP(R < 60).

Table 16. Relative risk based orP(R < 10)for different speed limits.

- MPD (mm -
Friction 06 07 0F8 ) 09 1 Speed Limit
04 [078 083087 092 0.6

05 | 08 091 09 102 1.08

054 | 088 094 100 1.06 1.12 55-mph
0.6 0.92 099 105 112 118

0.7 0.99 106 114 121 128

0.4 091  0.96

0.5 096 102  1.08

0.54 093 100 107 113 60-mph
0.6 0.91 099 106 113  1.20

0.7 0.99 107 115 123 131

0.4 090  0.96

0.5 096 102  1.09

0.54 093 100 107 114 65-mph
0.6 0.90 098 106 114  1.22

0.7 0.98 108 117 126 134

0.4 0.95

0.5 0.95 1.10

0.54 092 100 108 1.16 70-mph
0.6 098 107 116 1.4

0.7 0.98 108 119 129 138

Colorcode:_ 09 RR 1 RR>1
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4.4. Recommended Friction and Texture Thresholds

Table13 and Table 14 summarizethe values offriction andtextureat which crash rates show a
visible increase with continued reductiomlere, the data is segregated by dentaegories and,

when all data is combined, by traffic speed. To develop final recommended friction and texture
thresholds, additional assessments are needsedminary of the aggregate crash rate computed

for each friction demand category and their respective investigatory thresholds is presented in
Figure32. In this figure, the values frofablel3andTablel4 are shown along with the different

crash rate curves to emphasize the uncertainty and variability in the curves estimated for each
demand categonyit is noted that irfFigure 32 (a), for the interchange categotliye data usetb

define the investigatory threshadid not include the values associateith a friction bin below

0.575 because the number of interchange segments with friction values belom@&db small

to obtain a reliable crash rate estim&tigure32 (b) shows forthe case of texturthatwhile the

values developed by the GPF method are systematically different for each category, the overall
crash rate curves are similar and thus choosing a single representative value does not have much
impact on the final expected crash rates. On the dihed, Figure 32 (a) shows greater
differentiation in crash rates by demasategoryfor friction.
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Figure 32 Investigatory Thresholds for the different demand categories for (affriction
and (b) MPD.

It must be noted that the speed dependent thresbedduated for Category are not included in
Figure32, because even though a value was obtained for the segment6Gatrgh and 650

mph, the sample size of the former groulnsted, and more observations are needed to proposed
reliable speed dependent thresholds. Also, as shokigune32(a) the friction investigatory level

of curves and tangents is close, 0.57 for tangents and 0.60 for curves. In contrast, the interchange
has a distinct valuef 0.65.Consequetly, it seems feasible to recommend the value of 0.57 for
curves and tangents, from now on referred asint@nchange segments, and the value of 0.65 for
those segments inside an interchange influence area.

According to the NCHRP 108PF, pavement segments with measured friction/texture values at

or below an assigned investigatory level are subject to a detailed site investigation to determine
the need for remedial action, such as erecting warning signs, performing more frequent testing and
analysis of skid resistance data and crash data, or applying deshorestoration treatmerin

other words, this threshold flags the need for a detailed evaluation. In cqraxestientsgments
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with friction/texture values at or below the intervention levetjuireremedial actios thatmay
consist of immediately applying a restoration treatment or programming a treatment into the
maintenance or construction work plan and/or erecting temporary warning signs

Hence, lased on thimeed for site specific investigatignfor friction there is much greater
separation by demand categories, and it is recommended that demand category dependent
thresholds be chosen. In the case of textuase® on the similarity of crash rate curves as a
function of MPD, a singlerepresentativéPD value is recommendddr the investigatory levels

The valuefor this investigatory level iselectedrom the combined Category 1 analysiShe

proposed investigatory level and the asdedtervention levels are summarizedTable 17.

As noted above, even though the data available suggested that lane departure, wet crash rates were
lower on facilities with a 5%0 mph speed limit than on those with a@bmph speed limit, the
recommended thresholds are the same for both. More dathl $f@collected to have enough
certainty to recommend a lower threshold limit for such facilities.

Table 17. Recommended investigatory thresholds.

Variable Non-Interchanges Interchanges
FNinv 0.57 0.65
FNint 0.43 0.49

MPDiny (mm) 0.80 0.80
MPDnt (mm) 0.60 0.60

Having recommended the investigatory and intervention thresholds, an example is presented to
illustrate the process needed to establish the demand categories for each segment and the
corresponding thresholdEigure 33 shows the geometry of Site 1®dith the location of the
tangents, curves, and interchangistified The total length of the site is 6.56 miles, 3.13 miles

are characterized aarves (red lines ifigure33) and 3.42 miles are tangents (blue lineSigure

33). There are two interchangedong Site 101 and most of the segments that fall inside the
interchangedarea of influence are curves (1.20 miles).

- - / 11
3
/ v | == Tangents 12
1 V| = Cyrves 13

Figure 33. Friction demand categories definition for Site 101

As presented imable 17 the highest intervention threshold corresponds to interchanges. Any
segment that is inside an interchange area of influence is categorized as Interchiadel8

For example, Segment 2 is a tangent with a total length of 0.34 miles; 0.07 miles of this segment
is within the first interchange (leftmost one kigure 33) and therefore is designated as an
Interchange inTable 18 (from milepost 0.32 to 0.39), the remaining 0.27 miles are outside the
interchange area and is designated as Tangdiathile18. Once all the segments are categorized,

the values ofablel7 are used to define the investigatory and intervention levels, respectively as
shown inTable18.
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Table 18. Assigning the investigatory and intervention levels for the segments of Site 101.

Investigatory Intervention
Segment Friction Milepost Levels Levels
Demand MPD - MPD -
Friction Friction
From To (™M) (mm)

1 Interchange 0 0.32 0.8 0.65 0.60 0.49
2 Interchange 0.32 0.39 0.8 0.65 0.60 0.49
2 Tangent 039 066 0.8 0.57 0.60 0.43
3 Curve 066 135 0.8 0.57 0.60 0.43
4 Tangent 135 3.05 0.8 0.57 0.60 0.43
5 Curve 3.05 324 08 0.57 0.60 0.43
6 Tangent 3.24 344 0.8 0.57 0.60 0.43
7 Curve 344 347 0.8 0.57 0.60 0.43
7 Interchange 3.47 4.23 0.8 0.65 0.60 0.49
8 Interchange 4.23 432 0.8 0.65 0.60 0.49
9 Interchange 4.32 4.44 0.8 0.65 0.60 0.49
9 Curve 444 473 0.8 0.57 0.60 0.43
10 Tangent 473 527 0.8 0.57 0.60 0.43
11 Curve 527 572 0.8 0.57 0.60 0.43
12 Tangent 572 6.26 0.8 0.57 0.60 0.43
13 Curve 6.26 6.56 0.8 0.57 0.60 0.43

Following this example, if friction and texture are measured in Site 101,stimyld befirst
compared against the investigatory levels showirainle18. If the measured friction or texture of

a given segment are below the investigatory level but above the intervention threshold, a detailed
safety evaluatiorshouldbe conducted. On the other hand, if the measured value is below the
intervention level a maintenance treatment may be needed and ansigtlye carried outo
determine the treatment type that Héstthe site geometry and surface characteristics.

4.5.Cost-Benefit Analysis

As detailed in Appendix J, a cesénefit analysis was carried outassess the implications of the
threstold values identified in this studyhe analysis considered three different scen#natsvere

defined in close consultation with the project steering committee and intended to evaluate the effect
of including safety requiremenits the pavement maintenance planning and execution. The three
scenarios evaluated were:

1 BusinessAs-Usual Scenario (S1): maintenance is done as usual, i.e., without considering
the available skid resistance and the expected number of lane departure wet collisions.

1 MaintenanceNith-Safety (S2): the available friction and texture is used to estimate the
expected number of collisions in the network and using the combination of performance
models and intervention thresholds evaluate whether a pavement needs to litatedabi
or not.

1 SafetyRisk-Balance (S3): the decision of whether a site needs to be rehabilitated is based
on the sequential Logit model, which is used to estimate the probability of surpassing a
given crash rate. A site is rehabilitated if the calculated probabiliseeter than a certain
risk level.

Based on the recommendations of the project steering committee, two maintenance alternatives
were evaluated: OGFC and UTBWC. The former was assumed to be used only in the western
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administrative divisions, whereas the latter was used for the eastern divisions. The analysis
evaluated two uncertainties associated with the maintenance strategies: the expected life and the
expected structural damage. The combination of these two faldfbned a set of maintenance
strategiesin the case of the OGF@iree strategies were defined thgptresented low-structural
damage, a higktructural damage, and a modified/moderate case. Thsttoatural case assumes

the top surface is milled angplaced every §years, and a fulllepth replacement (OGFC +
underneath dense layer) is replaced only everyeHds. The higistructural case considers that a
full-depth replacement is needed evefgears, and the modifiestructural damage considergth
full-depth is made everyyears. In contrast, for the UTBWC two strategies were evaluated, low
structural damage and modifistructural damage. For the former the top surface is milled every
7-years, and a fullepth replacement is conducted afterygdrs. The modifiedtructural
condition evaluates the case where adelpth replacement is made everyyBars.

The detailed costbenefit analysis is presented in AppendixThe friction and texture data
collected by WDM was used to illustrate the proposed analysis m&hnedof the main inputs in
the analysis was the setinferventionthresholds defined in this chapter, summarizetkible17.

A simplified life-cycle costanalysiswas conducted, and the main conclusions obtained were:

1 Of the strategies evaluatetle most efficient way to increase safetgty be to useoarse
graded dense mixes that provide a mean initial texture value-ofrfa.@neasured with the
Ames AccuTexture 100) and a minimum friction of 0.50 (measured with Moventor
Skiddometer BVY11 at 60mph). It is notedthat potential longerm structural performance
implications from such a mix were not included in the assessiemis assumed that
such a mix, iif it were possibl e,entafaced per
mixtures.

1 While the precise cost implications varied by scenario evaluated, all scenarios showed a
benefitcost ratio from using the OGFC and UTBWC greater thansdnanimum benefit
cost ratio o#.5was obtained and the maximum observed I2ags outlined below, there
are some limitations with respect to the assumptions made in the cost/benefit analysis and
the ability to consider other <cost i mplic
confidently state whether such cost/benefit satiould be achieved practice.

1 The currenMPD and friction values of thportion of thenetworkevaluated suggeblorth
Carolina hagexture values that fall below the proposedestigatory level. In contrast,
friction values in the majority of casegxceed the proposedvestigatory levelHence,
increasing the texture across the network should be the primary target of the NCDOT.

There aressomemain limitations in this analysis:

1 The mobilization cost incurred to monitor those sitdwere either friction or texture is
below their candidate investigatory threshold is not included.

1 Itis assumed that once a surface is tredkedinitial MPD is equal to the average value of
that surface type, instead this should be modeled as a random variable.

1 The analysis here only evaluated primary economic effects, i.e., those directly related to
the pavements. However, there are secondary and tertiary economic implications that may
affect how well the calculated cost/benefit ratios would match real codiitee®S®me of
the other economic implications that were not included in the analysis are: i) the budgetary
implications of widespread implementation of the friction/texture thresholds and
rehabilitation strategies and the agency operational adjustmentgailal be needed for
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such implementation; ii) the longeerm impact of shifting funding priorities on the
maintenance, operations, and conditions of the entire transportation system in North
Carolina to complete the activities resulting from the PFMP; iii) the time andexpsted

for contractors to get familiar and train their personnel to construct the different surface
treatments to ensure that they perform well; iv) the availability and possible impacts on the
supply and cost of component materials required for theaerteats; and v) the impacts

to sustainability and the costs/benefits from downstream effects (if any) of the use of these
treatments (e.g., changes in the balance of waste materials at material suppliers, an
imbalance in the amount of RAP generated vekghat is used, impacts of increased
construction times and lane closures over the life of the pavement that would be needed to
construct and maintain these treatments, etc.).

The limitations noted above are considered substantial and should be addressed for before applying
the findings here to make far reaching policy decisions. Had the analysis performed in this study
not shown a cost/benefit ratio greater than one, thenutduvaave been clear that the effort to
better understand and quantify $ksecondary and tertiary effects was not worthwhile.

4.6.Summary

In this chapter, twaevaluation approachesere applied todefinea set of friction and texture
investigatorythresholds.The first approach included two versions of the Guide for Pavement
Friction Method 3, here named as Pivot method. The second approach relied on a statistical model
known as the sequentiabgit. This analysishowed

1 Interchanges have the highest friction/texture demand among all the categories evaluated.
This situation can be explained if one considers that, depending on the number of entries
and exits, the number of conflicts (convergeor divergence of traffic flows) expected in
the area of influence of an interchange is considedaigher tharthatone could expect
on a curve or tangent.

1 As expected, the highest friction/texture demand occur§a78 mph speed limitAt 70-
mph, the risk of hydroplaning is higher given the ratio between the hydroplaning speed and
vehicle speed.

1 It has been shown that the sequential Logit misckedivantageousver the traditionaPivot
method becausécan account for the interaction effect between friction and texture. This
featureallows one to define the required texture constrained to a certain available friction.
The challenge with implementing the Logit model lie in the lack of a quantified assessment
for the NCDOT relating crash rate probability and acceptable risk.

1 Both the Pivot method arskquential Logit model @recalibrated with the data at hand
The outcomes of both methodan be improved by including more observaticarg] in
particular,expanding the dataset of OGFC and UTBWI@s Other surface types, like
chip seals, micro surfacing or portland concrete pavements can be incorporated to improve
the model accuracgnd generality
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1.Conclusions

On thebasis of the research conducted in this studyfallowing conclusionbave been reached

T

For a densgraded mixture, the statistical analysis on the initial friction variation as a
function of mixture composition suggests that the highest friction percent changes are
associated with a high proportion of fin€sy, and with a high asphalt conte#AC.

To get accurate predictions of friction and texture performance it is necessary to account
for heterogeneity in the deterioration process. In this research, this heterogeneity was
modeled using random effect modélsese random effect terms are estimatedng the
calibration procesand sdfor the calibration set these quantities are knéavreach site

To use the friction and texture performance model on sites that were not part of the
calibration process, there are three possipliions prderedaccading tother accuracy

level): i) set the random effects equakhe averagealues oftherandom effectobserved

in the calibration seti) estimate the randomffects from mixture compositiorand iii)
estimate the random effects by using at least two friction/texture observat@se. three
situations were detailed in Appendix G.

Texture performance models have higher accuracy than the friction models, which is
attributed to an overall, more stable variatioMiRD between measurements.

Friction generally reduces over time due to the cumulative effect of traffic repetitions that
cause aggregate polishing after an initial increase in some cases. However, as observed in
some sites, friction can increase in presence of moderate to sevelirgrgprocesses,
typical of old surfaces. Future versions of the proposed performance models should
incorporate the raveling distress information stored in NCDOT PMS database.
Independently of the method used to establish and evaluate friction/texture candidate
thresholds, road segments were grouped by friction demand category. Interchanges have
the highest friction/texture demand among all the categories evaluated. Thisrsitaati

be explained if one considers that, depending on the number of entries and exits, the
number of conflicts expected in the area of influence of an interchange is considerable
higher than one could expect on a curve or tangent.

The sequential Logit model has a substantial advantage over the traditional Method 3 of
the NCHRP 108 for defining friction and texture thresholds because it can account for the
interaction between friction and texture on safety. Ta&ureallows one to define the
required texture constrained to a certain available friction. Also, due to its simple form, the
eqguations of the sequential Logit can be easily applied to an entire network to identify those
locations that might require a detailadalysis.

The candidate thresholds and the performance models were used to demonstrate the
efficacy of the proposed frameworkhe analysis included primary construction and
rehabilitation costsThe results indicate thatmay beeconomicallyfeasibleto treat the
network to maintain a minimum friction and texture levBlsnefitcost ratios between 4.5

to 12 were obtainedHowever, other economic components, such as budgetary
implications of treating the entire primary road network were not accounted for in the
amalysis.
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5.2.Recommendations

Based on the aforementioned conclusions, the research team makes the following
recommendations

5.2.1.PFMP Recommendations

1 For agiven pavement, it is ideal to measure friction across the different seasons to calibrate
a model that describes the seasonal variation for local conditions.

1 For new pavements, itis recommended to collect four equally spaced measurements during
the first year of construction. Then, measurements shoutdrimkictedn the summer.

1 Avoid collecting friction or textureneasurements sites with more than 20 consecutive
dry days. More chances exist that dust and contaminants could affect the observations.

1 Interstates, USoutescurves,ramps, andntersections should be prioritized to receive the
highest measurement frequency.

1 Friction should be measured atd#ph and 66mph. The 4émph is relevant in ramps and
intersections. The thresholgsoposed hereere set based on friction at-Gph.

1 For quality controlitis recommended that the NCD@&fine ar-oadwaysection for device
calibration/verification.

1 The recommended friction and texture thresholds showalite17, presented in Chapter
4 andrepeatedhere for conveniencepuld be used to monitor the safety performance of
facilities with speed limits above 55 mphNor t h  Car o | iadretverk, lpjut i mar y
continual monitoring and refinement should be carried out as more data becomes available.

Table 19. Recommendednvestigatory thresholds.

Variable Non-Interchanges Interchanges
DENny 0.57 0.65
DFENnT 0.43 0.49

(2)M PDinv (mm) 0.80 0.80
@MPDt (mm) 0.60 0.60

(1) FNinv andFNinT specific for Moventor Skiddometer BY1 at 66mph
(2) MPDnv andMPDint specific for AMES AccuTexture 100

5.2.2.Future Research Recommendations

91 Characterizdriction and texture foother surface treatments, suchrasrosurfacing, chip
sealsdiamond grindinggrooving, etc.

1 Conduct researcto evaluate the use of coarser gradatimnalternative surface typés
North Carolina pavements.

1 Conduct research to develop a method to account for friction and texture demands during
the mixture desigand/or mixture placemeptrocess.

1 Friction and texture performance models can be improved by incorporating a variable that
guantifies the raveling process experienced by the pavement. Currently, for the primary
roadway network, the NCDOT PMS database stores the area of the pavementumith fo
possible raveling severity levels, none, light, moderate, and severe. It is expected that the
higher the extent of the raveling process, the higher the expected change in macrotexture
and friction. Clustering techniques calsobe used to improve theeuracy of the friction
models.
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1 The sequential Logit model discussed in Chapter 4 should be calibrated for different
friction demand categories and should incorporate data collected on a wider variety of
surface types. Additionally, the NCDQGhould conduct a study tiefineits allowable risk
for each crash rate level.
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6. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

The Traffic Safety Unit and Materials and Test Unit of the NCDOT will be the primary users of
this product. The products of this research will be used by the NCDOT to predict friction and
texture performance on roadways and to understand when measurezpeesent a potential
hazard exists. It can also be used to heégntify asphalt mixtures with potential friction and
macrotexture issues ardkvelop better guidelines, specifications, and operational controls (if
necessary) for recently overlaid pavenseiihough many factors exist on individual facilities,
these steps couldad to reducedverall lanedeparture, wetollision rates on these pavements.

For follow-up activities, the research team believes that the NCDOT could consider the following
activities:

9 allocating resources to evaluate a langeportion of pavements with 88 mph speed
limits in order to modify the recommended threshold limits for such facilities;

9 allocating resources to investigate the efficacy of alternative surface treatment strategies in
order to maximize the benefibst ratio on a facilityby-facility basis;

9 allocate resources to validate the recommendeelstigatory and intervention threshold
limits and to refine these limits to better account for friction demand, including refinement
of the recommended limits for facilities with-88® mph speed limits; and

9 allocate resources to refine and develop a quality assurance protocol for newly constructed
pavements to ensure appropriate friction and texture is achieved at construction and flag
pavements that require mitigation early.
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APPENDIX A. DETAILED LITERATURE REVIEW
Introduction

This appendix presents a summary of the literature on the issues relevant to friction and texture,
their measurement, their relationship with crash risk, and approaches to managing friction. The
appendix is organized as follows:

1 Section 2 presents a summary of the friction mechanism, the main models used to represent
the friction variation with speed, and the friction variation during a braking maneuver.
Also, the current statef-the art for friction and texture performance madsie discussed.

1 Section 3 includes the main techniques used to characterize the skid resistance of both
aggregates and asphalt concrete mixes. Here aspects such as the laboratory specimen
preparations, as well as the equipment used to measure friction and simulatéithe tra
polishing are discussed.

1 Section 4 discusses the effect of the mixture composition in the available friction and
texture. Key aspects such as the use of Superpave Gyratory Compactor samples for
estimating asonstructed friction and texture, the effect of binder modifiers indncand
the most used friction treatment, are included in this section.

1 Next, Section 5 presents a detailed description of the techniques available to quantify the
crash risk in a road segment, topics such as the most common variables and the model
structure are discussed. Also, this section briefly describes the mechanisd aeh
Obefadner 6 study, and -parameetripmetheds to bvartcomethe u s i r
problem of a limited sample size.

1 Section 6 presents the main elements of a Pavement Friction Management Program
(PFMP), the methodology that can be used to set Investigatory Levels (ILs) for a highway
network, and the aspects to consider for defining friction demand categories.

1 Finally, the last section covers the main conclusions and knowledge gaps.

Pavement Friction

Wet pavement friction is a measure of the force generalbeth a tire slides on a wet pavement

suface Typically, wet pavement friction is also
in the literature by either of these names. Skid resistance reduces when the relative speed between
the sliding surfaces increases, a.k.a. between vehicle tingaarethent surface.

During the braking process, the rotational speed of the tire starts decreasing at a higher rate than
the vehicle speed; therefore, the slip speed, which is zero when the vehicle is at a free rolling mode,
will increase until it reaches the maximum valuelef vehicle speed. Equati¢B3) shows the
relationship between the vehicle spe€ilih mi/h and the slip spee®)( wherey is the angular

velocity of the tire in rad/g, is the tire radius in ft andlp is the average peripheral speed of the

tire in mih (seeFigure Al). If the vehicle is at rollindreemodeVr is nearly equal t&, and the

slip speed will be zer@r, 17).
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Figure A.1. Friction concept schematic.

S=V -y ¥ (6.68 3 (33

The slip ratio is defined by Equati¢d4).

SR=§ 3100 (34)

As soon as the braking maneuver startsbegins decreasing ai®increases until the slip ratio

(SR reaches the critical valu&sitical, Whichtypically occurs at &R= 10-25% (3, 4). At that point

a peak in the value of the coefficient of frictiqrpday occurs,seeFigure A2. This friction is the
maximum value that can be produced between the tire and the pavement while the wheel has not
been fully locked. After th&iitica the coefficient of friction start reducing until it reaches a
constant valuepiip) that is maintained when the wheel is fully lock2d).

»

erak
Feed Gradient

Friction value

| P SipSRZlOO%J

Slip speed (km/h)
Figure A.2. Friction variation during a braking maneuver.

Existing friction models can be divided into three types: theoretical, empirical, anesgnical
models(30). Theoretical models focus attention on evaluation of the effects on friction of rubber
properties and surface characteristics of pavements; they generally refer to ideal surfaces, and the
extension of results to real surfaces is not easy or possiblenynaases. Empirical models derive
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directly from regression operations according to experimental results (linear or expanedgél
structures) and most try telate the friction coefficients to kinematic parameters. In this case, the
pavementsised for characterizaticare existing surfacegndthe obtained model is significant

only for that specific combination of surface, tire, and external conditions. To address this problem,
semiempirical models have been introduced; they appear to be more practical since computation
is consideralyl reduced compared with theoretical models.

In the literature, friction models have focused on describing the variation of friction values after
the peak figeay (7, 13, 22, 32), highlighted in red irFigure A2. Furthermore, these models focus

on predicting the behavior of the speed gradient which is defined as the inverse of the derivative
of the frictionspeed curv€30). The most popular functional form used to describe the red curve

in Figure A2 is the exponential functiof31). The most common serempirical models available

in literature are the Penn State model and the PIARC model that have served as the basis for
standardizing friction values measured with different devices, and the RADO model. Thete mod

are described in detail in the next section.

0.8

0.6

SR=20%
S
41\&0

0.4

""""""""""""" 60T Gr=100%
50 km/h 0 R/H/h s

Coefficient of Friction

20 30 40 50 60 70 80 90 100

Slip Speed (km/h)
Figure A.3. Three-dimensional representation of the friction surface.

Finally, as indicated in Equatiof83) the slip speed depends on the vehicle speed, hence a
braking maneuver as the one depictedigure A2 is a snapshot of the friction variation observed
during a braking process made at a given slip sjgedd consequence, the complete friction
variation as a function of vehicle speed and slip speed is adhmemsional surface like the one
presented ifrigure A3. In this figure, the black dashed lines represent the friction variation with
vehicle speed at a constant slip r&mR Most of the Continuous Friction Measurement Equipment
(CFME) use &Rthat varies between 120% and the traditial Lock-Wheel Skid Tester (LWST)
uses é&&Requal to 100%. If one looks at the thigienensional surface depictedkigure A3in a
two-dimensional plane, then one can appreciate something like the curves preseigectiA4.
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Figure A.4. Two-dimensional representation of the friction surface.

Modeling Friction Variation with Slip Speed
Penn State Model

The Penn State model describes the relationship of frictioand slip speedy in an exponential
form as shown in Equatiqi35).

LN
m = g ' (35
where;
m = is the intercept of friction at zero speed, and
PNG= is the percent normalized gradient as defined in Equédien
pNG= L20dm (36)
m dS

It has beemlemonstrated th®NGis constant with speeahd therefore Heption(35) is obtained

by rearranging Hgption(36) andintegrating fromS= 0 toS. Furthermore, it was discoverduht

PNG is highly correlated with macrotexture and thatcan be predicted from microtexture
(friction properties dictated by the aggregate properties, such as mineralogy, shape, and abrasion
resistance)

Figure A5 shows Penn State model predictions for two cases that have th&&alection at

60 km/h), one pavement with good microtexture but poor macrotexture, and other with poor
microtexture and good macrotexture. As indicated in the figure, though these two pavements have
the same friction at 60 km/h they behave differently ifferént slip speeds. This example
demonstrates the need for specifying more than a single value (sE60 asing the Penn State
model) to describe the skid resistance pahaement.
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Figure A.5. lllustrative example of the friction variation as a function of the slip speed for
two pavements with different macrotexture characteristics.

PIARC Model

The PIARC model is based on the Penn State Model, but in Eqa&ptihe inverse oPNGis
defined as the speed const&nand the intercept is shifted to 60 km/h, as shown in Equégion

460- S

F(S)= F60 36 > (37

where;
F(S)= is the friction at slip speed S, and
F60 = is the friction at 60 km/h (38 mph).

As indicated above, teNGand consequently ti® is highly correlated to surface macrotexture,
whereasmn depends on the surface microtexture. Hence, the PIARC model assumes the friction at
60 km/h (46mph) is a good representation of the surface microtexture. However, more recently,
researchers have advocated to use a better representatm@rbyfconsidering the maximum
friction (/meay in the model derivatioiL3, 30). One example of this representation is the RADO
model discussed below.

The International PIARC Experiment to Compare &admonizetexture andskid resisence
measurements was conducted in Belgium and Spain in the fall of EB8®-seven different
friction and texture testers from sixteen countries participated. These systems measured 67
different parameters (33 texture parameters and 34 friction parameters). The various friction
systems included side force, fixed slip, andkked wheel mechanismBach friction tester was
operated at three speeds: 30, &@d 90 knh (18, 36, and 54 mph), and each tester ntade
repeated runs at each spekexture was measured by both stationary and mobile equigB88nt

All texture measumentswere made on dry swades before any water was appliedie roadvay.

As a control, a microtexture measuremenats made before and after the skid testers made their
tests.This data vasused to show that there were no stat@yy significant changes occurring
during the testig.

The Pan State Model was chosen as the basis for the analysteeotlah from the PIARC
experiment and the development of timernational Friction IndexIEl). The harmonization
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process allows skid resistance torbeasured by any of the measurement methodologiethand
result reported on a conon scale ThelFI consists of two parameters, one is the wet pavement
friction (S) that is related with th®IPD, and the other is the calibrated wet friction at 60 km/h (40
mph) denoted as60. Theadvantage of the IFI is that the valuem80 for a pavement will be the
sane regardless of the slip speed, whiemits the test vehicle to operate at any safe spered,
example, at higher speeds on hgpeed highways arldwer speeds in urban situatiokghen the

IFI is reported one must include both teandF60.

The calculus of thé&FI consist of the following steps (ASTM E1960):

1. Measure and compute tMPD.
2. Measure the friction at a given spesigh speeds, this will be theFR(S).
3. Calculate the speed consta®tjn km/h, using the following equation:

S, =14.2 +89.7 MPD. (39)

4. Using theS, coefficient obtained in the last stegaljust the friction measurement made at
theslip speeds, i.e.FR(S), to obtain the friction at 60 km/h, i.E(60), using Equatioi39).

(S- 60)

F(60)=FR(S) 3e ™ (39)

5. The final step in the harmonization is the calibration of the equipment used for
measurement, by regression of the adjusted measurdfRédD), with the calibrated
friction numberF(60):

F(60)=A 8B FR(60). (40
RADO Model

As a tirechangedrom the free rolling condition to tHecked wheel condition ured braking, the

friction increases from zero to a peak value and then decreaseslockib@ wheel friction as
indicated inFigure A2. According to Radd34), the friction before the peak is mainly related to

tire properties, whereas the friction after the peak depends on the pavement surface characteristics.
Different from the preceding models, the RADO model describes the entire fstiflospeed

curve andserves aghe basis for the ABS braking system. Equaft) presents this model.

&é C

s) =g &  V (41)
where;
mS) = friction at slip spee®,
Mhax = maximum friction value,

Snax = slip speed at the maximum friction, and
C = shape factor that determines the skewed shape of the friction curve.

The PIARC and Penn State model are a particular case of the RADO mo&kdhstanis the
inverse of the derivative of the friction curve( & ¥lip spee®equal to 60 km/h and at slip ratio
SR=100%, when it is transformed to a logarithmic form

In the PIARC friction model, which is primarily intended for letggm monitoring of the
pavement, the steady state value of frictie(g), is calculated. This valueccurs at 100% slip
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(fully locked wheel), and it decreases with increasing slip spdétbugh thelFl describeghe

friction experienced by a driver in emergency braking, when the transient part happens so quickly
that only the steady state needs to be usedwidr&\BS follow a different pattern. In these cases

a different model that captures the influence of the tire design and material in addition to texture,
slip speed, and measuring speed is neadddhe RADO model serves as this alterng(d@.

An example of the RADO model derivation is presente&igure A6. Part (a) of this figure
depicts the friction variation with vehicle speed; these friction values were collected in road section
with homogeneous surface, i.e., a pavement that was recently overlaid sufficiently long to collect
measurements at differenpeeds. The yellow points are the arithmetic average computed in
increments of 10 km/h (6-Bph). An exponential model was fit to the yellow points obtaining the
model shown irFigure A6 (a).

It is important to notice thaigure A6 shows the friction variation with vehicle speed, but the
BV-11 uses a SR = 17%. So, in order to apply the model descrildeidung A2 it is necessary

to use Equatiof34)to compute the slip speed. To derive the RADO model for this pavement, the
procedure described by Leandri and L{3@ was applied. According to these authors, for each
slip speed it is necessary to estimate the three parameters of Eqdia)itinree observations are
needed for this purposedathese can be obtained as follows:

1 The observed friction should be equal to the prediction made with the RADO model; this
is the friction atv; should be equal t0f0.17xV).

1 The RADO model/{S), and thdFI curve,F(S), have the same tangent, and

1 The RADO modeln§S), and thdFI curve F(S), have the same value at the same slip speed
and at the same slip ratiSR= 100%).

1.00 . 1.00
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090 o 0.90 i - - —Rado 50 km/h
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S E ,. & BFC
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c S 0.50 EARNNS
he 5040 | R
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Figure A.6. (a) Friction values collected with the B¥11 Moventor Skiddometer, and (b)
Rado Model development.

These conditions are stated in Equa(@2). Finally, because in the derivation is necessary to use
thelFl model, the model fitted with yellow pointskiigure A6 (a) is used to calculate the friction
corresponding to a slip speed equal to 60 km/h.

o

mina% F(BFc() 10.17 %)) (F(Y) a?E(’\L (Mh P (42)
&g ¢ HS y
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where;

BFC = friction coefficient measured with the BY1 at a given speedj,
mS) = friction predicted with the RADO model, and

F(S)= friction predicted with the IFI model.

The resulting RADO model for each vehicle speed (30 km/h, 50 km/h, and 80 km/h) are illustrated
in Figure A6 (b). As depicted in this figure, this methodology can be used to calibrate the RADO
model by fitting the three curves simultaneously, this procedure can be used to fully describe the
available friction for a given pavement.

Modeling Friction and Texture Variation with Traffic/Time

Figure A7 shows the general model that is internationally accepted to represent skid resistance
performance over timg3). For a new pavement, an initial skid resistance increase appears if the
aggregates are covered by a bituminous film. After the bituminous film is worn away, the
aggregate microtexture is exposed to traffic and, hence, skid resistance increases. Then, once
exposed, aggregates suffer from a normal polishing process and their friction level is reduced, until
an equilibrium phase is achieljevhere the skid resistance tends to follow an asymptotic.

Initial friction
improvement
|

A

Friction

Equilibrium
phase

Polishing
phase

Seasonal
variation

»

i T2 Time/Traffic
Figure A.7. Skid resistance variation with time or traffic.

No consensus exists about the duration of each phase. For the elimination of the bitumen cover of
the aggregategaged), it depends on the binder type and heavy traffic characterigtms
example, in Spain it has been obser¥ednight last 2 or 3 months for dense graded AC mixes,

but it may extend during the whole life cycle of the pavement surface for Stone Mastic Asphalt
(SMA) mixes(10). Similarly, the results of theHWA/NC 2020-11 project(2) suggested friction

can increase as mu@s 50% of the initial valuafter constructionandon averaget takes4.0

million traffic repetitions for this increment to occim contrast Woodward et &lL0), have found

T1 might last 4 years for polymer modified mixes. Regarding the po@ishhase duration (the

time betweerl: andT>) the published literature has reported a range from approxinfately

yeass (35) to one yeal36).
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On the other hand, once the equilibrium phase is reachedTgftdreverything remains constant

(traffic levels and weather patterns) the only friction variation is due to a seasonal(@ffeiry

roads, generally in the summer, the polishing effect action of traffic is dominant, but, when the
road pavements are wet for long periods, normally in winter, surfaces recover some of their former
texture and harshne§d. Since road agencies must assure a minimum friction on the roads in their
network, knowing the minimum level of skid resistance available is a vitatest in their
pavement management system and, hence, it is preferable to evaluate the network in the summer.

The British highway agency (BHA) applies a seasonal correction faCtessdng for those
measurements that are collected during the winter when considering the seasonal variation. The
BHA characterize the friction at a network level during the summer when the friction is at its
lowest values, to capture year to year variation liteisessary to measure friction every year and
correct the measurements to remove any atypical fluctuation. This correction is done comparing
each measurement with the averafdhe past three measureme(i33), as shown irFigure

A.8. For modeling the seasonal variationss&fd resistance, sinusoidal models have been the
dominant model type proposed in the literat{ir2 38).

Equilibrium
3 phase
I

Xid Resistance

Winter

Summer

Summer

Time (years;
Figure A.8. Data collection plan used by the British Highway Agency (BHA).

The amount of polishing has been found to be proportional to the traffic intensity (usually
expressed in vehicle per day per lane or heavy vehicles per day per lane), not to the cumulative
traffic (number of vehicles that passed during the period of asplys fact, some authors had
reported that if traffic intensity is reduced, friction degradation due to polish may recover to some
extent(35). This effect is also shown Figure A9.
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Figure A.9. Mean Summer SCRIM coefficient (MSSC) variation: (a) with constant heavy
traffic volume, (b) with changing heavy traffic volume(35).

The general macrotextuperformance model, depictediigure A10, includes four components:

initial macrotexture Nli), equilibrium macrotextureMe), time to equilibrium T1), and the
harmonic characteristics of the seasonal effect. The general model suggests that macrotexture is
maximum immediately after construction and decreases as the binder film wears off from the
aggregate. Some have suggested that the densificatidhe ofurface asphalt mixture also
contributes to a reduction in the macrotex{i®. It is generally acepted and proven that texture
values do not vary substantially due to the traffic polishing effect and the only source of variation

is caused by the seasonal effect. It is important to note that other factors may contribute to an
increase in macrotextureid i ng a pavement 6s s-;mduved rawlind/loss e. Fo
of surface fines may increase the surface texren the following sections a summary of the

most relevant work proposed to describe each of these phases is presented.
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Figure A.10. Macrotexture variation with time or traffic.

Early Friction and Texture Development (Befdng

With respect the early friction and texture development different models have been developed to
relate the mixture volumetric properties to the friction and texture measured in the lab, also a few
of these have also evaluated the relationship betweenathenkasurements and the field
observations.

Polishing Phase (Betwedn andT»)

One of the first friction prediction models was proposedhstkowski and Hoskin¢39) who

used a dataset collected in the period of 1960 to 1970 across 139 roadway segments. The Skid
Friction Coefficient (SFC) values wesn average value of mean summer values with known
aggregate PSV which resulted in the development ofafon (43) and Equation(44) with a
coefficient of determination fequal to 0.92 and 0.84, respectively. This model does not account

for seasonal variation explicitly, so it is nes&y to standardize the measurements first.
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MSSC=0.024 +0.663 30 @, 1+16 PS) (43

MSSC=0.024 +0.15 3¢ @, 1+16 PS\ (44)
where;
MSSC = Mean summer scrim coefficient measured by a SCRIM device at 50 km/h,
PSV = Polish stone value of the aggregates (with a range of 0 to 100),
Qcv = number of commercial vehicles per lane per day (a commercial vehicle is defined as one
with a mass greater than 1500 kg), and
Qrv = number of total vehicles per lane per day.

This equation set the basis for the development of a friction management program in the United
Kingdom, because it allowed one to predict the friction values as a function of the traffic intensity
and the aggregate properties of the riilxis equation also showed that the effect of traffi¢chan

SFC is not cumulative from year to ye&tevertheless, a more complete research study was
conducted and demonstrated that&iipn (43) and (44) predicted higher values on roads with
lower levels of heavy traffic and underestimated the available friction with higher levels of heavy
traffic volumes

Based on Equatiof#3), New Zealand proposed Equati@tb) with a coefficient of determination

R? equal to 0.28. After a slight correction to Equat{dB) (for example, accounting for the fact

that in the United Kingdom derivation only straight segments were included in the analysis, while
in New Zealand all type of segments were evaluated, including curves and ramps) and comparing
the predictions with theones made with Equatiod3), the New Zealand department of
transportation proposed Equati@®).

SFG,=0.018 +0.311 30 GVD 04637 18 PS\ (45)

where;
SFGo= mean summer scrim coefficient measured at 50 km/h using a SCRIM device.

CVD = number of commercial vehicles per lane per day (a commercial vehicle is one with a mass
greater than 3500 kg), and
PSV = Polish stone value of the aggregates (with a range of 0 to 100).
PSV=100 3ES(, ©.00663 €VD 24 (46)
where;
ESGo =  Equilibrium skid resistance coefficient, i.e., the SCRIM coefficient measured at 50

km/h and corrected for seasonal and yearly variations.

Another approach was made Bgyawickrama and Thomg38), who developed a model for
describing the seasonal variation of the friction numbers. The author&WW&H for collecting

friction biweekly at three different climate regions in Texas. For each regiomdhsurements

were collected at two different sites meaning a total of six locations were analyzed. Then the
authorsrelated the observed friction variationthvthe observed climate record and obtained
Equation(47). A reduced variant of the model shown in Equafiéni) can be made to analyze

only the longterm variation of the skid resistance. For this model, the only explanatory variable
is the Julian calendar days (JD).
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SN,, =32.28 -0.14 TEMP 0#031REO 0.66 sii @ 385Dy 13.53¢ +3.1P

.. ) . (47)
2780, 9.521,0 743, Q° -0091%

where;

SNss = Skid number at 64 km/h (~40 mph),

TEMPs = Average of daily temperatures for the 5 days before the measurements,

RFs = Cumulative rainfall over the-8ay period before the measurements,

JD = Julian calendar day, and

l,, & ,= Indicator variable that identify the pavement section.

Similar work was conducted in New Zealand by Cenek €id), who used a longerm friction

value measured using a British Pendulum Tester and a Grid Tester in a manual mode. The authors
proposed the functional form shown in Equat{d8) to account for yearly seasonal variations.

The idea of this function was that friction measurements could be made at any time in the year and
then corrected to a certain predefined period of interest. For example, correcting the winter
measurements to eilgalent summer &lues. The authors mentioned in their report that the BPT
model is more accurate because more data was available for calibration.

For the British Pendulum Tester
BPN=BPN,, 1ina - 5 (‘fbs( 2/ 665.25J[3'j
For the GripTester

GN=GN,, ;. +0.002 Go§ 2/ [865.25IDf

(48)

where;

BPNerminar = BPN measured,

BPN = BPN corrected for seasonal variation,

GNerminar = Grip number measured in tow mode,

GN = Grip number measured in tow mode corrected for seasonal variation, and
JD = Julian calendar day.

Texas A&M University researchers developed a friction prediction model based on both laboratory
and field measurementRezaei and Masa@0) describedthe complete process of the model,
which included two phase the first phase a model that relates the friction variation with the
number of polishing cycles applied in the lab was developed, and in the second phase a model that
relates the traffic intensity, i.e., the number of vehicle pass observed in thevfiglcombined

with the model developed phase one. The model developed in phase one was calibrated using a
Dynamic Friction Tester (DFT) at 20 km/h and a Circular Track Meter (CTM). The model that
relates theFl with the mixture properties is shown in Equat{df) (41).

IFI(N) =a,;, b, ép( cz Nf (49
where;
IFI = is the international friction index,
amix, Dmin, Cmix = coefficients of the model and represent teeminal, initial and rate of
change, respectively, and
N = number of polishing cycles, expressed in thousands.
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In the second phase, the authors developed a skid resistance prediction model, which included the
aggregate texture and gradation of the aggregates and traffic volume from field measurements.
The traffic modification factorTMF) was defined as follows:

AADT( for outter lan¥® years in servicB65
1000

The relationship between tA&1F and the number of polishing cycldswas derived using a nen

linear least square regression analysis of the expression shown in Edbajiddonsequently,
combining Equatioid9)and(51)thelFI can be expressed by Equat(d2). This Equation shows

that the decrease of skid resistance depends on the aggregate characteristics but in both cases, it
tends to an asymptotic value after polishing cycles.

TMF = (50)

N'=TMF 308 e ¥ (51)
where;
A, B,C = regression coefficients equal4®421,-58.95, and 5.8.34.0°, respectively
IFI (TMF) =a,, 4, éxp( . TMF 10768 1"%*))) (52)

The Wisconsin Department of Transportat@iDOT) uses the model developed by Russell to
predictFN as afunction of asphalt material properties, age of pavement, traffic conditions, and
climate. The model is shown in Equatic3).

FN=41.4 -0.0007500 1-43.0g(LAVP  0.245 AWEAI (53)
where;
FN = friction number calculated for a LWST at-4@ph,
D = %dolomite in the mix,
LAVP = lane accumulated vehicle passes, and

LAWEAR = aggregate wear in Los Angeles machine.

Finally, PerezAcebo et al(3) developed a model similar to the one shown in Equd#8nfor

the region of Viscaya in Spain. During the analysis the authors evaluated different variables such
as AADT, pavement structure, material properties, aggregate polish resistance, and rainfall
intensity. The authors concluded that friction may be ptediasing traffic intensity and aggregate
PSVvalues and confirmed that friction is not related to pavement age or cumulative traffic.

In the case of texture Miao et f14) evaluated the degradation of mean texture dépiriy) with

traffic and developed the model structure indicated in Equétjoiio develop these models, field

tests were collected seven tiniegwo years. Two highway sections were included in the field

test, covering four surface types. Macrotexture was characterized using the Sand Patch Test (SPT).

MTD=a Oog( Traffiq (54)
where;
aandb = regression coefficients that take the value showraisle Al.
MTD = mean texture depth measured with a SPT, in mm.
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Table A.1. Fitting coefficients of the logarithmic model for MTD (14).

S#;fsge Dense Mixes Rubber Asphalt Concrete SMA utwc
a -0.1406 -0.1245 -0.0648 -0.0978
b 0.6128 0.8733 0.8542 0.9906
R? 0.815 0.901 0.594 0.831

Wu and Abadi€13) conducted a similar study to characterize friction and texture in the laboratory
and then validated their results with field observations. They also observed a texture variation like
the one shown in Equatidd), i.e., texture values decays with traffic repetition, though they did

not estimate the model coefficients addition, the raveling process describeBigure A10 has

been observed by at the National Center for Asphalt Technology (NCAT) facility. Several field
observations have been conductsgart of the Phase VII (201821) of the NCAT Test Track
findings(15). In these experiments a power growth in texture values has been observed until which
texture values seem to remain constant. Interestingly though, in some cases traffic seems to be the
causative factor, in others the best descriptor of this processpavkement age.

Portland Concrete Pavements

Using twoeyear data from 11 pavement section in the state of New York, Grady and Chamberlin
(42) estimated the decay in grooved textures and developed models relating skid number with
mean groove depths as well as with traffic passes, the proposed models are shown in&§yation

to Equation(57).

Log(SN,)=1.64 -0.13Lod CVP - R 9.7 (55)
MTD=0.037 -0.004pv -R =0.1 (56)
MGD=0.128 -0.018wp -R 0.1 (57

where;

SNy = skid number measured at-dtph with a LWST,
CVP = cumulative vehicle passes, in millions,
MTD= mean texture depth, inin.,

mvp = million vehicle passes, and

MGD = mean groove depth, in in.

In 1998, Drakopoulos et a{43) presented the model used by the Wisconsin Department of
Transportation (WDOT) for estimating the deterioration of transversely tined concrete pavement
surface friction over time. The model is shown in Equafss), but waslimited to singletine

texture only. Additionally, the possitive sign associated with HV is counterintuitive because
friction is expected to reduce with an increse in heavy vehicle percentage in the design lane. An
R? of the model was not provided in the paper.

Log( FN)=3.99 -0.0419.0g( LAVP -0.0012®OL -0.00474\ (58)
where;
FN = predicted friction number at 60 km/h (@ph)
LAVP = summation of all vehicles expected to pass over the surface during the design life,
in millions,

DOL = limestone, dolomite, or ankerite content of coarse aggregate materials, in % weight, and
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HV = percentage of heavy vehicles in the design lane.

On the other hand, Rao et &l4) suggested a regression model to estimate the longevity of
diamond ground concrete pavements as a function of age and climate as indicated in Equation
(59). It should be noticed that the model shown in EqudB8hdoes not include a traffic variable.

The service life observed in the pavements used in the study was around 10 years, after which re
grinding or another measured was required.

MTD=0.887 -0.15¢ 1 40.23%eez¢ Lo§ Age -R #. (59
where;
MTD = mean texture depth, in mm,
Freeze = dummy variable defined as 1: wet/dry non freeze and 0: wet/dry freeze), and
Age = age of the pavement since the grinding was applied.

Ahammed and Tigh€B) studied the longerm friction variation in portland concrete pavements
(PCP). One challenge of this surface type is to provide a durable surface with adequate skid
resistance for economy and safety. The authors examined thtetomdyictional performace of

eight different surface textures on 197 sections within the-termy pavement performance
database (LTPP). The analysis showed that tined and (or) grooved textures maintain consistently
higher skid resistance over time and thegace friction of concrete pavements is less sensitive to
ambient temperature. Another interesting finding was that friction values seem to be more sensitive
to the cumulative traffic volume than to the cumulative dodel.

The surface texture methods analyzed by Ahammed and Tighe were longitudinal tine, broom drag,
burlap drag, grooved float, astroturf drag plus longitudinal tine, and burlap drag plus transverse
tine. The independent variables evaluated to describe friateye vehicle speed in km/IH)(
compressive strength of concrete in MR&( cumulative traffic passes of all vehicles in
thousands\() equal to age YAADT, cumulative traffic passes of passenger cars in thousands
(VPO); cumulative traffic passes of truckn thousandsMT); and percent of trucksrP). The

texture characteristics were incorporated in the model by a set of categorical variables: texture
code TC), 1 for grooved and O for dragged; texture ranR)( 1 for drag plus transverse tine, 2

for drag plus longitudinal tine, 3 for longitudinal tine, 4 for grooved float or diamond ground
groove, 5 for burlap or broom drag, and 6 for astroturf drag; texture fa&prl( 16 for drag plus
transverse tine, 1.10 for drag plus longitudinal tine, 1.02dgitudinal tine, 0.98 for grooved

float or diamond groundroove, 0.92 for burlap or broom drag, and 0.85a&iroturf drag.

The models developed by Ahammed and Tighe are summarized in Eq6&jitm(64).

FN =63.467 - 0.328 +4.278C 0.0APC 0.13T G068 R- G (60)
FN=74.140-0.32% -2.316R 0.0A/PC 0.1MT GOTB R C: (62
FN=76.293-0.325 -2.29IR 0.054 0.04 GOEBE R- O (62
FN =23.877 -0.31% +42.250F 0.026°C 0.130 GCR R*= 0. (63
FN =26.535-0.31% +41.356F 0.03PC 0.037T 6G:0683 R- (05 (649

Finally, more recently, Gu et al. evaluated a model to predict the SN measured with a LWST and
the SR measured with a SCRIM tester. For this purpose, the authors collected a series of sequential
measurements at NCAT, friction was quantified by a LWST a&CRIM machine, whereas
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texture was characterized by the CTM. The experimental design considered three measurement
speeds (30, 40, and #B09ph), and three air temperatures (morning, noon, and afternoon
measurements). The resulting models are shown in Equébdand(66).

SN= G #5.51 0.3056V0 4.668MPI 0.154, (65)
SR= G 80.739 0.2527VO 1.222MPI 0.4448 (66)

where;
CiandC, = are regression coefficients dependent on surtigoe (i.e, dense graded, OGFC,
SMA, HEST, and chip seal) and aggregate type (i.e., limestone and granite),

SN = skid number measured with a LWST,

SR = scrim reading measured with a SCRIM machine,
Vv = measurement speed, mph,

MPD = mean profile depth measured with a CTM, in., and
Tair = air temperature in Celsius degrees.

Knowledge Gaps

The most popular friction related index currently used islfhe this index assumes that the
microtexture friction component can be described byfribtton value measured at 60 km/h €40

mph), whereas the speed gradient fully depends on the macrotexture. However, this model has
some flaws:

1 Currently, researchers most commonly advocate describing microtexture using static
observations, such as the ones collected with a DFT at 20 kmfhpliR Typically, these
measurements are combined with other aggregates friction characteristics, sheh as t
polish resistance measured with a TWPD or Los Angeles test.

1 Though in the original PIARC test different friction measurement techniques were used,
most of the applications with tHElI model, especially in the U.S., have used a LWST to
characterize friction. There is a need to expand these observations using CFME.

1 The speed gradient in tiel model was described solely with th#D. But nowadays, it
has been shown there are other texture parameters that better correlate with friction.

1 The friction variation models with time/traffic have not directly incorporated the seasonal
variation. This effect, as shown by some researchers, may cause significant variations in
the friction values. Also, most of these models have been derived usii§a or a BPT.

1 Inthe U.S., a few works have been made to relate the traffic polishing resistance simulated
in the lab with the actual polishing observed in the field. However, these works have used
a LWST to characterize friction in the field.

Laboratory Evaluation of Skid Resistance

Currently, there are a few options available to measure friction in the lab, as indicatdaen

A.2. From these alternatives, the Dynamic Friction Tester (DFT) is currently the most popular
because it solves some of the weakness of the British Pendulum Tester (BPT) but keeps the
portability and capability of measuring friction both in the lab and ifigtet The Wehner/Schulze

(WI/S) device is used mostly in Europe; however, is the most expensive option and can only be
used in the laboratory.
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Table A.2. Devices used for friction measurement in the laboratory7, 45).
Dynamic Friction Tester British Pendulum Tester Wehner/Schulze Friction Test
(DFT) (46 (BPT) (47) Device (W/S)(48)

Three 26mm by 16mm rubber A 25-mm by 32mm rubber ~ Three 36mm by 15mm rubber
sliders located at 120° ona  slider attached to a 1,5@0 sliders positioned at 120° on the

rotary disc friction head weight is released from a rotary disc friction head accelera
accelerate to a tangential spe¢ locked position to contact the to a tangential speed of 100 km/
of 80 km/h while water is surface of an 8¢nm by 45 while water is sprayed on the

sprayed on the surface at ara mm specimen. The elevatior surface to create a film thicknes
of 3.6 liters pemin. The motor to which the slider arm swing  of about 0.5 mm. The motor is

is then stopped, and the heac is the friction value. then stopped, and the head
assembly is lowered so that th assembly is lowered so that the
contact pressure between the contact pressure between the
rubber pads and specimen wit rubber pads and surface of the
outer and inner diameters of 3¢ circular specimen with a diamete
and 203 mm is 150 kPa. The of 225 mm is 200 kPa. The syste

system records the friction spe: records the frictiorspeed curve

curve during the test. during the test.

Except for the W/S device that has the capability of simulating traffic polishing, these devices are
coupled with separate equipment to simulate traffic polishing. The most common coupled system
nowadays is the DFTWPD, where TWPD stands for Three Wheelighing Device. Se&able

A.3 for references of each device.

Aggregate Skid Resistance Contribution

The recently published AASHTO provisional standard titied® P 1 0 3 , Provisional
Practice for Sample Preparation and Polishing of Unbddggregates for Dynamic Friction

T e s t ecorgniends the use of a TWPD for polishing and a DFT for measuring the friction of
aggregate$49). AASHTO PP 103 recommends usingdaishing device that has three patterned
pneumatic tires and can exert 0.65 + 0.02 kN (146 + 5 Ibs) to the test suBesides the TWPD

and the DFT, a circular casting mold made of stainless steel (or another suitable material) capable
of molding a specimen is needed. The dimensions of this mold are such that it has an outside
diamder of 355.6 mm (14 in.), an inside diameter of 209.6 mm (8.25 in.), and height of 25 mm (1
in.) as indicated ifrigure A11(a). The circular mold is capped with a sturdy metal plate of 10 kg

(22 Ibs) and placed in a square sample holder for friction testing with the DFFigsee A1l

(b) and (c), respectively.
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Table A.3. Device used to simulate traffic polishing in the laboratonyf7, 45).

British Wheel Test
(Polished Stone Value
- PSV) (50

Three Wheel
Polishing Device
(TWPD) (49

Aachen Polishing
Machine (APM)

Wehner/Schulze
Device (W/S)(48)

A 203 mm-diameter
and 5tmm-wide
rubbertired wheel

Three 203mm-
diameter and 5tnm-
wide rubber tires
attached to a rotating
weighted carriage
travel over the
specimen surface at 6!
rpm while a total load
of 68 kg is applied to
the specimesurface.

a 400N load on a ring
of specimens. During
the polishing process,
mixture of silicon
carbide grit and water
is fed to the surface.

Three conical roller
rubbers rotate at 500 wheels (165/75 R14)
rpm over the specimer with a tire pressure of :

rotates at a speed of surface while applying bar moves across the
320 rpm while applying a contact pressure of
400 kPa. During the

A pair of passenger ca

specimen surface in a
combined rotational

polishing process, a and translational

mixture of 5% quartz motion while a 1,500
powder and 95% wate

load and polishing
agents and water are
applied to the surface.
b e —

is pumped onto the
surface.

E. ’l‘: 1 ?

Rotation

Translation

(@

Slots for easy removal
of specimen
AN Pl

Slainless sleel or

'12% other suitable material
|

368.4
All dimensions in mm

Stainless steel or
other suilable material
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Figure A.11. (a) Circular casting mold, (b) capping mold, and (c) square sample holder

(49).
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The standard includes two methods, Method A for unbound coarse aggregate (passing 12.5 mm
sieve and retained in 9.5 mm sieve) and Method B for fine aggregates (passing 4.75 mm sieve and
retained on the 1.18 mm sieve) used for pavement surface treatnmehtmd@hods consist of the
following steps:

1 Step 1: grease the circular mold.

1 Step 2: manually place one layer of the aggregates and pack them very tightly placing the

flat face downwards.

Step 3: fill the voids between the aggregates using fine sand of glass beads.

Step 4: pour a mixture of polyester resin, extender pigment, and silica in top of the

aggregates.

1 Step 5: place the capping mold on top of the mold the squeeze out the extra bounding agent
and form a smooth surface. The specimen must be demolded after a minimum of 12 hours.
The specimens look like the one showirigure A12.

1
1

Figure A.12. Finished specimer(49).

The procedure described above might take more than 15 hours to obtain a single test result. Also,
this method is costly and each specimen costs around4830Recently, Saghafi et af45)
analyzed the protocol of the AASHTO PP 18Band proposed a modification to reduce both the
cost and time of the specimen preparation. The study consisted of two phases, the first compared
the resultdrom a newproposed aggregate specimen preparation methodwvatAASHTO PP

103 method using four different aggregateirces The second phase focusedquantifying the
variability of results obtained with the DFTWPD equipment, here the authors analyzed the role

of the tires in the TWPD, the variability between TWPD devices, method to arrange aggregates,
the role of the DFT rubber pads slider life,amcet ef f ect of the tireds tr e
differences between the Saghafi et al. proposed specimen preparation method and the AASHTO
method are the formula and type of the bounding agents and the aggregate tightness.

The formula and type of the bounding agent is detailédgare A13. The authors compared the
friction value at the begging as well as the frictmlishing cycle curve and found there is no
statistical difference between the sample preparation procedures. The other modification was the
tightness of the aggregates, aswgh inFigure Al14. The tight structure proposed in the AASHTO

PP 103 is achieved by manually placing each aggregate to ensure the maximum packaging. In
contrast, Saghafi et al. proposaldcing a batch of aggregate and then carefully arranging them,
which resulted in some gaps among adjacent partichesdifferences ithefriction performance

results from specimens prepared with different voids are statisticelignificant at a 95%
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confidence levelThe operator performandae preparing the mosaic of aggregates may not affect
the friction results significantly, if the aggregate matriegs reasonably tight (according to the
authors less than 16% gaps between aggregates).

Extender Pigment Bonding Agent 2 Bonding Agent 1

Extender Pigment Bonding Agent Gelling Agent x . - :
(Wollastonite) (Fiberglass Resin) (Body Filler)

(Wollastonite) (Polyester Resin) (Amorphous Silica)

3

01 FILER
= FELLENADOR PARA CARROCERA
W

1300g+

130 g +
4 g
g 130g 2 g Hardener 30 g Hardener

480 g

16 g Hardener
(a) (b)

Figure A.13. Bonding agent ingredients for aggregate specimen preparation: (a) AASHTO

PP 10320 bonding agent formula, and (b) new bonding agent formula of Saghafi et #415).

With these modifications, Saghafi o6s et al. me
comparison to the more than 15 hours required by the AASHTO PP 103 procedure. Also, it reduces
the specimen cost to around $10/specimen (in contrast to fhep®8imen of the AASHTO PP

103) because it uses less blending agent.

Figure A.14. Comparing the aggregate arrangement in the specimen preparation.

Other interesting findings presented by Saghafi et al. are:

1 The same results can be obtained witdokd tire instead of pneumatic tifdhe tire type
recommended by the AASHTO standard). This is important because this tire type is more
cost effective and could be safer for the TWPD operafibe.reproducibility of the three
identical fabricated TPWDs wamt anissue at a 95% confidence level.

1 No statistically significant differences were observed betwleebF20 values of the new
and used rubber pads (used ntban 200 times for DFT measurements). The final rubber
p a dif@ ef 200+ 50 times is reasonable.
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1 The flatfree tires with and without tread showed similar polishpagormance. The tread
depth does not seem to significardifect the polishing performance of the tires.

Asphalt Concrete Surface Skid Resistance Quantification

The TWPD is used to simulate the polishing of a pavement surface by traffic to evaluate the friction
characteristics of asphalt mixes. This procedure has been standardized in the AASHTO provisional
standard PP 1620 A Sampl e Pr epar at phaltnMixtara &pecnerisifes hi n g
Dynamic Friction Testingo. This standard i s
specimens; other specimen preparation procedures would be needed for assembling a group of
gyratory cylinders to be polished using a TWPD

Equipment

The equipment used to prepare the sample and the devices used to measure friction are specified
as follows:

1 Sample compaction device A machine capable of uniformly compacting an asphalt
mixture within a rigid mold to a specified height to achieve a specified density. This
compaction may be accomplished using linear kneading compaction, plate compaction, or
manual impact compaction.

T Specimen mold A rigid specimen mold with dimensions that permit the compaction of a
508 x 508 mm (20 x 20 in.) asphalt mixture slab specimen. In some cases, a dynamic
friction tester (DFT) will accommodate a smaller sample, in which case, the resulting
compacted asphatixture slab specimen shall be no less than 400 mm (16 in.) wide.

1 Non-Stick Paper: Paper or other material that does not readily adhere to an asphalt
mixture.

1 Metal Partition : For full-scale slab specimens, a metal partition capable of dividing the
asphalt mixture into four quadrants.

1 Transfer Funnel: A metal device with a tapered end capable of transferring an asphalt
mixture from pans into the four quadrants created by the splitter.

1 Thermometers Armored, glass, or dial type thermometers with metal stems for
determining the temperature of aggregates, binder, and asphalt mixtures up to 204°C
(400°F) and readable to 2°C (5°F).

1 Balance A balance meeting the requirements of AASHTO M 231, Class G 5, for
determining the mass of aggregates, binder, and asphalt mixtures.

1 Oven: An oven thermostatically controlled to £ 3°C (5°F), for heating aggregates, binder,
asphalt mixtures, and equipment as required. The oven shall be capable of maintaining the
temperature required for asphalt mixture conditioning in accordance with R 30.

1 Three-Wheel Polishing Device (TWPD) A polishing device that has three patterned
pneumatic tires and can exert 0.65 £ 0.02 kN (146 + 5 Ibs) through the tires to the test
surfaces. The devicebs height shall be adj
(2.0 in.) to 50 mm (2.0 in.).

91 Tire: The tire size shall be 2.80/2:80and shall maintain a pressure of 240 + 34 kPa (35
+ 5 psi) and a tread depth of no less than 2 mm (0.1 in.). The tire tread shall have a ribbed
pattern. The tire tread shall be free of any visible contamination. Wipdaceenent is
necessary, all tires shall be replaced at the same time with tires having the same tread
pattern as the tires being replaced.
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1 Dynamic Friction Tester (DFT): A device used to measure pavement surface friction
values as is described in ASTM E1911.

Material and Equipment Preparation

Unless the compactor equipment has internal heatiagg pssembled mold and otla@propriate
compaction tools that will be in contact with the sample in an oven set to the desired compaction
temperature a minimum of 30 min prior to compactidatermine mass of total asphalt mixture
needed to achieve desired height and air véddsommon target air voids is 7 £ 1 percent for
dense graded and gagraded asphalt mixtures. A higher target air voids, such as 15 + 2 percent,
should be used for opegraded asphalt mixtureEquation(67) shows how to calculate the total
mixture mass.

-~ 1&100-V,
=(wt)( G, Ofae——2 6
where;
mr = total mass of asphalt mixture to construct a slab in g,

length of slab, to the nearest 0.1 mm,

=
oo

width of slab, to the nearest 0.1 mm,
t desired thickness of slab, to the nearest 0.1 mm,
Gmm= theoretical maximunspecific gravity of the asphalt mixture,
rw = density of water, 0.001 g/minand
Va = desired percent air voids of slab.

Material Preparation

1 Step 1 Prepare four batches of asphalt mixture. Determine the total mass of each batch by
dividing mr by 4.

1 Step 2 Mix each batch separately and set aside.

1 Step 3 Place all four pans in an oven for 2B min at the compaction temperature.

Specimen Preparation Procedure

1 Step 1 Pour one of the asphalt mixture batches from one pan into the transfer funnel, then
into one quadraniseeFigure A15). Pour the next asphalt mixture batch into the transfer
funnel and then into the quadrant diagonally across from the first quadrant. Repeat for the
other two batches. Carefully remove the metal partition.

Figure A.15. Technician pouring a batch into the partitioned compaction mold.

1 Step 2 Spade the combined asphalt mixture batches with a large trowel until the asphalt
mixture is a relatively uniform depth. Level the asphalt mixture with the trowel, taking care
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not to segregate the particles. Each asphalt mixture batch should be kept in the vicinity of
the quadrant in which it was poured.

1 Step 3 Compact the asphalt mixture until desired height is achidyegending on the
compaction method, the bottom of the slab could be the ideal side for most testing.

1 Step 4 Ensure there is no more than anfin departure in any of the areas to be tested by
the DFT that is not related to mixture surface textine slab should be stored on a rigid
plate such as aapproximately 25mm (1in.) thick piece of plywood to protect against
deformation. Do not stack slabs or place the slab on dlatosurface.

Sample Polishing Procedure

1 Step 1 Measure the initial friction value by the dynamic friction tester (DFT) according to
ASTM E1911. Use a template to guide the location of the BBE3hown inFigure A16,
so the friction measurement path aligns with the TWPD polishing path.

Figure A.16. DFT placed into a guide template.

1 Step 2 Remove the slab from the DFT and slide the specimen under the wheel assembly
of the TWPD. Position the specimen so that the slab is against the back and side spacers,
as shown irFigure A17. One revolution of the polishing carriage corresponds to one pass
made by all three wheel$00,000 revolutions have been found to be sufficient to polish
most compacted asphalt mixes to the terminal friction value. Intermittent friction values
may be obtained, if desired, to capture the rate of polishing esitealt mixture before it
reaches its terminal friction value

P . y CATATAATU AT AT g
=N u
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Figure A.17. Prorly pbsitioned specirﬁen in the TWPD.
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1 Step 3 Measure the friction value by the DFT according to ASTM E1911 in the same
friction measurement path used to obtain the initial friction value.

Knowledge Gaps

In this section the laboratory protocols to evaluate the skid resistance performance have been
presented. As shown, there is a separate protocol to evaluate the aggregate polishing resistance
and another to evaluate asphalt concrete. Both protocolslbire dtivelopment and are currently

a provisional standard. A few gaps still exist for the implementation of these protocols:

1 The TWPD, which is the most used polishing device in the US, uses slab geometry.
However, there are some challenges with this geometry, one of this is the fabrication of the
specimens which may take a few days. In terms of QC this poses a problem because
agencies need to fabricate an extra specimen for friction testing.

1 The second knowledge gap is the incompatibility of the testing machine with the SGC
sample geometry. The SGC specimens are collected in most of the QC/QA programs, also
the field cores collected to control asphalt densities have a similar geometry. However
none of these can be tested using a DFT or a TWPD.

1 The results of this test have not been incorporated into a friction performance model in the
field. In the previous section it was shown that some models use aggregate resistance as a
predictor of friction performance in the field; however, the aggregaishing resistance
has not been incorporated in a formal model yet.

1 A cheaper alternative to the couple DFT/TWPD is the BPT/PSV, though these devices
have some flaws like repeatability, or susceptibility to higher variations, they work with a
SGC geometry (in the case of the BPT) and can test aggregate polishing resis&nce
fraction of the cost of a TWPD.

Effect of Mixture Volumetrics on Skid Resistance

HMA volumetrics and compaction are strongifluencedoy aggregate type and gradation, binder

type, mixing and compaction temperatures, level of compaction and compacti¢@tygde the
Superpave mix design protocol three trial blends that cover a range of gradations are sufficient.
The phase diagram used to represent the mix volumetric distribution is depiEigdra A18.

As shown, the aggregates represent the largest volumetric component, and the total asphalt content
consists of an absorbed portion and an effective fraction that covers the aggregates and fills the
voids.

Air V,
Asphalt Vi Vins A
Absorbed Asphalt Vv,
T Vi | Vb
Aggregate Vo | Vse

Figure A.18. Asphalt mixture volumetrics.
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where;

Vmb = bulk volume of compacted mixture,
Vmm = voidless volume of mixture,

Vse = volume of aggregates (based o)G
Vma = voids in mineral aggregates,

Vba = volume of absorbed binder,

Va = volume of air,

Vb = volume of binder,

Vsb = volume of aggregates (based osm)Gand
Vra = voids filled with asphalt.

The aggregate component of asphaltic mixtures plays a signifaant pavement friction since
aggregate constitutes approximat@sfo by weight and 90% by volume of asphalt mixt§sds.

Friction adhesion is mostly a miecsurface component that is provided by the aggregate
mineralogy and shape. The hysteresis depends on the surface macrotexture and depends on the
gradation, binder content and compaction of the mixture. Many researelversdncluded that

coarser mixes with aggregates with a high portion of fracture and irregularities produce better
friction performancg7, 22).

Different studies have been conducted to explain the relationship between aggregate gradation and
skid resistancél0, 31i 33, 39, 52, 53). One of these studies is the onedhao et al(54) who
conducted éaboratorytest using five gradations with different design curves and different NMASs

to get the attenuation law of skid resistance. The results showed that the mass content of the coarse
aggregate above 4.75 mm and the maximum aggregate size had significanténtineskid
resistance of pavement. #te same time, the maximum size of aggregate shoulidteemined

by taking into consideration the layer thickness and temperature and so on.

In another study, Lin and Tongjin@5) evaluated theffect of fine aggregate angularity (FAA)
on the skieresistance of asphalt pavenerito achieve tls objective, four fine aggregates with
various FAA values were used in stamatrix asphalt (SMA) and conventional asphalt concrete
(AC), separatelyThe Model Mobile Load Simulator (MMLS3) was used to simulate the effect of
traffic load on the skiglesistance of compactedixes.A BPT was used to quantify friction and
the sand patch test was used to meslgI TD.

These simulations allowed Lin and Tongjing to investiglatechanges of skitesistance on both
the micro and macrotexture by ttraffic polishing. The results lead the authors to conclude that
with the increase of loading repetitions, both the microraadrotexture skigdesistance of HMA
decreasedrhey also found thatgmerally the initial skigtesistance calbe used t@redict the final
skid-resistancekinally, at some time, after a certain number of repetitionsrelsidtance reached

a constant keel. It seems thatirie aggregate angularity hadsignificant impact oMTD while

little effecton BPN, which meanshe fine aggregatangularity maynot significantly affect skid
resistance on thmicrotexturelevel.

Several studies investigated the effect Air Voids Voluk@ On the surface fractional properties
of HMA pavements. It haseen shown that friction changes as the air void decreaseshe life
span of pavement®6i 58). However, this change mayrrelatewithout causation and studies
such aq?22, 56), have concluded that percent\¢fis not a key factor to characterize pavement
surface frictional properties. Also, in the other hand some resea(6eéd) have observed the
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Va controls the macrotexture values, measuredMiD, and found thatMTD is directly
proportional toVa.

Alsheyab and Khasawndb2) have suggested it would be more meaningful to evaluate surface
friction based on other volumetric measures following a more comprehensive approach by relying
on Va andVee rather tharVaalone.That is,Va is generally expressed asadio of Va over theVm,
whereVm is typically affected by compaction effo@onsequentlyVm, decreases if the level of
compaction increaseshile keeping the aggregate volume in the mix unchanged.

According to Sullivan(63), while the design of asphalt mixtures for friction requirements will
most likely not involve mixtures near the critical air void level, any movement of the mix gradation
away from the maximum density line tends to increase texture. This change magraasarthe

field air void content in the mixture, which can in turn reduce mix stability, increases aging,
increases permeability, and reduces fatigue life. These effects are schematically represented in
Figure A19, wherethe arpwsindicatethe increasing tendency of the material propérherefore,

when designing an asphalt mixture for friction, any signifiadgparture from the maximum
density line will need to be compensated for by changing binder contents and/or changing binder
grades.

_Aging

‘Permeabmty

Stiffness/stability

A
A

Texture
<

Tendency to bleed

A\ 4

Open/Gap Dense Graded Graded close to
Graded 4% Air voids maximum density

Figure A.19. Asphalt mixture phase diagram(63).

Observations with a Superpave Gyratory Compactor (SGC)

Khasawneland Alsheyal§51) evaluated the surface characteristics of SGC HMA specimens made

of local resources. The surface frictional properties were characterized using the BPT and the SPT.
Asphalt mixtures were prepared using a PG@binder, mixed with crushed limestone aggtega

with three Nominal Maximum Aggregate Size (NMAS) 19 mm, 12.5 mm, and 9.5 mm, and
involving two types of gradations for each NMAS, fine and coarse gradations. The study found
that finegraded mixtures provide higher microtexugguantified with the BPN) and lower
macrotexture values compared to coagsmded mixtures. There was a significant difference
between the surface frictional properties from the top surface and the bottom surface of the SGC
specimen. The top surface elxited a greateTD than the bottom surface, and the opposite was
true forBPNr eadi ngs. Mor eover, the surface fricti
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significantly affected by the NMAS and aggregate gradation type. An increase in the NMAS
causesnd increase in macrotexture but a reduction in microtexture. On the other hand, the bottom
surface was affected only by the gradation type due to migration of fine materials toward the
bottom surface during compaction.

Khasawnetand Alsheyab proposed the models presented in Equ&®)and(69) to relate the
top and bottonMTD and Equatior{70) and(71)to relate the top and bottoBPN

MTD, =0.3167 ™ R .44 (69)

MTD%/ITQ =0.4278 KITD:*™?  R® @89 (69)

BPN, =45.751 8PN -R @21 (70)

BPN, =0.00010 BPN?  0.0342BR}  2.893 R - 0.9 (71)

BPN.

where;

MTDg= mean texture depth measured with a SPT in the bottom surface of gp8&@en, (mm),
MTDr= mean texture depth measured with a SPT in the top surface of a SGC specimen, (mm),
BPNs = friction number measured with a BPT in the bottom surface of a SGC specimen, and
BPNr = friction number measured with a BPT in the top surface of a SGC specimen.

In a similar work, Goodman et 4b8) evaluated the surface frictional properties obtained with a
SGC specimen. However, in addition Goodman et al. collected a series of field cores that were
part of the quality control process and compared the friction and texture measured in the SGC
specimas with the values obtained with the field cores. Friction was characterized with a BPT,
whereas texture was characterized with the SPT. Also, because at the moment of the study the City
of Ottawa was in a transitiondm Marshall to Superpave methodology the authors included both
kinds of mixes.

For both the lab and field specimens the volumetric properties such AC#%ebulk relative
density,Va, VMA, VFA, DBR and gradation were measured. The laboratory cores were cut in half,
so the bottom and top surface were tested separately. It was immediately clear that the added
confinement imposed on the bottom surface of the gyratory specimens by the mold led to a
reduction in macrotexture depth compared with the top surface. The authors proposed Equation
(72) to predictMTD of the field cores from #8aMTD measured with the SGC specimens. In the
case of friction, it was not possible to obtain a relationship betwe@PtReneasured in the SGC
specimens and the field cores.

MTD,, =1.14MTD,)* -0.8({MTD,) 9©.40 R 69 (72

where;
MTDrseia= mean texture depth measured with the SPT in the surface of a field core, (mm), and
MTDr = mean texture depth measured with the SPT in the top surface of a SGC specimen, (mm).

Finally, Goodman et al. also developed a set of expressions to relate tivTi2ahdBPNwith
the mixture volumetrics as indicated in Equat{@f) and(74), respectively.

MTD, ., = 0.24 8.9810% g’!g 8 R 08 (73

G a5
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BPN,,, =42.32 +2.9550:5 DRD

¢ FM QAC

Fedel
prs
3

(74)

where;
MTDriels= mean texture depth measured with the SPT in the surface of a fieldnoork,

BPNieid = friction number, measured with the BPT in the surface of a field core,
FM = aggregate finesses modulus,

VMA = voids in the mineral aggregates,

P4+75 = percent of aggregates retained on 4.75 mm sieve,

BRD = bulk relative density of the compacted field, and

AC = percent by mass of binder contained in the mix.

Effect of Modifiers

Changing asphalt binder properties can be easily achtbvedgh the usage of asphalt mixture
modifiers. Modifiers ar&knownfor their ability to enhance tharopertiesof asphalimixtures and
ultimately the performance of pavemeatginst stresses caused by repeated traffic loaldiizg.

also expected that the modified asphalt binder might affect the resulting friction. Alsheyab and
Khasawneh{62) conducted a study to evaluate the surface frictional characteristics of Superpave
specimens based on their volumetric properties, modifier type and compaction hevstudy is

based on asphatixtures prepared usiregPG64 10 fresh asphalt binder andushed limestone
aggregate. Three different asphalt modifigese usedcrumb tire rubber (CTR), microcrystalline
synthetic wax (MSW)and nano silica (NS)rheSPT for macrotexture evaluati@nd the British
Pendulum Tester (BPT) for microtexturealuation was utilized.

The specimengere adjustedo 4% air voidsand compacted, using tlB&C, at two compaction
efforts with Design Number of Gyrations (M) equal t0119 and 82 to simulateigh and low
levels of traffic, respectivelyA decrease iVa andVpe Valueswere observedt higher levels of
compaction.To analyze the combined effect of these two variables, the vaRalas defined
using Equatior{75).

P =—2 300% (75)

be
It was concluded that asphalt modifiers could influevicandVee, which wouldresult in different
surface frictional characteristicadditional investigation wasrecommendedCTR-Modified
mixtures provided the highest values\dTD andBPN, respectively. Hence, CTR as an asphalt
modifier, could ensure adequate levels of macrotexture and microtexture needed for adequate
frictional characteristics of asphalt pavements. This inference could be attributed to the direct
relationship betweeW.and macrotexture and betweénand microtexture.

High-Surface Friction Treatment

The High Friction Surface (HFS) has been used as one of thedsivsafety countermeasutes

address high friction demand concerns on curved roadways. It was devieldiped 960s in the

U.K. by the Greater London Council and the Transport and Road Re$ednatatory to restore

friction on highcrash road section(@). The used aggregate for this treatment type is calcinated
bauxite(64, 65). A properly constructed HFS on pavements in good condition typically maintains

a high friction value throughoutsi expected life. Based on some studies, the typical HFS life
ranges from 7 to 12 years, and the benefits surpass the cost when the HFS is more than 7 years.
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However, this treatment can fail earlier, and the main reported causes are in the form of
delamination, aggregate loss (the most common), or cohesion {@)ufe the field, the friction
performance of a HST is like the one showRigure A21. As depicted, the HFS maintains almost

a constant friction value during most of its life; however, at some point when the aggregate loss
accelerates the friction value starts decaying abruptly.

Epoxy-resin binder (2-2.5 Calcin‘ed bauxite aggregates (3-5
mm diameter)

mm thickness)

o pavement) layer

Sample cored from State Route 140, GA in 2019

Figure A.20. Cross section of HFS and illustration showing the typical dimensions of epoxy
and calcinated bauxite(5).
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Figure A.21. Evolution of friction of a HFS surface(5).

Pranav et al5) conducted a detailed analysis to characterize the different stages of aggregate loss
using texture parameteiBestswereconducted on selectétFSlocationswith different aggregate

loss severity levels at the NCAT Test Track. Friction tesse performed using BFT. The
surfacetexturewasmeasured by means of a higgsolution 3D pavement scanning systdimree

texture parameter types were considered: 1) parameters related to aggregate characteristics,
Equationg76) to (78), 2) parameters related to the distribution of the aggregates, Equatin

and projected area of the surface intersect with a plane located at a depth below 1 mm of the highest
peak , se€igure A20, and 3) parameters related to the aggregate loss physical process, i.e., Abbott
curve shown irFigure A22.

S, =Jié'1 az(xvy) (76)
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where;
& = root mean square height,
S,y = meanquadratic slope, to characterize the steepneess of asperities,
S = curvature of the asperities (at a peak located and y),
Sis = density, to characterize the number of asperities in the surface,
M =number of point diresienasured i n the 06X06
N =number of points measured in the 6YO0 dir
Z(x,y) = measured elevation at pointy(), and
D = profile asperity width.
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Figure A.22. (a) Abbott curve and the volumeparametersand (b) projected area(5).
where;
Vmp = peak material volume,
Vme = core material volume,
V¢ = valley void volume, and
Vw = core void volume.

The software MoutainsMap was used to: 1) replace unmeasured points by interpolating with the
nearing neighbors, 2) remove extreme values (0.025% at each end), and 3) level the surface using
a regression planés values of the texture parameters should reflect the part of the surface that is
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in contact with the rubber slidgpad of the DFT,)it was decided to apply a morphological filter
to obtain an envelope of the surfakeh i s envel ope represents the p
with the HFS aggregates.

Once all of the parameters described in the above equations were calculated, Pranav et al. made a
correlation with friction values, and they found that seven of the nine parameters are highly
correlated with friction mBmplocessashowrcigore A2l.e t he
From these parameters, those with the highest correlation were foun&itpSe andSsc

Knowledge Gaps

With respect to the effect of the mixture volumetrics in the early friction and texture characteristics,
most researchers recognize that the aggregate gradation is the main factor affecting macrotexture
values. Likewise, they recognize that the coarsditraof the gradation is the one that contributes

the most to friction values. There is a promising application of SGC samples to control friction
and texture values in the field; however, as mentioned in the previous section, there is still not a
standargrocedure to evaluate friction performance on SGC specimens. Some aspects still require
more research:

1 The models developed with a SGC specimen used a SPT to characterize texture. However,
other devices such as the Ames portable laser can produce a more reliable and precise
guantification of the surface characteristics, both in the lab and the field.

1 Changing asphalt binder properties can be easily achtbvedgh the usage of asphalt
mixture modifiers. However, these changes might affect the resulting surface friction.
Although initial findings suggesthat asphalt modifiers could influentiee air voids and
the volume of effective binder in the mixhich wouldresult in different surface frictional
characteristicsadditional investigation is recommendedevaluate the effect of each type
of modifier.

1 Though some work has been done to understand the effect of asphalt modifiers, a
substantial contribution to evaluate the effect of high RAP/RAS content in the surface
friction has not been presented to date. Moreover, there is no study evaluating this effe
in long-term friction and texture performance.

1 As indicated, the main failure mechanism in the HFST is the aggregate loss. Despite some
techniques are available to quantify the change in texture parameters due to this aggregate
loss, most of them are based on higholution lasers, and bases on agralameters.
However, new laser devices can collect 3D surface profiles at high speeds, this in the future
will allow aerial parameters at a network level. More research is needed to evaluate the
correlation of these parameters with friction.

Modeling Crashes

Typically, safety of a roadway is expressed using crash frequency or crash rates. The crash rate
can be calculated through Equat(@9).

100 @
R = — (80)
365¢y AADT L
where;
R = crash count per milliomile vehicle traveled for segmeint
Ci = observed crash count for segmgnt
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Y = number of years in the period of analysis,
AADT, = average annual daily traffic for segmenand
Li = roadway segment length (in miles).

In the highway safety community, crash rates are no longer the primary index used to describe
crashes, becauseimplicitly assumes that crashes and traffic are proportional, while research has
shown that crashes increase WNADT in a nonlinear fashion. Because a crash event is a random
variable that depends on several factors, the Highway Safety Manual (KE®&Mlses an
empiricatBayes (EB) approach to account for the regression to the mean effect (this is the name
used in statistics to recognize tteetf that after an extreme evénin this case an unusual high
number of crashesthe next observation will be closer to the mean value of the site). The mean
value of a site is calculated using a Safety Performance Function (SPF).

Crash counts are assumed to follow a negative binomial distribution (NB), this distribution can
represent the situation when the variance of the random vaKalplember of crashes)(X) is
higher than the meda(X).

a  k
E(X)= 1| expe, ba+;4 kb (81)
¢ =
where;

_ = expected average number of crashes for setion

I B = parameters to be estimated, and

Zj = value of predictor variablefor sectioni.

The HSM(66) uses the NB model to generate SPFs in highway safety management practice as a
networklevel screening process to identify sites that have elevated crash risk and to assess the
potential benefits of surface treatments. The SPF crash predictions are remhsisleaverage
expected values for a site as a function of geometry variables and traffic volumes. The EB method
combines SPF values with the observed number of crashes as follows:

EB =W O 1(1+W)- X (82)

_ 1
"1+ 3

(83

where;

EB = EB estimate number of crashes for the road segment

W = weight term for road segmehtsee Equatio(83),

| = overdispersion parameter of the SPF,

_ = prediction of the expectetumber of crashes using the SPF, and
@ = observed number of crashes.

To assess benefits of surface treatments in a PFMP, statistically reliable estimates of average
expected crash counts are required. This information is provided by the SPF if one includes friction
as a safety factor.

Noyce et al(67) studied the relationship between friction number and crashes (both total and wet
only). In both cases it was not possible to observe a significant trend between crashs and
Afterwards, crash data were further analyzed to select onlyrekited crashes. Crash types
evaluated included those that involved heavy braking, skidding, or loss of vehicle control. Several
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of the previously selected skid crashes were eliminated via this process since no contributing
factors could be found between the crash and the associated pavement characteristics. Although
the frequency of crashes is quite low, there is some evidenaugdest that the crashes happened

in the latter years of the analysis period where friction numbers tended to reduce. Although no
statistically significant correlation was found.

In 2016, Wallbank et a(68) conducted a study to update the relationships between collisions and
skid resistance used in the U.K. Strategic Road Network. For this purpose, roads were grouped by
category and the preferred length of analysis was defined as 5@0motorways and 2606 for

all other roads. In their analysis the authors used the data available in the period of 2010 to 2013
and included only segment of roads with at least three friction measurements during this period.
The researchers defindae collision risk as the number of collisions divided by the total amount

of traffic (in vehicle kilometers), and the skid resistance averaged in 0.05 increments. It was
observed that for most of the road categories the proportion of collisions whiekwveiterollisions
increased slightly at lower levels of skid resistance. A similar trend was evident when examining
the proportion of wet collisions that were skidding collisions.

Next, Wallbank et al. used a multivariate generalized linear regression to calibrate the SPF shown
in Equation(84). The independent variables that were tested are skid resistance, rut depth, texture
depth, curvature (1/radius), gradient, and road crossfall. After calibration, not all the models (one
for each road category) included skid resistance as an independebteyand the proportion of
variance explained by each model was always less than 20%.

Ncrashes: L U e)q 0 qul'*'b n-Xll (84)

where;
Ncrashes = number of collisions,

L = segment length,
'[ = cummulative traffic flow, and
U b = coefficients to be estimated.

In the case of North Carolin&rinivasan and Cart€69 72) have made a complete summafy
the calibration process of the SPFs used by the NCDOT to screen the network and identify sites
with high number of crashes. The procedure described by the ([@§Mo: 1) update the SPF
proposed by the HSM and 2) to develop their own SPF was followed. The specific process
performed by Srinivasan and Carter is summarized thusly:
1. Identify facility types for which the applicable Part C of #®M predictive model can be
calibrated.
2. Select sites for calibration of the predictive model for each facility type.
3. Obtain data for each facility type applicable to a specific calibration period.
4. Apply the applicable Part C predictive model to predict total crash frequency for each site
during the calibration period.
5. Compute calibration factors to use in Part C predictive model.

For the second task they developed diffePEfor segment lengths for predicting nine types of
crashes:

1 Total Crashes
91 Injury and fatal crashes (K, A, B, C)
1 Injury and fatal crashes (K, A, B)
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PDO crashes

Lane departure crasheslheseincluded crashes with the First Harmful Event = (1) Ran
off roadi right, or (2) Ran off road left, or (3) Ran off road straight, or (19) Fixed
object, or (27) Head on, or (29) Sideswipe, opposite direction.

Single vehicle crashes (includes animal crashes)

Multi vehicle crashes

Wet crashes These included crashes with Road Surface Condition = (2) Wet or (3) Water
(standing, moving)

1 Night crashe$ These included crashes with Ambient Light = (4) Dalighted roadway,

or (5) Darki roadway not lighted, or (6) Daikunknown lighting

E

= =4 =

The first SPF, the one recommended by the HSMsonly AADT and Length as descriptor, for
use in the network screening:

Ncrashes: L @ AADTt (85)

where;
Ncrashes = expected number of crashes per year,
L = length of the section, imiles,
AADT = annual average daily traffic, and
Uand b = model coefficients, estimated as part of the negative binomial regression model.
The second SPF includes more variables and are intended for crash prediction:

Ncrashes= L é>(p( a'1+f1t§ AQDT) 2 fze'zp 03 f3( ZS)+ b) (86)
where;
Ncrashes = expected number of crashes per year,
L = length of the section, in miles,

U b, &2, =£model coefficients, estimated as part of the negative binomial regression model,
fi, f2,f3, & represent functions for including each one of the indepenaeiatles,

AADT annual average daily traffic, and

Z>, Z3, €= specific site characteristics: AADT, terrain, shoulder type and shoulder width.

None of the functional forms currently available by the NCDOT includes any variable related to
pavement condition. Additionally, though some of the models resulted wiRthgieater than 0.7,
most of them have &R’ lower than 0.3.

Works like the one conducted by Wallbai@8) andSrinivasan and Cart¢69i 72) are numerous

and can be found elsewhere in the literature. Though most of these works predict general crash
trends they show high variability and low prediction capabilities. For this reason, some authors
have tried to account for factors that explain heterogeneity in the crash occurrence in the network.
Galgamuwa et al.73) incorporated spatial correlation to account for crash clustering depending
on the road geometry (rampstidges, etc.). Huo et a(26) incorporated correlated random
parameters inhe SPF to model heterogeneity in the expected number of crashes, to in this way
account for unobserved heterogeneity in crash frequencies.

In one attempt to incorporate spatial correlation, Katicha €74)l.developed a methodology to
estimate the expected number of crashes based on the spatial distribution of crash events. The
proposed spatial multiresolution analysis (SMA) method works like bandwidth kernel density
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estimation (KDE). The SMA method is based on treaHwavelet transfornwhich is like the

KDE method with the additional benefit of allowing the bandwidthedalifferent at different road
segments depending on how homogenous the segmenighermore, the optimal bandwidth

(the number of adjacent segments that have the same number of crashes) at each road segment is
determined solely based on the data by minimizing an unbiased estimate of the mean square error
for Poisson data called Poiss® s  udmrigk iestirsate (PUREA detailed reference to the PURE
derivation can be found 75).

Katicha et al. have reported their proposed SMA method can outperform the EB method because

it incorporates the spatial variation of the expected number of crashes, but at the same time is a
simple method that can be easily applied using a macro in Mitscel. To apply the method,

it is necessary to summarize the number of crashes in a uniform interval, e.g., eveiig 0ot

everytmi | e. An example of this kFigue A28fwhetertres h 0 p |
dashed purple line repressithe number of crashes observed in a period of five years-2205).

As indicated, there are two locations where a higher number of crashes occur. By using the SMA
method, red line ifrigure A23, it is possible to predict the expected number of crashes based on

this spatial pattern, but just using the crash profile.

To do a similar prediction using the EB method it will be necessary to account for variables that

describe the geometry (for example, there are ramps in milepost 11.7 and 13) of the road, the
pavement condition, weather condition, etc. In some casesyaudables may not be available

and the SMA method is a good alternative to estimate the variation in the expected number of
crashes along a road.

12

----15-19 —SMA

Number of Crashes
(o)}

85 9 95 10 105 11 115 12 125 13 135 14 145
Milepost
Figure A.23. Application of the SMA method to predict the variation in the expected
number of crashes.

Beforeand-After Analysis

The beforeafter study is a commonly used method for measuring the safety effects of a single
treatment or a combination of treatments in highway sd#8y Short of a controlled and fully
randomized study design, this type of study is deemed superior tesexigmal studies since

many attributes linked to the converted sites where the treatment (or change) was implemented
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remain unchanged. As the name suggests, it implies that a change occurred betviedarthe
andraftedconditions.

Beforeafter studies can be grouped into three types: the simple (naive)-agérstudy; the
beforeafter study with control groups; and the befafter study using the EB technique (also
using a control groug)s6). According to Hauef76), the traditional beforafter study (no matter
which type is used) can be accomplished usingtasks. Theifst task consists of predicting the
expected numbep, of target crashes for a specific entity (i.e., intersection, segment) or series of
entities inthe fafterd period had the safety treatment not been implemented. The second task
consists of estimating the number of target crashe®yr the specific entity in théaftero period

with the treatment in place.

The termfafteo means the time period after the implementation of a treatment; correspondingly,
the termfbeforedrefers to the time before the implementation of the treatment. In most practical

cases, eithep or / can be applied to a composite series of entities where a similar treatment was
implemented at each entity.

The effect of the treatment on safety is judged by comparanyd/ after defining the following
difference and ratio terms;

d=pi/;, defined as the reduction in the o6aftero
or

g=1/1p, defined as the ratio of what safety was with the treatment to what it would have been
without the treatment.

When g <1, the treatment is effective, wherr1 it is harmful to safety. Also, 100 x-@ is the
percent reduction in the expected accident frequency. As indicated aband/ are expected
values. Expected values are never known, but can be estimated from observed datgatids is

E. The difference between the many variants of beddter studies resides in the methods used
to obtain gand IE.

BeforeAfter Study for a Single Entity

The sequence of steps used to conduct a baftee study for a single entity (road segment or
intersection) are the followings:

1. Estimate/ and predict p.Inthecaseof it can be esti mated from
crashes. The prediction pfwill depend on the statistical method chosen (naive, methods
of moments, or EB).

2. Estimate Var(B and Var(p) . The variance estimates will depend on the method chosen

to obtain the estimate and predicand p, respectively. Typically, it is assumed that the
count of accidents is Poisson distributed

are mutually independent. Therefoxar(B = andVvar(§) = .
3. Estimate & and &using Equation (87) and (88), respectively.

& £p (87)
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BeforeAfter Study for a Group of Entities

Usually, the safety effect is estimated after a treatment has been applied to a set of entities. If these
arenumbereddss 1, n,2hen f@ each entity an estimate of{j) and§j) / ()is obtained.
See Step 1 of the previous section. Similarly, the variance in the expected number of crashes for
each entity is estimated according to Step 2 of previous section, WARiE )) and VARIK ).
To draw overall conclusions, the following sums are conducted:
P =é11 iF (99)
=

n

B (92)

=1

And the variance for each quantityoistained as follows:

VAR(§) :a VAR (93

VAR(F) =a Z (99

It is important to notice that one main assumption in the steps to conducting adfefostudy
according to the descriptions in the previous paragraphs is that crash counts follow a Poisson
process, in which the variance is equal to the mean. Howewaer; authors have observed this is

not the case because crash events are highly over dispersed, therefore the best representation
should be NB not Poissd66, 73, 75). The argument to use the NB distribution over the Poisson

is that the mean, or expectedlue, is unknown, therefore the variance should be estimated
conditioned in the observed crash counts, this(ix]. Ip, )

103



Parametric Method

In a parametric approach, the conditional probability of crash frequency is assumed to follow a
specific distribution defined by a set of parameters. Two techniques, namely Maximum Likelihood
and Bayesian Estimation are commonly used to estimate the parsnoé the conditional
probability functiong66). Among the most used probability functions are Poisson, NB, Peisson
Log Normal, and Zerdnflated modelg77).

Because of the closed form of the Pois&amma distribution, i.e., the closed form and the
conjugate distribution, it is used to derive the SPF distribution proposed in th¢G®sNhe NB
distribution can be viewed as a Poisson distribution where the Poisson parameter, timeimean
itself a random variable, distributed according to a Gamma distribution. Therefore, if the means of
the Poisson distribution of a group of entities is assumed to be gamma distitbuted, /7, € ,

hn} ~ Gammafg,ntf),it can be shown that the marginal distribution (the mean conditioned in the
data) becomes the conjugate Pois&amma distribution. In this caséjs defined as the inverse
dispersion parameter of the Poisgseamma distribution. The mean and variancé afe defined
asmand il f, respectively. Now, in the case of a group of entities where the observed number of
crashes of each individual entity is conditioned by the nie#ime variance for a series of observed

values is calculated using the conditional variance identity theorem. SrO=ﬁTl i j) the

variance ofY is VAR Y) = nm -1*/m. Wheresncan be approximated by the mean value of entities

=47, (). (95)

Some limitation exists with the parametric methods, for example, it is necessandtfipesthe
characteristics of the conditional probability function, which in some cases may lead to erroneous
results. Also, to estimate the coefficients of the maddslnecessary to establish prior information

for each coefficient and the correlation or absence of correlation between the variables in the
model.

Non-Parametric Method

The nonparametric approach is different from the parametric approach because it does not require
specification of model functional form, especially in an equation structure, for the relation between
dependent and independent variables. Therefore, theatistims purely datariven and is
expected to be less biased as this approach avoids the misspecification issues of parametric models
(77). Some nonparametric methodare artificial neural network (ANN), classification and
regression tree (CART), multivate adaptive regression splines (MAR&hd most recently
Bootstrap resampling. From these, the bootstrap sampling is of interest because is easy to
implement and the number of observations needed for the analysis is substantially less than the
other method§77, 78).

Generally, bootstrapping provides a resampling simulation approach to estimate standard errors
and other measures of statistical precision by repeatedly and randomly sampling subsets of data
from the original dataset. The bootstrap method was first intemtlun 1979 to estimate the
variance of a sample mean and was then applied in more complicated problems, such as the
parametric model and in estimating regression paraméi@)s The bootstrap method is
distributionfree and makes no assumption about thstribution of the observed data.
Furthermore, the bootstrap method is usually not limited by the number of observations needed to
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get a good estimate of the mean and variance of the data, although it is suggested to use a sample
size larger than five observatio(¥9i 82).

The idea behind bootstrap sampling is the following (18, 19): if Y is a random variable that comes
from a probability distribution F (F can be the normal distribution, Poisson, Nedatigenial,

etc.), and if one has at hand a realization y (the observed data) of the random variable Y, it is
possible to calculate a statistic with this realization, like for example calculating the mean or the
standard deviation, generally speaking astiatir (y). Then, if one considers that all the elements

of y are independent and identically distributed from distribution F, it is possible to estimate the

di stribution of values for the statisthec T(y)
constructed by randomly sampling y, with replacement several times.

Ye and Lord(78) compared the parametric method described in the previous section with the
bootstrap sampling and concluded that bootstreganepling can be used to estimate the variance

of crash events and provides a similar result of that of PeiSsmmma parametric rtteod. A

random sampling with replacement is one where each value of the population sample can be
selected more than once. For exampld,ahle A4 it is shown the number of crashes observed in

a road for 30 months, a random sample of tements generated with replacement can be: {4, 12,
4,7,6,11,9, 11, 10, 6}. As indicated in this example, the first number sampled was 4, next for the
second value the 4 was still a possible outcome but 12 was chosen, then in the third sampled value
4 was chosen again, a similar process was followed for the remaining values. Collecting samples
in this way guarantees independence of the elements within a sample and guarantees independence
between samples.

Table A.4. Generated crash data to illustrate the Bootstrap method.
Month 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Crashes| 3 4 3 v 7 9 7 3 7 6 12 8 11 7 4
Month |16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Crashes| 6 4 7 10 6 6 2 6 7 4 7 6 9 10 10

The expected number of crashes per month for the sltatidé A4 is 198/30 = 6.60. By applying
the bootstrap method to the datalable A4, it is possible to estimate the standard deviation and
confidence interval of the mean. To do this the following properties are defined:

1 Define number of bootstrap sampl&s (10,000,

1 Define number of elements for each sanfpleen elements are sampled with reposition
from Table A4,

1 For each sample the average number of crashes is calculated as indidabbk iA5.
Hence, in total there are 10,000 observations of the expected number of crashes; the
standard deviation of these observations is 0.799 and the 95% confidence interval of the
expected value is (5.0, 8.2).

As shown with this example, the bootstrap sample allows one to estimate the uncertainty
(confidence intervals and standard deviation) of a statistic of int@testbootstrap has several

good features in dealing with small sample problems. First, unlike the classic procedures, the
bootstrap does not rely on theoretical distributions and thus does not require strong assumptions
of the sample and the distributi¢r9, 80). Thisattribute is conveniergince it is usually difficult

to obtain accurate parameters for a certain distribution givesmall samples. Moreover, by
bootstrapping, the original sample is duplicated many times. Hence, the bootstrap can treat a small
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sample as the virtual population and generate more observations f@djn Kinally, the bootstrap
is a rather simple technique and does not require a sophisticated mathematical background for its
use(78).

Table A.5. Bootstrap samples generated with the observations ©ble A.4.

Sample Month
# [1 2 3 4 5 6 7 8 9 10 Crash/month
1 |4 12 4 7 6 11 9 11 10 6 8.00
2 |7 4 3 4 4 2 10 7 11 4 5.60
3 |11 12 6 10 12 6 7 7 2 4 7.70
é é € € € e & & &8 & & é
10000 | 6 10 2 11 9 6 2 11 3 7 6.70

Knowledge Gaps

Although the HSM methogrovides a powerful tool to evaluate crash risks, in particular, North
Carolina has a set of SPFs for several road classes, none of these directly incorporates pavement
surface condition as one of the predictors. Additionally, as many researchers havetebmnis

a strong spatial correlation in crash events and the current HSM method does not account for this
correlation. For this reason, more research is still needed in the following areas:

1 Incorporating friction and/or texture in a SPF for North Carolina.

1 Incorporating spatial correlation in the prediction of crash frequencies. Alternatives such
as the spatial multiresolution analysis can improve the correlation between crash risks and
friction or texture.

1 Inthe U.S. just a few attempts have been made to define an investigatory level threshold.
Most of these works have focused solely on friction not in texture. There is a need to
evaluate the combined effect of these components.

1 The use of noyparametric methods, such as the bootstrap sampleyab the limited
sample size in the befoedter studies.

Pavement Friction Management Program

Given the inherent high complexity of a crash event, it is extremely difficult to identify all the
contributing factors that may impact its occurrence. However, many authors agree that some of
these factors are pavement surface condition, traffic spesfic trolume, road geometry and
human factorg7, 16, 17, 83). Moreover, the AASHTO Highway Safety Manual (HSM) indicates
that the factors that generalbpntributeto crash events can be categorized as: human factors,
vehicle factors, and roadway conditiand characteristics factqigo).

Highway Safety is a key element in a Pavement Management SyR8) lpecause monitoring

the road features and surface conditions that are related with crash frequencies may allow the
agencies to identify a potential hazard and apply countermeasures that reduce both frequency and
severity of crashef7). Hence, it is inferred that a Pavement Friction Management Program
(PFMP) must communicate with the PMS to obtain the required inputs for characterizing the
materials of the road surface but also to obtdirer variables such as road geometry and traffic
volume, just to mention a few. The relationship between a PFMP and a PMS is illustFatgaten

A24. This framework has been devel oped based o1
for Pavement Fr iGPFE (7)oamd theNFE\WWNARC-200 08 r epor t nPav
Friction Management Program Utilizing Continuous Friction Measurement Equipment and State
of-thePr acti ce Safety Anal @i s Demonstration Proj

106



| Network-Level Data |

ottt e 1 I

Data acquisition and processing !

|

Measure: Complement with: 1

Friction - Traffic data ]

Texture - Crash inventory 1

Road geometry - Pavement condition 1

|

|

1

I

'

Collocate the collected data into 0.1-mile sections

 Threshold Analysis E
! 1
‘ Define friction demand N Determine friction ]
i categories investigatory levels )
I 1
| S I ................................ o

Perform network-level safety performance analysis using historical

|
1
1
1 ) I
| i crash data f
I 1
P v - o
1
I ' Safety performance Empirical Bayes (EB) vl
| ! functions estimates v
| oo
I I :
I v y :
I Network Screening Benefit-Cost I
I Candidates for friction Evaluate and select surface
| improvement treatment to improve friction :

Figure A.24. Elements of a pavement friction management program.

As indicated inFigure A24, while in a PMS the roads in a network are divided into sections,
defined based on the structural composition (number of layers, thicknesses, etc.), the construction
history (age of construction and maintenance activities), and traffic (volume and cioompoksi

a PFMP the network is divided according to the friction dema&hd. section length of a road
segment included in a PFMP is generally driven by the shortest practical length where the
confidence in the quality of the data is high and the lengttaigtical from an analysis perspective

(7). In the study developed by de Leon Izeppi e(I8), the experience with four DOTs resulted

in sections that were Gri in length. Crash and pavement surface data need to be oweyaa 3
period. The surface characteristics data should be verified from the state PMS. Similarly, the U.K.
has used a segmeflgngth that varied from 500 m to 200 m (@8 to 0.15mi) (68). In
consequence, aggregating the information everynf.seems like a good starting point. To
establish the framework depictedrigure A24it is necessary to collect both texture and friction

at a network level. In another work, de Leon Izeppi et3d). frovided evidence of the benefit of
using a CFME to monitor pavement friction.

In the case of Macrotexture, different indices and devices have been used in the literature to
describe the texture characteristics. Still the most widely used among state highway agencies are
MPD, MTD, andRMS (7). However, other indices such as Skewn&ssK(and Kurtosis Rku

107



seem promising, and some agencies have started to include them in their 33-M#s0, with
increasing computational power, more resedradbeen published related to aerial parameters
Based on the initials analysis presented satfappearshat aerial parameters correlate better with
friction (5).

Finally, during the NCHRP 108 (85) several equipment manufacturers that each used different
technology to measure texture were analyzed. The experiment considered testing speed and
exposure time for the laser sensdrbe experiment also used a reference measurement beam
manufactured to collect static reference texture data using ardsglution laser and collected

data on a series of manufactured surfaces. The main conclusions from that experiment were:

1 Singlespot and lindaser MPD results should not be used intdrangeably when
longitudinal pavement texturing is present. Sirgpet lasers are not capable of adequately
capturing longitudinal pavement texture when compared to line lasers

1 Most off-theshelf macrotexture equipment measurement results are -adgeatnd
generally agree well with one another if similar sensing technologies are used.

1 The use of commercially available walking macrotexture measuring equipment with a line
laser appears to be the most practical method to collect reference profiles to verify and/or
certify high-speed macrotexture measuring devices.

1 Engineered surfaces with properly prepared surfaces can and probably should be used to
test the accuracy of lidaserequipped reference walking devices.

1 The use of a line laser oriented at & dbgle to the travel direction appears to be the most
practical solution for measuring pavements with a longitudinal or transversal engineered
macrotexture (like a grooved PCC pavement).

Establishing Investigatory Thresholds

Investigatory friction threshold levels (IL) are threshold values of friction that identify locations
where friction may be at a level that may increase the risk of a crash. These levels trigger the need
for an investigation to determine if remedial acti®warranted. Hall et a(7) has proposed three
methods to establish these thresholds. This methodology was developed based on a friction
monitoring program that uses the LWST and thus de Leon lzeppi Et8alhas proposed a
methodology for determinin.s usingCFME. In the next subsections, first the three methods
from Hall et al.(7) aredescribedusing a set of examples developed by de Leon Izeppi @i3al.

and then the methodology proposed by de Leon Izeppi et al. will be analyzed.

NCHRP 108 (GPF) Methof¥)

The Guide for Pavement Friction (GPF) has proposed three methods to determine the investigatory
thresholds To apply thesanethodsijt is necessary to divide the network into-tnile segments

and group these segments by friction demand category. However, it is important to keep in mind
that the GPF bases on the use of LWST data and new research has proved that using a LWST to
characerize friction at a network level is not ideal, because it is quite difficult to match specific
friction location with crashes.

1 Method 1: Establishing thresholds using pavement friction data onlyThe main
problem with this method is that relies completely in the capacity to observe a change in
the friction rate of deterioration, which may be complicated because friction is-telomg
process with a gradual deterioration rate. An example of thikad is presented Figure
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A.25. As depicted, this plot shows a deterioration of friction over time; however, the rate
of friction loss does not have a demonstrable significant increase at a certain point in time.

J0
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Figure A.25. LWST friction versus pavement age for divided, norevent friction demand
segments (Method 1]18).

1 Method 2: Establishing thresholds using both historical friction data and crash data.
For this method it is necessary to plot friction data against pavement age, in addition it is
necessary to plot crash data on the same graph. An example of this method is illustrated in
Figure A26. A problem associated with this method is confronted when there are zero dry
crash counts, which makes the wet/dry crash ratio undividable. Also, like Method 1 it is
hard to identify a change in friction rates that may be linkettash data variation.
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Figure A.26. braph LWST friction versus pavement age for divided, nor;event friction
demand segments (method Z)L8).

1 Method 3: Establishing thresholds using pavement friction distribution and crash
rate i friction trend. Plot the histogram of all friction values and plot the aeetry crash
ratio for each friction bin for each friction demand category. Again, when there are zero
dry crash counts the wet/dry ratio is undividable. The investigatory threshold is established
as the friction mean minus-standard deviations, wheresitandard deviations correspond
to the level where crash rates begin to increase considerakelyroblem with this method
is that crashes are averaged by friction bin, which may not be representative of the risk at
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all individual locations with the same friction number. Also, as indicatddgare A27
there is not an evident increase in crash ratio at a certain friction value.
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Figure A.27. LWST friction distribution and wet/(wet+dry) crash ratio for divided non -
event friction demand segments (Method 3)18).

Establishing Friction Investigatory Thresholds using CFME data

de Leon lzeppi et al(18) has proposed a constrained least square (CLS) method to directly
compute the investigatory threshold. CLS uses linear regression modeling to fit two lines of crash
risk data that intersect at a single point. The optimum point of intersegtisrthe value of friction

that minimizes the mean square error (MSE). This is an objective approach in which the IL is
obtained by mathematical methods not just visual observations. An example of this approach is
depicted inFigure A28.
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where;

estimated vector of parametessgndb;) containined skid resistance,
matrix of predictors, column of ones for the intercept,

response vector, i.e., crash counts or crash rates, and

lagrange multiplier, and the value is not of interest in the analysis.
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Figure A.28. Investigatory levels determined with CLS regressioi(18).

Using this approach and the database of four states, de Leon Izeppi et al. computed a set of
preliminary investigatory thresholds, these are summarizddlie A6. Important to keep in

mind for this analysis friction was characterized by a SCRIM machine and friction Velues

been standardized to #0ph. In addition, the authors stated the data samples were not as robust
as necessary to establish statistically sound values for the ILs of friction.

Table A.6. lllustrative state ILs of friction for different friction demand categories (18).
Friction Demand

. State A State B State C State D
Categories
Interstates Notkvents N/A 30-35 40-45 30-35
Divided Primary NorEvents N/A 3540 40-45 30-35
Undivided NorEvents N/A 40-45 N/A 50-55
All Non-Events 3540 N/A N/A N/A
Horizontal Curves N/A 50-55 N/A 50-55
Intersections, Ramps, etc. 4550 50-55 N/A 55-60

Friction and Texture Thresholds

In the U.S. the most used device to characterize friction is the L{®88T Regardless of the
methodology used, the numerical skid resistance value associated with a specific pavement is
usually presented as tavo-digit constant, determined by multiplying the measured friction
coefficient by 100 (though sometimes the number is left as a decimal). This number is described
as the friction number=N) or skid number§N), note thatFN rather thanSNis the preferred
abbreviationFN is usually followed by the speed value at which the friction measurement was
taken and the type of tire (i.&N50S represents the friction measurement taken at 50 mph with a
smooth tire).

The previous notation is mainly used to summarize the results of the LWST. However, because
the use CFME is becoming more and more common nowadays, it is also customary to finding the
acronym ofSR(scrim reading) o66N (grid number), depending on the device that has been used.
The threshold established by the WDOT is based on the model given by E¢ba}idmismodel

states a desirable minimum predicted of 35 but does not differentiate between factors such as
microtexture and macrotexture. Based @quéation(53)the WDOT has set the recommended FN
values shown iTable A7.
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Table A.7. Typical skid resistance value ranges measured with a LWS(B7).

FN40S Recommendations
<30 Take action to correct pavement
80 Acceptable for low volume roads
31-34 Monitor pavement frequently
B85 Acceptable for heavily traveled roads

Different numerical values of skid resistance are used outside of the U.S. In U.K. the road surface
friction on the English Strategic Road Network (SRN) is managed through the requirement for
skid resistance and texture dep@®). The requirements have been in place since the 1980s and
were last reviewed prior to the 2004 update to the skid resistance Standard (HD28). The HD28
standard is based on routine measurements, the data from which trigger investigations of individual
siteswhere the skid resistanéz low. The thresholds to trigger site investigations (Investigatory
Levels, ILs) are indicated ifiable A8. These thresholds were set for friction measured with a
Scrim Machine, and corrected for seasonality and standardized to a speed of 50 km/h.

Table A.8. Site categories and investigatory levels from HD2@6).
IL for Skid Resistance
0.300.350.400.450.500.55

Site Category and Definition

Motorway

Non-event carriageway with ongay traffic

Non-event carriageway with twaay traffic

Approaches to and across minor and major junctions, approac
traffic signals and roundabouts

Approaches to pedestrian crossings and otheritigglsituations
Roundabout

G1 Gradient 510% longer than 50 m

G2 Gradient >10% longer than 50 m

S1 Bend radius <500 rm carriageway with ongvay traffic

S2 Bend radius <500 rh carriageway with tweway traffic

X O OW>»

In Table A8, dark shading indicates the range of ILs that will normally be used on the SRN for
each type of site. Lighter shading indicates lower ILs that can be used faskosituations, such

as locations with low traffic or where the risks normally preseningtigated. The overall concept

is that higher ILs are assigned at locations where the risk of collisions involving skidding is greater,
thereby attempting to achieve an equalization of #gklL is defined for every element of the
network, by determining/hich site category is most appropriate to each location and then selecting
an appropriate IL from within the range for that site categbajp)e A8. The objective of setting

an IL is to assign a level of skid resistance appropriate for the risk on the site, at or below which
further investigation is required to evaluate the-sgecific risks in more detail.

Sites with the same category may have different levels of risk of skidding crashes. So, there is
flexibility to set different ILs for different sites within the same category. This allows sites where
the risk of skidding crashes is potentially higher tgeha higher IL and possibly be treated to
maintain a higher level of skid resistance. The process to set an IL for an element of the network
is depicted irFigure A29. According to the HD28 standard, once the IL is established it must be
revisited everyhree yearsAll sites where the measured friction is at or below the IL shall be
investigated. The objective is to determine whether a surface treatment is justified to reduce the
risk of vehicles skidding, whether some other form of action is required, or whethetiow is
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currently required. If no action is taken, sites will automatically be reviewed again following the
next skid resistance measurement if they remain at or below thggjilre A30depicted the initial
investigation scheme proposed in the HD28 standard. It is recommended to make this analysis in
sections of 100n length.

( 1\
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|\ J

( )

Identity sections for review

& J

e - ;
Allocate or review IL: Network definition, local

1. Determine site category knowledge, maps, and
L 2. Determine IL 10m geometric data
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Record updated ILs and
review date
- J
( )

Investigation

.

Figure A.29. Setting the investigatory level(86).

In New Zealand, the T10 pavement specification established that the SCRIM must be used for
measuring friction. The measurements must be conducted throughout the whole primary network
during the summer month§able A9 summarizes the skid resistance ILs used in New Zealand.
Finally, using a series of historical values collected in the state of Washington using the SCRIM
machine, Flintsch et al.1) proposed the limits shown imable A10 for skid resistance
investigatory levels.

As noted, all the references presented above have tried to establish an investigatory threshold that
can be used to flag locations for further evaluation. References indicating an intervention level are
scarce, and because of the high complexity associatie@d crash event, is better to identify sites

that may represent a hazard in terms of friction and start monitoring them. In addition, the literature
review found that none of the state agencies in the U.S. are using a surface texture characteristic
for evaluating safety performance. Despite this situation, a lot of work has been done trying to
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relate both friction and macrotexture with crash rates or total number of crashes, and it has been
found that the macrotexture is a better predictor than friction.

( A

Start

) . IL Data

Identify sites at or below IL }

. o Friction Data
Identify other sites requiring Other indications of increased |
investigation L risk )
Site list
4 ) N
Perform a desk study: [ Local knowledge and maps J
1. Data validation ‘
g g g ]
2. dentify sites for detailed Friction, surface condition,
(Investigation J and crash data

e B

Sites for detailed investigation

. J

Sites investigation and
prioritization

Figure A.30. Initiaf investigation scheme(86).

114



Table A.9. T10:2002 Skid Resistance Investigatory Levels in New Zealai@?).

Site Descriotion Notes Investigatory Level Skid Assessment
Category P (ESC) Length (m)
5 Divided Even free 0.35 100
carriageway
Undivided
4 Normal roads carriageways only 0.45 100
(event free)
3d Ro'undabouts, Circular section only 60
circle only
Down Includes motorwa
3b and 3c gradients 5% on/off ramps y 0.45 50
10% P
3a Ap_proaphes to 60
junctions
Urban curves .
R<250 m All risks 0.50 50
Rural curves Low Med High
R<250 m risks risks  risks 0.45 0.50 0.55
2 Rural curves, Low Med High
250<R<400 m risks risks  risks 0.40 0.50 0.55
Down Includes on ramps witt
Gradients > ram meterinp 0.50
10% P g
Railway level crossing
approaches to
Highest roundabouts, traffic
1 priority lights, pedestrian 0.55 60
crossings, and similar
hazards.

Table A.10. SCRIM Friction ThresholdsUsing GPF Method 3(1).
Type of Roadway SR Investigatory Level

Divided 3035
Undivided 5055
Curves 50-55
Intersections 55-60

Similar to friction, defining a threshold for macrotexture that represents a safe condition is a
difficult task. However, some studies have brought some ideas about this; for example, the work
of Pulugarthg69) established that thelPD must be greater than 1.524 mm but less than 3.048
mm, in order to reduce the number of crashes. Likewise, the work of Flinstch @ al.
recommended that tdPD must be greater than 0.8 mm for roads with a speed limit of 50 mph,
and 1.0 mm for roads with a speed limit of 70 mph. Similar attempts have been made in the Unit
Kingdom and New Zealand as shownTiable A1l and Table A12 Thesetables show the
minimum MPD a new pavement surface should have to provide a safe operating condition.

Skid resistance performance rasobeen studied in detail by the Federal Aviation Administration
(FAA). The FAAconducted a set of measurements with different devices and different pavement
surface characteristi@nd published the Advisory Circular (AC) No. 150/5328D (29) based
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on the resultsThis AC contains guidelines and procedures for pavement evaluation with friction
measuring equipment, and maintenance of high-gsgtstant pavement3able A13is shown
belowas a reference for the measurement frequency recommended by the FAA. In addition, the
FAA recommended that friction should be measuregitaer40 mph (65 km/h) or 60 mph (95
km/h). The lower speed provides an indication of the overall microtexture/contaminant/drainage
condition of the pavement surface. The higlperesl provides an indication of the condition of the
surface's macrotexturédccording to the FAA, aomplete survey should include tests at both
speedsSince friction values depends on both tire properties and the pavement surface the FAA
has recommended a set of minimum and threshold for trigger maintenance for some popular
devices as indicated ifable A14.

Table A.11 Requirements for Initial Texture Depth for Trunk Roads Including
Motorways, U.K. (1).

Road Type Surfacing Type  Average/1,000 m Average/10 measures
High Speed Thin surface overlay MTD > 1.3 mm MTD > 1.0 mm
gn =p Agg. Size<14 mm__ (MPD 1.4 mm) (MPD 1.0 mm)
roads
>50 mph Surface treatments MTD > 1.5 mm MTD > 1.2 mm
(MPD 1.6 mm) (MPD 1.25 mm)
Lower Speed Th'g\?eflgace MTD>1.0mm  MTD>0.9 mm
roads Agg. Size<14 mm (MPD 1.4 mm) (MPD 0.9 mm)
<40 mph Surface treatments MTD > 1.2 mm MTD > 1.0 mm
(MPD 1.25 mm) (MPD 1.0 mm)
Roundabout
, ! MTD > 1.2 mm MTD > 1.0 mm
high r?1|c|;ehed>5c All surfaces (MPD 1.25 mm) (MPD 1.0 mm)
I()Rvsl;niizoib All surfaces MTD > 1.0 mm MTD > 0.9 mm
rﬁph (MPD 1.0 mm) (MPD 0.9 mm)

Table A.12. Minimum Macrotexture Requirements for New Zealand(87).
Minimum macrotexturé Mean Profile Depth (mm)

SPpeerer:r:jalr_]i%nii Chip Seal Asphalt Concrete ESC Asphalt Concrete ESC -
> 0.40 0.40
PSI (km/h) ILM?® TLM? ILM? TLM? ILM?® TLM?!
PSL <50 1.00 0.70 0.40 0.30 0.50 0.50
50<PSL<70 1.00 0.70 0.40 0.30 0.70 0.50
PS > 70 1.00 0.70 0.40 0.30 0.90 0.70

LILM = Investigatory level for macrotexture; TLM = Threshold level for macrotexture

Table A.13. FAA recommended friction survey frequency(29).
Number of daily minimum
turbojet aircraft landings per

Minimum friction
survey frequency

runway end
Less than 15 1lyear
167 30 6 months
3171 90 3 months
917 150 1 month
1517 210 2 weeks
Greater than 210 1 week
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Table A.14. FAA recommended friction level classification for runway pavement surfaces

(29).
Device 40 mph (65 km/h) 60 mph (95 km/h)
Minimum Main. Plan. | Minimum  Main. Plan.
Airport surface friction tester 0.50 0.60 0.34 0.47
Safegate friction tester 0.50 0.60 0.34 0.47
Dynatest runway friction tester] 0.50 0.60 0.41 0.54
Griptester Friction Meter 0.43 0.53 0.24 0.36
Halliday Technologies RT3 0.45 0.55 0.42 0.52
BV-11 Skiddometer 0.50 0.60 0.34 0.47
Mu Meter 0.42 0.52 0.26 0.38
NAC Dynamic Friction Tester 42 52 28 38
Norsemeter RUNAR (fixed 16% slif  0.45 0.52 0.32 0.42
Tatra Friction Tester 0.48 0.57 0.42 0.52

Within normal ranges, low skid resistance does not cause crashes although, depending on the
circumstances, it may be a significant contributory fa@6). The level of skid resistance, even

on a polished surface, will generally be adequate to achieve normal acceleration, deceleration and
cornering maneuvers on sound surfaces that are wet but free from other contamination. However,
higher skid resistance iequired to allow maneuvers that demand higher friction to be completed
safely, e.g., to stop quicklr corner sharply. Higher skid resistance can therefore reduce crashes
in cases where drivers need to complete a more demanding maneuver to avoid8bcrasish
analyses have therefore proposed that a relationship exists between measured friction and crash
risk. However, these relationships are not precise and differences in skid resistance may account
for only a relatively small part of the difference imsh risk between individual sites because of

all the other factors involve(®8).

The reduction of friction with speed depends on surface type and texture depth. As such, sites with
low skid resistance and low texture depth should be prioritized. The typical reduction of friction
experienced by traffic with speed and the influence xtute depth is illustrated imable A15.

The effect of texture depth becomes apparent at speeds as low as 50 km/h but becomes increasingly
significant at higher speed36).

In this line, the National Transportation Safety Board and FHWA concluded that aljmercéat

of wet pavement crashes could be prevented or minimized by improved pavement surface friction
(64). Wallman and Astrom88) developed a relationship between pavement friction and roadway
crash rate, revealing that higher friction can significantly reduce the crasraldécAl6.

Friction Demand Categories

Identifying the level of friction needed by the driving public is the important first step Vi
However, because of the great number of factors that may affect the friction developed in the tire
pavement interface, there is not a universal criterion for defining the existing friction demand
levels, nevertheless there is a consensus thattamal estimate can be developed by evaluating
the array of factors comprisirimy fourbroad categorie§, 17, 22):

1 highway alignment
1 highway features/environment,
1 highway traffic characteristics, and
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9 driver/vehicle charaetistics.

However, because the driver/vehicle characteristics sualriaer skills and age, vehicle tire
characteristics, and vehicle steering capabilifesdifficult to assess in terms of friction demand
they are rarely included in a PFMP.

Table A.15. Typical reduction in skid resistance experienced by traffic compared with
SCRIM machines measurement$36).
Mean Texture Depth (mm)

Speed  “Boow 05 0508 Above 0.8
50 km/h 40% 30% 25%
120 km/h 70% 60% 50%

Table A.16. Friction coefficients and crash rate(88).
Crash Rate (injuries
Frictional Coefficient  per million vehicle

km)
<0.15 0.80
0.150.24 0.55
0.250.34 0.25
0.350.44 0.20

Highway Alignment

Friction demand is highly influenced by the highway geometry (its horizontal and vertical
alignment). The amount of friction required increases with increasing complexity of the highway
horizontal alignment, the grade of the vertical alignment, and thgpistp sight distance
requirements. The relationship between datee friction for horizontal curves (the most critical
horizontal alignment), vehicle speed, radius of curvature, and highway-sactssn (super
elevation) is defined using the followingASHTO Green Book equatiq@9):

V2

F = € (99
158 R

where;

Fs= sideforce friction demand, in Ib,
e = superelevation rate, ft/ft,

V = speed, mi’hr, and

R = radius, ft.

As the speed increases, the force required to maintain a circulaveatiually exceeds the force

that can be developed at the paventgatinterface and sup@levation At this point, the vehicle
begins to slide in a straight lineangential to the highway alignmenih addition to the vehicle
speed, the curve radius and the stglevation,Fs is a function of climate, tire condition, and
driver comfort while performing maneuvers (e.g., braking, making sudden lane changes, and
making lateral movements within a lane).

For the vertical alignment, th®ASHTO green book defines the Stopping Sight Distar8el}

as the distance required for a driver (with a 1 m eye height) to clearly see an object of 0.15 m (0.5
ft) or more in height on the highway with enough distance to perceive, react and brake the car to a
stop on a poor wet pavement. TB8Ddistance is calculated using the Equatip®0), as shown,
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this distance is the arithmetic sum of two distances, the distance traveled while the driver perceives
the obstacle in the road, and the distance required to bring the car to a stop once the driver starts
braking(89).

VZ

3
SSD=(1.47 3v 3 m (100
where;
SSD = stopping sight distance, ft,
t = driver reaction time, in s,
G = longitudinal grade, percent, and
V = speed, mi/hr.

As shown in Equatiof99) and(100)besides the vehicle velocity and acceleration of gravity, the
other inputs are the radius of curvature and the road superelevation grade. However, these two
parameters are hard to obtain at a network lénghe other handn terms of curve safety, two

things are critical for transportation agencies to determine: the curve advisory speed limit and the
types, spacing, and locations of the curve signs that need to be placed. To determine the curve
advisory speed and th@acement of the curve warning signs, transportation agencies should
follow the Manual on Uniform Traffic Control DeviceMUTCD) guidelineg90), which contain
information regarding the determination of curve advisory speeds and curve sign locations.
The curve advisory speed is unarguably the most important factor in terms of horizontal curve
safety because the driving speed is the only thingatdiver can control when navigating a
vehicle along a curve. It is emphasized that the curve advisory speettihe safe speed for every

type of vehicle under every condition; it is a speed obtained by a defined testing procedure that
provides comfort and safety for most driving conditidtistorically, the advisory speed has been

set as the 85percentile of the freflow vehicle operating spe€@1).

The FHWA(91) have proposed six methods to establish the advisory speed for curves, these are:

Direct Method

Texas A&M Transportation Institute (TTI) Curve Speed Mdd€lompass Method
TTI Curve Speed Modél GPS Method

TTI Curve Speed Modél Design Method

Ball-Bank Indicator (BBI) Method

Accelerometer Method

= =4 =48 -4 -5 -1

The direct method asks a tester to drive over a curve at various speeds and determine the
appropriate curve advisory speed subjectively. The compass method is used in combination with
other methods (e.g., BBI), the purpose of the compass is to obtainrtteeradius; therefore, we

do not consider it as an individual method to obtain the curve advisory speed. Similarly, the GPS
method is used merely to obtain the curve radius and should not be listed individually. The ball
bank indicator (BBI) method anddhaccelerometer method are the two methods that are widely
adopted and commercializeéthey both utilize digital sensors mounted on a vehicle to indirectly
calculate the curve safetglated characteristi¢91).
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Figure A.31 Data collection and computational framework and data items for network
level curve safety assessment using mobile devi¢eg).

The Georgia Department of Transportation (GDOT) has conducted the research prdjéct 19
titled i En h-havel €drve SaatywAssessment and Monitoring Using Mobile

De v i (8,ghe main objective of this research effort was to define a protocol that bases on
smartphones devices to characterize road geometry (radius of curvature and superelevation) and
to assist in the speed advisory determination for the GDOT curves.

The authors of the GDOT Research Projeel 192) proposed the framework depictedHigure

A.31. As shown, the framework consisted of six modules starting from the mobile data collection
protocols and finalizing with the curve warning sign design. Of particular interest are Module 1 to
4, because using a smartphone mounted in vehicle it is possibéek calculate the geometry
details of a curve by driving through the curve at normal operating conditions. Most of the back
calculations are based on the BBI angle estimation. Based on the results shown in the GDOT RP19
17 the results seem promissongdacan help the NCDOT to characterize their curves. This
information is of particular interest to properly characterize the friction demand categories.

The BBI index (referred also as BBI angle) is calculated using vehicle kinematics equations and
refers to the movement of the vehicle measured in degrees of deflection, and is indicative of the
combined effect of superelevation, lateral (centripetal) acceleration, and vehicle b@@g)roll
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Highway features/environment

Highway features/environment is an important but ktareneasure characteristic of traffic flow

that can significantly influence pavement frictiothese characteristics depend on the presence
and type of median barriers, the presence or absence of specially designed lanes (e.g., left, or right
turn lanes), number of conflict situations (e.g., intersections, ramps, exits/access), and more
importantdepends on the setting (urban or rul&)) In general, as the highway environment
becomes more difficult and compglesignificantly higher levels of friction are required to help
drivers perform the necessary maneuvers (8.gxpected higher friction demand in urban areas

Highway traffic characteristics

Traffic characteristics that influence friction demand are traffic volume, composition, and speed.
As traffic volume increases the number of conflicts also increases. The risk associated with any
maneuver is elevated especially in hgpgeed areas. Alsopif the same traffic levels, traffic
composition may significantly affect the friction demand, mainly because in comparison to
passenger cars, the trucks have worse steering capabilities, require longer distances to stop, and
their tires produce less frioi (7). Finally, vehicle speed is the most important variable
influencing friction demand. As can be seerFigure A32, the friction developed at the tire
pavement interface reduces as the vehicle speed increases (this phenomenon is aggravated in wet
conditions). The speed at which the friction demand is exactly equal to the available friction is
known as the Skid Limitpr Speed of Impending Ski&inally, increasing speed (abo%® mph

[60 km/H) increases the likelihood diydroplaning which is a ma&r cause of weiveather
crashesBesides, the higher the speed, the higher the severity in a collision.

' Speed of
I/Impending Skid

Pavement-Tire
Frictional Capability

Pavement-Tire Friction ——p

Friction Demand
of Vehicle

Vehicle Speed —
Figure A.32. Conceptual relationship between friction demand, speed, and friction

availability (7).

Knowledge Gaps

This section has summarized the elements that constitute a PFMP, explained the available methods
used to establish a friction investigatory threshold, and discussed the aspects needed to set the
friction demand categories. After reviewing the relevantditee related to these topics there are
some important knowledge gaps.
1 In the case of North Carolina, information related to highway alignment is not easily
available at a network level, in particular the super elevation and curve radius. Surrogates of
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this information, such as the BBI index can be used, but it is necessary to evaluate the
relationship of this index with crash risk and friction. The BBI is a cheap alternative that can
be used to supplement North Carolinabs PFMP

1 Though the thresholds proposed by FAA serve as a reference, it is important to notice these
values were envisioned for airports. To set investigatory levels for a highway network it is
necessary to include crash risks, which can be estimated by meaBRIef a

1 Although there are some references in the U.S. for friction and texture thresholds, most of
these references are based on a LWST.

1 Despite texture being easier to measure at a network level, most agencies do not have a
measurement protocol for texture. Moreover, the attempts to use texture information as a
predictor in a SPF are quite limited.

1 In the PFEMP structures available in the literature, the component that relates friction and
texture in the field has not been explored. In fact, in the U.K. or New Zealand there are no
references for the quality control process of friction and textutteeifigld. It is imperative
that such protocol becomes available among practitioners.

Conclusions

Based on the literature reviewed in previous sections, the following statements can be made.

1 The most accurate representation of the friction variation with speed and slip ratio is
provided by the RADO model. To calibrate this model for a given pavement requires
friction observations for at least three different speeds. By using this modglp#sible
to account for more realistic friction mechanisms such as those of an ABS braking system
and are suitable for Continuous Friction Measurement Equipment (CFME) where the slip
ratio (SR) is around 130%.

1 The most used equipment for collecting static friction and texture measurements are the
Dynamic Friction Tester (DFT) and the Circular Track Meter (CTM). These two devices
are coupled with the Thre&/heel Polishing Device (TWPD) to evaluate aggregate and
pavement surfaces traffic polishing resistance.

9 Static texture measurements, such as the ones obtained with portable laser devices, provide

a more complete description of the surface texture than the one provided by the CTM.

Correlating aerial texture parameters to friction seems promising.

The recommended statistical function to model crash events is the negative binomial. A

complete Safety Performance Function (SPF) should include traffic, geometry, and

pavement condition indicators.

1 Crashes are spatially correlated. This correlation needs to be accounted for to improve the
relationship with friction. To identify a relationship between friction, or texture, and
crashes it is necessary to aggregate crashes in no more-thia ibcremats. Finer
resolutions, such as Ortile or 0.5mile, are desired.

1 Nonparametric methods, such as bootstrap sampling can be useful to overcome the small
sample problem after an overlay.

1 A sound SPF function for each friction demand category is needed to establish friction and
texture investigatoryhresholds.

E

To establish the friction demand categories, it is necessary to obtain specific road geometry details,
such as crosslope, super elevation, and curvature radius, for each element in the network. In the
case of North Carolina, this information is not aailé for all the road segments.
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APPENDIX B. MIXTURE VOLUMETRICS OF TESTED SITES
Table B.1. Group-1 sites selected for friction and texture measurements.

Site $;F‘)’:f T'\g'/';)‘e #Obs. AC% VFA VMA Pxo CC Pass Pazs AADT?
T S05C 3 64 757 173 63 05 75 60 19,242
> S95C 3 63 772 182 75 06 78 65 13719
3 US S95B 4 57 760 172 57 11 70 53 4382
41 1| UTBWC 4 55 00 00 41 51 42 24 57,930
42 1| s95D 5 60 765 173 58 08 68 48 41,683
5 | UTBWC 7 55 00 00 35 20 44 27 41799
6 | S95D 9 56 765 167 58 08 68 52 76546
7 1 Se5D 7 57 760 167 65 08 74 63 50,469
8 NC S95C 8 57 778 169 58 12 71 52 4415
9 NC S95C 6 64 778 184 67 10 79 65 5984
11 NC S95C 4 60 769 173 72 07 82 63 41,446
12 US S95B 3 54 753 162 62 07 75 56 18711
13 US S95C 1 65 775 179 72 08 82 67 62,603
14 US S958 6 62 769 173 73 06 83 64 12580
15 NC S95C 6 62 785 179 69 06 77 62 620
16 NC S95C 6 68 788 189 70 07 78 65 1,205
17 US S95C 7 57 741 174 59 05 75 56 13,747
18 US S95D 8 57 755 165 61 06 72 57 25341
19 US S95C 7 60 769 173 72 08 82 67 47,510
23 | S95C 4 60 766 171 70 09 76 60 16500
24 NC S95C 2 58 766 175 59 13 73 59 7,660
27 US S958 5 55 731 160 64 11 74 61 22801
28 NC S95D 3 66 777 187 7.8 08 79 65 13723
29 NC S95C 5 63 796 195 7.0 08 75 61 12,991
30 NC S95C 2 53 753 162 64 10 75 53 21696
33 US S95C 9 56 755 166 67 06 70 57 16,306
34 US S95C 2 57 770 168 68 04 73 57 18247
35 US S95C 2 58 744 172 64 06 76 58 18,247
3 NC S95C 2 63 760 175 62 04 71 56 29,362
37 US S95C 2 69 770 184 66 05 75 65 11,602
39 US S95C 1 54 745 159 52 07 73 58 6142
40 US OGFC 2 63 363 300 29 12 38 11 21500
a1 S95C 2 54 161 758 60 08 72 57 5300
42 US S95C 2 60 172 762 61 08 71 57 4300
43 NC OGFC 2 62 300 397 29 12 43 12 21,000
44 | UTBWC 2 55 220 501 49 41 42 20 51500
45 US  S95C 3 16,500

11 Interstates, US: URoutes, and NC: StafRoutes 2AADT year 2019
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Table B.2. Group-2 sites selected for friction and texture measurements.

Site $§$’é‘f T'\g'/';e #Obs. AC% VFA VMA Pxy CC Pas Pass AADT?
101 US UTBWC 2 55 34 206 23 14 24 9 8000
102 | UTBWC 2 5 0 0 54 6 40 25 65500
1031 US UTBWC 2 55 0 0 41 51 42 24 62500
1032 US  S95C 2 S o T T 0T 60500
1041 | UTBWC 2 .- . . . . . 51000
1042 | UTBWC 2 .- . . . . . 51000
1051 US UTBWC 2 5 0 0 47 03 40 27 19,500
1052 US UTBWC 2 S - o0 19500
1061 US  S95C 2 - - . - . . . 36000
1062 US  S95C 2 - - .. . . . 37000
1063 US  S95C 2 S . ... . 41000
1064 US  S95B 2 S ..o 4000
107 | UTBWC 2 5 0 0 41 25 41 28 58000
1081 US  S95C 2 - oo 17500
1082 US  S95C 2 S ... . . 17000
1083 US  SO.5C 2 - - . . . . . 15500
109 |  S95C 2 56 745 158 64 1 72 58 11500
1101 US  S95B 2 S o T T 34500
1102 US  S95B 2 - - . . . . . 33500
1111 | P 2 ... ... 84000
1112 | UTBWC 2 .- . . . . . 54500
1113 | UTBWC 2 .- . . . . . 58000
1114 | OGFC 2 - - . - . . . 58000
1115 | UTBWC 2 S ... 4000
12 | S95C 2 6 77 177 62 08 69 52 55000
113 |  OGFC 2 63 30 363 29 12 38 11 21500
1141 | OGFC 2 o T T 44500
1143 | S95C 2 .- . . . . . 58000
115 US OGFC 2 62 0 2909 3 22 34 14 11,000
116 US OGFC 2 65 403 308 3 28 25 15 15500
1171 1 S95C 2 S o o T T T 58000
1172 | OGFC 2 .- .. . . . 36500
1173 | UTBWC 2 S - - - 62,000
118 | UTBWC 2 - - . . . . . 33500
1191 US UTBWC 2 S .. ... 82000
1192 US  S95C 2 - - .. . . . 79000
1193 US  S95C 2 .- . - . . . 715500
1194 US  S95C 2 S ..o 4000
1201 US  S95C 2 ... .. . 69000
1202 US  S95C 2 .- .. . . . 28000
121 |  S95D 2 62 765 166 42 14 72 51 85000
122 US S95C 2 62 766 171 76 12 79 61 46,000
1231 | S95D 2 S0 T D T T 40500
1232 | S95C 2 .- . . . . . 35000
124 | S95C 2 .. ... 1000
Diamond
125 | arond .- ... . 138000
126 | _UTBWC 2 T 010 s
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Route

Mix

St 7006t Type #ObS. AC% VFA VMA Puo Cc Purs Poss AADT?
127 US  S95C 2 58 77/ 165 51 09 76 55 30,000
128 | S9.5D 2 6 766 173 7.1 09 78 64 44500
1291 | OGFC 2 - - - - - 27,000
1292 | OGFC 2 ; - - - .~ 55,500
1293 | OGFC 2 ; - - - .~ 55,500
130.1 US  OGFC 2 - - - - - 19,500
1302 US  S95C 2 ; - - - - - 17,500
131 | UTBWC 2 5 0 0 41 25 41 28 61,500
132.1 US  S9.5C 2 - - - - - 28,000
1322 US  S9.5C 2 - - - - - 28,000
1323 US  S95C 2 ; - - - - . 28,000
133 us  crack 2 ; - - - -~ 26,000
Seal
134 | OGFC 2 50 305 341 29 13 24 8 22000
1341 | OGFC 2 - - - - - 65,000
1342 | OGFC 2 - - - - - 47,500
135 US  S9.5C 2 56 755 163 6.4 04 70 56 32,000
137.1 US  S9.5C 2 - - - - - 32,500
1372 US  S9.5C 2 - - - - - 36,000
138 | S9.5C 2 6 76 168 55 07 74 52 27,500
139.1 | S9.5D 2 - - - - - 38,000
139.2 | S9.5D 2 - - - - - . 34,000
140 US  S95B 2 65 776 186 65 09 84 58 16,000
1411 | UTBWC 2 ] - - - - 74,000
1412 | S9.5C 2 ; - - - - 122,000
142 | S9.5C 2 56 746 16 63 05 70 55 18,000
1431 | OGFC 2 - - - - - 47,000
1432 | S9.5D 2 ] - - - - . 46,000
144 US UTBWC 2 52 33 202 32 16 28 13 30,000
145 US  S9.5C 2 69 764 179 68 08 81 67 32,000
146 | S9.5D 2 52 765 168 6 1 71 53 65,000
147 US  S95C 2 62 76 162 5 08 73 60 22,000
1481 US  S9.5C 2 - - - - - 20,000
1482 US  S9.5C 2 - - - - - . 27,000
149 US OGFC 2 6 428 281 25 15 33 12 18,500
150.1 | S9.5C 2 - - - - - 22,500
1502 | S9.5C 2 - - - - - 44,000
150.3 | S9.5C 2 - - - - - . 44500
150.4 | S9.5C 2 - - - - - 26,500
151 | S9.5C 2 6 765 17.9 49 11 71 49 19,000
152 | UTBWC 2 5 0 0 41 33 42 18 68,500
153.1 US  S9.5C 2 - - - - - - 21,000
1532 US  S9.5C 2 - - - - - 21,000
154 | S9.5C 2 62 778 18 6 06 78 65 16,000
155 US  S9.5C 2 63 77 181 7.2 08 80 65 15500
156 | JCP 2 - - - - - 83,500
1571 US UTBWC 2 - - - - - 18,500
1572 US UTBWC 2 ; - - - - - 18,500
158 US  S9.5C 2 62 778 18 75 06 78 65 23,500




Route

Mix

Site Type? Type #0Obs. AC% VFA VMA Pxo Cc Pa7s Pz AADT?
159 | S9.5C 2 5.9 775 171 6.6 09 73 57 28,500
160 us S9.5C 2 6.2 775 182 6.6 0.6 66 51 35,000
Crack
161 us Seal 2 - - - - - - - 14,500
162 us S9.5B 2 5.8 79 163 56 09 73 55 14,000
163 I S9.5C 2 5.8 756 164 6.1 08 70 55 104,000
164 NC JCP 2 - - - - - - - 46,500
165.1 US S9.5C 2 - - - - - - - 38,500
165.2 US S9.5C 2 - - - - - - - 39,500
165.4 US OGFC 2 - - - - - - - 77,000
1655 US S9.5C 2 - - - - - - - 48,500
166.1 US S9.5C 2 - - - - - - - 15,000
166.2 US S9.5C 2 - - - - - - - 32,500
167 | S9.5D 2 5.3 75 15.8 54 0.7 72 56 41,000
168 I OGFC 2 6 0 0 27 2.8 39 15 35,500
169 NC S9.5B 2 5.4 75 16 6.2 11 72 59 7,800
170.1 US OGFC 2 - - - - - - - 30,500
170.2 US OGFC 2 - - - - - - - 21,000
171.1 US S9.5C 2 - - - - - - - 20,000
171.2 US S9.5C 2 - - - - - - - 4,000

11 Interstates, US: URoutes, and NC: StafRoutes 2AADT year 2019
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APPENDIX C. DEVICE COMPARISON

This appendix presents the results of a comparison between the two devices used in this project
for collecting friction and texture measurements at a network level. These measurements were
conducted by KPR engineering and WDM USA. For friction, KPR used Ntoventor
Skiddometer, BV11l, and WDM used theéSidewaysForce Coefficient Routine Investigation
Machine SCRIM). In the case of texture, KPR used the AMES F8gleed Texture Profiler
(HSTP), and WDM used a mounted laser in the SCRIM machine.

Friction Comparison

The friction coefficient can be measured in the longitudinal or in the lateral direction. In the first
case, the main plane of the testing tire is parallel to the direction of travel, whereas in the second
case the tire has a yaw angle with the respedtitbetion of movement.

In this sense, the BX1 is a longitudinal friction testing machine that has the following
specifications:

Mode of Braking: Continuous slip ratio of 17%.

Tires: Two references and one measuring tire, smooth.

Water film thickness: A uniform water depth of 1 mm in frontesfing tire.
Measuring speed: Measuring speed range of 20 to 160 km/h (12.5 to 100 mph).
Frequency of results reported: Frictiaveraged every 3 m (10.ft)

Measurement location: right wheel path (RWP) of outermost lane.

= =2 =4 =4 -8 -1

On the other hand, the SCRIM is a sfdece friction testing machine, meaning the resulting
friction value is a lateral friction coefficient, and has the following specifications:

Mode of Braking: Variable slip ratio.

Yaw angle: 20 degrees (resulting in an approximate 34% slip ratio).

Tires: Smooth tire (narrow).

Water film thickness: A uniform water depth of 0.5 mm in front of testing tire.
Measuring Speed: variable speed, but as close as possiblenioh50
Frequency of results reported: Scrim Read® @veraged every 8 m (26.4 ft).
Measurement location: left wheel path (LWP) of outermost lane.

=4 =4 =4 -4 -8 _9_-9

The reportedSRis processed using two corrections factors that intends to remove the effect of a
testing speed different than 50 mph and a pavement temperature different than 25. The first
correction is made with Equati¢hO1)and the second correction is made using Equ#iion)

200158 4765S 0799.2
SRat 64.37knfi h= SR $O 101
R M hF SR $ 1043.82 (109

) SRat 64.37km h)
SC= 44.69 (102

0.548+ =
923+ 048 air Té‘arface)

where;

SRS = SCRIM reading at testing spegd
SC = Standardized SCRIM coefficient,
S = Testing speed in km/h,
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Tar = air temperature in Celsius degrees, and
Tsurface = pavement surface temperature in Celsius degrees.

To help differentiate between the values reported by the two devices, a named convention was
employed; thdrictionr esul t i ng f r om K P Rf,whereaschealudobtained r ef e
from WDMOG6s measur eS3Climsusmarysboth devicesr measdre a different

friction response, the B\XI1 characterizes friction longitudinally whereas the SCRIM does it
laterally. Also, other fundamental aspects such as the slip ratio, measurement speed, and testing
wheel path are dérent. Because of all tee differences, it might be difficult to find a good
correlation between the two devices.

Texture Comparison

Both devices collected the texture profile of the tested wheel path and then processed the raw
profile using the 1ISE134731 standard. The texture parameter used in this analysis was the Mean
Profile Depth MPD). To help differentiate between the values reported by the two devices, a
nomenclature based on subscript was employedyitber e sul t i ng from KPROSs
have subscript, whereas tvedueo bt ai ned fr om WDMG6s meéM®Bstkise ment s
The characteristics of the two devices adidated below.

KPR used the AMES HSTP with the following specifications:

1 Measuring Speed: 25 to 65 mph (40 to 104 km/h)

1 Laser frequency: 100 kHz.

1 Frequency of results reported: every 3 m (9.84 ft)

1 Measurement location: right wheel path (RWP) of outermost lane.

In the case of WDM, the laser mounted in the SCRIM machine has the following specifications:

1 Measuring Speedariable speed, but as close as possible 1mp0
1 Laser frequency: 64 kHz.

1 Frequency of results reported: ev8mn (26.4ft).

1 Measurement location: left wheel path (LWP) of outermost lane.

Segments Selected for Comparison

In 2022 WDM established a contract with the NCDOT for testing 5,161 miksateinaintained
roadways (primarily full control, 55+ mph) for a sindgéae survey, both directions as part of a
multi-year effort tocharacterize friction and texture at a network level. Between September and
Octoberof 2022 WDM collected approximately 4,715 miles of data, which was approximately
91% of the year 1 collection scope. On the hand, KPR engineering collected the data used in this
project to characterize performanard define a set of investigatory thresholds as part of two
research projects, FHWA/NC 2020 and FHWA/NC 202®5. For this comparison, the
observations from the latter project were used, i.e., GPogfies listed inTable 2. These
measurements were obtained from April 2020 to July 2023.

Because the measurements were made at different dates, the observations collected by KPR with
the closest date to that of the WDM were sele
from June/ July 2022 were comphaOcwber 2022. TeED 6 s d
resulted in a total of 95 sites for comparison. The distribution of the friandntexturevalues

collected by the two companies is presenteBigure C1 andFigure C2 respectively. In these

figures, Part (a) contains the valuesasiwed by KPR, while Part (b) shows the observations made

128



by WDM. It must be noted that for KPR the values plotted included all the observations collected
(October 2019 to July 2023) and two data series are shown, the observations depicted in blue, and
the backcast values shown in orange. A full description @thbdata series is included in Chapter

4.

In the case of friction, sdggure C1, theFNis 0.026 units lower than tf&C but in general terms

the two distributions are similar and if one makegesst evaluation is noted the two distributions

are not differentlt can be seen frorRigure C2 that the meatmMPDf r om KPRO6s obser v,
0.24 mm lower than the me&tPDscrivy Whereas the mediaviPD is 0.25 mm lower than the

median ofMPDscrim
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Figure C.1. Distribution of friction values measured with (a) B\-11 and (b) SCRIM.
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Figure C.2. Distribution of MPD values measured with (a) AMES HSTP and (b) SCRIM.
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Methodology
Overview
Based on the data description presented above, the two datasets were conmpaicedeasbelow:

1 For each site, the average friction aMd®D was computedacross the entire site. To
facilitate the comparison process, only the inventory direction was used for each site. Also,
the measurements made by KPR were made based on the extension of a given rehabilitation
project, whereas WDM measurements were madedbas route inventory. This means

thattheextento f WDMO6s dataset is |l onger than KPRO:s

used to compute this average, the milepost limits of the KPR records seztdan both
datasets.

1 After calculating the average values, a scatter plot was created, and the box plot of the
mean differences were used to evaluate possible owBatscussed in the next section.

1 Next, once the possible outliers are removed, a simple linear regression is made between
the two records, using KPR values as the explanatory variable and WDM records as the
response. These linear regression models were calibrated using all the observation
combined, and calibrated for individual surface types, i.e., dgragked mixtures, OGFC,
and UTBWC.

1 This process was made in sequence, first for texture and later for friction. In this sense, if
an outlier is identified for texture, this site is also labeled as an outlier for friction and the
data pair was removed from the analysis. Then, the samerauiilielinear regression
evaluation was conducted for friction.

Outlier Analysis

Outlier analysis was conducted in two steps. First, outliers were identified from the texture data
and then outliers were identified from the friction data. In both cases these basic process was the
same; first, a boxplot was used to highlight those palnes that resulted in a mean difference
greater than or equal to 1.5 times the interquartile range (IQR), whereas the IQR is defined as the
arithmetic difference between the'7percentile and the $5percentile of the distribution of the

mean differenes, second for each of the highlighted sites a manual verification process was
conducted to verify that the surface type was the same in both measurement dates, to verify that
no rehabilitation has been conducted in the time between measurements.

After computing the meakPD of both datasets for each site, the scatter plot showigure C3

(a) was made. Afterwards, for each site the difference between the mean MPD and the difference
between thé1PDscrivwas calculated and then the distribution of this difference across all sites is
presented irfFigure C3 (b). Based on this distribution, the'7percentile and the $5percentile

are 0.25 and 0.13 mm, respectively. Hence the IQR is equal to 0.12 mm and a site will be flagged
as a potential outr if the value oMPDscrimi MPD is greater than or equal to 0.25 + 3 x 0.12

mm = 0.62 mm or lower than or equal to 0i13 x 0.12 mm =0.24 mm.
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Figure C.3. (a) Scatter plot of theMPD comparisons and (b) Box plot of theMlPD mean

differences.

An example of a site that was labeled as an outlier is includedjime C4. The data shown in

this figure is for Site 139.1, which has a degsaded surface. WDM collected more than 25 miles

on this route and in consequence it captured the surface texture of pavements with different surface
types and pavement age, as evidermethe variation ilMPDscrivVvalues along these 25 miles.

In contrast, KPR measurements were made on the limits of the rehabilitation project made in 2013,
from milepost 0.0 to neepost 4.9Figure C4 (b) shows a zoomed in view zoom of this portion of

the measurements and the mean of both datasets in this milepost rakiirDasaim=1.65 mm
andMPD = 0.56 mm, respectively. The difference between the two means is 1.01 mm, which is
greater than the limit value of 0.62 mm calculated above.

3

MPD (mm)
= N
[N o N o

ot
[

e WDM x KPR

e WDM x KPR

0 5 10

15 20 25 30 0 1 2
Milepost

the mean.

3

4 5 6

Milepost
Figure C.4. (a) MPD values on Site 139.1 and (b) Portion of the dataset selected to compute

Similarly, an example of a site that was kept for the analysis is depidteglire C5. This is Site
111.4 that has an OGFC surface type. As indicated in Part &gk C5WDM collected their
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measurements in a spatial window of 22 miles, including pavements with different ages and
surface types, while KPR made its measurements between milepost 11.6 and 14.0. As a result, the
meanMPD values were computed using the 11.6 to 140 milepost range for both datasets and
MPDscriv=1.38 mm andViPD = 1.20 mm. The difference between the two means is 0.18 mm
which is lower than the limit value of 0.62 mm.

3

(a) (b)

25

MPD (mm)

0 10 20 30 116 12 124 128 132 136 14
Milepost Milepost
Figure C.5. (a) MPD values on Site 111.4 and (b) Portion of the dataset selectecctimpute
the averageMPD.

As indicated in the methodology section, the sites where the differenceMPbealues of the

two datasets was flagged as a potential outlier were also removed from the analysis for friction.
For instance, Site 139.1 shownHigure C4 and flagged as an outlier during the texture analysis

was removed from the dataset for friction. This was made because the outliers in the previous
analysis were mostly caused by a site that was rehabilitated between measurements, or because the
overlap @ the two datasstwas not sufficient, i.e., there number of miles that have measurements
collected with both datasets is less than 0.5 miles.

Likewise, the mean friction using the two datasets was computed for each sk aadSC It

must be noted that th8C is presented in decimal format, not in percentage. Afterwards, the
difference of the two means was calculated and the distribution of the differences was obtained.
Figure C6 (a) and (b) show the scatterplots of the friction values after removing the outliers from
the texture analysis and the box plots of the difference between the means, respectively. Based on
the distribution showm Figure C6 (b), the 7% percentile and the $5ercentile of the difference

in mean friction is 0.02 and).06. Hence the IQR is equal to 0.08 and a site will be flagged as a
potential outlier if the value &Ci FN is greater than or equal to 0.02 + 3 x 0.08 mm = 0.26 or
lower than or equal te).067 3 x 0.08 mm =0.31.
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Figure C.6. (a) Scatter plot of thefriction comparisons and (b) Box plot of the friction
means differences.

For example, Site 111.4 that has an OGFC surface type, analyzed in the previous section, has been
used again to illustrate the outlier identification process. The friction values collected with-the BV

11 and the SCRIM are plotted Figure C7 (a). As shown, WDM collected their measurements

in a spatial window of 22 miles, including pavements with different ages and surface types, while
KPR made its measurements between milepost 11.6 and 12.3. As a result, the mean friction values
were computedising the 156 to 12.3 milepost range for both datasets &6d 0.57 and=N =

0.60. The difference between the two mean8.83 which is higher than the lower limit value of

-0.31.
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Figure C.7. (a) Friction values on Site 111.4 and (b) Portion of the dataset selected to

compute the mean.
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In summary, 84 out of the 95 data paemainedavailable for comparison remained for analysis
after removing the outliers detected during the texture analysis. Then, after conducting the
statistical evaluation for these 84 data pairs, 79 remained for evaluation.

Results
Friction

The scatter plot ahe frictionpairs of values is presentedrigure C8. For the comparisoripur
models were developed: i) using all sites independently of the surface type, ii) one for dense
graded mixtures, iii) one for OGFC, and iv) another for UTBWC. These models are presented in
Figure C9. As shown in Part (b) to (d) éfigure C9, except for theJTBWC model the slope of

the regression equations is clos®10 Hence, for the model that uses all sites independently of
the surface type, see Part (a), the slope was constrained to be €cuditics model is also shown

in Equation(103)and indicates that on average 8@is 031 units higher than half of the\.

It must be noted that the comparison presented here has been maNec@diected at 6dmph,
whereas theSC were collected and standardized to a measurement speednophb0This
difference in the representative speed, joined with the fact the two measurements were collected
in different wheel paths and each device represent a different friction responstidioadjivs

lateral friction response), could have contributed to the low statistical significance of the models.
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Figure C.8. Scatter plot for friction comparisons after removing outliers.
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Figure C.9. Friction regression model proposed for: (a) all sites combined, (b) dense
graded, (c) UTBWC, and (d) OGFC.

Texture

The scatter plot dfigure C3 (a) was recreated using only these 84 sites and is presefRigdiia

C.10. Like with the friction analysis,dur models were developed: i) using all sites independently

of the surface type, ii) one for dergeaded mixtures, iii) one for UTBWC, and iv) another for
OGFC. These models are presente&igure C11. As shown in Part (b) to (d) éfigure C11,

except for the densgraded model the slope of the regression equations is close to one. Hence, for
the model that usedlasites independently of the surface type, see Part (a), the slope was
constrained to be equal to one. This model is also shown in Eq@afiéyand indicates that on
average th&MPDscrivis 0.2 mm higher than tHdPD measured with the AMES HSTP.
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Conclusions andRecommendations

Based on the resulghown in this appendpit is concluded that there is a strong relationship
between thelPD measured by KPR with the AMES HSTP and #eD measured by WDM

using the SCRIM machindAPDscriv). The proposed model indicated that on aveMB®scrim

is 0.2 mm higher than tfdPD from the KPR instrumentdn contrast, it is concluded that there

is not a sound statistical relationship between the longitudinal friction value measured by KPR
using the BV¥11 FN) and the SCRIM coefficientSO measured by WDM using the SCRIM
machinelt is noted that different results between instruments measuring the same qiv#bty (

in this case) or closely related quantities (friction Wi or SCin this case) is not unusual. As
discussed in the literature review, efforts to better homogenize measurements across instruments
continue to be carried out and future standardization efforts may further help to obviate the need
for the kinds of correlabin studies performed here.

In consequence, Equatiqi04) can be used to relate the proposed set of investigatory and
interventionMPD thresholds proposed using the AMES HSTP. But it is not recommended to use
the correlations presented here to relate $t@ measurements with the proposed friction
investigatory and intervention thresholds presented in Chapter 4.
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APPENDIX D. FRICTION AND TEXTURE TESTING DATES
Table D.1. Friction Measurements.

Sites Overlay Datel Date2 Date3 Date4 Date5 Date6 Date7 Date8 Date9
1 Oct19 Octl1l9 Apr-20 Jun20

2 Oct19 Oct19

3 Oct19 Oct19 Apr-20 Oct20 Feb21

41 Octl9 Octl9 May-20 Juk20 Oct20

4.2 Apr-20 Apr-20 Juk20 Oct20 Jun22 Mar-23

5 Oct19 Oct19 May-20 Jul20 Oct20 Nov-21 Mar-23

6 Oct19 Oct19 May-20 Juk20 Oct20 Feb21 Jun2l Dec2l Mar-23
7  Aug-19 Nov-19 Apr-20 Aug-20 Nov-20 Feb21 Juk2l Feb22 Aug-22
8 Apr-20  Apr-20 Aug-20 Oct20 Janr2l Mar-21 Jun2l

9 Oct19 Nov-19 Aug-20 Nov-20 Feb2l1 Jul21

11 Mar-20 Aug-20 Nov-20 Feb21 Jul21

12 Octl9 Oct19

13  Nov-20 Nov-20

14  Octl9 Octl1l9 Apr-20 Juk20 Oct20 Jan2l Juk2l

15 Oct19 Nov-19 Apr-20 Aug-20 Nov-20 Mar-21 Jul21

16  Oct19 Nov-19 Apr-20 Aug-20 Nov-20 Mar-21 Jul21

17 Oct19 Nov-19 Apr-20 Juk20 Oct20 Jan2l Mar-21 Jun2l
18 Oct19 Nov-19 Apr-20 Aug-20 Nov-20 Mar-21 Dec21 Mar-23
19 Apr-20 Apr-20 Aug-20 Nov-20 Feb21 Jul2l Feb22 Aug-22 May-23
23  Nov-19 Apr-20 Aug-20 Nov-20 Mar-21

24 Jun20 Jun20 Jan2l

27  Jun20 Juk20

28 Mar-20 Jun20 Aug-20 Nov-20

29  Aug-20 Aug-20

33 Jun20 Jun20 Aug-20 Oct20 Jan2l Mar-21 Jun2l Dec2l1 Jun22 Mar-23
35 Jun2l Nov-21 May-22

36 Aug-21 Oct21 May-22 Aug-22

37 Sep21 Sep2l Nov-21

39 Oct21 Nov-21 Sep22

40 Sep22 Oct22

41 Jun22  Jul22

42 Jun22  Jul22

43 May-22 Jun22

44  Sep22 Sep22

101 Junl7 May-20 May-22

102 Junl6é May-20

103.1 Junl6  Juk20

103.2 Junl2 May-20

104.1 Junl0 May-20 Apr-22

104.2 Junl4d May-20 Apr-22

105.1 Jun08 May-20 May-22

105.2 Jun08 May-20 May-22

106.1 Junl6 Apr-20 Apr-22

106.2 Junl5 Apr-20 Apr-22

106.3 Junl2 Apr-20 Apr-22

106.4 Junl4d Juk20 Apr-22

107 Junl2 Apr-20 Apr-22

108.1 Junl2 Jun20 Jun22

108.2 Junl2 Jun20 Jun22

108.3 Junl3 Jun20 Jun22

109 Junld Jun20 Jun22

110.1 Junl?7 Jun20 Jun22
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Sites Overlay Datel

Date?2

Date3

Date4 Dateb5

Date6

Date7

Date8

Date9

110.2
1111
111.2
1113
111.4
1115
112
113
114.1
114.3
115
116
117.1
117.2
117.3
118
119.1
119.2
119.3
119.4
120.1
120.2
121
122
123.1
123.2
124
125
126
127
128
129.1
129.2
129.3
130.1
130.2
131
132.1
132.2
132.3
133
134
134.1
134.2
135
137.1
137.2
138
139.1
139.2
140
141.1
141.2
142
143.1

Junl4
Junl3
Junl3
Junl4
Junl6
Junl3
Junl6
Junll
Junl5
Junl?2
Junl3
Junl3
Junl4
Junl?
Junl?
Junl?
Junl?
Junl4
Junl15
Junl?2
Junl?
Junl?
Junl?
Junl4
Junl?2
Juni2
Jun18
Junl?
Junl3
Junl6
Junl3
Jun08
Juni5
Junl?2
Junl?2
Juni5
Junl3
Junl3
Junl3
Junl6
Junl6
Junl6
Junl?
Junl?
Junl?
Juni5
Juni5
Junl8
Junl8
Junl?

Junl?2
Junl3

Jun20
May-20
May-20
May-20
May-20
May-20
May-20
Jul20
Jun20
Juk20
May-20
May-20
Jun20
Jun20
Jun20
Jul20
Jun20
May-20
May-20
May-20
Jun20
May-20
Apr-20
Apr-20
Juk20
Jul20
Mar-20
May-20
May-20
May-20
Jul20
Apr-20
May-20
Juk20
Apr-20
Apr-20
May-20
Apr-20
Apr-20
Apr-20
Apr-20
Jul20
May-20
May-20
May-20
Apr-20
Apr-20
May-20
May-20
May-20
May-20
May-20
May-20
May-20
Juk20

Jun22
May-22
May-22

May-22 Aug-22 Nov-22 Jan23 Mar-23

May-22
May-22
Jun22
Jul-22
Jun22
Jun22
May-22
May-22
Jun22
Jun22
Jun22
Jun22
Jun22
May-22
May-22
May-22
Jun22
May-22
Apr-22
Apr-22
Jun22
Jun22
Apr-22
May-22
May-22
May-22
Jul-22
Jun22
Jun22
Jun22
Apr-22
Apr-22
Apr-22
Apr-22
Apr-22
Apr-22
Apr-22
Jul-22

May-22 Aug-22 Oct22 Feb23 Mar-23 Jun23

May-22
Juk22

Apr-22
Apr-22
Jun22
Jun22
Jun22
Jun22
Jun22
Jun22

May-22 Nov-22 Jan23 Mar-23 Jun23

Jul-22
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Sites Overlay

Datel

Date?2

Date3 Date4 Date5 Date6

Date7

Date8

Date9

143.2
144
145
146
147

148.1

148.2
149

150.1

150.2

150.3

150.4
151
152

153.1

153.2
154
155
156

157.1

157.2
158
159
160
161
162
163
164

165.1

165.2

165.4

165.5

166.1

166.2
167
168
169

170.1

170.2

171.1

171.2

Junl6
Junl?2
Junl3
Junl4
Jun05
Jun05
Jun05
Juni?
Junl?2
Junl3
Junl6
Junl6
Junl3
Junl5
Junl6
Junl4
Junl?
Junll
Junl3
Junl?2
Junl?2
Junl6
Junl4
Junl4
Junl6
Junl6
Juni?2
Junl3
Juni?2
Juni?2
Junl4
Junl6
Junl4
Junl6
Junl?
Jun19
Juni5
Juni2
Juni?2
Junl3
Junl5

Jul20
Jul20
Jul20
May-20
May-20
May-20
May-20
Apr-20
May-20
Apr-20
Apr-20
May-20
May-20
May-20
Jun20
Jun20
Jul20
Jul20
May-20
Apr-20
Apr-20
Jun20
May-20
May-20
Apr-20
May-20
Jul20
Jul20
Jun20
Jul20
Juk20
Jul20
May-20
May-20
Jul20
Jul20
May-20
Juk20
Juk20
May-20
May-20

Jul22
Jul22
May-22
Jun22
May-22
May-22
May-22
Apr-22
May-22
Apr-22
Apr-22
May-22
May-22
May-22
Jun22
Jun22
Jun22
Jun22
May-22
Apr-22
Apr-22
Jun22
Jun22
Jun22
Apr-22
May-22
Jul-22
Jul-22
Jul-22
Jul-22
Jul-22
Juk22
Jun22
Jun22
Juk22
Juk22
May-22
Jul-22
Jul-22
Jun22
Jun22

Oct22 Feb23 Mar-23 Jun23

Nov-22 Mar-23 Jun23
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Table D2. Texture MeasurementDates

Site  Overlay Datel Date2 Date3 Date4 Date5 Date6 Date7 Date8 Date9
1 Oct19 Oct19 Feb20 Jun20

2 Oct19 Oct19

3 Oct19 Oct19 Feb20 Oct20 Feb21

41 Octl9 Oct19 Feb20 Juk20 Oct20

4.2 Apr-20 May-20 Jut20 Oct20 Jun22 Mar-23

5 Oct19 Oct19 Feb20 Juk20 Oct20 Nov-21 Mar-23

6 Oct19 Oct19 Feb20 Jul20 Oct20 Feb21 Jun2l Dec2l1 Mar-23
7 Aug-19 Nov-19 Feb20 Aug-20 Nov-20 Feb21 Jul2l Feb22 Aug-22
8 Apr-20 Apr-20 Aug-20 Oct20 Jan2l Mar-21 Jun2l

9 Oct19 Nov-19 Feb20 Aug-20 Nov-20 Feb21 Juk2l

11 Mar-20 Aug-20 Nov-20 Feb2l Jul21

12 Oct19 Oct19

13  Nov-20 Nov-20

14  Oct1l9 Octl1l9 Feb20 Juk20 Oct20 Jan2l Juk2l

15 Oct19 Nov-19 Feb20 Aug-20 Nov-20 Mar-21 Jul21

16 Oct19 Oct19 Feb20 Aug-20 Nov-20 Mar-21 Juk21

17 Oct19 Nov-19 Feb20 Juk20 Oct20 Jan2l Mar-21 Jun2l
18 Oct19 Nov-19 Feb20 Aug-20 Nov-20 Mar-21 Dec21 Mar-23
19 Apr-20 Apr-20 Aug-20 Nov-20 Feb21 Jul2l Feb22 Aug-22 May-23
23  Nov-19 Decl1l9 Aug-20 Nov-20 Mar-21

24 Jun20 Jun20 Jan2l

27  Jun20 Jul20

28 Mar-20 Jun20 Aug-20 Nov-20

29 Aug-20 Aug-20

33  Jun20 Jun20 Aug-20 Oct20 Janr2l Mar-21 Jun2l Dec2l1 Jun22 Mar-23
35 Jun2l Sep2l Nov-21 May-22

36 Aug-21 Sep2l May-22 Aug-22

37 Sep2l Sep21 Nov-21

39 Oct21 Nov-21 Sep22

40 Sep22 Oct22

41 Jun22 Jul22

42 Jun22 Jul22

43 May-22 Jun22

44  Sep22 Sep22

101  Junl7 May-20 May-22

102 Junl6 May-20 Jun22

103.1 Junl6 Juk20 Jun22

103.2 Junl2 Apr-20 Jun22

104.1 Junl1l0 May-20 Apr-22

104.2 Junl4d Apr-20 Apr-22

105.1 Jun08 May-20 May-22

105.2 Jun08 May-20 May-22

106.1 Junl6 Apr-20 Apr-22

106.2 Junl5 Apr-20 Apr-22

106.3 Junl2 Apr-20 Jun22

106.4 Junl4d Juk20 Apr-22

107 Junl2 Apr-20 Apr-22

108.1 Junl2 Mar-20 Jun22

108.2 Junl2 Mar-20 Jun22

108.3 Junl3 Mar-20 Jun22

109 Junl4 Mar-20 Jun22

110.1 Junl7 Mar-20 Jun22

110.2 Junl4 Mar-20 Jun22

111.1 Junl3 May-20 May-22
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Site Overlay Datel Date2 Date3 Date4 Date5 Date6 Date7 Date8 Date9

111.2 Junl3 Mar-20 May-22
111.3 Junl4 Mar-20 May-22 Aug-22 Nov-22 Jan23 Mar-23 Jun23
111.4 Junl6 May-20 May-22
111.5 Junl3 Mar-20 May-22
112 Junl6 May-20 Jun22
113  Junll Mar-20 Juk22
1141 Junl5 Jun20 Jun22
114.3 Junl2 Mar-20 Jun22
115 Junl3 Mar-20 May-22
116 Junl3 May-20 May-22
117.1 Junl4 Mar-20 Jun22
117.2 Junl7 Mar-20 Jun22
117.3 Junl?7 Mar-20 Jun22
118 Junl7 Jun20 Jun22
119.1 Junl7 Jun20 Jun22
119.2 Junl4 May-20 May-22
119.3 Junl5 May-20 May-22
119.4 Junl2 May-20 May-22
120.1 Junl7 Mar-20 Jun22
120.2 Junl7 May-20 May-22
121  Junl7 Apr-20 Apr-22
122  Junl4 Apr-20 Apr-22
123.1 Junl2 Mar-20 Jun22
123.2 Junl2 Mar-20 Jun22
124  #N/A  Mar-20 Apr-22
125 Junl8 May-20 May-22
126 Junl7 May-20 May-22
127 Junl3 May-20 May-22
128 Junl6 Mar-20 Jul22
129.1 Junl3 Apr-20 Jun22
129.2 Jun08 Apr-20 Jun22
129.3 Junl5 Jul20 Jun22
130.1 Junl2 Apr-20 Apr-22
130.2 Junl2 Apr-20 Apr-22
131 Junl5 Apr-20 Apr-22
132.1 Junl3 Apr-20 Apr-22
132.2 Junl3 Apr-20 Apr-22
132.3 Junl3 Apr-20 Apr-22
133 Junl6 Apr-20 Apr-22
134 Junl6 Mar-20 Jul22
1341 Junl6 May-20 May-22 Aug-22 Oct22 Feb23 Mar-23
134.2 Junl7 May-20 May-22
135 Junl7 May-20 Jul22
137.1 Junl7 Apr-20 Jun22
137.2 Junl5 Apr-20 Apr-22
138 Junl5 Apr-20 Jun22
139.1 Junl8 Apr-20 Apr-22
139.2 Junl8 Apr-20 Apr-22
140 Junl?7 Apr-20 Apr-22

141.1 - May-20 Jun22
141.2 - May-20 Jun22
142 Junl2 Feb20 May-22 Nov-22 Jan23 Mar-23

143.1 Junl3 Mar-20 Jul22
143.2 Junl6 Mar-20 Jul22
144 Junl2 Mar-20 Jul22
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Site Overlay Datel Date2 Date3 Date4 Date5 Date6 Date7 Date8 Date9

145 Junl3 Jul20 May-22
146 Junl4 May-20 Jun22 Oct22 Feb23 Mar-23
147 Jun05 May-20 May-22
148.1 Jun05 May-20 May-22
148.2 Jun05 May-20 May-22
149 Junl2 Apr-20 Apr-22
150.1 Junl2 Feb20 May-22
150.2 Junl3 Feb20 Apr-22
150.3 Junl6 Feb20 Apr-22
150.4 Junl6 Feb20 May-22
151 Junl3 Mar-20 May-22
152 Junl5 Mar-20 May-22
153.1 Junl6 Feb20 Jun22
153.2 Junl4 Feb20 Jun22
154 Junl7 Juk20 Jun22
155 Junll Mar-20 Jun22
156 Junl3 May-20 May-22
157.1 Junl2 Apr-20 Apr-22
157.2 Junl2 Apr-20 Apr-22
158 Junl6 Feb20 Jun22
159 Junl4 Mar-20 Jun22
160 Junl4 Mar-20 Jun22
161 Junl6 Apr-20 Apr-22
162 Junl6 May-20 May-22
163 Junl2 Mar-20 Jul22
164 Junl3 Mar-20 Jul22
165.1 Junl2 Mar-20 Jul22
165.2 Junl2 Mar-20 Jul22
165.4 Junl4 Mar-20 Jul22
165.5 Junl6 Jul20 Jul22 Nov-22 Mar-23
166.1 Junl4 Mar-20 Jun22
166.2 Junl6 Mar-20 Jun22
167 Junl7 Mar-20 Jul22
168 Junl9 Mar-20 Jul22
169 Junl5 May-20 May-22
170.1 Junl2 Mar-20 Jul22
170.2 Junl2 Mar-20 Jul22
1711 Junl3 Mar-20 Jun22
171.2 Junl5 Mar-20 Jun22
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APPENDIX E. ADDITIONAL CONSIDERATIONS FOR REPRESENTATIVE
FRICTION VALUES

As mentioned irChapter2, each site was segmented into-fhile sections, for each section the
representative value was set as thé& #ibtion percentile and the 8Qexture percentile. However,

when sites are categorized by friction demand categories some sections may be too short to have
reliable estimates of these percentiles because if the segment length is less-thides Maly

three to four 0.4nile sectionscan be established. As a solution, it was decided to identify the
percentile value computed over an entire site that produces a representative value that is similar to
the one comped on the average of Griile segments.

Hence, three statistics were computed for eactnlld segment: 2!8 10", and 24 percentile.

The statistics computed on the entire sites ar&, 2@, 25" and 58 percentile. An example of

such statistics for each analysis aggregation unit is depictégyjume E1. This procedure was
conducted on the remaining sites and statistics computed over an entire site are compared against
the average statistic computed over@ile segments. Three plots like the one presentEjure

E.2 were create.

The results indicated the following:

 The average O:fnile 2.8" friction percentile is equivalent to the 1 @iction percentile
calculated over the entire site.

f The average O-fnile 10" friction percentile is equivalent to the ®%iction percentile
calculated over the entire site.

 The average O-nile 258" friction percentile is equivalent to the "2%iction percentile
calculated over the entire site.

f The average O:-inile 50" texture percentile is equivalent to the"S@xture percentile
calculated over the entire site.
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Figure E.1. Representative friction value forSite 111.3 NB.
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APPENDIX F. FRICTION AND TEXTURE PREDICTION AFTER AN ASPHALT
OVERLAY

Overview

Over the years, three elements have been considered basic and fundamental in any PFMP: i) a
system for evaluating iservice pavements for friction, ii) a system for correlating available
friction with wetweather crashes, and iii) guidance on the desigmstruction, and maintenance

of pavement surfaces with adequate surface friction throughout the pavement design life. In other
words, it is necessary to measure friction and texture properties within the network to quantify the
friction demand and undesstd the effect of pavement design and construction practices on the
available friction value§93).

Moreover, there is evidence that there is often an increase in the wet crash rates after placement of
new asphalt wearing cours@g. An initial decrease in friction and texture after placement of the

new surface has been reported as one contributing factor to observed increases in wet crash rates
(93, 94). Different researchers have used varying methodologies to incorporate friction demand
into the mixture design proceéd. However, most of the available studies have used laboratory
specimens to measuiréction and texture variation, which may not be representative of the field
conditions.

Some attempts have been made to correlate laboratory friction and texture measurements with
corresponding field measuremef(its, 52, 53); however, most of these studies have used Locked
Wheel Skid Testers (LWST) to measure friction in the field. The LWST is the current standard
procedure for network level friction measurement in the United S@@tds is a discrete (i.e., not
continuous) sampibase test in which a measurement is taken overra GIBGft.) distance by

locking a wheel on a towehind tailer. This method is reliable and does provide useful point
information. However, reported values reflect averages across long distances through changing
road conditions, and do not effectively differentiate the changes in friction along the routercorrido
(2). The LWST equipment has additional limitations. For example, it is difficult to conduct LWST
tests in critical, high friction demand locations, such as horizontal curves or intersections, which
tend to experience greater tire scrubbing and polisghiaigiead to loss of pavement friction.

An alternative to the LWST is the Continuous Pavement Friction Measurement Equipment
(CEME), which is an established and proven approach that has been used for several decades in
other countries. It is distinct from LWST because it allows a continuoushgeatl pavement

friction in a section of road. The CFME is capable of measuring pavement friction through
different types of geometries such as tangents, curves, and intersections, at a broad range of speeds
(as high as 96 km/h (60 mph)). Measurements avifi-ME can be reported at a spatial frequency

as fine as 3@m (1-ft), and for this reason many agencies around the world are shifting from the
LWST to a CFME to better capture relationships between friction, texture, and crash frequencies
(1).

Because the use of CFME to measure friction is a relative novel technique, especially in the United
States, it has a disadvantage with respect to the relatively limited number of historical
measurements. This lack of data makes it very challenging teedefiable friction deterioration

models and there is not an accepted friction investigatory threshold nor an accepted friction
intervention threshold for CFME measurements. Another disadvantage of the CFME is that the
amount of information collected in @a road is larger due to the finer resolution of the
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measurements, which increases the computational effort and the resources required to store the
data.

In terms of texture, practitioners and researchers are shifting from traditional static methods such
as the Sand Patch Test (SPT) or the Circular Test Meter (CTM) towardspgagt profilers,
because these profilers allow the collection of continuouarexheasurements at a network level

at the road operating spe€ds).

Therefore, based on the recent trend towards the implementation of a CFME as the standard for
friction characterization at a network level and an overall lack of historical measurements on
asphalt mixtures in the US, there is a need to develop a seatidmehips between the current
laboratory methods for characterizing friction and texture and the measurements collected with a
CFME and higkspeed laser profiler in the field. Furthermore, relationships between asphalt
mixture composition and the frictioand texture of new overlays could be used to identify
locations with potential safety concerns based on mixture composition and can be used to control
the construction quality of newly constructed asphalt surfaces.

Objectives
The objectives of this chapter were twofold:

1 Identify the mixture compositional factors that affect the most the initial friction and texture
properties.

1 Develop a set of models thaiate friction and texture values measured in the laboratory
with the ones measured in the field using CFME and-bpged laser profilers.

Proposed Expressions to Relate Laboratory Observations, and Mixture Composition with
Field Values

Sullivan (63) conducted a study that evaluated the implications of incorporating the friction
demand required to provide a minimum stopping distance as an additional criterion during mixture
design. The aggregate gradation was used to develop a relationship toiprséigice surface
macrotexture, expressed M®&D reported by the CTM. Then, the microtexture component of the
surface friction was expressed in terms of the polished aggregate friction value (PAFV), which is
measured using the Polished Stone Value (PSV) test. These models were used to predict a vehicle
stopping distance as a function of the mixture composition.

A more detailed evaluation was presented by Masad &2ab3). In the first of these studies, the
researchers focused on the lab procedures to characterize surface friction and texture and reported
that the friction outcome of an asphalt mixture can be controlled and predicted based on the
individual aggregate propes in conjunction with the mix characteristics. The polishing effect

on aggregates was analyzed using the Mizewal test in conjunction with the aggregate imaging
system test (AIMS) tesfThe AIMS, introduced by Masad et &.2), is a method developed to
measure the aggregate texture directly by a microscope and a digital image processing technique.

In the second part of the study, Masad e{(%8) conducted field observations to evaluate the
friction (measured using a LWST and a Dynamic Friction Tester, DFT) and texture values
(measured with a CTM). The main results of the study indicated that the initial friction
microtexture is a function of theggregate type and can be related to the DKTiction value
measured with a DFT at 20 km/h (12 mph)).
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Later,Wu and Abadi€13) developed a surface friction prediction model that can be used during
mixture design for wearing courses. In their study, twelve wearing course mixtures typically used
in Louisiana were analyzed, including demgaded and opegraded mixes with different
aggregate sources. Each one of these mixtures were evaluated in the lab using the Three Wheel
Polishing Device (TWPD). Then, friction and macrotexture were measured in the field on 22
different projects. The #situ measurements ese collected using a DFT, a CTM, and a
LWST. Based on their findings, Wu and Abadie proposed a series of equations to predict the
microtexture friction contribution, the expected surface macrotexture, and to estimate the expected
LWST friction value at 60 km/h (40 mph).

While these studies have clearly identified a methodology to characterize predictive functions,
they have largely relied on LWST or DFT to characterize friction in the field and most of them
have used a static method such as the CTM to measure macrotértlag, CFME devices and
high-speed lasers are used to survey friction and texture at a network level, respectively, and it is
necessary to develop a relationship between the current lab protocols (either the British Pendulum
Tester, BPT, or DFT for frigdn, and any static method to measure texture) and the values reported
by highspeed devices in the field.

Also, previous models to predict friction and texture based on composition have relied on indices
that are not part of routine measurements today, like the PSV or aggregate properties by AIMS.
Thus, another need is to evaluate if friction and texture egprddicted from more conventional
mixture compositional factors. Having such an expression will provide a valuable tool to verify
the quality of newly constructed surfaces in terms of theoastructed friction and texture
characteristics.

Pavement Quality Control Program

Highway agencies around the world have developed different programs to ensure and enhance
highway performance through inspection of asphalt paving productions and placement operations.
In the U.S., most state highway agencies have been engaged in Quogiignis (QP) to follow
asphalt mixes production, testing for consistency and quality from the stockpiles all the way to the
finished road surface96).

The elements of a QP are depicted-igure F1. As shown, the process starts with pavement
design where parameters such as layer thicknesses, materials properties and mix design are
defined. Then, certain acceptance quality characteristics (AQC) suckplaséndensity, binder
content, aggregate gratibn, etc. are measured during the production and construction of the
pavement structure. The main goal of the QP is to compare tHes@med and the dmlilt
pavement life to determine the required paysaupent. Finally, performance surveys need to be
conducted periodically to quantify deterioration rates and to identify condition thresholds that will

be used as input in future pavement designs.

Pavement Mix Construction Quality Performance
Design Production Process Control Surveys

e ———

Figure F.1. Pavement construction quality program.
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Mix production quality is controlled by lots. Typically, the AQC is collected by taking and testing

a few samples. The statistics of an AQC of the lot determined based on the samples is used to make
an inference on the overall construction qualéy). The most used quality measure to quantify

the quality is percent within limits (PWL) (NCHRP Report 704). For performance related
construction specification, the PWL value of a lot is related to its expected future performance
(989). The advantage of the PWk that captures both the mean and standard deviation in one
parameter, facilitating the analysis of an AQC values distribution.

In this sense, to get a reliable expression to predict friction and texture in the field it is necessary
to account for the three variable sources depictdéigare F2. First, the aglesigned mixture
volumetrics are needed, e.g., the selected binder content, gradation parameters, VMA, etc. These
asdesigned properties will vary during the production process, therefore samples from asphalt
plans are needed to estimatis timount of variation. Finally, typically field cores are collected to
verify compactbn levels, although sometimes loose mixes are collected as well to estimate the
variation the material experienced during the transport.

AsDesigned Volumetrics Production Variability Construction Variability
FRICTION/TEXTUREpresentative Field Values

Figure F.2. Evaluating the effect of the pavement construction process.

Given the number of actors involved in this process, getting all these pieces of information is not
an easy process. Hence, one way to capture the variability from the three different stages of the
process is by using @kesigned mixture volumetrics to regent the design process, get estimates

of daily production variability on the asphalt plant the supplied the material (e.g., quantify the
typical difference in the percent passing Sieve No. 200 the day the pavement studied was
constructed), and incorpgeameasurements of the-ilace condition, typically kplace density
(estimated from field cores or measured directly with density gauges).

Data and Methods

The primary source of information used to meet the objectives establishedappaslixare the

field friction and texture measurements collected right after constructiorClsmgter 2 and
Appendix G and the laboratory measurements obtained from the set of field cores extracted in
sixteen of the 36 sites analyzed in Group 1 of sitesTabke1.

The gradation of each mix is summarized using the coefficient of curv@rand coefficient of
uniformity, Cu, defined in Equation§105) and (106), respectively. Both parameters are widely
used to describe gradation shape and aggregate size distr{{@)ioFor the gradation to be well
graded, the valu€Ec must range between one and three, and for a single sized gradati@cboth
andCuare equal to one. In additionCai greater than six indicates a densely graded material with
a considerable rangef particle size, while &u less than four indicates a uniformly graded
material.

D2
Co=——2— (105
DlO D60
cu=Pe (106)
DlO



where;

Dso = particle size at 60% finer,
Dso = particle size at 30% finer, and
Dio = particle size at 10% finer.

The data described above was used in two different analyses.

1 The relationship between the laboratory and field friction/texture values was characterized
by using data from the sixteen sites where cores were taken after construction. In total,
there were 42 cores, for a total of 42 field/lab pairs of observatioeseTdxpressions that
relates asglesigned composition and observations made on field cores (to get a
representation of the variability of the construction process) can be used as a tool to control
the quality of newly constructed surfaces, by using fieleesdo verify that the placed
material meet friction/texture requirements.

1 A model was calibrated to relate the average friction/texture values in the field, with the
asdesigned mix volumetric parameters, by using measurements from all 36 sites. For this
purpose, the first after construction measurement was used; some sitebs@vations
in both traffic directions, others just in one direction, in total there are 60 friction and
texture values that can be contrasted against the mixture composition of each site. This
model can be used to get an estimate of the expectedrffietiture given the adesigned
mixture composition.

For the laboratory measurements, friction was characterized using a BPT, the BPN was set as the
average of four consecutive readings and the measurement process was carried out in accordance
with the ASTM E303 specification. The texture surface was clearaetl using a volumetric
technique based on the ASTM standard, and using adimemsional surface scanned with the
AMES 9500 rapid laser texture scanner (rLTS) as indicatdéigare 6. These surfaces were
processed in accordance with the 188173; tlerefore, the AMES 9500LTS provides an
estimate of the averad@PD. As shown inFigure F3,a surface is the graphical representation of

the group of points collected with the lasers, and the texture depth is defined as the average
difference between the plane that passes through the three highest peaks and each point of the
surface.

It is important to notice that the surface used to calculatENMIED as represented figure F3

has been prprocessed in such a way that any slope has been suppressed and the mean value has
been set to zero. With this in mind, the average peak is understood as the average of those positive
elevations, i.e., the average of the points that are alb@eveurface mean plane; similarly, the
average valley depth is understood as the average of the negative elevations, i.e., the points located
beneath the suate mean plane.
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1: surface; 2: plane through three highest peaks of the surface, 3: mean texture depth.
FigureF3. | I lustration of the terms fAsuBMIDJceo an:
(Taken from 1ISO-1347).

The CFME device and the laser scanner provide measurements over a long section of road, while
the core results provide a point estimation of the field friction and texture. Thus, to compare the
lab results against the field observations it was necessaakd¢oan average of the continuous
friction and texture measurements around the location of each core. It was decided to use a window
of £ 76 m (250 ft) around the core location. An example of this procedure is illustrdeglire

F.4, where the continuss texture and friction profiles are plotted for Site 23, the yellow dots
indicate the location where the cores were extracted, and the label next to the points are the mean
values of the texture and friction, respectively, in the vicinity of the coréidoca

——8/19/2020 O Cores —500-ft Window ——8/19/2020 O Cores —500-ft Window
0.60 @ 0.80 ©)
a
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Figure F.4. Field measurements and core locations for Site 23: (a) MPD and (b) Friction
value.
Results

The results of the field and lab measurements are summariZieabie F1. It is important to

mention that Site 34 only has prenstruction cores, the observations of these cores are compared
against the observations of the cores from Site 35. This comparison is possible because before the
overlay Sites 34 and 35 have the saudace JMF and both sites have almost the same age.
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Table F.1. Summary of the observations from the field cores.

Site Friction SPT Parameters from Scanned Surface Field Obs.
No. Core BPN MTD MPD EMTD Peak Valley MPD Eriction
(mm) (mm) (mm) (mm) (mm)  (mm)
C1 54 0.5 0.34 0.47 0.14 0.19 0.39 0.76
8 C2 56 0.4 0.27 0.42 0.15 0.23 0.42 0.74
C3 57 0.4 0.32 0.45 0.16 0.24 0.38 0.65
C1 74 0.3 0.15 0.32 0.11 0.13 0.31 0.46
13 C2 53 0.4 0.26 0.41 0.10 0.14 0.30 0.47
C3 55 0.3 0.13 0.30 0.12 0.12 0.30 0.43
C1 69 0.4 0.21 0.37 0.10 0.13 0.41 0.53
14 C2 62 0.3 0.17 0.33 0.09 0.12 0.40 0.53
C3 64 0.4 0.17 0.34 0.09 0.12 0.39 0.53
C1 56 0.5 0.31 0.44 0.15 0.22 0.38 0.62
17 C2 52 0.5 0.36 0.49 0.15 0.21 0.40 0.60
C3 57 0.4 0.21 0.37 0.11 0.17 0.38 0.56
C1 59 0.4 0.24 0.39 0.12 0.17 0.41 0.53
23 C2 60 0.4 0.24 0.39 0.12 0.16 0.43 0.61
C3 56 0.4 0.19 0.35 0.13 0.15 0.41 0.62
C1 54 0.3 0.23 0.38 0.15 0.19 0.33 0.68
24 C2 56 0.4 0.22 0.38 0.12 0.17 0.33 0.67
C3 61 0.4 0.22 0.38 0.11 0.15 0.34 0.65
C4 60 0.4 0.26 0.41 0.12 0.19 0.36 0.68
C1 63 0.4 0.23 0.39 0.12 0.21 0.37 0.73
27 C2 60 0.4 0.18 0.34 0.11 0.16 0.35 0.63
C3 66 0.4 0.18 0.34 0.10 0.19 0.36 0.59
C1 52 0.3 0.16 0.32 0.10 0.15 0.31 0.50
28 C2 50 0.3 0.15 0.32 0.09 0.13 0.33 0.50
C3 51 0.4 0.16 0.32 0.09 0.14 0.30 0.53
C1 60 0.4 0.21 0.37 0.12 0.17 0.38 0.62
30 C2 51 0.4 0.25 0.40 0.18 0.23 0.37 0.63
C3 48 0.4 0.30 0.44 0.16 0.22 0.36 0.64
C1 55 0.4 0.26 0.41 0.14 0.17 0.35 0.51
33 C2 50 0.4 0.20 0.36 0.11 0.17 0.37 0.55
C3 60 0.3 0.19 0.35 0.11 0.18 0.35 0.56
C1 59 n.c. 0.10 0.30 0.14 0.14 0.30 0.55
C2 59 n.c. 0.11 0.17 0.06 0.08 0.31 0.42
35 C3 55 n.c. 0.09 0.15 0.06 0.08 0.29 0.42
C4 55 n.c. 0.10 0.19 0.06 0.08 0.33 0.42
C5 60 n.c. 0.13 0.29 0.13 0.12 0.31 0.52
C1 66 n.c. 0.15 0.31 0.08 0.13 0.28 0.50
37 C2 55 n.c. 0.12 0.22 0.06 0.09 0.27 0.47
C3 63 n.c. 0.13 0.37 0.06 0.09 0.28 0.47
C1 55 n.c. 0.26 0.36 0.14 0.26 0.34 0.70
39 C2 62 n.c. 0.31 0.38 0.17 0.33 0.39 0.68
C3 57 n.c. 0.24 0.31 0.14 0.24 0.36 0.67

n.c.: not collected.
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Effect of Mixture Volumetrics on the Initial Representative Friction and Texture Values

As described above, the representative friction is defined as the average of'ttigc2dh
percentile reported in Ouhile increments along a site. In the case ofMiRD, the representative
value was set as the average of th& BIPD percentile. As indicated ifiable F1, there are 10
sites with preconstructiorobservations, which allows for comparison of the effects of the overlay
on pavement friction and texture for these sectiorisgare F5 andFigure F6, respectively.

These graphs indicate the effect of asphalt overlays on friction values is uniform because for five
out of the ten sites, friction reduced (by an average of 17%), whereas in the other five sites, friction
increased (by an average of 19%). In contrastetieet of an overlay on thdPD is more evident
because in 9 out of the 10 sites with-posstruction observations, th&PD reduced after the
overlay (on average by 55%). Also, as showrrigure F6, the MPD is more sensitive to the
surface type, becausiee UTBWC sites clearly stand out from the dense mixes, but the same does
not occur inFigure F5in the case of friction.
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Figure F.5. Comparison of the representative friction before and after the overlay

Hence, a model that relates thedasigned mixture composition with the representative field
friction and texture is proposed. The predictors evaluated as possible explanatory variables were
the mixture volumetrics indicated ifable B1. The response variable in the prediction models
was set either as the representative frictiBnic{ionrepresentativp Or the representativéPD
(MPDrepresentativp. An iterative approach was followed where each variableabfe B1 was used

as the only explanatory paratee then the most significant parameters were included in a
multilinear regression model. TH of the model and the significance of each parameter were
computed and used to select the best modddle F2 and Table F3 summarize the different
models evaluated to predict the initial represent&dl?® and friction, respectively. The selected
models are shown in Equati¢h07)and Equatior{108).
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Figure F.6. Comparison of the representativeMPD before and after the overlay.
Table F.2. Coefficients of the initial representativeMPD models.
Model Intercept AC% VMA  VFA Dso Cc Pooo  VFA*Pyo Adj. R?
1 1.01* -0.11* - - - - - - 0.12
2 1.51* - -0.07* - - - - - 0.23
3 1.48* - - -0.01* - - - - 0.91
4 0.09* - - - 0.10* - - - 0.66
5 0.15* - - - - 0.28* - - 0.53
6 1.04* - - - - - -0.11* - 0.50
7 0.93* - - - - - - -0.12* 0.68
8 1.29* - - -0.01* 0.02* - - - 0.91
9 1.22* -0.05 - -0.01* - 0.09* - - 0.92
10 1.15* - - -0.01* 0.03* - 0.02*** - 0.92
11 1.15* - - - -0.01* - - 0.03* 0.70
*Significant at 95% confidence level, **significant at 90% confidence level, ***not significant
MPD,.,,=1.22 -0.009 VFA 6:087Cc¢ 0.04q AC® %Deng® ;R 0.9 (107
where;
MPDreiw = averageMPD measured in the field using a HSIP, in mm,
Cc = coefficient of curvature, computed with Equat{@5),
Dense = 1 for a dense mix, O otherwise,
VFA = percent of voids filled with asphalt, and
AC% = binder content in %.
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Table F.3. Coefficients of the average friction models.

Mod Inter. AC% VFA Do Cc P.oo MPD Ra  ACY%*P 200 Algg
1 1.26* -0.11* - - - - - - - 0.21
2 1.21* - - - - - - - - 0.10
3 0.71* - -0.002*** - - - - - - 0.00
4 0.49* - - 0.03* - - - - - 0.10
5 0.49* - - - 0.12* - - - - 0.14
6 0.96* - - - - -0.06* - - - 0.24
7 0.54* - - - - - 0.12%** - - 0.00
8 0.55* - - - - - - -0.09* - 0.27
9 0.89* - - - - - - - -0.79* 0.29
10 1.03* -0.08* - - - - - -0.07* - 0.36
11  0.83* - - - - -0.04* - -0.07* - 0.37
12 0.79* - - - - - - -0.07* -0.58* 0.40
*Significant at 95% confidence level, **significant at 90% confidence lev&hot significant.
Friction,,,=0.786 -0.065 R, 0.580( AC %R} ;R 0. (108
where;
Frictionses = average friction measured in the field using a CFME,
Rsk = texture profile skewness,
AC% = binder content in %, and
P200 = percent passing sieve No. 200.

These models indicate the friction is affected by the surface skewness, which measures the amount
of negative macrotexture, and by the interaction oPaeandAC% Higher skewness means the
proportion of voids is higher than the proportion of peaks in the texture profile, resulting in lower
representative friction values. The higher influence from the interactiBro@k AC%reflects a

higher proportion of fines in the mix that might be covering the coarse aggregate, which might
limit the coarse agggate friction contribution.

Also, it is important to notice that tHe? of the friction model is 0.40, meaning that this model
explains just 40% of the data variability. More research is needed to improve the model accuracy;
for instance, adding more observations by incorporating-gpatied mixes, like increasing the
numberof UTBWC and/or adding Ope@raded Friction Courses (OGFC), could light a better
relationship between volumetridgy, andMPD; another possibility is to incorporate the aggregate
properties in the analysis, likabrasion, polishing resistance, shape, angularity, etc. These
aggregate specific variables provide a representation of the microtexture friction component,
which given the current model form might not be well represented.

On the other hand, the model given in Equatib®7) for the representativlPD has anR? of

0.92; however, it was observed that this model is highly influenced by the four UTBWC sites that
have the highest texture values. If these observations are removed ofhhe model drops to

0.35. Thus, this model can differentiate between high friction mix designs and dense mixtures but
is not as strong at differentiating betwaknsegradedmixes. In this sense, it is necessary to add
more observations of open graded mixes to improve the model.

Nevertheless, these models bring a first estimate of the expected representative friction and texture
value based on atesigned mixture volumetric properties. The values predicted are the expected
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average values across several miles. The next section evaluates the use of laboratory measurements
on field cores combined with mixture volumetrics to predict field friction and texture. Using
laboratory measurements on field cores might be more accurasride these provide point
estimates of the surface properties that bring more loeafieaific predictors.

Field Lab-Relationships
Basic Observations of Fieldlab Relationships

Initial comparisons of the field observations and the values collected in the field are presented in
Figure F7 andFigure F8. TheBPNis frequently used to represent friction contribution from the
surface microtexturdzigure F7 shows that there is no relationship betweerBfAN,and the field

friction collected with the CFME. This result is expected because the CFME is conducted at high
speeds whereas tBPNis the result of a static measurement. On the other hanil|RBeof the
pre-construction coreis higher than their afteonstruction counterparts, in fact the aversigrD

among all the preonstruction cores was above 0.55 mm, whereas the avdiRDeamong all
afterconstruction cores was below 0.45 mm.

As indicated in both figures, since the qm@nstruction cores have the lowest friction and the
highestMPD values, these observations have a strong influence in the linear trend because as
illustrated in part (c) and (d) dfigure F7 andFigure F8, the trend changes considerably after
removing these observations.

The preconstruction cores may have lower friction and higher texture due to the traffic polishing
effect that can cause a densification of the material,-gféedf the binder cover from the
aggregates, and loss of fines or raveling. Because the maatiabjs to analyze the early friction

and texture development (one to two months after the overlay), only the cores collected after the
overlay are used to develop the predictive models. These models are proposed to relate the as
designed mixture volumeds, texture and friction specific parameters measured on the surface of

a set of QA field cores, with the field friction and texture.
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Figure F.7. Comparison of laboratory measurements with field friction: (a)BPN, (b) MPD,
(c) BPN without pre-construction observations, and (dMPD without pre-construction
observations.

If one compares the average field frictid? D, andBPNrecorded with the preonstruction cores
against the average of the values observed in-aftestruction cores a 31% increase in field
friction is obtained as well as a 45% and 24% reduction in MDD and BPN, respectively.
Furthermore, if one computes the percent change using only the observations of Site 34 (pre
construction field cores) against the observations of Site 35-(aftestruction field cores) an
increase of 9% in field friction and reduction of 52% and 23% in fiePD and BPN,
respectively are observed. In the case of Site 37 and 39 the redudd®Diwas 53% and 45%,
respectively.

Collectively, these results indicate that asphalt overlays have a more pronounced effect on texture
than friction. As shown above, tMPD reduces on average 45%, but this reduction can be as high
as 53%. Although there is not a clear relationship betweeBRiNand the field friction, on
average the microtexture friction component reduces after an overlay. These two variables might
not relate because, tB#Nmight be more sensitive to macrotexture components due to a higher
relative hysterical engagement, i.e., lower speed and less ability to move relative to the surface
plane. More observations are needed to get a better understanding of the microtetiome fri
component in the resulting skid resistance of a surface.
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Figure F.8. Comparison of laboratory measurements with field MPD: (a) lab MPD, (b)
average peak, (c) lab BPN without preconstruction observations, and (d) average peak
without pre-construction observations.

Model to Predict Initial Texture and Friction in the Field using Laboratory Observations

After selecting the afteconstruction observations, a set of regression models were evaluated. The
response variable in the prediction models was set either as the field frietictiofied) or the

MPD in the field MPDseid). The predictors are the mixture compositional factors presented in
Table B1 and the texture parameters extracted from the field cores, includebia F1. The
correlation coefficient between the descriptors and the response was computed and it was found
that the variables thasitively correlates the most wiBrictionsieis andMPDyieig are theMP Dyan,

EMTD, Peak Valley, Dso, andCc; similarly, the variables that negatively correlated the most with
Frictionfiels andMPDriels are AC%, andP2oo.

An iterative approach was then used wherein each variable was first used as the only explanatory
parameter and then the most significant ones were included in a multilinear regression model. The
R? of the model and the significance of each parameter were computed and used to select the best
model fit. I n addition, three more variables
highest positive correlation and the descriptors with the bigregative correlation; in this sense,
variables were comibed by adding them or by multiplying them. All the possible permutations
were evaluated, séable F4 andTable F5, and it was found that the best combination for the
positive correlation waS€ct+Peak-Valley, and the combination that best describe the negative
correlation wasAC% x P2oo. These combined variables were treated as a separate predictor and
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