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a  b  s  t  r  a  c  t

Although  speed  is  considered  to be  one  of  the  main  crash  contributory  factors,  research  findings  are
inconsistent.  Independent  of  the  robustness  of  their  statistical  approaches,  crash  frequency  models  typ-
ically employ  crash  data  that  are  aggregated  using  spatial  criteria  (e.g.,  crash  counts  by  link  termed
as  a link-based  approach).  In  this  approach,  the  variability  in  crashes  between  links  is  explained  by
highly  aggregated  average  measures  that  may  be  inappropriate,  especially  for  time-varying  variables
such as  speed  and  volume.  This  paper  re-examines  crash–speed  relationships  by  creating  a new  crash
data  aggregation  approach  that enables  improved  representation  of  the  road  conditions  just  before
crash  occurrences.  Crashes  are  aggregated  according  to the similarity  of  their  pre-crash  traffic  and  geo-
metric conditions,  forming  an alternative  crash  count  dataset  termed  as a condition-based  approach.
Crash–speed  relationships  are  separately  developed  and  compared  for  both  approaches  by  employing
the  annual  crashes  that  occurred  on  the Strategic  Road  Network  of  England  in 2012.  The  datasets  are
modelled  by  injury  severity  using  multivariate  Poisson  lognormal  regression,  with  multivariate  spatial
effects  for  the  link-based  model,  using  a full  Bayesian  inference  approach.  The  results  of  the  condition-
based  approach  show  that  high  speeds  trigger  crash  frequency.  The  outcome  of the  link-based  model  is  the
opposite;  suggesting  that the  speed–crash  relationship  is  negative  regardless  of  crash  severity.  The  differ-
ences between  the results  imply  that  data  aggregation  is a  crucial,  yet  so far overlooked,  methodological
element  of crash  data  analyses  that may  have  direct  impact  on the  modelling  outcomes.

©  2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The primary objective of developing a traffic crash model is
to elucidate the association between crashes and their poten-
tial contributory factors so as to formulate efficient and targeted
crash mitigating measures. The accuracy of the modelling out-
comes is therefore critical for inappropriate decisions to be avoided.
Motorway crashes appear to have a decreasing trend, especially in
western countries; however, the number of casualties is still any-
thing but negligible (IRTAD, 2014; WHO, 2013). The question then
arises: are the crash models we currently use accurate enough to
develop appropriate preventive measures?

Each crash is the outcome of a unique sequence of events related
to the involved driver(s), vehicle(s) and the road environment. The
in-depth examination of individual crashes one-by-one though, is
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rarely possible due to the limited data availability. As a conse-
quence, the crashes of a road network are usually analysed in a way
that their volume is reduced while they remain informative (Lord
and Mannering, 2010). The main crash aggregation method is based
on topological and temporal criteria. In the so-called link-based (or
segment-based) approach the counts of crashes that occurred on
pre-defined road links during a certain time period are modelled
against explanatory variables that represent the average conditions
on each link (e.g. speed, traffic flow, road geometry). The explana-
tory power of these approaches, in terms of statistical methodology,
has evolved over the years, reaching high levels of sophistication
and offering better understanding of traffic crashes (e.g. Abdel-Aty
and Radwan, 2000; Lord and Mannering, 2010; Ma  et al., 2008;
Mannering and Bhat, 2014). Despite the fact that the link-based
approach is straightforward and simple, it is also by default linked
with aggregation problems or else with the information loss that
is aroused when multiple values are represented by a single mea-
sure (Black et al., 2009; Clark and Avery, 1976; Davis, 2004). This
limitation may  affect the models’ explanatory potential, especially
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Fig. 1. Frequency and cumulative distribution of the 15-min speed at the time and
the  location of the crash by the annual average of the speed on this link.

for time-varying independent variables (e.g. speed, traffic volume)
as their spatial and temporal variations within a link cannot be
captured.

Speed is regarded as one of the main traffic related crash con-
tributory factors (Abdel-aty et al., 2005; Elvik et al., 2004), but
research findings do not confirm this unanimously. The inconsis-
tency between the results could be partially due to the inadequacy
of annual average speed to represent the speeds at which crashes
actually occurred. In fact, two crashes recorded on the same link
may  have occurred under entirely different traffic conditions but
in a link-based approach they will be both explained by the
annual average speed on the link. This can be further explained
by Figs. 1 and 2. Fig. 1 shows the frequency and the cumulative dis-
tribution of the ratio of the actual speed at the crash location to the
annual average speed on the corresponding road link for all 2012
motorway crashes in England. Fig. 2 is the same for traffic volume.
It is obvious that the ratios are considerably different from one for a
high proportion of crashes (ratio = 1 means that crash speed or vol-
ume  is equal with the respective annual average), confirming that
the representation of time-varying measures by annual averages is
rather inadequate in many cases.

This paper introduces a new crash data aggregation concept
termed as condition-based approach that aims to represent in more
detail the actual pre-crash conditions in order to explore the rela-
tionship between motorway crashes and their contributory factors

Fig. 2. Frequency and cumulative distribution of the 15-min volume at the time and
the location of the crash by the annual average of the volume on this link.

such as speed, volume and geometric configuration. The grouping
attribute of crashes in the proposed method is the similarity of pre-
crash conditions rather than a link-level spatial relationship. In this
way, crash counts are represented more precisely by explanatory
variables that approximate the actual conditions enabling, possibly,
improved relationships. The condition-based dataset can be mod-
elled using multivariate Poisson lognormal regression. In order to
compare the two  methods with respect to their outcomes, the same
data are also used to build a link-based spatial multivariate Poisson
lognormal regression model.

2. Literature review

A considerable amount of literature has been published on the
impact of various traffic and geometric road characteristics on
link-based crash frequency. Among others speed, traffic volume,
number of lanes, gradient and horizontal curvature are widely stud-
ied. From a qualitative point of view, findings show that although
crash severity is positively correlated with driving speed (Clarke
et al., 2010; Joksch, 1975; Kloeden et al., 1997; Pei et al., 2012),
the relationship between speed and crash frequency is not equally
straightforward (Aarts and Van Schagen, 2006). The early study of
Solomon (1964) was the first to suggest that speed and crash fre-
quency are not proportional but their relationship can be described
by a “U-shaped” curve; an idea that was supported by several other
researchers (e.g., Munden, 1967; Cirillo, 1968). Solomon’s curve
implies that only extremely low and high speed conditions trig-
ger crashes. However, most of the subsequent studies find driving
speeds to be linearly or exponentially related to crashes (Baruya
and Finch, 1994; Fildes et al., 1991; Kloeden et al., 2002, 1997;
Taylor et al., 2000). A few studies contradicted this view propos-
ing that the speed–crash relationship is negative (Baruya, 1998;
Stuster, 2004) and others reported that this relationship is statisti-
cally insignificant (Garber and Gadiraju, 1989; Lave, 1985). Some of
the most recent papers that employed advanced statistical models
did not find statistically significant relationships between speed
and crashes (Kockelman and Ma,  2007; Quddus, 2013). Pei et al.
(2012) attempted to explain the results’ inconsistencies suggest-
ing that the crash–speed relationship that is estimated by models
strongly depends on the selected measure of exposure; the rela-
tionship was shown to be negative for distance-based exposure
(i.e., vehicle miles travelled) but positive for time-based exposure
(i.e. vehicle hours travelled).

The relationship of speed with crashes cannot be defined with-
out taking into account the simultaneous effect of other traffic
characteristics such as traffic flow (Aarts and Van Schagen, 2006)
and vehicle occupancy (Garber and Subramanyan, 2001; Lord et al.,
2005a). High traffic flow (represented by AADT, hourly volume, etc.)
is generally considered to increase the risk of crashes (Abdel-Aty
and Radwan, 2000; Chang, 2005; Milton and Mannering, 1998).
On the contrary, lower flows have been also correlated with
higher speed variance that is also considered to be a significant
crash precursor (e.g., Garber and Ehrhart, 2000; Elvik et al., 2004).
The mechanism of its impact though is not explicitly explained
because of the lack of individual vehicle-level second-by-second
data that would lead to reliable estimations. Instead, current studies
employed relatively highly aggregated data that lead to inconclu-
sive results (Garber and Ehrhart, 2000; Kockelman and Ma,  2007;
Quddus, 2013; Solomon, 1964). Although seldom researched, vehi-
cle occupancy ratio was  found to have a non-linear relationship
with the number of crashes (Garber and Subramanyan, 2001) and
was also dependent on the number of vehicles involved in the crash
(i.e., single- versus multi-vehicle crashes) (Lord et al., 2005a).

Road geometric design is also believed to be related with
crash frequency on the roadway (AASHTO, 2010). High crash fre-
quency is associated with high vertical grades (Anastasopoulos
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