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Operational Analysis of Uninterrupted
Bicycle Facilities

D. PATRICK ALLEN, NAGUI ROUPHAIL, JOSEPH E. HUMMER, AND
JOSEPH S. MiLAZzO 11

The popularity of bicycles in North America is growing. As the popularity made by bicycling in this countr). According to one sourcé)
of bicycles has increased, so has the physical network of separate bicyclghere are three general categories of bicycle users: the child bi-
facilities and designated bicycle lanes in many locations. As a consequencgy ciist, the casual or inexperienced adult bicyclist, and the experi-

of this growth, there is a demand for more information about bicycle oper- . : .
ations on these facilities. Unfortunately, the state of knowledge regardingenced adult bicyclist. A report released by the Federal Highway

bicycle operations in the United States currently lags far behind that of Administration @) divides bicyclists into three similar categories:
motor vehicles and pedestrians. The international research that has be€aroup A—advanced bicyclists, Group B—basic bicyclists, and
conducted to date regarding bicycle operations on uninterrupted facilitiesGroup C—children. The behavior and attributes of these three groups

is thoroughly reviewed, and recommended procedures for the operationafiiffer enough to warrant categorization. However, most designated
analysis of uninterrupted bicycle facilities are outlined. The recommended bicycle facilities cater to all three types of bicyclists.

procedures are based on the concept of “frequencies of events” involving S . . ) . . .
a bicyclist and other bicyclists or facility users. Events are defined as bi- The child b'_CyCI'St,(Gr,OUP C) is defined ‘TJ‘S a bicyclist who is too.
cycle maneuvers required by a bicyclist on a facility, including passings YOUNg to obtain a driver’s license (age 16 in most states). Approxi-

(same-direction encounters) and meetings (opposite-direction encountersynately three-quarters of all children under age 16 ride bicycles, and
The frequency of events for an uninterrupted bicycle facility is related to this group makes up a little less than half of all bicycl@fsA high
the service volumes of bicycles using or projected to be using the facility percentage of children are forced to ride bicycles because they have

and does not have to be observed directly. The proposed procedures arg, oyher transportation alternatives. This group tends to prefer resi-
therefore, recommended based not only on their theoretical substance bu . . . .
ential streets with low motor vehicle speed limits and volumes,

also on their ease of use by practitioners.
well-defined bicycle lanes on arterials and collectors, and separate
bicycle paths.
There has been a measurable increase in bicycle use in the United The casual or inexperienced adult bicyclist (Group B) is defined
States for both recreational and purposeful trips. As the popularity a5 someone who is old enough to possess a driver’s license, is mod-
of bicycles has increased, so has the need to develop methods th@tately skilled, and has a basic, but not extensive, knowledge of
can assist transportation engineers and planners in analyzing the pegicycling. For this group, bicycling is mostly a recreational activity
formance of bicycle facilities. Unfortunately, the state of knowledge ihat is done on residential streets and bicycle paths. However, this
regarding bicycle operations in the United States currently lags fargroup will occasionally make purposeful trips and use major streets.

behind that of motpr vehicle_s and“pedestrians- - Itis estimated that this group makes up approximately 40 percent of
The focus of this article is on “uninterrupted facilities,” where the overall bicycling populatior8.

bicycle impedgnce Is caused P”ma.”'y by competition for space with . The experienced or advanced adult bicyclist (Group A) is defined
other users (bicycles, pedestrians, joggers, etc.) and by the geometrigg an experienced, knowledgeable, and skilled bicyclist who is old
conditions of the facility. Traffic control effects are, therefore, not rel- enough to possesé a driver's Iicen'se This group tends to use the

e_vant to_thls analysis. _The docum_en_t IS org_amzed as follows. In thelaicycle for longer trips, and more often for purposeful trips, than the
first section, some basic characteristics of bicycle users are presente

- . ; 4 casual adult bicyclist. It is estimated that this group makes up
followed by a discussion on key bicycle attributes, such as space . . ; .
. . - . .~ _approximately 10 percent of the overall bicycling populatign (
bicycle speeds, and facility capacity. The second section describe: ST ; .
yclists in this group normally prefers the most direct route to their

bicycle facility types. The third section discusses the proposed analy-_~7 ~ .7 . - o - .
sis methodology to be incorporated in a future version ofiib- destination, and riders are willing to use a variety of different street

. . C . . types with or without designated bicycle facilities.
way Capacity Manuall) and its application in a numerical setting.
The final section provides conclusions and recommendations. A document released by FHWA)(reports that over 50 percent

of bicycle trips in the United States are taken for social/recreational
purposes. The other trip categories were personal/family business,

BICYCLE CHARACTERISTICS school/church, work, and other. Bicycle trips will be divided into
two categories for the remainder of this article: recreational trips and
Bicycle Use and User Characteristics purposeful trips. Purposeful trips include all categories other than

social/recreational. The fact that more than half of all bicycling trips
There are estimated to be over 100 million bicyclists in the United are recreational must be considered when analyzing bicycle traffic
States, but it is estimated that less than 1 percent of travel tl’ipS algecause the same is not norma”y true for motor vehicles.

D. P. Allen, California Department of Transportation, 1910 Olympic Boule Hunter and Huangyf conducted a study in several U.S. cities. The
.P. , i i ion, ympi ule- . .
vard, Suite 151, Walnut Creek, CA 94596. N. Rouphail, J. E. Hummer, and study found that bicycle volumes, between the hours of 7:00 a.m.

J. S. Milazzo 11, Department of Civil Engineering, North Carolina State @nd 7:00 p.m. on weekdays, were fairly constant with peak-hour
University, Raleigh, NC 27695-7908. volumes being approximately one and one-third times the average
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hourly volumes. They also found that the peak hours on weekdaysand that less than 2.22fhbicycle (23.7 fi/bicycle) forced most
typically corresponded with local commuter schedules. In one city, cyclists to dismount and walk their bicycles. An older study in
they measured peak hour volumes as 10 to 15 percent of total dailyDavis, California {5), found that bicycle operating space greater
volume. The proportion of weekday to weekend traffic varied widely than 20 rbicycle (200 ft/bicycle) provided free-flow conditions,
depending on the recreational uses of the bicycle facilities. and that less than 3.7ficycle (40 fé/bicycle) was congested.

A study conducted in the Seattle area by Niemé&ipafalyzed
bicycle volume data collected over 1 year at five separate locations
The study showed that bicycle volumes were higher during the
evening peak than during the morning peak at four of the five loca-

tions. Three of the locations had more than double the volume dur- ions. A study conducted in Davis, Californ@,(reported a mean
ing the evening peak. Bicycle peak-hour factors between 0.52 an velocity of approximately 19 km/h (11.8 mph) for Class | bicycle

0.82 were observed during the morning peaks at the various IOCa_f cilities and mean bicycle velocities of between of approximatel

tions, and peak-hour factors between 0.58 and 0.80 were observe y pp =1y
. . o . 17.7 km/h (11.0 mph) to 20.1 km/h (12.5 mph) for Class Il facil-

during the evening peaks. The study showed significant variability _ . L A

. ) A . ities. Class | facilities are off-street paths, and Class Il facilities are

in volumes over the year. This variability suggested that a single

volume count could be biased by as muchl&spercent depending de,ilr?cnﬁfeerdstog-sgoer% bc:fg;lﬁ I';“:e.:' California. reports that the free-
on the time of year the count was taken. Volumes were much lower, udy u ! Vi, Lalifornia, rep

during adverse weather, which one would expect because cycIist%ogusgeigfgub;fgglezr'saurﬁuai“r:y'\:‘igﬁ\i’earljéz ITJTli/\?e(riloc?n?)u(ses
are exposed to the elements. y p y 9 Yy p

Due to the recreational and social nature of bicycling, bicycle userser?rted avzraz%esoli) s%vidzsep eedhs of 2;1.'9 klm /n d%S'S mph) oln bicy-
often ride in pairs. A Dutch study found that, in the Netherlands, the clelanesan -3 km/h (12.6 mph) on bicycle p )sAmanua
number of paired bicycles was a function of bicycle voluifje ( rgleased. by FHW.AI(?) reported that the 85th percentile speed of
However, the relationship differed with location. As expected, the bicycles is approximately 24 km/h (15 mph) and that a design speed

study also found that paired riding was more common during recre-gr 32”ktm/th t(rz?/ Tptht)hoir; (Ijev?rl t(;arram (\j/vould allow for nearly all
ational bicycle trips than purposeful trips. The fact that bicyclists cyclsts to travetat INeir desired Speecs.

o . In Sweden, the 85th percentile free-flow speed of bicycles is re-
82:2 :;]d; d': t‘(’)a'rjar:]"’t‘ﬁybti?: ”ﬁ;ﬁg%ﬁ;ﬁers’ butno other attempt Nas 14 he between 16 km/h (10 mph) and 28 km/h (17.4 mfh) (
a P ’ A Canadian study found a free-flow speed of 25 km/h (15.5 mph)

(14). One study in China reported observed average bicycle speeds at
various locations between 10 km/h (6.2 mph) and 16 km/h (10 mph)
with an overall mean of approximately 12 km/h (7.5 m@d®).(
Another Chinese study reported observed average bicycle speeds
between 12 km/h (7.5 mph) and 16.3 km/h (10.1 mph), with an over-
all mean of approximately 14 km/h (8.7 mph®) A more recent
Chinese study reported peak-hour free-flow speeds of 18.2 km/h

been reported that 95 percent of bicycles are less than 1.9 m (6.25 11.3 mph) where bicycle traffic was separated from motor vehicles

in length and that 100 percent of bicycle handlebar widths are less Y a barrier and 13.9 km/h (8.6 mph) at Iocgtlons without a lane bar-
than 0.75 m (2.5 fig). rier (20). A Dutch study reported a mean bicycle speed of 18 km/h

In addition, a bicyclist needs a certain amount of operating space (11.2 mph) with a standard deviation of 3 km/h (1.9 mph). (The

S . } . - Dutch study also reported that the observed average speed appeared
No bicyclist, at any speed, can ride a bicycle in a perfectly stralghtto be unaffected by path width.

line. One U.S. source reports that a typical bicycle needs between In summary. free-flow bicvel q s tob mewher
0.75 m (2.5 ft) and 1.40 m (4.5 ft) of width to opera@e This summary, free-Tiow bicycle speed appears to be somewnere
amount of space can also be referred to asftbetive lane widtfor between 10 km/h (6.2 mph) and 28 km/h (17.4 mph) with a

P majority of the observations being between 12 km/h (7.5 mph) and

a bicycle. An older study in Davis, Californi@)( recommends a .
. . . ; " . 20 km/h (12.4 mph). The design speed recommended by AASHTO
minimum width of 1.28 m (4.2 ft) for bicycles with additional width for bicycle facilities in the United States is 32 km/h (20 mB),(

at higher volumes. In the Netherlands, 1 m (3.3 ft) of clear spaceis | .~ S

generally recommended for bicycleéd.(In Germany, 1 m (3.3 ft) \évizg:uhs;;hsafﬁ;%as that recommended by FHWA in its manual

is reported as the normal width of one bicycle ldi@. (n Sweden, '

1.2 m (3.95 ft) is reported as a typical bicycle lane witith A Chi-

nese study reports that the width of a two-lane bicycle path in ChinaCapacity

is generally 2.5 m (8.2 ft) with an additional 1 m (3.3 ft) added for

each additional lanelp). The Norwegian Public Roads Adminis-  Capacity or saturation flow of bicycle facilities is rarely observed in

tration believes that “one meter is not enough” and recommends goractice, especially in the United States Highway Capacity Man-

width of 1.6 m (5.3 ft) for single-lane bicycle lan&8)( ual (HCM) (2) lists ranges of reported capacities for bicycle facilities
Overall space requirements for bicycles can also be defined withbetween 500 and 2,350 bicycles per hour depending on the type of

respect to density. A Canadian study)(found that bicycle oper-  facility, the number of lanes, and one-way or two-way operation.

ating space greater than 9.3micycle (100.1 f/bicycle) provided A study in Davis, California, reports that bicycle facility capacity

for free-flow bicycle conditions. The study also found that, when is reached at approximately 2,600 bicycles/hour per 1-m (3.3-ft)

less than 3.0 Abicycle (32.3 fi/bicycle) of operating space is pro- lane (L5). Another study in Davis, California, simulated a roadway

vided, there was no freedom for bicycles to maneuver. A study in with bicycle lane widths of 1.2 m (4 ft), 1.8 m (6 ft), and 2.4 m (8 ft)

China (L2) found that bicycle operating space greater than40 m (23). The study used the data collected from simulation to develop

bicycle (107.6 f/bicycle) provided very comfortable operations, an equation that predicted bicycle saturation flow from bicycle lane

Free-Flow Speed

Free-flow speed is also important in the study of bicycle opera-

Bicycle Properties
Space Requirements

A typical bicycle in the United States is 1.75 m (5.75 ft) in length
with a handlebar width of 0.6 m (2 f8)( In the Netherlands, it has



Allen et al. Paper No. 98-0066 31

width. Using a 1.2-m (4-ft) lane width in this equation produces a the paths. Shared-use paths are often constructed for the same reasons
saturation flow of 3,060 bicycles/hr. as exclusive bicycle paths, to serve areas not served by city streets or
The Swedish Capacity Manualiggests 1,500 bicycles/hr as the to provide recreational opportunities for the public. Shared-use paths
planning capacity of a 1.2-m (4-ft) bicycle larie); A Canadian are also very common on university campuses in the United States.
study reported the capacity of a 2.5-m (8.2-ft) bicycle path as 10,000
bicycles/hr {4). This translates into approximately 5,000 bicycles/hr
per 1.25-m (4.1-ft) lane. A Chinese study found bicycle capacities of

git:(\;l E(esr;ul(is()rg;(;lr(:sztﬁg(l)ai?;égeczsggf; (1):2 (Z?Ini-?g.g’%?vcslane On-street bicycle facil.ities include designated bicycle lanes, paved

path as 6,400 bicycles/hr and the capacity of a 3-m (9.9-ft) three-laneShOU|d.erS’ and gnde3|gnated shared curb lanes. .

path as 9,600 bicycles/H1). This translates into 3,200 bicycles/hr . Designated blcycle. lanes are lanes on a street designated exclu-

per 1-m (3.3-ft) lane. Another Dutch study reported bicycle capacitiesswe.Iy for th? use of bicycles. The_se Ianeg are separated from motor

of 3,000 to 3,500 bicycles/hr per 0.78 m (2.6 i) of bicycle poap ( Vcricle tratffic by pavement markings. Bicycle lanes are normally

Based on observations in Beijing, China, a recent s2@yéported plac_ed on s_,treets where b_|cycle use is fairly high and the sepa_lr_a_ltlon
' ' of bicycles is warranted. Bicycle lanes are usually one-way facilities

that “massive bike flows” form when bicycle volumes reach a cer- . . . S .
. . . . - on which bicycles travel in the same direction as the adjacent motor
tain point. According to the report, these massive bike flows act as a

unit, and the characteristics of individual bicyclists become unim- \é??g;zj'l;hwﬁm i;:r;zn;:zlr:in?‘r;g;g 'Cgfrlie ilgnesl'is rﬁr?ort;ré Jor
portant. Based on this massive bike flow theory, a bicycle lane capac- y . gna y striping, signing, .
ity of 2,344 bicycles/hr was reported for uninterrupted facilities pa\_/emer_lt markmgs forthe _p_rgferentlal or excllfswe gs_e_of bicycles.
separated from motor vehicle traffic. This is slightly lower than the In its guide for bicycle facilities2?), AASHTO's definition of a

reported theoretical capacity of 2,549 bicycles/hr calculated using bicycle lane is almost exactly the same a s
- e : Jo Paved shoulders are part of the cross section of the street but not
the characteristics of individual Chinese bicyclists.

In summary, the saturation flow for a single 1-m (3.3 ft) to 1.2-m part of the traveled way for motor vehicles. Bicycles are separated

(4-ft) bicycle lane appears to be between 1,500 and 5,000 bicycles/h]From motor vehicles by the right edge line. Paved shoulders are

with a majority of the observations falling between 2,000 and 3,500 often constrl_Jcted on new roadway facilities when allowed by right-
bicycles/hr. of-way requirements. Bicycles generally use paved shoulders as

one-way facilities in the same direction as motor vehicle traffic,
much like bicycle lanes.

UNINTERRUPTED BICYCLE FACILITIES Undesignated shared lanes are the outside lanes of street cross sec-
tions that bicycles share with motor vehicles. No lane delineation is

For the purpose of this article, uninterrupted bicycle facilities are Provided to separate bicycles from motor vehicles for these facilities.

divided into three categories: exclusive off-street bicycle paths, These lanes are often, but not always, wider than 3.7 m (12 ft).
shared off-street paths, and on-street bicycle facilities. According to thedCM, the recommended minimum width for shared

lanes is 4.3 m (14 ft). A study conducted in Maryla2f (eported
that the optimal width for shared lanes is approximately 4.6 m (15 ft)
Exclusive Paths for roadway sections where a curb is present. Any outside lane on any
street can be a shared lane unless bicycle traffic is specifically pro-
Exclusive off-street bicycle paths are separated from motor vehiclehibited. Shared lanes usually have too little bicycle traffic to warrant
traffic and do not allow pedestrians. These facilities are often con-a bicycle lane. Some urban areas have shared lanes with appreciable
structed to serve areas not served by city streets or to provide recrepicycle traffic. However, many of these urban facilities do not have
ational opportunities for the public. These bicycle facilities accom- designated bicycle lanes due to right-of-way limitations.
modate the highest volumes of bicycles among the three types and
the best levels of service because the bicycles all flow at similar
ranges of speed. The capacities of shared off-street and on-stredf ROPOSED ANALYSIS PROCEDURES
facilities are lower due to the much slower pedestrians and the much
faster motor vehicles (among other factors) in the traffic stream. The CONceptual Approach
current definition of a bicycle path in thCM (1) is “a bikeway
physically separated from motorized traffic by an open space or bar-
rier, either within the highway right-of-way or within an indepen-
dent right-of-way.” In its guide for bicycle facilitie®Z), AASHTO
definition of a bicycle lane is almost exactly the same asl@id.
In the United States, there are very few paths limited exclusively to
bicycles. Most off-street paths fall in the shared-path category.

On-Street Facilities

Most studies of uninterrupted bicycle operations conducted to date
have discounted bicycle speed as a performance measure. It appears
that (like motor vehicle speeds) bicycle speeds do not decrease
appreciably over a large initial range of bicycle volume. Much of the
work to date has concentrated on density or space as a performance
measure 10,12,14,1% Density is the performance measure cur-
rently used in the pedestrian chapter ofiM. However, density
has been criticized as a performance measure for bicycles because
Shared Off-Street Paths bicycles do not use space as efficiently as pedestrians.

Some recent work in the Netherlands has presented an alternative
Shared off-street paths are also separated from motor vehicle trafficto density callethindrance(7,21,26. Botma 1) uses frequencies of
However, shared-use paths allow other modes to use the path, inclucevents between bicyclists and other facility users to arrive at various
ing pedestrians, roller blades, roller skates, skateboards, wheelchairdevels of service. Due to its conceptual appeal as a “user-experienced”
and any other imaginable mode of nonmotorized transportation. Theservice measure, the “frequency of events” is proposed as the ser-
primary concern for bicycles on these types of paths from an operavice measure of effectiveness for uninterrupted bicycle facilities.
tional standpoint is the large volumes of slow-moving pedestrians onEventsare defined as bicycle maneuvers required by a bicyclist on a
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facility, including passings (same-direction encounters) and meetingsfrequencies only for two-lane paths in his article because he was
(opposite-direction encounters) as stated by BoRHaThe total fre- unsure of the extension to three lanes. Therefore, the three-lane
guency of events on a facility for these procedures is related to the sertwo-way facility analyses presented here should be used with caution.
vice volumes of bicycles using or projected to be using the facility and Perhaps the most important thing to note when using these un-
does not have to be observed directly. Botma has determined the relanterrupted bicycle facility analysis procedures is tH@g F is not
tionship between service volumes of bicycles and the frequencies ofeached at capacityor the facility. An unacceptable number of
passings and meetings under a variety of conditions using field studevents is always reached before capacity. In some cases, capacity
ies and simulation. These relationships are based on certain assumgan be twice the volume at which LOS F is reached. These proce-
tions regarding the mean speeds and speed distributions of bicycles ardlires are based on frequencies of events and perceived levels of
pedestrians, which are listed with the various procedures. The speedservice, not on the bicycle-carrying capacity of the facility.
of pedestrians and bicycles and their variability affect the number of  The following procedures assume “ideal” facility conditions. Lat-
passings and meetings that occur. If an analyst has detailed informaeral obstructions, extended sections with appreciable grades, and
tion available regarding local pedestrian and bicycle speeds, alternatether local factors may reduce the LOS for a given facility. Unfor-
volume/frequency relationships can be develogéd However, the tunately, to date, such factors have not been sufficiently documented
development of alternate equations will not be covered here. to make any recommendations as to their effects.

A lanefor bicycles throughout the recommended procedures is
considered to be approximately 1 m (3.3 ft). However, the actual \ethodology for Exclusive Off-Street Bicycle Paths
width of a bicycle facility is much less important than the number
of effective bicycle lanethe facility operates with for these analy-  ope-way Paths
ses. Each additional effective lane being used by bicyclists drama-

tically increases papa_city, regardless of the width of the facility._ The on one-way exclusive bicycle paths, bicycles encounter passing sit-
number of effective bicycle lanes should always be observed in theations but not meetings. The following equation, which was origi-
field where possible before conducting these analyses. nally proposed by Botma{), is recommended for computing the

Procedures for one-way paths are presented in the following SeCfrequency of passing events on one-way exclusive bicycle paths:
tions. However, it should be noted that one-way paths are relatively

rare and are often an enforcement problem where they do exist. The,:m = 0.188(Vijie) Q@
one-way path information is presented primarily to build a founda-

tion for the two-way path procedures. Two-way paths are by far thewhererassis the frequency of passings in events/hr ¥gdis the

most common type of facility found in the United States. bike volume in bikes/hr.

~ Pending the development of metric standards for bicycle facili-  The frequencies of passings resulting from this equation are based
ties, it is expected that most of the existing 2.4-m-wide (8-ft-wide) o, the assumption that bicycle speeds on paths are normally dis-
bicycle facilities conforming to current AASHTQ@Z2) English unit tributed with a mean of 18 km/h (11.2 mph) and a standard devia-
standards will operate as two-lane facilities. However, due to thetign of 3 km/h (1.9 mph), which is reasonable based on current
additional width, one should keep in mind that the level of service picycle literature as reported in the free-flow speed section above.
arrived at using the following two-lane procedures may be onthe The use of Table 1, which is based on Botma’s work, is recom-
conservative side. On the other hand, if _these_facmtles are beingmended to convert the computed frequency of events to level of ser-
used as three-lane paths, the level of service arrived at using the folgice For one-way paths, the level of service can also be obtained

lowing three-lane procedures may be too generous. Unfortunately,direcﬂy by using the service volumes reported in the table.
until further research is conducted regarding these procedures in the

United States, it is impossible to quantify the effect of minor dif-
ferences in path width for a given number of effective bicycle lanes.
However, the procedures contained in this article for two-lane paths
will apply to most of the currently existing 2.4-m (8-ft) bicycle
facilities in the United States.

When using the following procedures, the analyst should note that”
bicycle flows have peaking characteristics different from motor
vehicles. Bicycles volumes peak more abruptly, especially in the
vicinity of college and university campuses. Daily volumes, or even
nglili)r/w g\;lci)slucrgr?:i, dg?&”g:}:g?&?; iilol\/ll)ae d;/seorz, ?/Ult;itggatsl;?nl(gggl this mende_d for_ computing.the total frequency of events on two-way
ured peak-hour volumes as 10 to 15 percent of total daily volume atexcluswe bicycle paths:
various locations. Another study in the state of Washin@prcon-
ducted primarily in the Seattle area, measured peak-hour factors of
between 0.52 and 0.82 at various locations. The applicability of
these particular observations to other areas is unknown, but it is
obvious from these numbers that failure to account for peaking
characteristics when determining flow rates will often result in
drastic underestimation of level of service (LOS). h

The procedures have been extended to three-lane paths usin\év ere
the three-lane volumes reported by Bot2 and the same weights Frass= frequency of passings in events/hr;
between passings and meetings as for two-lane paths. Botmareported F,...= frequency of meetings in events/hr;

Two-Way Paths

Two-way paths accommodate lower service volumes at each level
of service than one-way paths because bicycles experience both
assings and meetings, which results in higher frequencies of events.
Determining the level of service for two-way paths is more com-
plex than for one-way paths because the LOS is dependent on the
directional split of bicycles, as well as volume. The following equa-
tions, which were originally proposed by Botngd), are recom-

Fpas = 0-188(Vbik&sn) (2)
Fmea = 2(Vbike-op) (3)

Ftotal = 05(Fmea) + Fpa& (4)
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TABLE 1 Level of Service for One-Way Exclusive Bicycle Paths

Two-Lane (2.4 m/§ ft) Three-Lane (3.0 m/10 t)
frequency passings two-lane service frequency passings three-lane service
LOS (event/hr) volume (bike/hr) (event/hr) volume (bike/hr)
A <25 130 <150 780
B <50 260 <300 1560
C < 100 520 <590 3120
D <170 910 < 1030 5460
E <245 1300 <1470 7800
F >245 - >1470 -
Fa = total weighted frequency of events in events/hr; The frequencies of passings resulting from this equation are based
WVhiesm = Dike volume in the same direction being analyzed in on the assumption that bicycle speeds are normally distributed with
bikes/hr; and a mean of 18 km/h (11.2 mph), and that pedestrian speeds are nor-
Vhike-op = bike volume in the opposite direction being analyzed in mally distributed with a mean of 4.5 km/h (2.8 mph). These assump-
bikes/hr. tions are reflected in the higher weight of pedestrian voluljg)3

] ) ) ) compared with bicycle volume (0.188.) in the computation of

Once again, the frequencies of events resulting from Equations 455sing events. Slower average pedestrian speeds would cause an
through 6 are based on the assumption that bicycle speeds are normally-rease in the frequency of passings.
distributed with a mean of 18 km/h (11.2 mph) and a standard devia-  Tapje 3 is recommended to convert the frequency of events to LOS.
tion of 3 km/h (1.9 mph). The total frequency of events will differ in - geyeral columns have been included in the table so that the LOS can
each direction for dlrectlgnal splits other than SQ-SO, so the frequencype getermined directly for given pedestrian volumes. The user may
of events for each direction must be computed in those cases. interpolate between the tabulated values for intermediate pedestrian

Table 2, which is based on Botma's work, is recommended to con-igyys_ It is assumed that one-way shared-use paths are used by all
vert the total frequency of events to level of service. Service volumes o des in the same direction. If pedestrians are using the path in both
for a 50-50 directional split are provided to illustrate the difference yirections. the facility should be analyzed as a two-way shared-

between one- and two-way paths. If a 50-50 directional split for the e path using the pedestrian directional split and a bicycle split of
facility can be assumed, the level of service can be obtained directly; g percent.

by using the service volumes in the table. For splits other than 50-50,
Equations 2 through 4 can be used in combination with Table 2.

Two-Way Paths

Methodology for Shared Off-Street Paths Two-way paths accommodate lower service volumes at each LOS
than one-way paths because bicycles experience both passings and
One-Way Paths meetings, resulting in higher frequencies of events. The following

) ) ~ equations, which were originally proposed by Botra)( are
On one-way shared-use paths, bicycles encounter passing situationgcommended for computing the total frequency of events on
but not meetings. The following equation, which was originally pro- to-way shared-use bicycle paths:
posed by Botma2(l), is recommended for computing the frequency

of passing events on one-way shared-use paths: Foess = 3(Vped_sm) +0.188(Vyike-sm) (6)
Fores = 3(Vpe ) + 0.188(Vhice) (8 Frea = HVoaron) + 2 Vkoon) @
where Fo = 0.5(Fineat) + Fass (8)

Foass= frequency of passing in events/hr; where

Ve = pedestrian volume in pedestrians/hr; and Frass= frequency of passing in events/hr;

Ve = bike volume in bikes/hr. Fmeet= frequency of meeting in events/hr;

TABLE 2 Level of Service for Two-Way Exclusive Bicycle Paths

Two-Lane (2.4 m/8 ft) Three-Lane (3.0 m/10 ft)
total frequency of  two-lane service  total frequency of  three-lane service
LOS events (event/hr)  volume (bike/hr) for events (event/hr)  volume (bike/hr) for

per direction both directions’ per direction both directions’
A < 40 65 <90 150
B <60 105 <140 230
C < 100 170 <210 350
D < 150 250 <300 500
E <195 325 <375 630
F >195 0 eeeee >375 e

“Assumes a 50:50 directional split
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TABLE 3 Bicycle Level of Service for One-Way Shared-Use Paths

Two-Lane (2.4 n/8 ft)
frequency two-lane service two-lane service two-lane service
LOS passings volume (bike/hr) volume (bike/hr) volume (bike/hr)
(event/hr) [given 10 ped/hr] [given 20 ped/hr] {given 40 ped/hr]
A <25 U U U
B <50 105 U U
C < 100 370 215 U
D <170 745 585 265
E <245 1145 985 665
F >245 e e e
Three-Lane (3.0 m/10 ft)
frequency three-lane service three-lane service three-lane service
LOS passings volume (bike/hr) volume (bike/hr) volume (bike/hr)
(event/hr) [given 20 ped/hr] [given 40 ped/hr] [given 80 ped/hr]
A <150 480 160 U
B <300 1280 960 320
C <590 2820 2500 1870
D <1030 5160 4840 4200
E < 1470 7500 7180 6540
F > 1470 . e e

U= LOS unattainable due to pedestrian volumes

F.oa = total weighted frequency of events in events/hr; and residential driveways, and adjacent on-street parking. The service
Vpea-sm= pedestrian volume in the same direction being analyzed volumes given in this section for on-street facilities areideal
in pedestrians/hr; conditions. The factors mentioned here, in addition to lateral obstruc-
V,ed-0p= pedestrian volume in the opposite direction being ana- tions, extended sections with appreciable grades, and other local fac-
lyzed in pedestrians/hr; tors, may reduce the level of service for a facility. Unfortunately, such
Vyikesm= bike volume in the same direction being analyzed in factors have not been sufficiently documented to date.
bikes/hr; and One possible approach to determining LOS for on-street bicycle
Viike-op = bike volume in the opposite direction being analyzed in facilities is to quantify the impact of prevailing geometric and traffic
bikes/hr. conditions on theverage and standard deviation of bicycle speeds
Once again, the frequencies of events resulting from these equagn the facility,th_e expectatior_1 being that ﬁiiCtion with vehic_ular traf-
tions are baséd on the assumption that bicycle speeds are normallﬂc‘ parked vehlcleg, and driveway d§n§|ty would result in & lower
distributed with a mean of 18 km/h (11.2 mph), and that pedestrian ean speed ar_ld higher sFandard deviation ! han on a comparable off-
speeds are normally distributed with a r.nean of,4 5 km/h (2.8 mph) streetlpath.. Toillustrate this effect, Table 5 gives the ngmber of events
As can be observed from these equations, the totai frequenq} of evenép er direction) and correspond|r_lg L OS for arange of bicycle v_olu_mes
will differ in each direction for directional éplits other than 50-50 for . hd average and standard deV|at|_ons of bicycle speeds. As indicated
in the table, the number of events increases (and LOS drops) as speed

either pedestrians o bicycles, so the frequency of events for eacqjecreases and standard deviation increases. With proper calibration

direction must be computed. The frequency of ev_ents for Fwo-way of these two parameters, the proposed methodology could be equally
shared-use paths has been computed for several different bicycle vol- _ . . e

T i i applied to on-street bicycle facilities.
umes and directional splits at selected pedestrian volumes for the con-
venience of the user. These are presented in Table 4. Alternatively
the user may utilize Equations 6 through 8 to compute total frequency.
After using either Table 4 or Equations 6 through 8 to determine the . .
total frequency of events in each direction, Table 4 can also be usegxample 1. One-Way Exclusive Bicycle Path

to convert the total frequency of events to level of service.

Numerical Examples

For the first example, the following is assumed:

Methodology for On-Street Bicycle Facilities « Bicycle path width of 2.4 m (8 ft):

* Peak-hour volume of 150 bicycles/hr; and

The procedures in the previous section are also appropriate for . peak-hour factor of 0.6.

on-street facilities where there are significant distances between

interruptions, such as traffic signals or stop signs. The widths of on- |t is assumed that the path has been observed by the analyst and
street bicycle facilities vary greatly in the United States ranging operates with two effective bicycle lanes during the peak hour. The
from 1.2-m (4-ft) designated bicycle lanes to 3-m-wide (10-ft-wide) frequency of passings and the LOS are computed by converting the
paved shoulders. However, because bicycles using on-street facilipeak volume to a peak flow rate and then using Equation 1.

ties can “borrow” space from the adjacent lane under low to moder-  Adjusted peak-hour flow rate150/0.6= 250 bicycles/hr

ate motor vehicle volumes, there are very few on-street facilities that
do not operate with at least two effective lanes (allowing passing). Foss = 0.188(250) = 47 events/hr

An important distinction between on-street facilities and exclusive
off-street facilities is the multitude of possible factors affecting level ~ Using Table 1, this represents LOS B. The level of service could
of service for on-street facilities, including adjacent motor vehicle traf- also have been read directly from Table 1 using the volume of
fic (which is often moving much faster than the bicycles), commercial 250 bicycles/hr.



Allen et al. Paper No. 98-0066 35

TABLE 4 Total Frequency of Events and Level of Service for Two-Way
Shared-Use Paths

Bike Vol Directional Total Frequency of Events (events/hr)
Both Dir  Split of Bikes Two-way pedestrian volumes of
(bike/hr) (same:opp) 0 (ped/hr) 20 (ped/hr)” 40 (ped/hr)’ 80 (ped/hr)”
30:70 76 131 186 296
40:60 68 123 178 288
100 50:50 59 114 169 279
60:40 51 106 161 271
70:30 43 98 153 263
30:70 151 206 261 371
40:60 135 190 245 355
200 50:50 119 174 229 339
60:40 103 158 213 323
70:30 86 141 196 306
30:70 303 358 413 523
40:60 270 325 380 490
400 50:50 238 293 348 458
60:40 205 260 315 425
70:30 173 228 283 393
30:70 605 660 715 825
40:60 540 595 650 760
800 50:50 475 530 585 695
60:40 410 465 520 630
70:30 345 400 455 565
Level of Service
total frequency of total frequency of
LOS events (event/hr) for events (event/hr) for
two-lane (2.4 m/8 ft) paths three-lane (3.0 m/10 ft) paths
A <40 <90
B <60 <140
C < 100 <210
D <150 <300
E <195 <375
F > 195 > 375

?50:50 directional split assumed for pedestrians

For the sake of comparison, a similar bicycle volume was < Bicycle path width of 3 m (10 ft);
observed on an on-street facility with the same width. The observed < Path direction of approximately east-west;
mean and standard deviation of bicycle speeds were 12 km/h and ¢ Adjusted peak-hour flow rate of 150 bicycles/hr;
4.5 km/h, respectively. It can be shown that the number of passing < Adjusted peak-hour flow rate of 80 pedestrians/hr;
events in this case is 62 events per hour, yielding LOS C for the e« 60-40 directional split of bicycles eastbound (EB) versus
facility, as per Table 1. westbound (WB); and
* 50-50 directional split of pedestrians EB versus WB.
Example 2. Uninterrupted Two-Way Shared Path
Itis also assumed that the path has been observed by the analyst and
For this example, the following is assumed: operates with three effective bicycle lanes during the peak hour. The

TABLE 5 Sensitivity Analysis of Event Frequency and LOS to Mean and Standard Deviation of Bicycle Speeds
on Two-Lane Two-Way Exclusive Bicycle Paths

2-Way Bike | Standard Mean Speed (kph)
Volume®* | Deviation
(bikes/hr) (kph) 12 13 14 15 16 17 18 19 20
1.5 57(B) 57(B) 56(B) 56(B) 55(B) 55(B) 55(B) 54(B) 54(B)
100 3.0 64C) 63(C) 62(C) 61{C) 61(C) 60(B) 59B) 59B) 58(B)

4.5 THC)  70(C)  68(C) 67(C)  66(C) 65(C) 64C) 63(C)  63(C)

1.5 114D) 113(D) 112(D) 111(D) 110(D) 110(D) 109(D) 10%D) 108(D)
200 3.0 128(D) 126(D) 124(D) 122(D) 12K(D) 120(D) 118(D) 118D) 117(D)
4.5 142(D) 139(D) 136(D) 134(D) 131(D) 130(D) 127(D) 127(D) 125(D)
1.5 ITE) 17(E) 168(E) 167(E) 166(E) 165(E) 164(E) 163(E) 163(E)
300 3.0 192(E) 18%(E) 186(E) 184(E) 182(E) 180(E) 178@E) I17HE) 175(E)
4.5 215(F)  209(F) 204(F) 201(F) 198(F) 195(F) 192(E) 190(E) 188(E)

*Assumes a 50:50 directional split
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total frequency of events and LOS is computed by using Equation 8 4.
for each direction:

EB: Foa = 0.55(0.5)(80) + 2(0.4)(150)]
+[3(0.5)(80) + 0.188(0.6)(150)] = 297 events/hr 6

Interpolation between 100 and 200 bicycles/hr on Table 4 pro-
duces the same results. Using Table 4, this represents LOS D in the:
eastbound direction.

8.
WB: Fa = 0.55(0.5)(80) + 2(0.6)(150)]

+[3(0.5)(80) + 0.188(0.4)(150)] = 321 events/hr 9.

Interpolation between 100 and 200 bicycles/hr on Table 4 pro- 1.

duces the same results. Using Table 4, this represents LOS E in the
westbound direction.

11.

CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER RESEARCH

13
This article presented a comprehensive literature synthesis of bicy-
cle facility analysis, leading to the development of a methodology for
operational study of uninterrupted bicycle flow facilities. The syn- 15
thesis revealed a lack of integrated analysis methods and data that
could be used for bicycle facility operational analysis. A methodol-

ogy based on a Dutch approach was recommended for adoption intd®:

future versions of thelighway Capacity Manual'’he method is very
consistent with otheHCM analyses in that it usesuser-based

method for LOS assessment, while requiring only planning-based17.

data (in this case service volumes) for use in the procedures.

The procedures have been recommended because it was deter-
mined that they are theoretically sound and practically feasible.
However, there has been little attempt to validate these procedures

here in the United States. Therefore, the authors strongly recom-19.

mend that these procedures eventually be widely validated in this

country due to differences in bicyclist behaviors, levels of experi- ,,
ence, bicycle path widths, and bicycles themselves between the
United States and Europe. For those interested in validating these
procedures, a methodology based on a floating bicycle concept hagl-
been develope®7).
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