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Crashrates are an essential tool enabling researchers and practitioners to assess whether a location is truly
more dangerous, or simply serves a higher volume of vehicles. Unfortunately, this simple crash rate is far
more difficult to calculate for bicycles due to data challenges and the fact that they are uniquely exposed to
both bicycle and automobile volumes on shared roadways. Bicycle count data, though increasingly more

available, still represents a fraction of the available count data for automobiles. Further compounding
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on this, bicycle demand estimation methods often require more data than automobiles to account for
the high variability that bicycle demand is subject to. This paper uses a combination of mixed methods
to overcome these challenges and to perform an investigation of crash rates and exposure to different

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Although there is an increasing number of separated bicycle
facilities being constructed across the United States, the vast major-
ity of bicycle travel routes are still shared with vehicular traffic.
Bicycles are a unique mode in that they are a vulnerable non-
motorized mode, but often share the same space with automobiles.
As a result, bicycles are essentially doubly exposed to risk both as
a bicyclist, but also as a roadway user. This presents a challenge
to safety analysts attempting to determine where improvements
should be located or studying the effectiveness of new facilities.
This further affects bicycle ridership as safety, and the perceived
lack of, is one of the largest barriers keeping potential bicyclists off
the road (Sanders, 2013a,b). The importance of properly assess-
ing roadway safety cannot be stressed more greatly, not only
to improve roadways for current bicyclists, but to also continue
encouraging new cyclists onto the roads.

Roadway safety analysis can be accomplished in a multitude
of methods varying in complexity and applicability. One of the
most fundamental tools to the industry is crash rates. Crash rates
are a method of normalizing the number of crashes to account
for factors that would contribute to an increase in frequency,
but not necessarily affect the actual safety. Crash rates enable
researchers and professionals to compare across multiple locations
to statistically highlight any commonalities between specific ele-
ments that may be causing or reducing crashes. Recently there
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has been a growing number of studies focusing on bicycle safety
in particular, investigating environmental, behavioral, or demo-
graphic factors contributing to crashes (Hamann and Peek-Asa,
2013; Jiménez-Mejias et al., 2016; Park et al., 2015; Poulos et al.,
2015; Martinez-Ruiz et al., 2015; Abdel-Aty and Pande, 2007).

The most typical normalizer used by departments of trans-
portation is average annual daily traffic (AADT) (MassDOT, 2016;
FHWA, 2011). However, this is challenging for bicycles as bicy-
cle transportation until relatively recently has been regarded as a
recreational or non-essential mode of transportation in the United
States. Decades of this unfortunate status has resulted in a substan-
tial lack of bicycle count and crash data in most U.S. cities. To date,
most bicycle counts are short term counts and must be adjusted
to a longer period, such as annual average, to be used in a crash
rate. This presents a further challenge as bicycle usage is highly
variable due to a multitude of environmental, social, and temporal
factors. This variability makes it extremely difficult for researchers
and professionals to accurately estimate or impute data spatially or
temporally. In addition to challenging data adjustments and lack of
data overall, bicyclists are also exposed as a mode of their own as
well as to motorized vehicles on shared roads. This causes simple
normalizing crash rate equations to result in a disproportionately
high or low crash rate if only one traffic volume is accounted for.
This is an issue that requires research attention.

An important achievement in the understanding of roadway
safety is the modeling of crash probabilities. Many studies have
shown that crash frequency distributions are non-linear and can
be modeled by a mathematical function (Joshua and Garber, 1990;
Wood, 2005, 2002; Lord and Persaud, 2000; Lord et al., 2005; Ye
etal., 2013). The purpose of modeling this is to construct prediction
models for crash probability functions. This area has received a fair
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amount of attention by researchers attempting to improve or sim-
plify the process (Abdel-Aty and Radwan, 2000; Chin and Quddus,
2003; Polus and Cohen, 2012; Qin et al., 2004; Avelar et al., 2015;
Johansson, 1996; Ma et al., 2008). Most models utilize some means
of linearizing the frequency with Poisson, negative binomial, and
other logarithmic or non-linear functions. Although these studies
mainly focus on motorized modes, the fundamental statistics are
expected to be applicable for bicycles.

In the past, roadway safety was primarily “spot based”, mean-
ing that safety improvement efforts were retroactively applied to
specific locations after enough crashes had occurred. Today with
advances in computerized mapping technology and geographic
information systems (GIS), crashes can be easily geolocated and
investigators can now perform a multitude of analyses, such as
spatial densities, probabilities, regression, and other logistic mod-
els (Wang et al., 2015; Cai et al., 2016; Chen, 2015; Chin and
Quddus, 2003; Hankey et al., 2012). This not only greatly extends
the research capabilities, but fundamentally enables the develop-
ment of systemic solutions that can be applied to roads preventing
accidents before they occur. This is especially important for bicy-
cling to not only improve conditions for current bicyclists, but to
make bicycling a less stressful experience and attract more people
to bicycling.

This study addresses and incorporates these concepts by utiliz-
ing 30 short term counts spatially and temporally distributed in
the City of Cambridge as well as two continuous counters. These
short term counts were collected at varying locations, times, and
dates and need to be adjusted to a comparable rate, such as annual
average daily bicycles (AADB). Typically this is accomplished using
adjustment factors established using a minimum of five continu-
ous counters across the city. Unfortunately with only two counters
this is not ideal, furthermore one of the continuous counters col-
lected less than one full year of data. Not only is this a challenge
from an estimation standpoint, but the 32 count locations rep-
resent a small fraction of the several hundred intersections and
midblock segments across the city where crash data is available.
This severely limits any attempt at crash rate analysis due to the
small number of locations where crash frequencies can be nor-
malized, ultimately hiding potentially dangerous locations due to
sparse data. In order to further extend the available data, novel new
analysis methods are needed. This paper proposes a mixed methods
framework accounting for the challenges associated with bicycle
crash analysis. It is the intent that this will allow future studies to
better understand bicycle crash risks on shared roadways.

2. Data and methodology

The data utilized in this paper consists of three components,
spatial roadway network, bicycle and vehicle traffic counts, and
crash data. Withrecent advances in computerized mapping, or geo-
graphic information systems (GIS), spatial roadway network data
have become increasingly more available to the public. This spa-
tial data can then be used as a bridge between the different data,
allowing for more in depth analyses. Furthermore, this spatial data
allows for limited data, such as bicycle counts, to be expanded using
the network.

The bicycle crash records used in this paper all involved auto-
mobiles and did not contain hospital records for other crash types,
such as individual bicycles, bicycle-bicycle, or bicycle-pedestrian
crashes. Although there are likely millions of minor bicycle crashes
and near misses that occur each year, they typically go unreported.
This is due to the fact that most vehicle crashes are reported for
insurance purposes. Unless a vehicle is damaged or a bicyclist seri-
ously injured, it is not uncommon for a bicyclist to be injured and

even treated by a hospital, without have any record of the crash
reported.
This crash analysis framework consists of three basic steps:

(1) Annual average daily volume estimation: adjust short term
counts to the annual average daily volume level using factors
from continuous counters.

(2) Corridor assignment: assign crash locations and annual average
daily volumes to corridors using spatial network data.

(3) Crash analysis: calculate a hybrid crash rate based on the
assigned corridor volumes for both bicycles and automobiles.

2.1. Bicycle crash rate

In general, the purpose of calculating crash rates is to normalize
crash data to compensate for exposure to differing traffic volumes.
The expected results are that locations of similar risk, but different
traffic volumes will result in similar crash rates. Under this assump-
tion we would expect an unbiased plot of rates versus volume
which can then be analyzed against other factors.

A crash rate can either be calculated at a point such as an inter-
section, or along a linear segment such as a midblock segment or
rural road. In this paper, only point based rates are calculated due
the limited number of midblock crashes in the data. The only dif-
ference being the extra level of normalization based on roadway
length. Typically, crash rates are calculated using the common rate
Egs. (1) and (2). These equations, or variations of, are commonly
used by both researchers and the professional industry (American
Association of State Highway and Transportation Officials, 2010;
FHWA, 2011; MassDOT, 2016). This paper directly adapts the crash
rate equations for bicycles by simply replacing vehicle volume and
crashes with bicycle volume and crashes. Typical crash rates are
determined by the equation

1,000, 000-A
R=—=gv (1

where R, crash rate in crashes per million vehicles; A, average num-
ber of crashes per year; V, average volume of vehicles per day, or
average annual daily vehicles (AADT).

Unfortunately, these crash rate equations only account for one
volume of exposure. In order to compensate for the two volumes
that bicycles are exposed to, an equation that accounts for both
volumes is necessary. By “nesting” one crash rate equation within
the other, a new equation is developed that accomplishes this. This
results in Eq. (2) with a squared constant and multiplied volumes.
The proposed crash rate equation is

1, 000, 000\ 2 A
Rdual = ( 365 ) (2)

where Rg,q, crash rate in crashes per million vehicles; Vg0, aver-
age volume of automobile traffic per day, or average annual daily
vehicles (AADT); Vyike, average volume of bicycle traffic per day, or
average annual daily bicycles (AADB).

Vauto - Vpike

2.2. Bicycle traffic volume estimation

In order to obtain annual average daily counts (AADB), the short
term manual peak-hour counts need to be adjusted to the annual
average level. This is due to the fact that much like automobile
volume, bicycles do not arrive at a constant rate, shown in Fig. 1(a)
and (b). Moreover, bicycle demand varies depending on the day
of week. In this paper, adjustment is accomplished using a mixed
methods approach by first adjusting to the monthly average daily
count (MADB) with conventional adjustment factoring methods,
then further adjusting to the AADB level using a sinusoidal model
of seasonal demand.
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Fig. 1. Average daily continuous bicycle counts on Broadway Eco-Totem counter.

2.2.1. Adjustment factors

The factors are calculated as recommended in the Federal High-
way Administrations Traffic Monitoring Guide for non-motorized
traffic for adjusting bicycle counts (El Esawey, 2014; El Esawey
etal., 2013; Nordbacketal.,2013; Federal Highway Administration,
2013). The general equation consists of factors for time of day (TOD)
and day of week (DOW) based on the proportion to the annual aver-
age daily bicycle count (AADB). The adjustment to MADB is then
accomplished using Eq. (3).

MADB; = Hy - Dy - C 3)

where MADB;, monthly average daily bicycle count (MADB), in
bicycles/day for month t; Hy, hourly factor =AADB/average hourly
bicycles counted in that hour; Dy, day of week factor = AADB/average
daily bicycles counted on that day of the week; C, peak hour bicycle
traffic count.

2.2.2. Sinusoidal model

The adjustment from a monthly average (MADB) to an annual
average (AADB) is typically accomplished using conventional
adjustment factoring methods with factors representing each indi-
vidual month. However, an accurate estimate would require five
calibration locations, which is more than the two continuous count
locations that were available in Cambridge, MA. Although the two
continuous counters provide sufficient daily counts to establish
time of day (TOD) and day of week (DOW) adjustment factors,
the limited number of locations severely weakens the accuracy at
the monthly level. An alternative method is to utilize a sinusoidal
model of bicycle demand (Fournier et al., 2017). Rather than using
many individually averaged adjustment factors for each month, the
sinusoidal model assumes a sinusoidal pattern of seasonal bicycle
demand and models this pattern using a sine function.

Once at the MADB level of estimation, the sinusoidal function
in Eq. (4) can then estimate the AADB based on the month that
the sample was collected. This is accomplished by calibrating
the function using the « factor. « is the calibration factor for the
sinusoid which determines the seasonal sensitivity of a location,

accounting for the change in cyclist count between summer and
winter. A higher o would result in a larger seasonal difference and
a lower o would result in a smaller seasonal difference in cycling
counts. The « can be calculated using Eq. (5) from two short term
counts representing the maximum and the minimum monthly
ADB. Since sinusoids start with the midpoint between crest and
trough at t=0, ¢ is a constant representing the horizontal shift
of the sinusoid where ¢ =0 results in a crest at t=3. For example,
a desired crest in July (t=7) would require a ¢=4. Once the « is
calibrated using continuous counters, the previously estimated
MADB can then be used to calculate AADB at each location from
Eq. (4). The reverse of this process demonstrates the model fit by
solving the equation for MADB; and varying t as shown in Fig. 2.

MADB; 4)
a-sin (Z(t—¢)) +1
o MADBuio: — MADByi,

= MADByax + MADB

where AADB, average annual daily bicycle count, in bicycles/day;
¢, horizontal shift in months with the default crest at t=3 when
¢ =0, or ¢ =teest — 3; &, calibration factor for seasonal sensitivity.

AADB =

(5)

2.3. Count data

In this paper the crash rates of bicycles are calculated using
volumes for both bicycles and motorized vehicles. The motorized
vehicle count data was obtained from MassDOT (Commonwealth of
Massachusetts, 2014) as average annual daily traffic counts (AADT),
collected in 2012. This AADT data required no adjustment as it is
already at the annual level, meaning it represents the daily average
for a whole year. However, average annual daily bicycle volumes
(AADB) are far more sensitive to seasonal weather patterns and
require more in depth estimation procedures.

The bicycle count data is composed of two types of data; manual
peak hour counts and two continuous counts from two permanent
counting stations. Two sets of manual count data were used, one
conducted by the City of Cambridge at 17 locations and another
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Fig. 2. Monthly ADB and sinusoidal estimate.

by the Boston Metropolitan Planning Organization at 11 locations.
Continuous count data were collected from two locations in Cam-
bridge, one from an Eco-Totem station on Broadway located in front
of the Volpe Transportation Center, and another at the intersection
of Hampshire Street and Cardinal Medeiros Avenue.

The permanent counter located at Hampshire Street and Car-
dinal Medeiros Avenue counted bicycles 24h a day in 15-min
increments from November 2013 to June 2014. The Eco-Totem
counter collected data at the same increment, but from July 2015
to July 2016. The peak hour counts conducted by the City of Cam-
bridge are simply a total count of bicycles within a 2 h period. The
counts were collected for three days on September 11th to 13th,
2012. For each of these three days a bicycle count was conducted
in 2-h sessions from 7:30 AM-9:30 AM and 5:00 PM-7:00 PM. The
Boston Metropolitan Planning Organization’s counts were con-
ducted between the years of 2009 and 2014 in 15-min increments
andvaryinlength from 1 to4 hlong, but all were taken during either
morning, afternoon, or both peak hours. If multiple peak hours or
multiple days were recorded, the estimated MADB's were averaged
into a single estimate.

The year that bicycle count data were collected varied from loca-
tion to location. Ideally all data would be consistently from the
same years across all locations, but unfortunately, bicycle data is
often scarce and incomplete. For the purpose of this study, the
researchers allowed for a wide range of count years in order to have
a larger set of count locations. To account for the temporal differ-
ences, bicycle count data were adjusted to 2012 levels to match the
year that the vehicular AADT were collected which is also within
the 2011 to 2014 range of crash data years used in this study.

2.4. Bicycle crash data

The crash data used for this experiment consist of 622 bicycle-
vehicle crashes that were reported and recorded between 2011 and
2014 in Cambridge, Massachusetts. These data were made available
by the UMass Safety Data Warehouse. Each of the crashes contained
geospatial coordinates enabling data to be plotted onto a map of the
City of Cambridge and then subsequently matched to the locations
where count data are available.

2.5. Corridors

This paper utilizes known major bicycle routes, or “corridors”
where available bicycle demand data can be extended across.

Although Cambridge boasts a fairly dense and complex urban road
network, many of these streets lack bicycle facilities or are minor
residential side streets. It can be assumed that cyclists will be con-
centrated along the major cycling routes. Where two or more count
locations along a “corridor” have similar daily counts, it can be
assumed that all intersections and road segments between these
points share the same traffic flows of cyclists. This way, locations
with bicycle demand data is greatly extended from the initial 30
intersections to approximately 167 intersections. Although this
method admittedly lacks in precision, it opens up a much larger
sample set of crash locations to be analyzed.

The corridors in Cambridge, MA were selected based on several
criteria: (1) Known bicycle routes, such as ones that exhibit bicy-
cle facilities or high bicycle counts, (2) interaction with vehicles
(i.e. off-street paths were excluded), (3) availability of count and
crash data along corridors. A map of count locations, corridors, and
crashes are shown in Fig. 3. Multiple count locations on corridor
are averaged and the final corridor AADB is then attributed to all
locations along that route for crash rate analysis.

3. Results
3.1. Crash frequency

In an exploratory attempt to uniformly determine the crash fre-
quency distribution across Cambridge, MA, the city was divided into
a grid of 100 by 100 square meter areas in which all 622 crashes
from the four year period were summed per grid cell. The results
of this are shown in Fig. 4 with an appreciable non-linear trend,
much similar to the non-linear distributions found in most auto-
mobile crash studies. Although this brief analysis does account for
any location specific factors, the distribution shows that many of
the traditional analysis methods can be applied to bicycles. Fur-
thermore, it is apparent that the crashes are concentrated along
particular streets, many of which were selected as study corridors
in Fig. 3 based on available count data. Although the Cambridge
street network is fairly dense and complex, it is not surprising
that cyclists are concentrated along central routes, especially where
bicycle facilities are present.

3.2. Traffic volume

In many bicycle safety calculations, AADT is used in lieu of AADB
in calculating a crash rate. This is often founded on the assumption
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Fig. 3. Map of bicycle corridors, counts, and crashes.

that bicycle volume is simply a smaller proportion of the overall
traffic volume. However, comparing bicycle to motorized traffic
volume in Fig. 5 clearly shows that there is no correlation between
the two. This is largely because bicycles and motorized vehicles
have very different factors affecting route choice. Automobiles
can be generally assumed to choose the fastest and shortest route
depending mainly on distance and road capacity. Meanwhile
bicycles are rarely affected by congestion from other cyclists, but
instead make choices based on a multitude of safety and comfort
factors. Furthermore, motorized traffic operates at a much larger

scale of city to city, whereas bicyclists are moving at a scale of
block to block. These characteristics result in greatly different
proportional flows between the modes that make the two volumes
not interchangeable for rate calculation purposes.

Comparing bicycle crash frequency to volume in Fig. 6, there is
little that is comparable between AADT and AADB. It is expected
that there will be an increasing relationship between volume and
crash frequency. Although there is some level of crashes increasing
with AADB and AADT, it is difficult to develop a definitive conclusion
from this limited data.

Frequency
@4
@38
[ BV]
® 16

0
1234567 8910111213141516

(a) Crash frequency map

Number of Bicycle Crashes

Grid blocks with Given Number of Crashes
>
[

(b) Crash frequency distribution

Fig. 4. Crash frequency distribution for Cambridge, MA from 2011-2014.
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3.3. Crash rates

Crash rates were initially calculated using both the typical rate
Eq. (1), and the proposed Eq. (2) for all intersections and mid-block
segments. The results of both equations were then plotted against
AADT and AADB for comparison in Fig. 7. The typical crash rate equa-
tion results are shown in Fig. 7(a) and proposed crash rate equation
results are shown in Fig. 7(b). Although the proposed crash rate
equation normalizes using both AADT and AADB simultaneously,
the rates are plotted for both volumes independently for evalua-
tion purposes. In both figures, the points that are plotted based on
AADB are shown in blue and rates that are plotted based on AADT
are shown in red.

At initial inspection, Fig. 7(a) shows how bicycle-vehicle crash
rates are highly non-linear and extremely biased depending on
which volume was used to normalize the crash frequency using

200

the typical equation. Meaning that normalizing using only AADT
tends to overwhelm the relatively low frequency bicycle crashes,
resulting in unrepresentative low crash rate. At the same time nor-
malizing using only AADB tends to exaggerate crash locations with
ultra low bicycle volumes.

Comparing these results with the proposed crash rate calcula-
tions shown in Fig. 7(b), we can see that the crash rates are far less
biased. There does appear to be some level of non-linearity notice-
able, but the relationship appears to be more systematic. Crash rates
at locations that were once drowned out by the far greater volume
of vehicles are now clearly visible, for example as shown by the
Brookline & Granite crash location indicated across Fig. 7(a) and (b).

Plotting these combined crash rates onto the Cambridge grid in
Fig. 8(b), it is clear that these corridors are not as dangerous as they
might appear in Fig. 8(a). However, other areas of particularly high
crash rates, but low volume are visible.
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Fig. 6. Crash frequency versus volume distribution.
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4. Conclusions

Bicycles are unique in that they are a mode of their own, yet
share the same travel lanes as automobiles. Bicycle crash frequency
is affected by not only the bicycle traffic volume itself, but by auto-
mobile traffic volume as well. For this reason it is inappropriate
to utilize one volume alone for normalization. Utilizing only AADB
would result in exaggerated rates, whereas using only AADT would
result in disproportionately small rates. This issue is further exag-
gerated by the limited availability and high variability of bicycle
count data. The proposed framework of estimating demand and
assigning corridor volumes aims to alleviate this data challenge
and allow for the development of a combined rate equation. Over-
all, the proposed framework addressed many of the data challenges
associated with bicycles by utilizing a sinusoidal model of seasonal
bicycle demand and expanded this using corridors in a bicycle net-
work. Last, this enables the development a new combined crash
rate equation which yielded effective results at normalizing double
exposure crash frequencies.

An area of caution for usage of the equation is that low volume
roadways below approximately 3000 vehicles per day have been
shown to be particularly difficult to model (Polus and Cohen, 2012).
This is a concern when nearly all of the bicycle counts used were
below 3000 bicycles per day in this study. Further study is necessary
to fully determine whether any additional adjustment is necessary
to the methodology. In particular, it is important to understand

if any relationship exists between the two volumes when calcu-
lating a crash rate. For example, the bicycle and vehicle volumes
may need to be weighted separately, or have a function relating
the two. Weighting the two volumes could help account for the
fact that bicycles typically are only a very small percentage of all
traffic.

The proposed equation resulted in a more balanced and com-
parable crash rate, but a concept that requires further study is
the relationship between crash frequency and the relative vol-
umes of bicycles and vehicles. While both bicycle and vehicle traffic
volumes affect crash frequency, the relationship between crash fre-
quency and each volume is uncertain. For example, bicycle-vehicle
crashes would increase with bicycle volume. Similarly, bicycle-
vehicle crashes would also increase with vehicle volume, because
the opportunities for conflict would also increase. However, it is
unlikely that these two crash-volume relationships are equal. This
paper takes a first step toward exposing this question, but further
study is necessary.

Although the proposed rate equation is a simplified attempt
at incorporating both traffic volumes on the road, it is important
to address both volumes when performing crash rate calculations.
Bicycle safety is often assessed using only one volume, failing to
account for an important normalizer, or are performed using overly
aggregated regional data. Though it is important to understand
the broader context of bicycle safety, it is necessary to be able to
investigate what specific factors may affect the broader context.
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The proposed crash rate equation aims to make these in depth
investigations more feasible.
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