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Abstract: Pavement friction is an important topic addressed by transportation agencies to reduce
the number of traffic crashes and fatalities caused by poor friction between tires and pavement sur-
face. Pavement friction management (PFM) provides the essential tools and techniques to effectively
evaluate pavement friction conditions and provide informed maintenance decisions using surface
treatments. State Departments of Transportation (DOTs) utilize various engineering practices to col-
lect and analyze friction-related data, crash data, and traffic data. In addition, state DOTs tend to
employ different techniques and policies to manage the pavement friction depending on budget
levels, strategic objectives, and climate conditions. Due to these diversified practices in friction man-
agement, in this study, we intend to provide a comprehensive review of the state of the practice
among state DOTs. Online surveys were analyzed using descriptive and statistical correlation anal-
yses to study the experience of state DOTs with managing pavement friction, considering feedback
from 32 state DOTs in the USA. Exploring the methods to manage the pavement friction used by
state agencies will help researchers and officials know more about the strategies towards an effec-
tive PFM. It also presents opportunities to enhance the approaches of the followed programs and
highlight the gaps of the current practices. The results obtained from the survey identify the practi-
cal policies and propose future enhancements to maximize the value of pavement assets and pro-
mote safety.

Keywords: pavement friction; pavement friction management; friction number; pavement
management system; pavement performance; asset management; pavement treatments; decision
making

1. Introduction

Pavement friction plays a critical role in enhancing the skid resistance of road sur-
faces so that driving maneuvers can be safely performed in different environmental con-
ditions [1]. For decades, transportation agencies have been studying the main components
of pavement friction and associated characteristics to define appropriate maintenance and
treatments on roadways. This is because there is a direct interaction between vehicle tires
and road surface textures and conditions [2]. Therefore, there is an imperative need to
maintain the efficiency of pavement friction in order to enhance road safety by decreasing
friction-related crashes [3]. The Federal Highway Administration (FHWA) encourages
transportation agencies, including government entities, to incorporate pavement friction
management (PFM) systems to address the road network friction demands on the differ-
ent road classifications [4]. Consequently, state Departments of Transportation (DOTs)
utilize various engineering practices to collect and analyze friction-related data, crash
data, and traffic data. However, state DOTs tend to employ different techniques and pol-
icies to manage the pavement performance and treatments related to pavement friction.
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Despite the previous efforts in studying pavement friction characteristics, some agencies
are not supported with a clear guide and suitable approaches to maintain the pavement
friction in cost-effective ways. Some agencies follow a proactive management system to
develop multi-year maintenance plans, while other agencies address only locations dis-
playing friction- and safety-related issues. Hence, the maturity levels of friction manage-
ment vary among states, where some programs are quite basic while others can be quite
developed and sophisticated. The current practices of friction management among agen-
cies, especially state DOTs, vary significantly due to different budget levels, strategic ob-
jectives, and climate conditions. Some agencies integrate the friction management to the
state Pavement Management System (PMS) with preliminary and subjective analyses for
decision making. Other programs integrate more advanced analysis and modeling to cope
with the wide range of fiction demands on different road classifications and specific geo-
metric conditions. Due to these diversified practices in friction management, with this
study, we intend to provide a comprehensive review of the state of the practice among
state DOTs. Exploring the methods to manage the pavement friction used by state agen-
cies in the nation will help researchers and officials know more about the strategies to-
wards effective pavement friction management. It also presents opportunities to enhance
the approaches of the followed programs and highlight the gaps of the current practices.
In addition, studying the current strategies at the nationwide level will reveal the limita-
tions and assess the merits of state policies so that improving the strategies and ap-
proaches of pavement friction management is made possible to save costs and resources.

The Wyoming Technology Transfer (WYT2) Center received funding to study the
friction demands and associated factors in order to enhance the current policies of friction
management for the Wyoming DOT (WYDOT) [5]. One part of this study is to investigate
the nationwide practices of PFM and related programs currently employed by state DOTs.
The WYT2 center is interested in the experiences managing pavement friction in other
states so that beneficial guidelines and recommendations can be developed for not only
WYDOT, but the whole nation. To achieve this, an online survey was developed and dis-
seminated to the officials of all state DOTs who are responsible for managing the pave-
ment friction and involved in the decision making on friction-related treatments. The sur-
vey comprises questions covering most related practices and techniques in managing the
pavement friction. Feedback from 32 state DOTs was received. This paper summarizes the
findings of the survey. The paper depicts the current status of PFM and provides con-
structive discussions on how to address the limitations in order to increase the effective-
ness of friction management strategies and promote safety.

2. Study Objectives

In this study, PFM techniques were collected then statistically correlated and ana-
lyzed using online survey questionnaires. The objectives are as follows:

¢ Discover the state policies and targets in utilizing PFM on the roadways managed by
state DOTs.

e Define the state testing protocols, equipment, and data collection techniques to meas-
ure the pavement friction on the state highways.

e Investigate the strategies established by state DOTs to provide adequate pavement
friction levels, especially at locations requiring higher friction demands.

e  Highlight the trends of current pavement friction management practices and activi-
ties and define their relevant effectiveness.

e  Provide the best practices of managing and planning the maintenance plans of pave-
ment friction considering the feedback from both state DOT participants and litera-
ture.

The ultimate goal of this paper is to:

¢ Develop appropriate pavement friction management framework and guidelines for
state DOTs.
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¢  Enhance road safety by developing a detailed process to treat pavement friction.

3. Background

Due to the federal policies embedded in the Moving Ahead for Progress in the 21st
Century (MAP-21) Act [6] and the Highway Safety Improvement Program (HSIP) [7],
PFM has been increasingly recommended to promote safety by reducing the number of
friction-related crashes and enhancing the efficiency of pavements [4]. Consequently, var-
ious forms of friction guidance and organizations have been developed to help transpor-
tation agencies cover the technical aspects of pavement friction, including the FHWA
Technical Advisories on pavement friction management and the AASHTO Guides, Man-
uals, and Guide Specifications for geometric design [8,9]. In addition, pavement industry
groups and international agencies have been involved in developing bulletins, guides,
and manuals for friction testing, design, and safety management [10-12]. The initial con-
cern of pavement friction and safety performance was raised only on roads during wet
weather conditions, but recent studies have found that friction should be addressed to
include all pavement surface conditions (e.g., wet and dry surfaces) [13]. Several studies
assess the friction demands on roads considering investigatory and intervention levels
[1,14]. Other studies link friction demands and road geometric characteristics, and the
lowest friction levels were found on high-speed roads, curves, and approaches to inter-
sections [15]. This emphasizes addressing the specific friction demands where vehicles are
required to frequently stop and slow down. As a consequence, a continuous pavement
friction measurement (CPFM) was evolved to measure pavement friction continuously
through tangents, curves, and intersections. The FHWA encourages the use of CPFM to
provide a comprehensive pavement friction data [16]. In terms of pavement friction en-
hancements, several surface treatments were evaluated on the expected performance of
skid resistance, including chip seal, fog seal, miscrosurfacing, and ultra-thin bonding
wearing course (UBWC), among other treatments [17]. Moreover, higher quality materials
were used in the innovative High Friction Surface Treatments (HFST), which demon-
strated nationally and internationally significant increases in friction for spot applications
[18].

There has been an interest in assessing agency procedures and practices of managing
pavement friction. Henry [19] conducted a survey for identifying friction and texture
measurements in addition to the requirements among state agencies that responded in
1999. Another study was conducted by Shaffer [10], which was limited by the low degree
of participation (i.e., only nine states participated in the interview survey). Although
much information and guidance related to pavement friction are available, some studies
mention that such recommendations are not integrated into a comprehensive administra-
tive policy and design tool for addressing friction issues [1]. Based on a literature search
and brainstorming meetings, Speir [20] indicated that few state DOTs adopted practices
of skid accident reduction programs and/or PFM systems. After more than a decade of
developing related guidelines and reports, this paper focuses only on the state DOT prac-
tices of pavement friction management currently employed nationwide in the USA. The
results from the state-of-the-practice review of this paper serve to supplement the existing
studies of pavement friction characteristics and treatments to assist transportation agen-
cies in understanding the importance of pavement friction and its highway safety and
economic implications.

4. Methodology
4.1. Survey Questionnaire

In order to understand all official practices of pavement friction managements in the
USA, the survey questionnaire was designed to address the current situations of the prac-
tices for state DOTs. The survey was sent out to 42 state DOTSs representatives where it
was forwarded to the responsible individuals (e.g., research, materials, management, or
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design personnel). Some states were excluded due to either the small size of their road
networks or the unavailability of appropriate contacts. Feedback from 32 state DOTs was
received, with a response rate of 76%. The participating states are highlighted on the map
shown in Figure 1, and they represent almost 65% of the total size of the USA [21]. Ac-
cording to the 2019 Highway Statistics [22] and in terms of the size of road networks, the
participating state DOTs own more than one million kilometers of public roads, compris-
ing almost 80% of the U.S. public road network. It is worth mentioning the participating
states form diverse agencies with anticipated different goals and resources. They are also
distributed in different climate zones [23]. Therefore, the results of the survey are expected
to provide various practices of PFM and related programs which provide several recom-
mendations. In addition, any trend observations found in the study are not expected to be
biased due to the limited responses, the size of the state DOT’s road network, or climate
conditions. The survey questionnaire is divided into four sections described below.

Parficipating states

Figure 1. Participating states in the Pavement Friction Management (PFM) survey of practice.

4.1.1. General Information

The first section of this survey intends to gather some definition information about
the agencies. It also investigates the general policy of skid resistance and pavement fric-
tion management in the state. In addition, this section asks questions related to road clas-
sification and the main criteria chosen for testing and studying the pavement friction. Fur-
thermore, some questions in this section ask about the types of pavement surfaces used
for measurements.

4.1.2. Data Collection

In this section, the survey discusses the methods used to measure the pavement fric-
tion and the protocols of data collections in terms of amounts and frequencies. It also dis-
covers the devices used and their characteristics, including efficiency, ownership, and cal-
ibration. Moreover, the section solicits discussions of problems, limitations, and other con-
cerns faced by state DOT practitioners during the PFM data collection process.

4.1.3. Analysis and Performance

In this section, friction indices and types of analysis are explored among state DOTs
to investigate if there is a specific technique followed for pavement friction performance
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modeling. In addition, the survey investigates if there are models or equations considered
in the state DOT planning program to describe the effect of adding surface treatments on
the friction performance overtime. Data about the minimum friction values and friction
demand criteria are also collected in this section.

4.1.4. Treatments and Maintenance Planning

In this part of the survey, the practices of decision making and maintenance planning
are collected from state DOTs to study if there are standard techniques recommended by
state agencies. The types of treatments followed on each pavement type are also investi-
gated in this section. More questions are raised in this section to cover other aspects of
maintenance and managing the pavement friction.

4.2. Data Correlation

A correlation analysis is key to explicate the relationships among the survey ques-
tions so that deeper interpretations can be attained from the respondent feedback. How-
ever, some survey questions are hard to analyze, especially the multiple-response ques-
tions, where more than one response is permitted. Open-response questions are excluded
from this analysis because they simply provide open discussions, and no statistical anal-
ysis can be considered. Some nominal questions in the survey are converted into scaled
responses to enhance the statistical analysis. The single-response questions in the survey
are filtered to include mainly the important aspects of managing the pavement friction.
Table 1 lists the questions under investigation in addition to their defined variables and
overall descriptions.

Table 1. Questions used in the correlation analysis and statistical tests.

Question Variable Description
Q2 PEM application Does your agency apply skid resistance and pavement friction manage-
ment (PFM) into your state pavement management system (PMS)?
Q4 Data volume Do you collect friction data statewide or at specific locations?
Q7 Ownership Do you use your own friction devices to collect your data?
Q10 Tire What type of tire does your agency use for the locked-wheel tester?
013 Specific location Do you conduct friction testing on specific .roads characteristics (such as
curves, ramps, intersections, etc.)?

Q14 Tests/mile On average, how many friction tests are conducted per mile?
Q16 Database Does your agency maintain a database of pavement friction values?
Q22 Minimum FN Does your agency have a minimum friction value on your roads?

D id ifi face treatment to enh -
026 Treatment decision oes your agency consider a specific surface treatment to enhance pave

ment friction?
027 Treatments on flexible How many surface treatments are applied by your agency? (Flexible
pavement)

H face treatment lied b ? (Rigid -

Q28 Treatments on rigid ow many surface treatments are applied by your agency? (Rigid pave
ment)

033 Studies Are there any studies developed by your agency related to skid re-

sistance?

The design of the defined variables is shown in Table 2. The statistical question was
raised during the preparation of these data. Some state DOTs tend to show different prac-
tices in managing the pavement friction depending on the overall policy of PFM. There-
fore, we studied whether the response for Question 2 will affect the distribution of re-
sponses on the detailed practices in the other questions. To address this, the correlations
are determined between the “PFM application” and the other questions. Considering the
type of each variable, the correlation methodology will be different. Since no association
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between two scaled variables will be studied, the normal Pearson correlation is not used
in the correlation analysis of this study. Phi correlation is normally used for two non-par-
ametric variables where both variables are dichotomous. Cramer’s V correlation is applied
for nominal variables with more than two categories. For scaled variables, Eta correlation
is used to determine the association with the main binary variable for Question 2.

Table 2. Types of variables for the studied survey questions.

Variable Type Label Value
PFM application = Categorical (Binary) No 0
Yes 1
Data volume Categorical No response 0
Specific locations only 1
Statewide 2
Both statewide and specific loca- 3
tions
Ownership Categorical (Binary) No 0
Yes 1
Tire Categorical Do not use it/No response 0
Smooth 1
Ribbed 2
Both 3
Specific location ~ Categorical (Binary) No 0
Yes 1
Tests/mile Ratio - Scale
Database Categorical (Binary) No 0
Yes 1
Minimum FN Categorical (Binary) No 0
Yes 1
Treatment decision Categorical (Binary) No 0
Yes 1
Treatments on flexible Ratio - Scale
Treatments on rigid Ratio - Scale
Ownership Categorical (Binary) No 0
Yes 1

5. Survey Results

The discussions about the results and potential enhancements are introduced accord-
ing to the main components of the PFM shown in the following sections.

5.1. Policy of Management

First of all, it was crucial to ask the state DOT representatives if the current practices
of dealing with pavement friction issues are conducted through a typical PFM and
whether it is incorporated into the state PMS program. The results of this inquiry are
shown in Table 3. Out of the 32 participating DOTs, only 12 states follow a systematic
practice to manage the pavement friction. The majority of DOTs (62%) do not conduct a
typical PFM on a regular basis. They mainly address the pavement friction on roads by
request when there is a skid resistance safety concern flagged by the safety program, es-
pecially for elevated wet weather crashers. Other DOTs, such as Colorado, Nebraska, and
North Dakota, neither test nor collect pavement friction. The Ohio DOT is not permitted
to apply a proactive friction testing and they only consider triggered requests such as wet
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crashes, front line workers observance, and law enforcement agency request, among oth-
ers.

Table 3. State DOT feedback of the general policy of the pavement friction management.

State DOT Response
Yes No
Alabama, Arizona, Arkan-
sas, California, Colorado,

Question

Does your agency incorporate a Idaho, Indiana, Iowa, Kan- Connecticut, Florida, Geor-
skid resistance and pavement sas, Kentucky, Louisiana, gia, Michigan, Minnesota,
friction management into your Maryland, Nevada, Oregon, Missouri, Montana, Ne-

state pavement management Pennsylvania, Texas, Wyo- braska, North Carolina,

system PMS? ming North Dakota, Ohio, South
Carolina, Tennessee, Utah,
Virginia
Response count 12 20
Response rate 38% 62%

The applied pavement friction testing and managements were surveyed in terms of
functional classification. As shown in Figure 2, state DOTs mainly apply relevant friction
measurements and programs on both national and non-national highway systems. How-
ever, higher practices are noticed on interstate and state highway systems. Other re-
sponses are received for only specific roads received safety concerns, as explained previ-
ously. Another aspect of the PFM policy concerned whether the pavement friction data
are collected statewide or at specific locations only. Out of the 29 responses received, 35%
of state DOTs collect the data at specific locations only, while 65% collected the data either
at statewide level only or at both statewide and specific locations. It is interesting to see
that none of the states responding to the survey collect friction data on county roads.

National highway system
Interstate system
Non-national highway system
County roads

Other response

0 5 10 15 20 25
Response count

Figure 2. Road classifications tested for friction by state DOTs.

For the DOTs that collected pavement friction data at specific locations, a follow-up
question asked the participants about the criteria of selecting such locations. As shown in
Figure 3, there is no doubt that safety concern is the major issue when studying the pave-
ment friction needs of roads. The research needs are also noticed as a contributing factor
among state DOTs for collecting the pavement friction data due to the current studies of
surface treatments, especially for the sponsored test sections of the HFST treatments,
which are mentioned by multiple DOTs. Other responses are mentioned for the selection
criteria of testing pavement friction such as district requests, bridge decks, and intersec-
tions, among other needs. The last aspect related to the policy of PFM and related pro-
grams is the type of pavement surface tested by the state DOTs. Out of the 29 responses,
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26 state DOTs consider all types of pavement surfaces for friction study and testing. The
California and Montana DOTs consider primarily asphalt pavement for testing friction.
The Georgia DOT revealed that they only test pavement friction for HFST studies. They
have sponsored several studies to investigate the effectiveness of HFST treatments to re-
duce potential run-off-road (ROR) crashes at specific locations such as sharp curves [24].

Safety concern
Research Needs
District Request

AADT

Geometric features
Bridges

EASL

Other response

0 5 10 15 20
Response Count

Figure 3. Selection criteria of testing pavement friction at specific locations.

5.2. Friction Testing and Data Collection

Data collection is a key component of an effective asset management system. When
it comes to pavement friction, limited standards and testing are available for measuring
the skid resistance levels on roadways. The results of the current survey reveal that quite
similar practices are followed by state DOTs for pavement friction testing protocol (see
Figure 4). With the exemption of Nebraska, North Dakota, and Colorado participants, 26
state DOTs (90%) reported using the locked-wheel friction tester [25]. For decades, locked-
wheel testing has been the most acceptable friction testing method because it measures
pavement friction response accurately and directly. It also represents one of the high-
speed measurements which is practical for a network-level data collection process. The
locked-wheel tester can be operated using either smooth or ribbed tires. According to the
practice of state DOTs, 16 states use the ribbed tire, 7 states use the smooth tire, and 4
other DOTs use both types. However, the locked-wheel tester provides some limitations,
as it applies mainly on straight segments and within a specific sample length and operat-
ing speed [16]. The friction measurements from a locked-wheel tester may not be valid on
segments with high degrees of curvature. In addition, the locked-wheel methodology is
discrete in nature and cannot provide a continuous format in measuring changes in the
friction values on the road network. As a consequence, other methodologies, such as con-
tinuous pavement friction measurements (CPFM), were established to monitor the
changes in friction levels along roads continuously, especially through tangents, curves,
and intersections. The CPFM was initiated by road authorities in European countries, as
well as New Zealand, and has become a common practice in Australia and some airport
authorities in the U.S. to measure friction on runways. That is why some state DOTs
started to integrate other methods, including side-force and fixed-slip, to adopt the con-
tinuous measurements and overcome the limitations of using traditional locked-wheel
friction measurements. However, such developments are noticed to be limited among
participating state DOTs (see Figure 4). For example, the North Carolina DOT employed
anew tool of testing including measurements with the locked-wheel trailer currently used
by NCDOT, a Grip Tester, and a SCRIM (Side-Force Coefficient Routine Investigation Ma-
chine [26]. Other responses were received from the Arizona DOT, where they use the Dy-
natest 6875H Highway Slip Friction Tester (HFT), which can map friction values continu-
ously at very short intervals [27]. In Ohio, visual and tactile subjective evaluations may be
applied if the 64.4 kph (40 mph) speed of the locked-wheel tester cannot be operated.
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Locked-wheel friction tester
Dynamic friction tester
Side-force friction tester
Fixed-slip friction tester
California test method

Other response

0 5 10 15 20 25 30
Response Count

Figure 4. Pavement friction testing methods followed by state DOTs.

In terms of equipment ownership, 25 state DOTSs (79% of participants) use their own
friction devices to collect pavement friction data. These 25 DOTs were asked if they cali-
brate their devices, and their responses were affirmative. Those that do not own the fric-
tion testing equipment mainly hire a contractor to perform the friction testing. The data
collection frequency was noticed to vary among the states, as shown in Table 4. Collecting
the data annually is found to be observed for nine DOTs, while the friction data are col-
lected as requested by six DOTs. Other DOTs collect the data on a frequency range from
two years up to six years depending on road classification (i.e., the higher the road class
is, the more frequently the friction data are collected). Some DOTs, such as Colorado, ob-
tain friction data only through sponsored researchers, while the California DOT men-
tioned that the friction data are infrequently collected. With all the previously mentioned
practices of data collection, the participants were asked if they maintain a database for
pavement friction values, and 11 state DOTs responded “negative”. This is due to either
the limited practices of pavement friction management or the reactive approach followed
to address locations with higher monitored friction-related crash rates. Another possible
interpretation for the lack of such a database is the fear of tort litigation. Pavement friction
is a safety concern, and some agencies may not have the capability to update their friction
database in a timely manner. At some locations on the road network, pavement friction
can change very quickly. With such dated friction databases, these agencies might be
claimed liable for friction-related crashes.
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Table 4. Pavement friction data collection frequencies.

State DOT Response
Question By Request Every Year Every 2 Years Research Other Response
y Req ry Ty Needs Only P

How frequently does

Arizona, Missouri, Connecticut, Ken-

O , Ten-
Montana, Ohio, tucky, Michigan, regon, Len

Alabama, California, Flor-
ida, Georgia, Idaho, Indi-

your agency collect o . nessee, Wyo- Colorado  ana, Iowa, Kansas, Louisi-
Lo Pennsylvania, Vir- Minnesota, Ne- .
friction data? . ming ana, Maryland, North Car-
ginia vada, Texas, Utah . .
olina, South Carolina
Response count 6 7 3 1 12
Response rate 21% 24% 10% 3% 41%

The last aspect raised for data collection is testing the pavement friction on specific
road characteristics. As previously mentioned, curves, ramps, and intersections display
higher friction deterioration rates due to the frequent stopping and slowing down of trav-
eling vehicles as well as the additional forces applied to the vehicle. Hence, the survey
asked the participant if they collect friction data on these road facilities, and 19 (60% of
participants) state DOTs responded “negative”. Eleven other DOTs mentioned that they
collect such data by request when there is a safety concern. The Kentucky DOT integrates
a particular mix design to enhance aggregate performance and they may test such mix-
tures on these specific road elements. The Arizona and Virginia DOTs combine the locked-
wheel tester with the side-force equipment to test the pavement friction on rams, curves,
etc. The Indiana DOT collects pavement friction data on bridge decks regularly.

5.3. Performance Measurements

In order to employ a proactive management for pavements, highway agencies must
assess actual pavement conditions and forecast the future performance of the pavement
asset so that multi-year maintenance plans can be developed. For pavement friction, there
are few performance indices that describe the friction level. The friction number (FN), also
known as the skid number (SN), is found to be the most applied index by state DOTs for
describing the statewide friction performance (see Figure 5). This is due to the use of the
locked-wheel tester, which mainly measures the FN value.

Other No response
indices 6%
6%
Coefficient
of friction
(D)
3%

Friction number
(FN) or skid
number (SN)
84%

Figure 5. Pavement friction indices commonly used by state DOTs.

In general, friction deterioration occurs under many effects, including environmental
effects and traffic applications, years after opening the road to traffic [17]. The survey
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asked state DOT participants if they developed a performance model describing the dete-
rioration of pavement friction over time. Only two state DOTs provided some statistical
equations that can predict friction values. The majority of state agencies do not consider
any future predictions of the pavement friction to proactively consider a maintenance
plan. This links with the current practices of addressing mainly the road with elevated
crash rates and monitored friction-related issues.

5.4. Friction Demands and Categories

Another profound step in managing the pavement friction effectively is to determine
the friction requirements for each section of roadway. Friction demand is described as the
amount of friction required on the pavement surface to achieve safe driving maneuvers
without slipping or sliding. Two friction categories are recommended to examine: the in-
vestigatory level and intervention level. The investigatory level is when the skid resistance
reaches a low value that must be monitored to assess its effectiveness on crash rates. It is
used to plan for some preventive and restorative treatment actions. The intervention level
is the lowest acceptable friction value at which an agency must take immediate corrective
action. The survey asked the participants if state DOTs consider minimum friction values
as thresholds for maintenance. Excluding the “no response” from the South Carolina and
Nebraska DOTs, only five state DOTs (16% of participants) consider minimum friction
values. Table 5 lists the minimum friction values derived from the locked wheel tester; the
intervention level commonly ranges from 40 up to 49 for ribbed tires depending on the
testing speed. No state DOTs mentioned investigatory levels considered to address the
causes of low friction demands or the plans to overcome the defects. This is again con-
sistent with the reactive approach followed by state DOTs to address only friction-related
safety issues. The criteria of the defined intervention levels include pavement conditions,
geometric features, functional classification, and speed limits.

Table 5. The minimum intervention friction levels considered by the surveyed state DOTs.

Minimum Friction Value

State DOT Interstate National Highway = Non-National Highway
Maryland I;NI\I:iizfgrifler? No defined criteria No defined criteria
Florida FN *=40
Depending on speed (s):
Idaho FN * =35 if s > (45 mile per h)
FN * =30 if s < (45 mile per h)
Indiana FN40S =20
Wyoming FN40R =40

* The respondent did not specify the testing speed or the type of testing tire. (However, ribbed tires
are used by the mentioned state.)

5.5. Treatments and Decision Making

Surface treatments are essential to enhance the surface texture and improve the fric-
tion capabilities of pavement. All state highway agencies are required to improve their
road safety by using suitable treatments. State DOTs are expected to consider different
types of pavement treatments depending on their own practices and experiences. For this
topic, the survey asked state DOT participants if they consider specific surface treatments
to enhance pavement friction, and the results are shown in Figure 6. Eight state DOTs
(25% of participants) do not apply surface treatments specifically to address the pavement
friction. However, surface treatments are still applied to maintain the pavement condition
as part of the state PMS.
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Does your agency consider a specific
surface treatment to enhance pavement
friction?

No
25%

Yes
75%

Figure 6. State DOTs feedback of about the pavement friction treatment practice.

There are special treatments considered for pavement friction depending on the type,
asphalt or concrete pavement. In terms of treatments for each type, the survey collected
the statewide practice of the participating state DOTs. Figure 7 summarizes the types of
surface treatments for flexible asphalt pavement. First, 21 state DOTs adopt HFST as a
major treatment, and it is one of the most commonly applied treatments among state
DOTs. Most participating state DOTs that apply friction treatment on asphalt do not use
a single type. Rather, at least two different types are considered for roads depending on
the friction needs and expected performance—in other words, the local experience. The
Kansas DOT reported that they have kind of a decentralized practice and they follow a
field evaluation process to select the suitable treatment because it is a rare situation having
friction-only problems. However, if there is any problem related to friction, they prefer
choosing HFST, as well.

High Friction Surfacing (HFS)

Chip Seal

Microsurfacing

Thin Hot-Mix Asphalt (HMA) Overlay
Open Graded Friction Course (OGFC)
Ultra-Thin Bonded Wearing Course (UTBWC)
Texturing: Shot Blasting /Abrading
Micro-Milling

Cape Seal

Scrub Seal

Other response

Slurry Seal

0 5 10 15 20 25
Response count

Figure 7. Types of pavement friction treatments considered for asphalt pavement.

For rigid pavement, Figure 8 shows the common treatment types employed by state
DOTs. Diversified practices are noticed for maintaining the friction of concrete pavement,
but generally, diamond grinding is the most common applied treatment, which was
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proven to significantly enhance the macrotexture characteristics of pavement [28]. An-
other observation is that HFS is not very common on rigid pavement compared to its ap-
plication on asphalt pavement among state DOTs. Only 11 state DOTs reported their use
of HFST on rigid pavement. Compared to flexible pavement, almost one half of the state
DOTs responded that they apply HFST on rigid pavement. Moreover, similarly to flexible
pavement, more than two treatment options are considered on rigid pavement in each
state DOT. Other responses were received where the Nevada DOT applies asphalt crumb
rubber overlay [29]. The Alabama DOT combines diamond grinding and grooving for
friction maintenance on rigid pavements.

Diamond Grinding

Grooving

Epoxy Overlay (Bridge Deck)

High Friction Surfacing (HFS)
Texturing: Shot Blasting /Abrading
Thin HMA overlay

Open Graded Friction Course (OGFC)

Microsurfacing

Other response

0 5 10 15 20
Response count

Figure 8. Types of pavement friction treatments considered for concrete pavement.

When it comes to decision making, several criteria can be considered to select the
appropriate treatment and maintenance strategy. It starts with knowing the effectiveness
of each treatment in different conditions. This can be achieved by monitoring the historical
post-treatment performance of friction based on the friction index. The survey asked par-
ticipants if they adopt such methodologies to correlate between friction values and coarse
aggregate characteristics of surface treatments. The majority of the participating state
DOTs (27 responses) did not develop such correlations. The Maryland DOT implied that
the consequence of each treatment is defined and integrated in the PMS decision trees.
However, they are currently working on developing such correlations. The Kentucky
DOT mentioned that aggregates with higher acid insoluble content or higher MgCO3 dol-
omitic aggregates were proved to provide higher friction. The last question related to de-
cision making was about the main criteria/performance considered to enhance the overall
friction demand on the road network. The results of this question are shown in Figure 9.
It is still evident that safety is the main motivation to select and address the pavement
friction. Only three DOTs (Kentucky, Maryland, and Texas) develop a multi-year mainte-
nance plan for friction. On the other hand, other DOTs do not think that dealing with
pavement friction is conducted through pre-defined criteria of asset management. Ne-
vada DOT representatives, for example, believe that it is just internal contract-based
maintenance projects. Other responses were received implying that friction does not drive
a standard agency policy, nor is it considered on its own. Rather, it is mainly addressed
within reactive activities to fix the friction demands.
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What policy does your agency follow to enhance the overall friction
demand on roads?

Considering only traffic safety

No criteria

Multi-year maintenance plan

Internal contract-based maintenance projects

Other response

0 2 4 6 8 10 12 14
Response count

Figure 9. Overall criteria considered in decision making of managing pavement friction.

6. Statistical Analysis

The first results of the statistical analysis show the correlation between the different
practices of managing pavement friction and the overall policy of management. The cor-
relation results are shown in Table 6. Positive correlations are found between the PFM
application and other practices. The interpretations of these factors imply that state DOTs
applying a typical PFM as part of their asset management plan tend to have higher data
volume of friction values, including a statewide database and data at specific locations
with safety concerns (Crammer’s V = 0.172). On the other hand, states not applying a typ-
ical PFM tend to collect friction values at specific locations only as requested. In addition,
state DOTs applying PFM are more likely own their data collection devices, including the
locked-wheel tester (Phi = 0.254), and they tend to use several types of testing tires
(Cramer’s V = 0.378). A minor association is found between collecting friction on specific
locations, such as curves, ramps, and intersection, and the overall policy of managing fric-
tion (Phi = 0.119). This finding emphasizes that all state DOTSs tend to collect pavement
friction at these locations for safety concerns regardless of the PFM policy followed.

A strong association is found between the PFM policy and number of test sections
required for measuring the pavement friction (Eta = 0.852). State DOTs applying a typical
PFM tend to include a higher number of test sections per mile for the benefit of data accu-
racy. Moreover, state DOTs applying a typical PFM tend to maintain a database for fric-
tion measurements for the benefit of decision making (Phi = 0.509). A limited number of
state DOTs consider a minimum FN value on roads. However, an association from the
overall PFM policy tends to affect the consideration of minimum FN values (Phi = 0.289).
No association was found between the overall PEM policy and the decision to treat pave-
ment friction (Phi = 0.0). This implies that all state DOTs consider a surface treatment to
enhance the friction performance of pavement at the statewide level or at specific locations
as requested. In terms of the number of treatments considered by each state, state DOTs
applying a typical PFM tend to include diversified treatments on the surface depending
on the pavement type (for flexible: Eta = 0.2; for rigid: Eta = 0.503). Furthermore, there is a
higher research interest in which state DOTs applying typical PFM systems tend to spon-
sor related research projects compared to those that fix the pavement friction as requested
(Phi=0.279).
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Table 6. Correlation results between the policy of applying PFM and related practices.
Variable 1 Variable 2 Coefficient Method
PFM application Data volume 0.172 Cramer’s V
PFM application Ownership 0.254 Phi
PFM application Tire 0.378 Cramer’s V
PFM application Specific location 0.119 Phi
PFM application Tests/mile 0.852 Eta
PFM application Database 0.509 Phi
PFM application Minimum FN 0.289 Phi
PFM application Treatment decision 0 Phi
PFM application #Treatments on flexible 0.2 Eta
PFM application #Treatments on rigid 0.503 Eta
PFM application Studies 0.279 Phi

A decision about the previously described relationship can be made based on a cut-
off score equal to 0.50. Hence, three associations can be further investigated, which are the
number of test sections per mile, maintaining database, and the number of friction treat-
ments on rigid pavement. The association between the number of test sections per mile
and the overall PFM policy is depicted in Figure 10. The DOTs that provided no response
due to the limited practices are excluded from the analysis. Tests of normality were con-
ducted on the percentage of responses using the Kolmogorov—-Smirnov test. The null hy-
pothesis states that there is no statistically significant difference between the values and
the normal distribution. The results show that only the percentage of responses for states
applying PFM are significantly different from the normal distribution (K-statistic = 0.345;
df =10; p-value <0.001). Due to the violation of normality for one group, a non-parametric
significance test was implemented using Mann-Whitney Wilcoxon tests. Although the re-
sults show an insignificant difference between the mean rank of the two groups of state
DOTs (Z =-0.397; p = 0.691), state DOTs applying a typical PFM tend to use two test sec-
tions per mile as a standard number of test sections for measuring pavement friction. On
the other hand, state DOTs not applying a typical PFM consider a more varied number of
test sections depending on their needs. (For state DOTs applying PFM: skewness = 2.426.
For state DOTSs not applying PFM: skewness = 0.431.)
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Figure 10. Average number of friction tests per mile for state DOTs.
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The association between the overall policy of applying a typical PFM and maintain-
ing a database for friction measurements is shown in Figure 11. It is clear that state DOTs
applying a typical PFM tend to maintain a database for the friction measurements and the
corresponding geospatial data. This is important for the benefit of managing the mainte-
nance plans and tracking the road network performance. The final association between the
PEM policy and the number of treatments on rigid pavement is shown in Figure 12. The
results reveal that a higher number of treatments are observed to be implemented by
states following a typical PEM. The skewness of the number of treatments for states not
applying a typical PEM is —0.44, which implies a fairly symmetrical distribution in the
number of treatment applications on rigid pavement.
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Figure 11. State DOT practices of maintaining a database for pavement friction measurements.
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Figure 12. State DOT practices of pavement friction treatments on rigid pavement.

7. Current Merits, Limitations, and Potential Enhancements

In terms of pavement fiction programs, there is no doubt that all state DOTs are fol-
lowing the HSIP federal policy to improve the safety of their roadway networks through
the “data-driven” approach. Based on the survey responses, most state DOTs value the
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importance of collecting and testing the pavement friction data in addressing friction-re-
lated issues. This can be derived from the diverse practices of friction testing, data collec-
tion, data collection frequencies, and performance indices. The discussion about the cur-
rent merits, limitations, and potential enhancements is organized for state DOTs depend-
ing on their overall policies and implementation of PFM.

7.1. State DOTs Not Applying Pavement Friction Management

The asset management data do not merely describe the current condition of the as-
sets; rather, they support the suitable means to act proactively to maximize the value of
pavement performance. Hence, state DOTs not applying PFM techniques must be aware
of the importance of planning the maintenance of surface treatments to enhance the safety
performance of friction-related crashes. The lack of knowledge about the future condition
of friction does not allow state DOTs not applying PFM to clearly identify the segments
requiring early preventive treatments to maximize the benefits on both the economic and
safety scales. As a result, a large amount of funds may be wasted on emergency mainte-
nance interventions, which have been proved to be less effective than proactive decisions
of preventive and corrective maintenance operations. To adopt the practices of PFM, sev-
eral guidelines and recommendations can be followed through a typical pavement friction
management system developed in this paper to address the friction needs and demands
on road networks. The factors explained from the feedback of the current practices should
be evaluated by state DOTs not applying PFM to secure plans for the best strategies and
optimal timing of interventions relying on reliable pavement friction data, indices, perfor-
mance models, and effective treatments.

7.2. State DOTs Applying Pavement Friction Management

State DOTs can seek multiple types of adjustments to enhance the current practices
of managing pavement friction by state highway agencies based on the feedback received
from the survey, as well as the literature search. In terms of pavement performance mod-
eling, the development of more representative models is recommended to predict the fu-
ture conditions. Such models can be obtained using the historical performance of pave-
ment friction. The performance of skid resistance can also be determined from other cor-
related performance indices. In some studies, the skid resistance was correlated with the
pavement roughness. The measured average SN was seen to be significantly lower on
relatively rougher pavement sections [30]. Another study was conducted to show the re-
lationship between the pavement friction trend, in terms of side-force coefficient and traf-
fic levels in Equivalent Single Axle Loads (ESALs) [31]. The results show that pavement
friction decreases due to the cumulative traffic while the International Roughness Index
(IRI) increases over time. Moreover, multiple proofs confirm that the number of crashes
on wet pavement increases as the skid friction values decreases. Thus, developing models
with climate categories is essential to calculate the pavement friction and to predict the
future performance. In light of this, state DOTs can adopt several modeling techniques
developed in studies to predict the friction number from the asphalt materials properties,
age, climate, and the traffic conditions [32-34].

HFST treatments have proven to be among the best surface treatments for pavement
friction. HFST provides a high degree of skid resistance [35]. This treatment is very effec-
tive especially on asphalt roads at high risk of crashes. It is important to choose suitable
surface treatments depending on several criteria such as the traffic volume, weather, and
the cost of these materials. Another study shows a comparison between some surface
treatments such as chip seal and slurry seal and some other treatments to evaluate the
effectiveness of these treatments and investigate the long-term variation in friction. The
statistical results confirm that slurry seal causes a great and significant friction number
[36]. Pavement treatment is a proactive step to extend the life and the effectiveness of the
pavement without adding any structural support.
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With the mentioned practices of selecting treatments, it is evident that simple and
subjective processes are currently followed for selecting treatments. It is necessary to ap-
ply the right treatment to the right road at the right time to avoid any unnecessary ex-
penses [37]. The effectiveness of decision making can be enhanced through integrating
multi-criteria selection analysis, especially with the recent involvement in the artificial in-
telligence and machine learning approaches in all asset management systems. Such appli-
cations have been applied in managing the pavement friction to link the friction with
safety and pavement performance [38—40]. The last important aspect in decision making
is relying on practical friction demand levels to both investigate and respond to the pave-
ment friction needs.

Another major factor that should be included in the state DOT practice is the time
and the season of collecting and testing pavement friction. To account for the worst sce-
narios, state DOT pavement asset management practitioners must be aware of the signif-
icant effect of the seasonal changes of pavement skid resistance due to the seasonal
changes in temperatures, snowfall, and rain seasons. Although the statewide practice col-
lected in this study does not show an exact time or a preference for collecting the pave-
ment friction data, the literature shows that United Kingdom and the USA usually con-
duct friction testing on road networks during the summer months [26,41]. This can be
effective for skid resistance since the dry pavement surface friction is at its lowest. How-
ever, other agencies may consider testing the friction after seasonal raining conditions in
the summer, when the skid resistance could be raised to its double value. Such issues must
be raised and discussed in detail, taking into consideration the safety implications for traf-
fic crashes while developing an effective PFM. The literature shows that several research
studies were conducted to address the effect of seasonal changes in friction and skid re-
sistance on the safety of traffic. In one study, McDonald et al. [41] found a significant re-
lationship between temperature and skid number. Another study was conducted by Am-
jadi et al. [42], and it was found that the safety performances of single-vehicle run-off-road
crashes on flexible pavement are significantly different in warm and cold seasons. There-
fore, it may not be enough to conduct and collect the friction testing data during the sum-
mer with heavy rain seasons with the best conditions of higher skid resistance. State DOTs
and highway agencies should consider the worst conditions of the skid resistance of pave-
ment surfaces.

8. Conclusions and Recommendations

In this work, we investigated the profound principles and methodologies of pave-
ment friction management through the current practices of state DOTs and a literature
review. The results received from the survey of practice highlight the practical policies
and propose future enhancements to maximize the value of pavement assets and promote
safety. The survey results indicate that most state DOTs do have some form of PFM and
related programs, ranging from simple and subjective techniques to a very sophisticated
system that includes routine testing, multi-year planning, and research related to friction
treatments. However, the majority of their policies do not follow a standard management
system or define solid maintenance targets and plans. State DOTs test pavement friction
mainly using the locked-wheel testing methodology to measure the friction number,
found to be the most common equipment employed by state agencies. However, it pro-
vides some limitations of measurements on curved segments and in a continuous data
collection format. Therefore, some state DOTs started to evolve a continuous pavement
friction measurement to continuously collect the network-level friction data, especially at
locations requiring higher friction demands such as curves, ramps, intersections, etc.
However, the development of continuous friction measurements is adopted by few state
DOTs. In addition, the statewide practice of data collection frequency varies from very
frequent processes, such as annually, up to six-year cycles depending on road classifica-
tion. A very high number of state DOTs collect the friction data only by request from either
district engineers or from the safety program. However, states applying a typical PFM
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statistically collect more data at both the statewide levels and at specific locations. They
have also correlated practices of maintaining a database of friction measurements.

The safety concern is found to be the most influential factor to investigate the friction
demand and needs. That is why most state DOTs rely on reactive maintenance activities
with less-standardized PFM proactive policies. Moreover, the feedback received from
state DOTs and the literature review support the effectiveness of high friction surface
treatments to enhance the overall friction performance. However, they are used more fre-
quently on asphalt pavement. Diamond grinding is the most common treatment strategy
on concrete pavement. The findings derived from the study and the limitations of the cur-
rent practices encourage state DOTs to avoid simple and subjective evaluation of the pave-
ment friction performance and decision making. Rather, state DOTs are advised to con-
sider the several studies and methodologies developed to support an effective PFM.
Among these studies, state DOTs can use the developed correlated models of pavement
fiction number and influential factors such as pavement roughness, pavement material
characteristics, traffic, and environmental conditions. In addition, the pavement friction
demand should be addressed proactively using investigatory levels so that preventive
maintenance can be defined to avoid higher crash rates on road segments. Practitioners
also must be aware of the seasonal change in the skid resistance of pavement friction due
to the change in temperature, snowfall, and rainfall. This should help agencies decide on
an appropriate time for friction testing and data collection when the friction values of
pavement are at their lowest. Moreover, the multi-year maintenance decision making can
also be supported using artificial intelligence techniques and optimization analysis to
maximize the benefits of managing the pavement friction proactively and avoid extra ex-
penses.
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