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Abstract

This paper presents the results of an evaluation of the impact of various types of speed management schemes on both traffic speeds and
accidents. The study controls for general trends in accidents, regression-to-mean effects and migration, separately estimating the accident
changes attributable to the impact of the schemes on traffic speed and on traffic volume. It was found that, when judged in absolute terms, all
types of speed management scheme have remarkably similar effects on accidents, with an average fall in personal injury accidents of about
1 accident/km/year. In terms of the percentage accident reduction, however, engineering schemes incorporating vertical deflections (such as
speed humps or cushions) offer the largest benefits: at 44%, the average reduction in personal injury accidents attributable to such schemes,
is twice that at sites where safety cameras were used to control speeds (22%) and they were the only type of scheme to have a significant
impact on fatal and serious accidents. Other types of engineering scheme (with a fall of 29% in personal injury accidents) were on average
less effective in reducing accidents than schemes with vertical features but more effective than cameras. All types of scheme were generally
effective in reducing speeds, with the largest reductions tending to be obtained with vertical deflections and the smallest with other types of

engineering schemes.
© 2005 Published by Elsevier Ltd.

Keywords: Road safety; Speed management; Safety cameras; Regression-to-mean; Trend in risk

1. Introduction

Considerable controversy surrounds the relationship be-
tween traffic speed and the frequency and severity of road
accidents. The laws of physics support the view that, all else
being equal, higher speeds will increase both the probabil-
ity that an accident will occur and the severity of its conse-
quences. Certainly, increased speeds result in increased stop-
ping distances so that the likelihood of a driver being able to
stop safely will fall with increased speed: according to the
UK Highway Code typical stopping distances are 23 m at
30 mph and 36 m at 40 mph. The severity of any injuries aris-
ing from a crash will depend, at least in part, on the energy

* Corresponding author. Tel.: +44 151 794 5226; fax: +44 151 794 5218.
E-mail address: 1.mountain@liv.ac.uk (L.J. Mountain).

0001-4575/$ — see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.aap.2005.03.017

dissipated on impact and this is proportional to the square of
the impact speed. This will be a particularly important factor
for pedestrians and cyclists who do not have the protection
afforded by the structure of a vehicle: the energy dissipated in
an impact with a vulnerable road user hit by a car travelling
at 40 mph is 78% higher than at 30 mph. These points are not
controversial. Where controversy arises is in the fact that it is
not speed itself that is normally the primary cause of an acci-
dent: some other factor is needed which requires a driver to
stop to avoid a collision. The contribution of speed lies in the
fact that, given a particular set of circumstances, an accident
might be avoided (or its consequences might be less severe)
if drivers’ speeds had been lower (Stone, 2004). From this
standpoint vehicle speed becomes at least a secondary causal
factor in every road accident. Accepting that road transport
is both necessary and must necessarily carry some element
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o Safety camera
& Engineering scheme

Fig. 1. Map showing the locations of the speed management schemes.

of risk, the controversial question is then where the balance
should be struck. “Appropriate” speeds should provide both
an adequate level of mobility and an acceptable level of safety
for a particular set of road conditions.

Further controversy then arises in deciding how best
drivers can be persuaded not to drive faster than the speed
judged, by others, to be appropriate. More general agreement
on what constitutes an appropriate speed would undoubtedly
help to improve compliance but this is not easy to achieve:
what constitutes a “safe” traffic speed for the occupants of
a four-wheeled drive vehicle will inevitably be rather higher
than that for a child cycling to school. In the longer term bet-
ter driver education concerning the potential consequences of
excessive speed and more variation in speed limits accord-
ing to the risk levels associated with specific road layouts
might help. The more immediate solution is to improve com-
pliance with existing speed limits through the use of speed
enforcement cameras, vehicle-activated signs and engineer-
ing measures such as speed humps, chicanes and narrowing.
While available evidence suggests that all of these measures
can effectively reduce mean speeds and accidents, they are
not always successful in these aims and their comparative ef-
fectiveness in road safety terms and the relationship between
their impact on speed and safety is not well understood.

The aim of the research on which this paper is based was
to compare the impact of the various types of scheme on
accidents and vehicle speeds and to establish the nature of any
relationship between speed changes and accident changes.
This paper deals with the first of these issues, examining the
average effect of various types of speed management scheme
on accident frequencies and speeds using data for some 150
speed management schemes implemented on 30 mph roads
at various locations throughout Great Britain (Fig. 1). In a

second, linked paper (Hirst et al., 2005) a description is given
of the models that were developed to enable a prediction of
how the impact of treatment on accidents varies both with
speed changes and with site and scheme characteristics.

2. Background

Numerous studies have been published on the effects of
speed management schemes on safety. Such safety studies
are, however, by no means straightforward and the extent
to which the study methodologies have addressed potential
analysis problems must be borne in mind when considering
their findings. It is now generally accepted that before-and-
after observations of changes in accident frequencies will
include not only changes attributable to the impact of the
scheme but also changes which would have occurred in any
case: changes arising due to general trends in accidents and
regression-to-mean (RTM) effects (see, for example, Hirst
et al., 2004a). The magnitude and direction of any trend ef-
fects will vary with location and the timing of the obser-
vations. For example, Fig. 2 shows accident frequencies in
the UK between 1980 and 2002. There is a general down-
ward trend in both personal injury accidents (PIAs) and in
fatal and serious accidents (FSAs). Thus, the effects of trend
alone mean that accident frequencies at any location in the
UK would normally be expected to fall over time, with or
without the implementation of a speed management scheme
or any other form of intervention. (Although it is perhaps
worth noting that, in the case of all PIAs, there are some
years when national annual accident totals vary sufficiently
from the underlying trend that the impact of trend for some
study periods could be an increase in observed accidents.)
RTM effects give rise to analysis difficulties when a high ob-
served accident frequency in a particular time period is at
least one of the criteria for site selection: RTM effects will
then tend to result in a fall in observed accidents in a subse-
quent time period even if no scheme is implemented. A high
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Fig. 2. National trends in accidents for Great Britain 1980-2002.
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observed accident frequency is normally one of the primary
reasons for implementing a speed management scheme.

With speed management schemes there is a further compli-
cation in that there is also a real possibility that an “accident
migration” effect may arise. There are at least two mecha-
nisms by which such an effect could occur. First, drivers may
attempt to find alternative routes to avoid the scheme so that
some of the beneficial effects of a scheme may be eroded by
increases in accidents on diversionary routes: the true scheme
effect should be estimated with the inclusion of any such in-
creases. With area-wide traffic calming schemes the specific
objective is indeed, not only to reduce speeds on residential
streets, but also to divert traffic away from such streets onto
more suitable traffic routes (upgraded if necessary to avoid a
corresponding increase in accidents). If traffic diversion does
occur then it is also worth noting that any accident reduction
within the speed-managed sections will include both the ef-
fects of a decrease in accident risk (due to reduced speeds
or other changes in driver behaviour) and the effects of a
decrease in exposure to risk. Any attempt to establish a re-
lationship between the speed and safety effects of a scheme
should then of course exclude the reduction in accidents at-
tributable to reductions in flow. With speed cameras, there is
anecdotal evidence of a second mechanism by which an ac-
cident migration effect could arise. It has been claimed that
drivers may brake abruptly on their approach to the camera,
or attempt to compensate for reduced speeds at the camera by
rapidly accelerating after passing it, so that accidents could
then increase upstream or downstream of the camera.

Few studies have attempted to deal with these issues and
most of these have been confined to studies of speed cameras.
A randomised controlled trial is arguably the best approach
although in safety studies a comparison group approach is
more common (Hauer, 1997). However, even a randomised
controlled trial cannot distinguish between accident changes
attributable to the effect of a scheme on traffic speed and its
effect on the volume of traffic (Hirst et al., 2004a). The Em-
pirical Bayes (EB) approach with a comparison group and
flow correction (Hirst et al., 2004a) can overcome this dif-

Table 1

ficulty but the estimates then depend on the quality of the
accident prediction models used. It must, for example, be
noted that declining trends in accident risk will mean that
any accident prediction model will become outdated. With
an outdated accident prediction model the estimated treat-
ment effect will still be exaggerated (even using an EB ap-
proach) unless an appropriate correction of the type described
by Hirst et al. (2004b) is applied. Ideally the accident predic-
tion model should also include as explanatory variables all
those measured site characteristics that are used for site se-
lection (Allsop, 2004; Mountain et al., 2004a,b).

Table 1 summarises the findings of some recent studies of
the impact of speed management schemes on accidents and
speeds. It should be stressed that the variability in the find-
ings is attributable, both to the extent to which confounding
factors have been controlled and to the variation in the nature
of the treated sites, as well as the differences in scheme type.
A number of studies have attempted to estimate the effect of
speed cameras free of RTM and trend effects (Table 1). The
first of these (Elvik, 1997) was based on data for 64 cam-
eras in Norway: a statistically significant reduction of 20%
in the number of PIAs was found but there was insufficient
data to establish whether accident migration occurred. More
recently, a study based on 49 cameras in one UK county
(Cambridgeshire) studied accidents within circles of varying
radii of the camera. After allowing for trend and RTM effects,
the reduction in PIAs in the immediate vicinity of the camera
(250 m radius) was estimated to be 46% while over a 2km
radius there was an estimated reduction of 21% (Hess, 2003).
These results thus suggest that, rather than inducing a migra-
tion effect due to rapid braking or sudden acceleration, cam-
eras can actually reduce accidents over a wide area. Another
UK study of 101 mobile cameras in South Wales (Christie
etal., 2003) concluded that a route-based approach (i.e. using
only data for accidents occurring on the route with the cam-
era), although methodologically more difficult, is preferable
to the circles based approach used by Hess (2003). Using
route-based data it was found that the cameras reduced PIAs
within 500 m of the cameras by 51% and pedestrian acci-

Summary of the results of some recent studies of speed management schemes

Author Scheme type (monitored Confounding variables Estimated change in Change in mean

distance from cameras) controlled - speed (mph)
All PIAs (%) FSAs or KSIs (%)*

Elvik (1997) Cameras (variable) Trend; RTM —20 - -

Hess (2003) Cameras (250 m) Trend; RTM —46 - -
Cameras (2 km) —21 - -

Christie et al. (2003) Cameras (500 m) Trend; RTM —51 - -

Mountain et al. (2004a,b) Cameras (500 m) Trend; RTM; migration —-19 —6 —4.4
Cameras (1 km) —19 -9

Gains et al. (2004) Cameras (mainly 500 m) Trend —-33 —40 —2.4

LAAU (1997) Cameras (variable) Trend -9 —12 -

Winnett and Wheeler (2002) Vehicle-activated signs Trend; RTM -31 - —4

Webster and Mackie (1996) Speed humps - - - —10

Webster and Mackie (1996) Area traffic calming - —58 - —9.3

Elvik (2001) Area traffic calming Meta-analysis—variable -25 - -

2 Fatal & serious accidents or killed and seriously injured casualties.
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dents by 78%. (Although an average accident reduction of
10% was observed in the region 500—-1000 m from the cam-
eras, it was concluded that there was insufficient data avail-
able to properly assess treatment effects beyond 500 m.) In
both of these studies, however, while trend and RTM effects
were allowed for, the absence of traffic flow data meant that
it was not possible to assess the effects of diversion of traffic
to other routes. The authors of this paper have recently pub-
lished (Mountain et al., 2004a) the results of a route-based
study of 62 fixed speed cameras on 30 mph roads in the UK
for which flow data were available. This study found that the
cameras reduced PIAs over a distance of up to 1000 m. Over
this distance there was an average reduction in PIAs of 24%,
of which a fall of 19% was attributable to the effect of the
cameras on vehicle speeds, with a fall of 5% due to diversion
of traffic to other routes. While the actual size of the acci-
dent reduction that can be achieved with cameras appears to
be rather variable, as does their apparent area of influence,
these studies all point to cameras having beneficial effects on
road safety over a wider area than the immediate vicinity of
the camera: there is no evidence of any negative effects due
to sudden changes in speed upstream or downstream of the
camera site.

It is more difficult to find published studies of the safety
effects of other types of speed management schemes which
incorporate corrections for trend and RTM, or which take ac-
count of the effects of the scheme on flow. In a recent study
of vehicle-activated signs (Winnett and Wheeler, 2002) data
were available to permit corrections to be made for both trend
and RTM at 21 of the 27 sites studied. The corrected esti-
mate of the accident reduction attributable to the signs was
31%: the impacts of any flow changes were not investigated.
Webster and Layfield (1996), demonstrate that road humps
on 20 and 30 mph can lead to reductions in flow of the order of
25% and reductions in mean speed of the order of 10 mph but
no data were available to assess the impact on accidents. In a
study of humps in 20 mph zones (Webster and Mackie, 1996)
the observed fall in accidents was 60% with an average fall
in mean speeds of 9.3 mph and an average fall in flow of 27%
for the schemes where flow data were available. Webster and
Mackie (1996) suggest that there is a progressive relationship
between accident and speed changes (a 6.2% reduction in ac-
cidents for each 1 mph reduction in vehicle speed) but the
evidence for this has been questioned (Stone, 2004) and no
account is taken of the effects of trend, RTM or flow changes
on accidents within the scheme. The effects of flow changes
on accidents in the areas surrounding 40 of the schemes were,
however, investigated and although there was no significant
change overall, annual accident rates increased in 17 of the
surrounding areas suggesting that the possibility of accident
migration should at least be borne in mind. Elvik (2001) con-
ducted a meta-analysis of 33 studies of area-wide traffic calm-
ing schemes from eight countries and noted that none of the
studies explicitly controlled for RTM or long-term trends in
accident occurrence. This study found that on average area-
wide urban traffic management schemes reduce the number of

injury accidents by about 15%, with larger reductions on res-
idential streets (about 25%) and smaller reductions on main
roads (about 10%).

Few systematic studies have been carried out into the im-
pact of speed management schemes on accident severity or
the accident involvement of vulnerable road users. Of these,
some have controlled for trend effects but none for RTM and
the results are variable. For example, a recent evaluation of
speed and red light cameras in the UK suggests that the av-
erage reduction in PIAs was 33% below the long-term trend,
with a fall of 40% in killed and seriously injured (KSI) casu-
alties and a fall of 35% in the number of pedestrians killed or
seriously injured (Gains et al., 2004). However, given that the
site selection guidelines included threshold levels of fatal and
serious accidents (for example, for fixed cameras, 4 or more
FSAs per km in the most recent 3 years) it seems likely that
part of the apparent reduction in KSI casualties was actually
attributable to RTM effects. In an earlier study of speed and
red light cameras in London (LAAU, 1997) similar observed
reductions in KSI casualties (30%) and in FSAs (31%) were
reported but comparison with control group data showed that
a reduction in FSAs of only 12% was directly attributable
to the cameras (and any RTM effects). LAAU (1997) also
considered the impact of cameras on casualties to vulnera-
ble road users but no control data were available for these:
the observed reductions were 41% for pedestrian casualties
and 13% for cyclists as compared with 11% for car occupant
casualties.

This brief review of some of the recent studies of the im-
pact of speed management schemes is by no means compre-
hensive but it does serve to illustrate the variation in study
methodologies and the consequent difficulty in comparing
the impact of the various speed management measures on
accident frequencies and vehicle speeds. In this paper the
results of a unified study of a range of speed management
methods are presented with a view to comparing their impact
on accidents (including any migration effects), free of RTM
and trend effects.

3. Data

The data for this study relate to some 150 speed manage-
ment schemes at various locations throughout Great Britain
as indicted in Fig. 1. All of the schemes were on roads with
30 mph speed limits. These roads were selected both because
speeding is a significant problem on them (58% of cars and
54% of motorcycles were estimated to have exceeded the
30 mph limit on UK roads in 2003—the corresponding per-
centages for 40 mph limits were 27 and 36% (DfT, 2004))
and because a wide range of speed management measures
are used to enforce 30 mph limits.

The schemes included in this study comprised 79 speed
enforcement cameras (17 mobile and 62 fixed) and 71 engi-
neering schemes of various types. Initially mobile and fixed
cameras were analysed separately. As the number of mo-
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bile cameras was too small to allow any general conclusions
about their effectiveness to be drawn and no significant dif-
ferences were detected between fixed and mobile cameras
in terms of their impact on either speeds or accidents, all
cameras were considered together as a single treatment type.
Evidence from schemes on roads with 20 mph limits (Mackie,
1998) suggests that, of the various types of engineering mea-
sures that can be used to reduce speeds, vertical deflections
are the most effective and thus engineering schemes were
grouped into those which included any form of vertical de-
flection (with or without narrowing or horizontal deflections)
and those with narrowing or horizontal deflections only. “Ver-
tical deflections” include any measure that alters the vertical
profile of the carriageway such as road humps and speed
cushions. “Narrowing” here includes any measure used as
part of a speed management scheme to reduce the carriage-
way width available to moving traffic: pinch points, central
hatching, traffic islands and so on. “Horizontal deflections”
include measures that alter the horizontal alignment of the
carriageway such as mini-roundabouts, build outs and chi-
canes (with either one- or two-way working). There were four
schemes which used speed-activated signs to control speeds
and one site with 30 mph speed warning roundels painted on
the carriageway that were initially assessed separately. As
the effects of the four speed-activated signs were found to be
similar to horizontal deflections and narrowing, these were
grouped together for subsequent analysis. There were a to-
tal of 31 schemes with horizontal deflections, narrowing or
speed-activated signs (referred to as schemes with horizontal
features in the remainder of this paper) and 39 schemes with
vertical deflections. The scheme with painted roundels on the
road was not successful in reducing accidents and, as it does
not fit naturally into any other group, was excluded from the
analysis.

Various local authorities and police forces supplied the
data required for the study. These data comprised details of
all accidents occurring at the schemes during the 3 years prior
to scheme implementation and for up to 3 years after imple-
mentation (an average after period of 2.5 years), together with
before and after traffic flows and speeds. The accident data for
engineering schemes included all accidents occurring within
the treated section. Similarly, for mobile cameras, the acci-
dents were those occurring within the full section over which
the cameras could be deployed as indicated by the relevant
police authority. For fixed cameras the choice of a monitoring
length for accidents was more difficult as there has, until re-
cently, been very little information available concerning the
likely area of influence of cameras and there is no standard
monitoring length. Different authorities use different lengths
although 500 m either side of the camera has probably been
most common (Gains et al., 2004). In this study, accident data
was requested for a section of 2km centred on the camera
(although this was not available for all sites). An analysis of
the accident changes over various distances (Mountain et al.,
2004a,b) indicated that although the largest percentage ac-
cident reductions were observed closest to the cameras, the

overall percentage accident reductions observed over 500 m
and 1 km distances from the camera were similar. Since fixed
cameras appear to improve safety over a distance of 1 km, and
the longer monitoring length gives a larger absolute accident
reduction, the data for fixed cameras in this paper include
all available recorded accidents up to 1 km either side of the
camera.

Various measures of before and after speed were obtained
(mean, 85th percentile, standard deviation, percentage ex-
ceeding the speed limit and the mean speed of speeders) al-
though not all measures of speed were available for all sites.
At least one measure of traffic flow was also obtained dur-
ing the periods before and after the start of operation of each
speed management scheme. While accident data was read-
ily available, the sample size was limited by the availability
of sufficiently detailed before and after speed and flow data
as this information is not routinely collected for all speed
management schemes. Site surveys were carried out to ob-
tain supplementary information: this included the number and
type of junctions within the treated section and details of the
features included in the engineering schemes.

4. Analysis

The approach to the accident analysis is described in detail
elsewhere (Hirst et al., 2004a,b) and will only be briefly sum-
marised here. To control for RTM effects, an estimate of the
true mean number of accidents per year in the before period
was obtained using an Empirical Bayes (EB) approach. In
this the underlying mean accident frequency is estimated as a
weighted average of two sources of information: the observed
number of accidents in the period before treatment, Xg, and
a predictive model estimate of expected accidents given the
nature of the site and the level of traffic flow (see, for exam-
ple, Hauer, 1997). In this study the predictive models derived
by Mountain et al. (1997) were used. The parameters of this
model depend on the road class, speed limit and carriageway
type. For example, for a 30 mph, single carriageway, A-road
the model for annual PIAs is:

0.08
= 0.9q%6L exp ( 2 n>

where [& is the predicted annual PIAs, gp the annual flow in
the before period (in million vehicles per year), L the section
length (km) and n the number of minor intersections.

The estimate of total before accidents in a before period
of tg years is then

aB =Bl

As the predictive model was derived from data for the 12-
year-period 1980-1991 a correction was applied to allow for
the fact that the model will be outdated due to trends in ac-
cident risk between the modelled period and the period of
observation at the speed management schemes (Hirst et al.,
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2004Db). The corrected estimated is given by

~ t A
MB CORRECTED = Y UB

where y is the average factor by which risk changes from year
to year (estimated to be 0.98 for all PIAs and 0.95 for FSAs)
and ¢ the elapsed time between the middle of the modelling
and study periods. Thus, for example, for a scheme that be-
came operational in January 2001 (with a before period from
January 1998 to December 2000) #=13.5 and thus, for all
PIAs, y'=0.76.

Normally predictive accident models assume that the ran-
dom errors are from the negative binomial (NB) family. If
K is the shape parameter for the NB distribution (K is esti-
mated to be 1.9 for the above model), the EB estimate of total
accidents in the before period, MB, is calculated as

Mg = aftp correcTED + (1 — ) Xp

where

. .
oy <1 L COR;;ECTED)

To allow for the trend in accidents between the before and
after periods, the expected accidents in the after period were
estimated using a comparison group approach. The compar-
ison group for this study comprised UK national accident
totals during the relevant before and after period for each
scheme. The estimate of after accidents allowing for trend,
M A, 1s then

By — (AANAT> i

AB_NAT
where Ap naT is the total national accidents in the before
period, g years and Aa_naT the total national accidents in
the after period, 7o years.

The use of a comparison group ratio implicitly assumes
that flows at the study site have changed in line with national
trends. To take account of the effects of any flow changes due
to the implementation of the scheme, while avoiding double
counting, it is necessary to have a representative measure of
traffic flow at the scheme in the after period, g4, together with
flow data for the comparison group. If

OB_NaT = total national flow in the before period, tg years,
O a_NAT = total national flow in the before period, ,

1A years

then the expected flow in the after period if flows at the study
site had changed in line with general trends, q;, can be esti-
mated using

, < QA NaT/ tA)

q =
A OB_NAT/ 1B

If the observed flow in the after period, g, differs from g/,
then there have been local changes in flow at the site other
than those attributable to trend. The estimate of expected after

accidents allowing for local changes in flow, M., can then
be estimated as

B
-3
9a
where f is the power of flow in the accident prediction model
(0.6 in the example of the model for a 30 mph, single carriage-
way, A-road given above).

It would be a matter of local knowledge to assess whether
these changes were as a result of the scheme or due to other
causes. In this study there were no schemes where a change in
flow due to other causes was anticipated: all local changes in
flow were attributed to the impact of the scheme. The change
in accidents attributable to the impact of a scheme on flow,
Sk, was thus estimated as

o Majta— Ma/ta
Sk =
XB/1B
and the estimate of the change attributable to the effect of the

scheme on traffic speed (and possibly other aspects of driver
behaviour), Sg, was

o XA/tA—M/A/tA
SR =
XB/1B

The overall scheme effect, S, is then estimated as S= S'R +
Sk.

The non-scheme effects (i.e. the changes which would
have occurred with or without speed management measures)
are the changes due to national accident trends over the be-
fore and after periods, N1, and RTM effects, Nr. These are
estimated as

. Ma/ta — Mp/ts
Np = AR TBIB
XB/1B

< Mg/t — Xa/18
NR=————"—
XB/18

The observed proportional change in observed accidents, B,
which can be written
_ Xa/ta — XB/1B

XB/1B
is thus made up of four elements, each of which was estimated
separately

B

B =38+ 8¢+ Nr + Mg

The estimates of the average scheme and non-scheme ef-
fects were obtained by using summations over all sites in
the category of interest (the 79 cameras, the 39 schemes
with vertical deflections and the 31 schemes with horizontal
features). Thus, for example, the proportional change in ob-
served annual accidents over all sites in a treatment category
was calculated as

_ 2 Xa/dia—) X/ 1

b > XB/Y 1B
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Standard errors and confidence intervals were calculated us-
ing the bootstrap (Efron and Tibshirani, 1993).

5. Results
5.1. Impact on accidents

Table 2 summarises the observed percentage reductions
in various types of accident at cameras and engineering
schemes, including those to vulnerable road users. These ob-
served changes in accidents will, of course, include not only
the change attributable to the effect of the speed management
schemes on traffic speeds and flows but also changes arising
due to RTM and trend. The absence of predictive models
for cyclist and pedestrian accidents or data for control sites,
meant that it was not possible to correct the observed changes
in accidents involving vulnerable road users for RTM effects.
Thus only observed changes in these accidents are presented
in this paper. Clearly these results must be treated with cau-
tion and almost certainly give exaggerated estimates of the
mean change attributable to treatment. At the same time we
have no reason to suppose that the effects of confounding
factors will vary appreciably with treatment or accident type
and thus the relative sizes of the observed accident changes
are of interest. It will, for example, be noted that engineer-
ing schemes tend to result in larger percentage reductions
in all accident categories. On the basis of the average ob-
served accident changes, the greatest beneficiaries of speed
management schemes appear to be pedestrians.

In Table 3 the results of the detailed analysis of PIAs and
FSAs are presented, with separate estimates of the changes
in accidents attributable to scheme and non-scheme effects.
The estimates of the scheme effects (Table 3, columns 6-8)
confirm the superior effectiveness of engineering schemes in
terms of the average percentage accident reductions. Schemes
incorporating vertical deflections resulted in the largest re-

Table 2
Summary of observed accidents

ductions. With a fall in all PIAs of 38% attributable to re-
duced speeds and a further fall of 6% due to reduced flows,
the overall average percentage accident reduction attributable
to the schemes with vertical deflections (44%) is twice that
at sites with cameras (22%) and comparison of the confi-
dence intervals suggest that the difference is significant. The
average effect of engineering schemes with horizontal fea-
tures on all PIAs (a reduction of 29%) suggests that these
are on average less effective than schemes with vertical fea-
tures but more effective than cameras. However, the larger
standard errors and broader confidence intervals for schemes
with horizontal features also suggest that these schemes are
less consistent in terms of their safety effect perhaps reflect-
ing the broad range of scheme types included in this category.
The boxplots of the percentage accident change due to speed
reductions (Fig. 3(a)) confirm the variability of the impact of
schemes with horizontal features and the superior and more
consistent safety effects of schemes with vertical deflections,
with the majority of them (more than 75%) successfully re-
ducing accidents. A similar picture emerges for the effects
on FSAs (Table 3, columns 6-8) where the average reduc-
tion with vertical deflections (35%) is over three times that at
cameras (11%) and over twice that at schemes with horizon-
tal features (14%). Indeed the confidence intervals suggest
that it is only schemes with vertical deflections that have a
significant impact on FSAs.

The estimates of the impact of flow changes on accidents
(Table 3, column 8) suggest that both cameras and schemes
with vertical deflections do, on average, result in a signifi-
cant diversion of traffic to other routes. There is an average
accident reduction of around 6% attributable to the effects
of these schemes on traffic flow which, although small, is
statistically significant. For schemes with horizontal features
the effects of flow changes did not have a significant impact
on accidents. This would suggest that flows before and after
scheme implementation should be routinely monitored to as-
sess the extent of any changes in route choice. If changes in
flow do occur, accidents on likely diversionary routes should

Type of accident Type of scheme Number of Observed accidents Percentage change in observed annual
sites? (years of observation) accidents (95% confidence interval)
Before After

All PIAs Safety cameras 79 1461 (236) 943 (192) —20% (—30%, —10%)
Engineering schemes 71 699 (218) 356 (184) —40% (—52%, —27%)

FSAs Safety cameras 79 232 (236) 143 (192) —24% (—41%, —4%)
Engineering schemes 68 121 (203) 59 (173) —43% (—63%, —19%)

All cyclist accidents Safety cameras 75 163 (224) 123 (180) —6% (—33%, 23%)
Engineering schemes 61 103 (182) 59 (157) —34% (—56%, —7%)

All child cyclist accidents Safety cameras 74 49 (221) 39 (179) —2% (—42%, 43%)
Engineering schemes 56 39 (167) 21 (142) —37% (—69%, 8%)

All pedestrian accidents Safety cameras 79 337 (236) 199 (192) —27% (—43%, —11%)
Engineering schemes 64 157 (191) 63 (166) —54% (—67%, —38%)

All child pedestrian accidents Safety cameras 74 134 (221) 94 (179) —13% (—39%, 15%)
Engineering schemes 56 77 (167) 25 (142) —62% (—75%, —43%)

2 Not all sites have details of severity, road user type or age of road user.
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Table 3

Impact of speed management schemes on accidents

Accident Scheme type No. of Total observed accidents Observed change in Accident change attributable to scheme Accident change attributable to non-scheme

type sites [accident/km/year in before accidents (% change effects (% change (S.E.) {95% CI}) effects (% change (S.E.) {95% CI})

period] (SE){95% CI}). B Overall effect, § Change in speed, Sk Change in flow, Sk Trend in accidents, Nt RTM, Ny

(1) () (3) ) (5) (6) ) (3) [©)] (10)

AllPIAs  Cameras 79 2404 [4.4] —20% (5) {—30, —11} —22% (4) {—30, =13} —17% (4) {-25, =9}  —6% (1) {=9, =3}  +5% (2) {+1,+9} —3% (1) {—4, -2}
Horizontal® 31 478 [2.6] —33% (12) {—53, —9} —29% (11) {—48, =8}  —27% (11) {—47, -4}  —2% (2) {5, +1} +1% (2) {3, +6} —5% (2) {-9, 0}
Vertical® 39 542 (2.3] —49% (5) {—60, —38} —44% (5) {—54, =34}  —38% (5) {—48, -27}  —6% (2) {—10, =3} +1% (3) {—6,+7} —6% (1) {-9, -3}
All engineering 70 1020 [2.5] —42% (6) {—53, =29} —37% (6) {—48, =25}  —33% (6) {—44, =22}  —4% (1) {-7, -2} +1% (2) {3, +5} —6% (1) {-8, =3}

FSAs Cameras 79 375[0.70] —24% (9) {—41, -5} —11% (8) {—26, +6} —6% (8) {—20, +10} —5% (1) {—8, =3} —4% (2) {-17, 0} —10% (4) {—17, 0}
Horizontal® 31 81[0.43] —25% (26) {—63, +37} —14% (19) {—44, 432}  —12% (18) {—41,+30}  —2% (1) {—4, +1} 7% (2) {-11, =3} —5% (10) {—21, +19}
Vertical® 39 98 [0.49] —57% (9) {—75, =39} —35% (9) {—54, —18}  —30% (9) {-50, —14}  —5% (2) {-9, -2} —5% (2) {-9, 0} —16% (6) {—27, -3}
All engineering 70 179 [0.46] —44% (11) {—63, —21} —26% (9) {—42, —6} —23% (9) {—39, —4} —4% (1) {—6, —1} —6% (2) {-9, -3} —12% (6) {21, +1}

S.E. = standard error of the estimate, {95% CI} =95% confidence interval of the estimate.

4 Horizontal = schemes with horizontal features.
b Vertical = schemes with vertical deflections with or without horizontal features.
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Table 4
Estimates of absolute accident changes (annual accidents per km)

Accident type  Scheme type Observed change in accidents ~ Accident change attributable to scheme effects
(accident/km/year) (S.E.) (accident/km/year) (S.E.) {95% C1}
{95% CI} - -
Overall scheme effect Change in speed Change in flow
1) (2) (3) ) (5) (6)
All PIAs Cameras —0.90 (0.2) {—1.4, —0.5} —1.00 (0.2) {—-14,-0.6} —0.74(0.2) {—1.1,-0.3}  —0.25(0.1) {—0.4, —0.1}
Horizontal® —0.88 (0.4) {—1.7, —0.2} —0.78 (0.4) {—1.6, —0.2}  —0.72(0.4) {—1.4, 0.1}  —0.06 (0.04) {—0.2, 0}
Vertical® —1.15(0.2) {—1.6, —0.8} —1.03(0.2) {—1.4,-0.83  —0.89(0.1) {—1.2, —0.6}  —0.15(0.05) {—0.3, —0.1}
All engineering —1.03 (0.2) {—1.5, —0.7} —-0.92(0.2) {-1.3,-0.6} —0.82(0.2) {—1.2,-0.5}  —0.11 (0.04) {-0.19, —0.1}
FSAs Cameras —0.17 (0.1) {—0.3, 0} —0.10 (0.1) {—0.2, 0} —0.08 (0.1) {—0.2, 0} —0.02 (0.01) {—0.04, 0}

All engineering  —0.20 (0.1) {—0.3, —0.1}

—0.16 (0.04) {—0.2, —0.1}

—0.14 (0.04) {—0.2, —0.1}  —0.02 (0.01) {—0.03, 0}

S.E. =standard error of the estimate, {95% CI} =95% confidence interval of the estimate.

4 Horizontal = schemes with horizontal features.

b Vertical = schemes with vertical deflections with or without horizontal features.

trend effects result in an average increase in PIAs between
the periods before and after implementation. This somewhat
unexpected result is a consequence of the range of imple-
mentation dates for the schemes included in this study. Fig. 1
shows the national trends in accidents. While the underlying
trend is downwards and FSAs decline fairly consistently year-
on-year, total PIAs tend to fluctuate with several year-on-year
increases. Thus for PIAs, depending on the implementation
date, the effects of trend between the periods before and after
implementation, can be up or down or there may be no effect.
Although the effects of trend over before and after periods
of the order of 3-years would not normally be expected to be
large, the variability in both the magnitude and direction of
the effect means that it is advisable to estimate its value.
Although it is common to consider accident reductions in
percentage terms it is also of interest to consider the size of
the absolute accident reduction achieved. Indeed it could be
argued that it is the absolute accident saving which is more
important than the percentage reduction: a 100% reduction
in accidents at a site with only 1 accident is clearly less ef-
fective in real safety terms than a 50% reduction at a site
with 10 accidents. The use of percentage accident reductions
as a comparator presupposes that initial observed accident
frequencies are similar. In fact the observed accidents be-
fore treatment at the camera schemes included in this study
were on average almost twice those at engineering schemes,
with average values of 13.2 and 7.5 PIAs/km respectively in
the 3-years prior to treatment. In Table 4 the scheme effects
(corrected for trend and RTM) are given in terms of the aver-
age annual accident reduction per kilometre while Fig. 3(b)
shows the absolute annual accident change per kilometre for
individual schemes. When judged in average absolute terms,
all speed management schemes have remarkably similar ef-
fects, with mean reductions of some 1 accident/km/year for
both cameras and engineering schemes with vertical deflec-
tions (Table 4, column 4). Although the mean reduction for
schemes with horizontal features is somewhat smaller (0.78
accidents/km/year) comparison of the confidence intervals
suggests that the difference is not significant but rather that
the impacts of schemes with horizontal features are more
variable. Fig. 3(b) highlights the variation in the impact on

accidents within each scheme type. In particular it can be
seen that none of the scheme types are consistently successful
in reducing accidents although schemes with vertical deflec-
tions have the largest proportion of successful outcomes. The
impact of schemes with horizontal features is most variable
but they do result in the largest absolute accident reductions.

5.2. Impact on speed

Table 5 summarises the observed speeds prior to the imple-
mentation of the speed management schemes and the changes
in speed following implementation. This table indicates that
the mean characteristics of the speed distributions prior to the
implementation of the schemes do not generally vary signifi-
cantly with scheme type. For all scheme types, the mean speed
of drivers prior to implementation was some 31-34 mph with
an 85th percentile speed of some 36—40 mph. Of the order of
60% of drivers exceeded the speed limit although, on average,
the highest percentage exceeding the speed limit was at sites
where cameras were subsequently deployed (67%) while the
smallest percentage (56%) was at sites where vertical deflec-
tions were used.

On average, all measures of speed were reduced following
the implementation of the speed management measures. The
average reductions in mean speed, 85th percentile speed and
the percentage of drivers above the speed limit are all large
and significant. However, the schemes seem to have little im-
pact on the standard deviation of speeds or the mean speed of
speeders: only cameras resulted in a significant reduction in
the standard deviation of speeds and, for all scheme types, the
average fall in the mean speed of speeders, although signifi-
cant was small (1.3 mph). It seems that drivers who continue
to speed after a scheme is in place do not adjust their speed
as much as drivers who drive within the speed limit and an
increase in the number of drivers driving at very low speeds
may be responsible for a similar (or, for some schemes, an
even greater) spread of speeds before and after scheme im-
plementation.

Schemes that include vertical deflections have the greatest
average impact on the mean, 85th percentile speed and the
percentage of drivers speeding. With average reductions of
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~1.3(0.25) {—1.8, —0.8}
—1.3(0.52) {—2.3, —0.2}

—1.3(0.25) {~1.8, 0.8}
32

Mean speed of speeders
36.8 (0.39) {36.1, 37.6}
29

36.0 (0.30) {35.4,36.6}
35.8 (0.37) {35.0, 36.6}

49

—23.3(3.19) {—29.8, —17}>¢
—40.3 (4.49) {—49.5, —31}¢

—32.9(2.29) {—375, —28.3}°
32

67.1(2.28) {62.5,71.6}"
29

63.1 (4.24) {54.4,71.8}
56.2 (3.98) {48.1, 64.3}¢

% above speed limit

78

Standard deviation (mph)
—1.1(0.20) {—1.5, —0.7}°
29

—0.3(0.19) {—0.7,0.1}°

51
—0.8(0.19) {—1.2,0.4}

6.5(0.19) {6.1, 6.9}
6.3(0.30) {5.7,7.0}
31

5.9(031) {5.2,6.5}

85th percentile speed (mph)
—8.8(0.91) {—10.6, —6.9}°¢

78
—3.8(0.53) {—4.9, —2.7}b-¢

—5.3(0.40) {—6.1, —4.5}>-¢
39

38.9 (0.46) {37.9, 39.8}
31

38.4(0.81) {36.7, 40.0}
37.3(0.69) {35.9, 38.7}

—8.4(0.94) {—103, —6.5}¢

2 Number of sites: not all sites have data for all measures of speed.

—3.3(0.53) {—4.4, —2.3}°
b Significantly different from vertical (p < 0.05).

—4.1(0.32) {—4.7, —3.4}°
36

33.0 (0.47) {32.1, 34.0}
30

323 (0.64) {31.0, 33.6}
31.8 (0.67) {30.5,33.2}

Mean speed (mph)

74

Mean before (S.E.) {95% CI}
Mean change (S.E.) {95% CI}
No. of sites®

Mean before (S.E.) {95% CI}
Mean change (S.E.) {95% CI}
No. of sites®

Mean before (S.E.) {95% CI}
Mean change (S.E.) {95% CI}

No. of sites?
f Vertical = schemes with vertical deflections with or without horizontal features.

¢ Significantly different from horizontal (p <0.05).
4 Horizontal = schemes with horizontal features.
¢ Significantly different from cameras (p < 0.05).

Summary of observed speeds

Table 5
Scheme type
Cameras
Horizontald
Vertical®
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8.4 and 8.8 mph in the mean and 85th percentile speed re-
spectively these reductions are significantly larger than those
achieved with any other scheme type. The mean reduction of
40% in the percentage of drivers exceeding the speed limit
is significantly better than the reduction for schemes with
horizontal features. Cameras are, on average, more effec-
tive in reducing speeds than schemes with horizontal fea-
tures. Although there is no significant difference in the re-
duction in mean speed achieved, the mean reductions in the
85th percentile speed (5.3 mph) and in the percentage of
drivers exceeding the speed limit (33%) is significantly better
than the reductions achieved using schemes with horizontal
features.

The boxplots in Fig. 4 highlight the variability of the im-
pact of individual schemes on vehicle speeds. Fig. 4(a) shows
the distributions of the impact of the three scheme types on
mean speed. The plots confirm that schemes involving ver-
tical deflections tend to have the greatest impact on mean
speed and schemes with horizontal features the least. It can
be seen that, while the schemes were not always successful
in reducing accidents, most are successful in reducing mean
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speeds. Fig. 4(b) confirms that the impact of the schemes on
the standard deviation of speeds is generally small, and many
schemes with vertical deflections result in an increase rather
than a decrease in standard deviation. It may be that (with ver-
tical deflections in particular) the most cautious drivers tend
to drive very slowly, while the most reckless largely ignore
the scheme, so that the spread of speeds is not necessarily
reduced.

6. Discussion

The appropriateness of the predictive models used and the
impact of this on the accuracy of the EB estimates is an is-
sue recently raised by Allsop (2004) and responded to by
the authors of this paper (Mountain et al., 2004b). The issue
is worthy of some further discussion here. Theoretically, the
predictive accident models should include any quantifiable,
non-accident site selection criteria as explanatory variables.
The aim is to ensure that the estimate, ftg, is an unbiased
estimate of the expected accident frequency for a “reference
population” that is similar to the study site in terms of all mea-
sured characteristics. It is important to stress that the problem
here is to do with possible bias rather than the diversity of the
reference population. The reference population may include
a wide range of sites or only rather similar sites; the acci-
dent prediction model may include many explanatory vari-
ables or only a few. The EB method can deal with this since
the diversity of the reference population is reflected in the
weight used (a greater weight is given to models with smaller
variance-to-mean ratios) and in the confidence intervals of
the resulting estimates. Indeed, the advantage of using pre-
dictive model estimates (rather than means and variances for
reference populations matched for appropriate combinations
of characteristics) is that measured continuous characteris-
tics (notably traffic flow) can be matched precisely (Hauer,
1997).

There is, however, a potential for bias if study sites are
selected on the basis of some measured characteristic in addi-
tion to observed accidents which is not included in the model
but which is thought to affect accident frequencies. In the UK,
for example, there are currently formal site selection guide-
lines for potential speed camera sites which, for 30 mph sites
of the type considered here, include not only threshold acci-
dent frequencies (specifically, at least 8 PIAs and 4 FSAs per
km in the last three calendar years) but also an 85th percentile
speed of at least 35 mph and at least 20% of drivers exceeding
the speed limit (see, for example, Gains et al., 2004). Sites
are initially identified on the basis of observed accidents and
then speed measurements are made to check whether these
criteria are also met. While such formal criteria are not used
for other types of safety scheme, it is common to initially
identify sites for possible road safety intervention on the ba-
sis of their recent accident history and then to carry out an
assessment of secondary factors (excessive speed, inadequate
skid resistance, inadequate visibility and so on) at sites with

particularly large numbers of accidents to assess the underly-
ing cause of accidents and the appropriate form of treatment.
Thus it could be argued that, for most types of safety interven-
tion, sites are selected using variables that could theoretically
have been included in the models but were not. If the distri-
bution of these secondary variables is different for the treated
sites than for the reference population used to derive the pre-
dictive accident models there is a possibility of bias in the EB
estimates.

The practical difficulty is that models which include sec-
ondary factors are often unavailable since predictive models
can only be developed using variables for which data are read-
ily available at all sites: data are often not routinely collected
for the secondary selection criteria. For example, for UK
roads, speed data are normally only obtained for sites which
are under investigation for some form of remedial action. Al-
though models which incorporate speed variables have been
derived for total accidents on UK roads (Taylor et al., 2000)
the speed variables do not match those used in the secondary
selection criteria for speed camera sites and no models in-
cluding speed variables are available for fatal and serious
accidents. The question that then arises is whether, when the
predictive model used does not include all the explanatory
variables that theoretical should have been included, the EB
method is still likely to give better estimates of underlying
mean accident frequencies than observed accident frequen-
cies alone.

The models used in this study were based on data for some
3400 km of road throughout Great Britain for which no speed
data were available (Mountain et al., 1997). These roads can,
however, be reasonably assumed to be representative of the
typical speed distributions throughout Great Britain. National
data suggests that, for typical 30 mph roads, speed distribu-
tions are in fact extremely similar to those at the sites included
in this study (DfT, 2004). Nationally, in 1998 (which is close
to the middle of the period when our sample of cameras were
installed), an average of 70% of cars on 30 mph roads in
GB exceeded the speed limit with a mean speed of 33 mph.
These values correspond closely with the mean values for
the speed management sites included in this study (Table 5),
most notably for speed cameras where before treatment an
average of 67% of vehicles exceeded the speed limit and the
mean speed was 33 mph. Thus there is no reason to suppose
that the models used in this study would lead to any signifi-
cant bias. It could be argued that this is because speeding is
endemic on 30 mph roads and the speed criteria for camera
installation are not particularly restrictive: since the speed cri-
teria would be met on most 30 mph roads, it is the observed
accident frequency which is the over-riding factor in deci-
sions relating to the implementation of speed management
measures.

More generally, however, it is worth stressing that the pri-
mary criterion for any form of road safety treatment, on any
type road, will normally be the observed number of acci-
dents. Other criteria are very much secondary criteria based
on detailed site investigation of pre-selected sites. As a conse-
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quence, any bias arising from the use of variables not included
in the models, is likely to be small and very much smaller than
any evaluation which takes no account of RTM. This issue
is, indeed, discussed in some detail by Hauer (1997) in the
endnote to chapter 11 of his book. While further investigation
of the effects of the omission of potential explanatory vari-
ables from accident prediction models may be worthwhile,
we would concur with the views expressed by Hauer. He
points out that “for any specific entity it always possible to
think of it as having some relevant trait which sets it apart
from all available reference populations” but that the use of
accident counts alone is likely to lead to significant errors. His
conclusion is that safety scheme evaluation will inevitably
require a level of judgement but the EB method is the appro-
priate methodology: “It ought to be obvious that it is better
to use both kinds of clues: those which derive from traits [ac-
cident prediction models] and also those which derive from
the count of accidents.”

7. Conclusions

The main conclusions that can be drawn from this analysis
of the effects of speed management schemes on roads subject
to a 30 mph speed limit can be summarised as follows:

e The mean characteristics of the speed distributions prior to
the implementation of the speed management schemes do
not vary significantly with scheme type but cameras are
used at locations with the highest accident frequencies:
on average the observed accident frequencies at locations
where cameras were deployed were twice those where en-
gineering measures were implemented.

e In terms of average percentage accident reductions, engi-
neering schemes incorporating vertical deflections offered
the largest and most consistent safety benefits. The average
reduction in all PIAs attributable to schemes with vertical
deflections (44%) is twice that at sites with safety cameras
(22%), and this was the only scheme type found to have
a significant impact on FSAs. Engineering schemes with
horizontal features resulted in a 29% fall in PIAs on av-
erage and were less consistent in their safety effect than
schemes with vertical deflections, perhaps reflecting the
broader range of scheme types included in this category.

e When judged in average absolute terms, all speed man-
agement schemes have remarkably similar effects on acci-
dents, with a mean fall in PIAs attributable to the schemes
of the order of 1 accident/km/year.

e There is evidence that speed management schemes can af-
fect route choice and this can have a significant effect on ac-
cidents within the scheme. Thus, it is advisable to routinely
monitor before and after traffic volumes at speed manage-
ment schemes. Where traffic diversion is detected, accident
frequencies on diversionary routes should be monitored to
assess whether this gives rise to any “migration” of acci-
dents.

e The effects of RTM and trend on observed accidents are
variable but can be large and should always be estimated.

e On the basis of changes in observed accidents, there is
some evidence to suggest that the greatest beneficiaries of
speed management schemes are pedestrians.

e All types of speed management scheme are normally suc-
cessful in reducing mean speeds, 85th percentile speeds
and the percentage of vehicles exceeding the speed
limit.

e The schemes generally have little impact on the speeds of
drivers who continue to speed and engineering schemes
have no significant effect on the standard deviation of
speeds, possibly reflecting an increase in the number of
drivers driving at very low speeds.
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