Preliminary Insights from Multi-Year State-Level Pavement Friction Management Data

Preliminary Insights from Multi-Year State-Level Pavement Friction
Management Data

Stephen N. Goodman, Ph.D., P.Eng.
President
Goodman Pavement and Materials Engineering Inc.
Ottawa, Ontario
StephenGoodman@goodmanpmeng.com

Ryland Potter
Vice-President
WDM (USA) Limited
Richmond, Virginia
Ryland.Potter@wdme-int.com

Paper prepared for the session: Designing, Building and Managing a Sustainable Pavement Network
2025 Transportation Association of Canada (TAC) Conference & Exhibition
Québec City, Québec

Abstract

As a proven, cross-cutting safety countermeasure for reducing the frequency and severity of vehicle
crashes, Pavement Friction Management (PFM) provides road agencies with a powerful tool for
balancing the existing roadway friction with that required by vehicles to navigate the road network.

Between 2020 and 2024, several US states embarked on ambitious efforts to collect network-level

continuous pavement friction and texture data with the ultimate goal of reducing injuries and fatalities.

While singular data collection efforts offer a baseline of existing pavement friction at high resolution,

collecting replicate data on all pavement sections allows for increasingly sophisticated characterizations

of network performance.

With a focus upon pavement management and material performance in service, this paper will present
the preliminary insights uncovered through analysis of thousands of miles (kilometres) of continuous
pavement friction data, including the influence of material selection and composition, roadway
geometry, and traffic loading on pavement friction performance. Many insights reinforce conventional
wisdom although some challenge conventional thinking with respect to mixture composition and
ultimately agency specifications. Challenges associated with data management at the network-scale,
project-level data input quality, and data aggregation and clustering will also be discussed.
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Introduction

Roadway Fatalities & Vision Zero

In 2022, the US National Highway Traffic Safety Administration (NHTSA) estimated that 42,795 people
died in motor vehicle crashes on US roadways in that year alonel. The US Department of Transportation
(USDOT) considers that the loss of life on US roads “is a national crisis that is both unacceptable and
preventable. Zero is the only acceptable number of deaths on the Nation’s roads.”

In Canada, the number of annual fatalities has steadily reduced from 2,921 in 2002 to 1,934 in 20222
Still, nearly 2,000 people die annually on Canadian roads - an unacceptable value.

Adopted by many countries including the US and Canada, “Vision Zero” acknowledges that even a single
death on the transportation system is unacceptable and focusses on safe mobility for all.

USDOT National Roadway Safety Strategy & Proven Countermeasures

In January 2022, the US Department of Transportation launched the National Roadway Safety Strategy
(NRSS)3 — a comprehensive plan to significantly reduce serious injuries and fatalities on America’s roads.
This strategy embraces a Safe System Approach (SSA), which builds multiple layers of protection around
road users and recognizes that while people make mistakes, those mistakes do not have to be fatal.

The traditional approach to highway safety largely placed responsibility for crashes upon the individual
road users, with safety improvements completed reactively and incrementally only in areas of high
collisions. Under the SSA, agencies and organizations that create the system (i.e., the road network) are
responsible and must seek to proactively and systematically create a safer system overall. As such,
system designers and policymakers are expected to improve the roadway environment, policies, and
other related systems to lessen the severity of crashes.

To this end, the US Federal Highway Administration (FHWA) conducted the Proven Safety
Countermeasures initiative (PSCi), which has resulted in a collection of twenty-eight (28)
countermeasures and strategies to reduce roadway fatalities and injuries®. A key aspect of the initiative
was to only include measures proven to provide direct, significant, and measurable safety improvement
through detailed analysis and evaluation of crash data pre- and post-installation.

The proven safety countermeasures are grouped into the following categories:

¢ Speed Management;

e Design for Pedestrians & Cyclists;

¢ Reducing Roadway Departures;

¢ Improving Intersections; and

¢ Crosscutting measures that enhance the effectiveness of other measures and/or address
multiple safety focus areas.

The strategies are designed for all road users and geometries whether rural or urban, high-volume
freeways or low volume two-lane roadways, signalized or unsignalized intersections, tangents or curves,
and all other roadway features.
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Pavement Friction Management (PFM) & Continuous Pavement Friction Measurement

More than half of fatalities in the US result from roadway departure — whereby a vehicle crosses and
edge line, centre line or otherwise leaves the travelled way®. Of these fatalities, more than 25 percent
occur on horizontal curves - despite the fact that such features make up only 5 percent of the roadway
network. While many crashes are primarily the result of human error, a roadway must have sufficient
friction to allow safe operation of motor vehicles, particularly at certain geometric features, and during
inclement weather such as rain and snow, which greatly reduce available friction.

Pavement Friction Management (PFM)® is a readily implementable crosscutting countermeasure to
reduce accidents and fatalities. PFM involves measuring, monitoring, and maintaining pavement friction
— particularly where vehicles are frequently turning, slowing, and stopping to better reduce roadway
departure, intersection, and pedestrian-related crashes. Furthermore, friction data for performance
measurement is best measured with Continuous Pavement Friction Measurement (CPFM) equipment,
since spot friction measurement equipment cannot accurately collect data in curves and intersections,
nor provide data with sufficient resolution to target areas for monitoring and/or treatment.

A cost-effective CPFM data collection system is the Sideway-force Coefficient Routine Investigation
Machine (SCRIM®) device, as shown in Figure 1.

Figure 1. Sideway-force Coefficient Routine Investigation Machine (SCRIM®)

a) SCRIM® Truck (above)

Note closed test wheel cabinet
in front of dual rear axle

b) Open Test Wheel Cabinet (right)

Note test wheel and water spray
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SCRIM® utilizes a freely rotating testing wheel and tire held at 20 degrees from the forward travel path
with a known vertical load. The pavement surface is wetted with a fine water spray immediately ahead of
the test wheel. The horizontal force applied to the testing wheel by the pavement surface is directly
related to the available (wet) friction and is measured accurately by the device. The SCRIM Reading (SR)
is the ratio of the horizontal to vertical force measured at the testing speed during data collection.

The FHWA multiplies the SR by 100 and reports a Sideway Force Number (SFN) collected at (or normalized
to) 40 miles per hour (SFN40). Readings are taken continuously every 100 millimetres. At this resolution,
project-level analyses may be completed to investigate specific issues of interest such as contamination,
excessive crack sealant, or pavement markings. Readings for network-level pavement management
purposes are typically averaged at 0.005-mile (10-metre) intervals and aggregated to varying reporting
lengths (e.g. 0.1-mile or 160-metre).

Example CPFM data for pavement management purposes is shown in Figure 2. A small-radius curve
previously treated to improve pavement friction is readily observed with the SCRIM® data. Once areas of
reduced friction are identified, numerous treatments are available to restore the pavement surface.

Figure 2. Example SCRIM® Data at 0.005-mile (10-metre) Reporting Intervals

Pavement Friction Investigatory Thresholds

Until recently, North American road agencies had not publicly identified or acknowledged acceptable (or
unacceptable) pavement friction values. Some of this reticence has resulted from the complexities
inherent with the tire-pavement interface and associated friction and/or lack of data, but most has
resulted from a fear of repercussion (i.e. litigation, budgetary, etc.). In February 2023, the FHWA
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released report FHWA SA-23-006 entitled “Characterizing Road Safety Performance Using Pavement
Friction”” that should prove to be a major catalyst in the widespread adoption of PFM.

The main objectives of the report were to (1) develop Crash Modification Factors (CMFs), or Crash
Modification Functions (CMFx) to evaluate the effect of pavement friction changes on safety performance,
which can then inform the cost effectiveness of pavement friction improvements, and (2) to establish
performance or investigatory thresholds for friction based on roadway type and category.

The FHWA analysis confirmed a strong statistical association between pavement frictional properties
(friction and macrotexture) and crash rates, that being lower crash rates were observed with higher
friction and macrotexture. The report not only presents powerful information for road agencies, but also
private sector stakeholders such as motorists, pedestrians, litigators, etc. that can no longer be ignored.

Detailed review of the analysis procedure employed by the FHWA is beyond the scope of this paper,
however, the recommended investigatory thresholds for pavement friction based on Sideway Force
Number at 40 mph (SFN40) are included in Table 1. As part of their analysis, FHWA identified a range in
SFN40 values for each road and section type, with a single suggested value to trigger further investigation.

As shown in Table 1, the greatest friction should be supplied at intersections, followed by ramps & curves,
and finally tangent sections where friction demand is lower. While identified as important to the friction

properties of the roadways, suggested macrotexture depth values were not provided in the FHWA report.

Table 1. FHWA Pavement Friction Investigatory Thresholds (modified from Table 13 of [7])

Suggested Investigatory Value Range from FHWA

Roadway Type Roadway Feature of Side‘\:\z)a::1 :c::cseF:::)nber at Graphical Analysis
Tangent 40 36-38
Freeways Curve 42 -44
Ramp * 44 - 46
Rural, Multi-lane Tangent 50 48-50
Roadways Curve & Intersection 55 54 - 56
Tangent 50 48 - 50
i s e =
Intersection 60 54 -56
Urban / Suburban Tangent & Curve 50 48 -50
Arterial Roadways Intersection 55 54 - 56

Benefits of Pavement Friction Management

As part of the FHWA analysis’, Safety Performance Functions (SPFs) were used to develop Crash
Modification Factors (CMFs) and Crash Modification Functions (CMFx) for tangents and with areas of
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higher friction demand (curves and intersections) on each type of roadway facility. Corresponding crash
reduction percentages for 10-unit increases in SFN40 were determined by roadway facility and feature.
Crash reduction potential for all facilities combined was 9.9 percent — a significant improvement with
nominal friction improvement. Substantially greater crash reduction may be observed with friction
improvements on all non-Freeway sections (9.0 to 29.1 percent) and particularly Urban roadways (20.6 to
30.1 percent), which primarily fall under the jurisdiction of municipalities.

The FHWA crash reduction values are consistent with international studies. In New Zealand, it was
observed that a 0.1 unitincrease in SR (equal to a 10-unit increase in SFN40) yielded a crash rate reduction
of 20 percent for all crashes and 35 percent for wet crashes®. In Australia, the City of Melbourne evaluated
the effectiveness of surface treatment placed at 136 intersections and observed a reduction in total
crashes of 21.3 percent with high severity crashes reduced by 15.3 percent®.

Even greater crash reduction potential has been reported. Analysis of accident data on 1,750 kilometres
of 2-lane rural roads in the Spanish National Road System found significant differences in mean wet
pavement crash rates between segments with an average SCRIM® coefficient above and below a
threshold value of 55 both for tangents and for curves with a curvature radius equal or less than 500 m?°.
In that study, the average safety effect of improving pavement friction from a mean SCRIM value below
50 to a value above 60 resulted in an average reduction of wet pavement crash rates by 68 percent.

Network-Level Pavement Friction Evaluation and Pavement Management

Overview and Key Focus Areas

States that have undertaken network-level CPFM data collection are interested in both the “what” and
“how” — that is, what is my current level of pavement friction and how do varying levels of pavement
friction impact safety, how do environmental inputs or context impact in-service pavement friction
performance, and how can materials be selected or specified to provide optimal performance. This
paper focuses on characterizing pavement management and material performance in service with a goal
of sharing findings that may challenge received wisdom about friction performance.

Specifically, for a given US states’ network, this paper:

e Summarizes friction performance and trends over time and using cumulative traffic;

¢ Investigates influential factors in friction performance and degradation patterns (e.g., road
geometry, truck volume, posted speed limit); and

e Analyzes contribution of various elements of pavement mix design to friction performance (e.g.,
aggregate types/proportions, polish-resistance, and mix design volumetrics)

This close analysis of a sample network can provide direction and guidance for other states interested in
evaluating drivers of friction performance over time.

Pavement Friction Dataset

As with other large pavement management efforts, considerable effort was required to prepare the final
dataset prior to analysis. Constituent datasets included the following:
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e SCRIM pavement friction survey data for 2020, 2021, and 2022 including Mean SCRIM
Coefficient (MSC) and linear referencing/position data);

e Network linear referencing, geometry, road classification, and traffic data;

e Contract Histories typically held in Pavement Management Systems, PMS (i.e. records of
rehabilitation efforts completed within the years of interest including linear referencing);

e Mix Design Details (i.e. materials and/or processes used for rehabilitation), polish-resistant
designation, and material codes.

Road segments from multiple years of SCRIM data collection years were spatially joined using network
attributes and contract histories. Available mix design data was then added using the route name and
mile points. The 26.4-foot (8-metre) segments were aggregated into 0.1-mile (0.16-km) segments for
analysis.

Various data cleaning operations were conducted to increase confidence in the quality and accuracy of
the dataset. Asthose familiar with large network-level datasets will attest, any data joining and/or
cleaning efforts invariably result in fewer miles (kilometres) of complete data available for analysis.
Without prejudice to the hard-working state personnel involved, some of the data joining and cleaning
challenges included:

e Inter-Dataset Structure: to compare measured friction to surface type/material, Contract History
data had to be joined with Mix Design data, although these datasets did not initially have fields
to facilitate a spatial join.

e Missing or Duplicate Data: the data entry process by the State is completed by multiple people,
which is prone to errors. In some cases, the surface material was either missing, or multiple
materials were used within an individual contract (e.g., shouldering materials versus mainline
paving materials). Contract details did not always indicate which materials were used and
where. Any instances of duplicate data required engineering judgement as to which value was
(most) correct.

¢ Inconsistent Material Codes: the State tables are created by multiple people/groups within the
state over time. Often there were questions about specific material codes or treatments that
could not be readily answered by existing staff - particularly with respect to polish-resistance
aggregate designations. Furthermore, what was entered into the data tables was not always
using the strict policy-driven material codes —i.e. some mixes/materials that should have been
given individual codes were grouped together by “expected use” or “engineering intent.”

¢ Localized Improvements: the State Contract History data tables did not always capture localized
rehabilitation efforts completed by municipalities. While typically such efforts were completed
over smaller lengths, the influence on the friction dataset was not insignificant.

e Traffic Assignment: much of the spatial network build involved assumptions regarding traffic
data assignment. Gaps in traffic data required assumptions regarding average or minimum
traffic volumes so that additional data was included in the analysis.

e Qutdated Data: WDM did not have “live” access to the State-level datasets so that any changes
made to the dataset made between initial acceptance and analysis were not included.

Ultimately, two versions of the final dataset were ultimately developed for analysis purposes:
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¢ Mix Type Observation Pairs (4,488.4 miles): All 0.1-mile segments with at least 2 years of
available SCRIM survey data with the same PMS contract between observations. This dataset
may include contracts with incomplete or missing aggregate components and/or mix volumetric
data.

e Aggregate Proportions (1,926.3 miles): A reduced dataset that contains only rows from the Mix
Type Observation Pairs dataset that contain complete aggregate proportion records from the
mix design dataset.

Initial Performance Insights

Mean SCRIM Coefficient (MSC) by Cumulative Traffic Range and Road Class

Figure 3 displays the Mean SCRIM Coefficient (MSC) grouped into five (5) cumulative traffic ranges for
each of three (3) functional classifications. Each traffic range estimates the cumulative volume of
vehicles (in thousands) that the pavement surface has experienced since the last rehabilitative
treatment. For example, the traffic range 0-900 indicates that the pavement surface has been recently
rehabilitated and had experienced between zero and 900,000 vehicles at the time of data collection.

Figure 3. Average Mean SCRIM Coefficient by Cumulative Traffic Range and Class

Average MSC by Cumulative Traffic and State System Classification

State System Classification - Merged
EEN State Primary (Interstate and Parkways)
= State Primary (Other)

BN State Secondary

75

70

Average MSC
3

w
[l

50

45

40

900-2,000 2,000-5,000 5,000-10,000 > 10,000
Cumulative Traffic Range (in Thousands)

As shown, there is a general trend of reduced friction with increased cumulative traffic across all road
classes. Greater initial friction is observed on Interstates/Other Freeways & Expressways and this class
of roadway maintains this level of friction until approximately 5 million vehicles have travelled over the
pavement surface, after which a similar rate of decline is observed as the other road classes. This
suggests the use of aggregates and or mix types with enhanced initial friction properties as well as
enhanced polish resistance under trafficking.
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Principal Arterials and Minor Arterials roadways provide similar friction within each cumulative traffic
range with the exception of newly rehabilitated Minor Arterial roads, which displayed greater initial
friction.

Roadway Geometry and Posted Speed Limit

Figure 4a displays the average MSC grouped into four (4) ranges of posted speed limit and five (5)
categories of roadway geometry as represented by the horizontal curvature of the pavement section.

Figure 4a. Average Mean SCRIM Coefficient by Posted Speed Limit and Curve Type

Average MSC at First Observation by Posted Speed Limit and Curve Type

Curve Type

100 8 . BN NonEvent
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<=35 36-45 46-55 > 55
Posted Speed Limit

A tangent (no curvature) is represented by “NonEvent” while Curves 1 through 4 represent increasing
curve radius (i.e. Curve 1 has the smallest radius).

Across all posted speed limit ranges, greater friction was generally recorded on the tangent sections
with decreasing friction as curve radius decreased. For the same mix type and age, reduced friction
supply on curved sections is expected due to wearing/polishing under turning movements. However, it
is at these locations where increased friction demand is required to permit such movements.

The greater friction observed on C2 Curve sections with posted speed greater than 55 miles per hour
may suggest that a high friction treatment has been applied to provide additional friction supply that
was not recorded in the PMS history or possibly due to incorrect curve designation in the dataset.

Figure 4b combines all curve radii into a single geometric category thereby displaying MSC by posted
speed for Curves and Non-Curves (i.e. Tangents). For all posted speeds, tangent sections maintain the
same or greater friction than corresponding curve sections. Greater overall friction was recorded on
sections with greater posted speed, again suggesting the use of enhanced friction aggregates and/or
mixes on these roadways.
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Figure 4b. Average Mean SCRIM Coefficient by Posted Speed Limit (Curve and Tangent)

Average MSC at First Observation by Posted Speed Limit and Curve Type
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Figure 5 displays MSC as grouped by Mix Type (incorporating either polish resistant aggregate Types A
and B) and Performance Grade into the same cumulative traffic ranges as Figure 3.

Figure 5. Average Mean SCRIM Coefficient by Cumulative Traffic Range and Mix Type

Average MSC by Cumulative Traffic and Mix Type
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As with Figure 3, Figure 5 displays a general reduction in friction with increased cumulative traffic
volume.

Next, it is apparent in Figure 5 that the most premium mix used (i.e., Type A, Binder B) not only provides
the greatest initial friction but maintains this friction over greater cumulative traffic volume than other
mixes. This result is very similar to that of Figure 3, which is not surprising as this mix is primarily used
for Interstates/Other Freeways & Expressways. Again, the high initial friction is maintained until at least
5 million cumulative vehicles, after which a gradual reduction is observed.

For Mix Type A, Binder A, lower initial and early life friction was observed as compared to the Type A,
Binder B and the Type B mixes (either asphalt binder grade). The difference between Type A (both
binder types) and Type B (both binder types) mixes reduces above 5 million cumulative vehicles and the
Type A mix with Binder A appeared to have similar frictional properties to either Type B mix. The
anomalously high result for Mix Type B, Binder B within the 5 to 10 million cumulative traffic category
may be attributed to relatively small sample length (only 6.6 miles of data), although this section may be
analyzed in greater detail in the future.

For Type A mixes, Figure 5 suggests some amount of contribution of the asphalt binder grade toward
friction although no such relationship is suggested for Type B mixes. Finally, at over 10 million
cumulative vehicles, all mix types appear to provide similar average friction, with Mix Type A, Binder A
displaying a slightly greater average friction value.

Asphalt Performance Grade

Figure 6 displays MSC as grouped by asphalt binder Performance Grade (A or B) and five (5) age
categories (years in surface).

Figure 6. Average Mean SCRIM Coefficient by Asphalt Performance Grade and Age

Average MSC at First Observation in Years by Asphalt Binder Performance Grade
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As shown, mixes incorporating Binder B tend to provide slightly greater friction than those incorporating
Binder A across all age groups, with the exception of between six (6) and eight (8) years of age.

Correlation Analysis - Factors Affecting Friction

In addition to the general data insights concerning network and material performance presented, an
initial modeling effort to relate MSC2 (the second MSC value collected) and various dataset elements
was completed using SHAP analysis of the results of an XGBoost model. SHapley Additive exPlanations
(SHAP) is a powerful machine-learning technique that deconstructs a prediction (in this case MSC2) into
a sum of contributions from available input variables. Whereas classical regression analysis would seek
to predict the mean MSC2 value, SHAP uses a more complex classification model to present how each of
the input variables impacts the predicted MSC2 value.

Figure 7 presents the “bee swarm” plot of SHAP values generated from the variables in the MSC dataset
used to train the model. Each row represents an input variable listed in order of SHAP values from
greatest to least importance. A wider distribution of points indicates that the values of the input
variable have greater influence on MSC2 prediction than those with a narrower distribution.

Figure 7. SHAP Beeswarm Plot of Input Variables for Predicting MSC2

High
MsC1 T T e it -
AADT per_lane +‘-—-—' -
days_between +
% Binder in Mix '—+—
CURVE b ‘*
P200 +—-
AGEL —+—
COARSE_FR *_' -
tireTEMP1 + o
=2
o
RAP_NON + ]
FINE_NON - __+ &
TEMP1 —+
COARSE_NON -+
Gsb +
VMA +
IRIL "‘
ADTCOMBO +’
Speed_Limit_Posted MPH —+
% Eff. Binder ‘+‘-
Low
5 -1 0 1 2
SHAP value (impact on model output)

In this case, the greatest predictor of MSC2 is MSC1 — i.e. the first friction value collected on the
respective section. The number of days between MSC1 and MSC2 data collection was also highly
correlated with MSC2. These relationships are beneficial if two or more datasets exist, but of limited
value if attempting to predict friction strictly from material properties or other input variables.

The color distribution provides insights into the relative value of an input variable — with red
representing a relatively high value and blue representing a relatively low value. As an example, low
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values of AADT per lane had highly positive SHAP values and high values of AADT per lane have negative
SHAP values. This indicates that sections with greater AADT per lane contribute to a lower predicted
MSC2, which is reasonable. The reverse is true for percentage of polish-resistant coarse aggregates —
i.e. sections with greater percentage of polish resistant aggregates contribute to a higher predicted
MSC2; again a reasonable relationship. The age of the section at the time of data collection is
considered interesting - some new pavements (i.e. low age) contribute to both higher and lower
predicted MSC2, while older pavements appear to contribute to a higher predicted MSC2.

The distribution of points provides additional information. The CURVE variable is structured in the model
as a ranking of curve type by severity, with tangents represented as a 0 and C1 curves represented as a
4. There is a dense cluster of low severity curve types with small but positive SHAP values. Instances of
more severe curves extend to the left of Figure 7, which suggests that reduced curve radius has a
stronger negative impact on predicted MSC2 than the positive impact of higher curve radius on MSC2.

Based on analysis of the entire dataset including all road classes, mix types, etc., important variables
that have intuitive and rational relationship to friction (MSC2) include:
e the Average Annual Daily Traffic (AADT) per Lane;
o as AADT per lane increases, friction decreases.
¢ Roadway Curvature;
o asroadway curvature decreases, friction decreases.
e Percentage of Polish-resistant Coarse Aggregate in the mix;
o as the percentage of polish-resistant coarse aggregate increases, friction increases.
e Coefficient of Curvature of the Aggregate Gradation (related to macrotexture);
o mixes with greater macrotexture generally have greater friction.
e Effective Asphalt Binder Content.
o as effective asphalt binder increases, friction decreases.

Next Steps

While the entire friction dataset has provided preliminary insights into pavement performance over
time, additional analyses that guide the decision-making process are ongoing. Specifically, similar
analyses will be completed on the dataset once divided into smaller but more similar groups such as
individual roadway class and mix type. Year-over-Year (YoY) performance with respect to friction will
also be of interest.
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