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PROJECT OBJECTIVES

This project was a continuation of the work carried out in Caltrans/UCPRC Partnered Pavement Research
Center Strategic Plan Element (PPRC SPE) 4.47. The objective of this second project was to propose or
recommend guidelines for the design of preservation treatments suitable for bicycle routes on state highways
and local streets in California. This was achieved through the following tasks:

1. Texture and roughness measurement for different preservation treatments to:

a. Determine the typical ranges of texture and roughness for different preservation treatments, in
particular for local streets that were not included in the first study;

b. Determine what the relationships are between pavement texture (macrotexture or mean profile
depth [MPD, 0.5 to 50 mm wavelength]) and treatment specifications; and

c. Determine what the relationship is between pavement roughness (IRI, over 500 mm
wavelength) and distresses (transverse cracking, patch, joint cracking/faulting for portland
cement concrete [PCC], etc.).

2. Conduct long-term monitoring of texture and roughness change for different treatments on selected
sections.

3. Conduct bicycle use surveys to cover a wide range of riders, bicycle types and treatment textures, and
IRI, in particular including relatively low-speed commuter bicycles that were not included in the first
study.

4. Determine if there are correlations between texture (macrotexture), roughness (IRI), bicycle vibration
(frequency, amplitude, and duration), and the consequent ride quality and acceptability of pavement to
riders.

5. Develop improved models to characterize the impact of texture, roughness, and vibration on bicycle ride
quality and acceptability of pavement to riders.

6. Develop guidelines for selecting appropriate aggregate gradations for preservation treatments from
existing Caltrans specifications.

7. Prepare a report documenting the study and study results.

This report includes the results of all of the tasks.
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EXECUTIVE SUMMARY

The study described in this report is a continuation of an initial two-phase study (Strategic Plan Element 4.47)
that the UCPRC performed in 2013 to address chip seal specifications and bicycle ride quality. The initial study
included several surveys on bicycle ride quality in Central and Northern California assessing riders’ views of
what constituted acceptable and unacceptable road conditions in terms of the macrotexture of the surface and
bicycle ride quality. The final report delivered in May 2014 incorporated the results from both the initial and

subsequent surveys and completed the first study.

The first study examined a limited range of pavement surface treatment types, bicycle types, and bicycle riders.
It lacked some of the treatments typically used in urban areas, and instead focused almost exclusively on long-
distance, road-type bicycles, and included bicycle riders who were nearly all involved in organized, long-
distance riding clubs. To address the surface treatment condition issue more fully, it was determined that the
study needed to be extended so that it covered the different surface textures found statewide, included a larger
sample of cyclists, used additional instrumentation on bicycles, encompassed urban bicycle routes and
commuter-type bicycles, and developed recommended guidelines for the design of preservation treatments

suitable for bicycle routes.

The second study, presented in this report, filled these following specific gaps that were identified in the first
study:

1. The typical ranges of texture and roughness for different preservation treatments had not been
established, particularly for local streets with relatively low-speed commuter bicycles;

2. No relationship had been identified between pavement texture and treatment specifications, specifically
gradations;

3. No relationships had been identified between pavement roughness and distresses (that is, transverse
cracking, patch, joint cracking/faulting, etc.);

4. The change of texture (macrotexture and megatexture) and roughness of different treatments over time
was not understood;

5. The correlations between texture (macrotexture) and roughness (IRI) with bicycle vibration (frequency,
amplitude, and duration) and consequent ride quality and rider perception of pavement acceptability had
not been established;

6. Additional bicycle surveys were needed to cover a wider range of riders, bicycle types and treatment
textures, and IRI, particularly for urban and suburban routes and for riders not using high-performance

bicycles with high-pressure tires for long-distance rides;
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7. Expanded instrumentation and data collection for bicycles and improved models were needed to
characterize the impact of texture and roughness and vibration on bicycle ride quality; and
8. Recommended guidelines for the design and selection of preservation treatments for bicycle routes on

state highways and local streets were needed.

The gaps mentioned were addressed by performing the following tasks:

1. Measure texture and roughness for different preservation treatments to:

a. Determine the typical ranges of texture and roughness for different preservation treatments, in
particular for local streets, which were not included in the first study;

b. Determine what the relationships are between pavement texture (macrotexture or mean profile
depth [MPD, 0.5 to 50 mm wavelength]) and treatment specifications; and

c. Determine what the relationship is between pavement roughness (IRI, over 500 mm
wavelength) and distresses (transverse cracking, patch, joint cracking/faulting for portland
cement concrete [PCC], etc.).

2. Conduct long-term monitoring of texture and roughness change for different treatments on selected
sections.

3. Conduct bicycle use surveys to cover a wide range of riders, bicycle types and treatment textures, and
IRI, in particular including relatively low-speed commuter bicycles that were not included in the first
study.

4. Determine if there are correlations between texture (macrotexture), roughness (IRI), bicycle vibration
(frequency, amplitude, and duration), and the consequent ride quality and acceptability of pavement to
riders.

5. Develop improved models to characterize the impact of texture, roughness, and vibration on bicycle ride
quality and acceptability of pavement to riders.

6. Develop guidelines for selecting appropriate aggregate gradations for preservation treatments from
existing Caltrans specifications.

7. Prepare a report documenting the study and study results.

This report includes the results of all of these tasks. Chapter 2 includes the results of a literature review and
covers basic pavement surface texture concepts, typical texture characteristics, and the measured texture values
for several types of asphalt surfaces built by Caltrans in the past. The chapter also includes a discussion of the
available literature regarding pavement surface texture, bicycle ride quality, and physical rolling resistance. A
few studies about bicycle vibration were found in the literature, but they mostly focused on the vibration-caused

damage to bicycle frames and handlebars and on optimal frame designs for mountain bicycles and other off-road
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bicycles. Many of the studies found investigated the interactions of human behavior and transportation mode
choice (car versus bicycle). These studies indicated that variables affecting mode choice include typical vehicle
speeds, vehicle traffic flow, road width, availability of bicycle paths, etc. However, no specific data were found
in the literature regarding whether or how pavement macrotexture-related bicycle vibration or other factors
related to pavement affected travelers’ transportation mode choices. Despite the fact that pavement condition
can affect both the physical and psychological stress of the rider, the effect of infrastructure on mode choice and
ride quality has typically focused on the effects of different types of bicycle facilities. The effects of the
pavement itself on bicyclists’ perceptions of the acceptability of the level of service (functionality to the user),

and mode choice, were only mentioned in a few studies.

Chapter 3 describes the test sections and experimental methods used for field measurements on the surface
treatments, including the measurement methods for pavement macrotexture and bicycle vibration. This study
conducted measurements of pavement texture and ride quality, and administered bicycle ride quality surveys in
five cities (Davis, Richmond, Sacramento, Reno, and Chico). Pavement section selections for the city surveys
were based on the following characteristics: uniformity of pavement surface within sections, age, pavement
condition, and the logistics of bicycle travel between sections within each city to produce a combined route less
than 15 miles long. The UCPRC traveled the sections on bicycle and by car to ascertain the range of surface
treatments on the pavements as well as the macrotexture and roughness conditions, and also reached out to local
government and nongovernmental bicycle organizations to help select routes in each city with a range of surface
treatments and surface conditions. The bicycle surveys collected data from a total of 155 participants who rode

on 67 road sections distributed across the five cities, resulting in a total of 2,194 observations.

A number of state and local roads were also measured for pavement texture to look for correlations between
macrotexture, in terms of MPD, and treatment type, and between macrotexture and the specifications followed
by Caltrans and local governments. Sections were selected based on the availability of documentation of the
specifications used for the projects. Measurements of MPD, IRI, rolling resistance, and cycle power
requirements were also collected on a small set of local roads for use in mechanistic modeling of

bicycle/pavement interaction.
Chapter 4 presents the results and analyses of the pavement surface macrotexture measurements, including the

results and correlations of the bicycle vibration and bicycle ride quality surveys in the five selected cities. The

main observations from correlation of the combined results from both studies include the following:
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a. Strong correlations were found between MPD, bicycle vibration, acceptability, and ride quality level.

b. Medium to weak correlations were found between IRI, bicycle vibration, acceptability, and ride quality
level.

c. A relatively weak correlation was found between bicycle vibration and bicycle speed. No significant
correlation was found between other variables and bicycle speed (small set of speeds).

d. Vibration appears to be somewhat more sensitive to MPD when MPD values are above 2 mm.

e. Vibration appears to be somewhat more sensitive to IRl when IRI values are above 317 inches/mile
(5 m/km).

f. Stronger correlations were found between bicycle vibration with acceptability and ride quality than
between MPD and IRI with acceptability and ride quality.

g. The relationship between MPD and ride quality is approximately linear.

h. The following are the approximate ranges of maximum MPD values for bicycle ride quality
“acceptability” based on a straight line interpolation for the percentage of participants who rated
sections as “acceptable”:

e 80 percent found 1.8 mm MPD acceptable.
e 60 percent found 2.1 mm MPD acceptable.
e 50 percent found 2.3 mm MPD acceptable.
e 40 percent found 2.5 mm MPD acceptable.
i. The average ride quality level rating (on a scale of 1 to 5) is approximately:
e 3.5 for an MPD of 1.0 mm
e 3.0 for an MPD of 1.8 mm
e 2.5 for an MPD of 2.2 mm
e 1.5 for an MPD of 3.0 mm

j-  Most riders rated a pavement as “acceptable” when the ride quality rating was 3 or greater, and the
percentage of riders finding a pavement “acceptable” decreased approximately linearly for ride quality
ratings below 3 to a point where almost no one found a pavement acceptable when its ride quality rating

was about 1.

Chapter 5 presents the results of the exploration of trends between pavement roughness and distresses, and also
explores a preliminary bicycle ride quality index (BRQI). Based on the results shown in this chapter, the
relationships between distresses and MPD are unclear. On the other hand, a relationship between IRI and
distresses was found, but how this affects cyclists is unknown as IRI was developed as a measure of vehicle ride
quality. Correlations were explored between a preliminary BRQI based on the number of acceleration events

above a threshold and bicycle ride quality. The comparisons of BRQI and mean survey results among pavement
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surface types show the strongest correlations between the HMA surface and road bicycle (R*=0.53 to 0.56),
commuter bicycle (R* =0.30to 0.53), and mountain bicycle (R* =0.30to 0.53). The comparisons between
BRQI and mean survey results showed lower R? correlations for both the chip seal and slurry seal surface types.
The low correlations between the BRQI based on vibration events per kilometer and the survey results indicate
that there are likely other characteristics of the pavement surface that can be better correlated to the mean survey

results.

Chapter 6 presents the results of correlations between pavement texture and treatment specifications.
Correlations were identified between pavement texture measured by MPD and surface treatment specifications.
The data used to develop the correlations came from state highway sections selected because specification
information was available, and from those city and county sections used for the rider survey analysis for which
specifications were also available. The trends found for chip seals were between increasing maximum aggregate
size and increasing MPD and between decreasing percent passing the No. 4 sieve (4.76 mm) and increasing
MPD, although these correlations were very weak. Although it was found in this study that MPD can decrease

as a chip seal is subjected to traffic, no correlation between age and macrotexture was found in this analysis.

Chapters 7 and 8 present the results of modeling of bicycle ride quality and physical rolling resistance,
respectively, using the combined results of this study and the previous study. In Chapter 7, the results of the
bicycle ride quality surveys, including riders’ opinions of the sections and their demographic information, and
the measurements of MPD and IRI were used to develop models for predicting the pavement ratings (1 to 5) and
the acceptability of the pavement to cyclists. By simulating riders and pavement conditions and holding all other
aspects constant, the full model was used to predict the percentage of the population that would rate a given
segment as acceptable. The results of the simulations show that it is the combination of MPD and IRI which
determines acceptability, and the personal characteristics of the riders also influence the riders’ perceptions of

acceptability. Results for 80 and 90 percent ratings of acceptability versus MPD and IRI were developed.

In Chapter 8, a physical model for bicycle rolling resistance that uses the global coefficient of friction (i) as a
measure of rolling resistance was calibrated using power meters installed on test bicycles that were ridden over a
set of test sections. Correlations between pavement macrotexture measured in MPD and the backcalculated p

results had an R? value of 0.70.
Chapter 9 presents the results of long-term monitoring of pavement macrotexture on selected sections.

Chapter 10 presents recommended guidelines for selecting macrotexture in terms of MPD for bicycle ride

quality and summarizes the range of MPD for the slurry seal, microsurfacing, and chip seal specifications
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measured as part of this study. The simulations were performed using two groups of riders: one group
(Group 1) sampled across all ranges of personal characteristics and another group (Group 2) representing riders
with the personal characteristics associated with the most discriminating opinions about section acceptability.
Ranges of acceptable maximum MPD are given in the recommended guidelines, spanning the results of the
simulations for Group 1 and Group 2. Controlling the level of IRl on chip seals, surface seals, and
microsurfacing treatments as part of construction quality control is beyond an agency’s or contractor’s capacity,
but an agency can chose a particular specification for MPD, as different surface treatments have been shown to
yield different MPD ranges. Therefore, the results of the simulations were used to recommend a level of
maximum MPD for a given level of IRI for a segment. To make the recommended guidelines workable, the
desired IRI values were broken into three categories: <190 inches/mile, 190 to 380 inches/mile, and
>380 inches/mile [<3 m/km, 3 to 6 m/km, and >6 m/km]). Estimation of IRI into these three broad ranges
should not be difficult. Median and 25™ percentile (more conservative) values of MPD for all of the different
chip seal, slurry seal and microsurfacing specifications sampled in this study are included with the
recommended guidelines, which allow the user to select the specification that meets the desired level of

acceptability of the surface treatment to bicyclists.

The scope of these recommended guidelines for choosing a surface treatment specification are based solely on
bicycle ride quality. The recommended guidelines also state that other criteria must be considered when
selecting a surface treatment specification, including motor vehicle safety in terms of skid resistance under wet
conditions, for which minimum MPD requirements should be considered, and the life-cycle cost of the

treatment.

Chapter 11 presents conclusions and recommendations. The following conclusions have been drawn from the
results and analyses presented:
e Both IRI and MPD are important parameters to determine whether riders find a particular section
acceptable, and MPD is more important than IRI.
® The perception of bicycle ride quality appears to depend on the interaction of MPD and IRI; the MPD
threshold at which riders will find a given segment unacceptable decreases as IRI increases.
® Considering simple rider demographics or pavement condition variables such as those used in this study
does not completely capture the considerable variability among people and among sections that
influences what riders consider acceptable or unacceptable pavement condition.
® Increased MPD and to a lesser extent increased IRI were found to correlate with the increased vibration

and additional power required to move a bicycle, which matches the rider survey results.
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¢ From the measurements and surveys completed in this study and its predecessor and without
considering IRI, 80 percent of riders rated pavements with MPD values of 1.8 mm or less as acceptable
and 50 percent rated pavements with MPD values of 2.3 mm or less as acceptable.

® Most treatments used in urban areas produced high acceptability across cities, however, there are some
specifications that have a high probability of resulting in high percentages of “unacceptable” ratings
from bicyclists.

e Pavement macrotexture generally tends to decrease over time under trafficking, with less reduction
outside the wheelpaths than in the wheelpaths.

® The research was successful in identifying ranges of MPD for current Caltrans specifications for chip
seals, slurry seals, and microsurfacings, however it was not possible to find useful correlations between
MPD and individual sieve sizes within the gradations.

¢ From laboratory gradation data on aggregate screenings used on slurry seal sections in Reno, Nevada,
correlations were found between the median MPD of a pavement surface and the percent passing the
#4 (4.75 mm) and #8 (2.36 mm) screen sizes in the constructed gradation.

® The research was successful in developing recommended guidelines that allow pavement treatment
designers and pavement managers to select treatment specifications for bicycle routes that will result in
a high probability of being found “acceptable” by bicyclists. The scope of the recommended guidelines
presented in this report for choosing a surface treatment specification only considers bicycle ride
quality. The recommended guidelines also state that other criteria must be considered when selecting a
surface treatment specification, including motor vehicle safety in terms of skid resistance under wet
conditions, for which minimum MPD requirements should be considered, and the life cycle cost of the

treatment.

Based on the results of this study, the following recommendations are made regarding pavement surfaces that
will be used by bicyclists:
® Begin use of the recommended guidelines included in this report as part of the surface treatment
selection process along with existing guidance that considers criteria other than bicycle ride quality such
as motorist safety and treatment life cycle cost, and improve them as experience is gained. The
recommendations are for the selection of existing surface treatment specifications based on different
levels of bicycle ride quality satisfaction.
¢ In the recommended guidelines, consider using the 90 percent acceptable MPD level on routes with
higher