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Executive Summary

Pedestrian injuries and fatalities remain an ongoing problem in Minnesota (MnDPS, 2022), leading to
significant personal, societal, and financial costs each year. ldentifying effective mitigation strategies to
improve safety and reduce risks to pedestrians is vital to personal and public health. Pedestrian
infrastructure is generally effective at improving pedestrian safety. To test efficacy, agencies may
initially treat sites with temporary treatments (e.g., removable bollards), which are also relatively less
expensive than more permanent installations. But unlike with more permanent infrastructure,
pedestrian and driver behavior at temporary infrastructure relative to permanent infrastructure is less
known, as well as how temporary treatments interact with driver factors such as speed and likelihood of
stopping for crossing pedestrians. The research literature review on permanent pedestrian
infrastructure found that refuge/median islands appear to have the most replicable benefits across the
board for most safety metrics, except for driver stopping rates, which has mixed results. Curb extensions
or bump-outs appear to be effective by means of both speed reduction and improvement in pedestrian
visibility and in the reduction of the pedestrian risk exposure to the roadway but appear to have little
effect on stopping rates.

This study was conducted to test the effect of temporary and permanent pedestrian infrastructure such
as curb extensions/bump-outs and pedestrian refuge islands/medians on pedestrian and driver
behavior. The focus was on how pedestrian and driver behavior changed and affected safety and risk.
The present study was mostly reliant on the city of Minneapolis’ Vision Zero’s 2023-2024 pedestrian
safety plan, but sites were selected with the cooperation of the city of Minneapolis and the city of Saint
Paul. Twelve intersections in Minneapolis and Saint Paul, MN, comprising a mixture of intersection
traffic control types and pedestrian infrastructure were examined before and after installation of the
infrastructure. The following site and implementation types were selected: bollard bump-out (i.e., curb
extension) at signalized sites with and without a hardened centerline, concrete bump-out at a signalized
site, bollard bump-out at an unsignalized site, concrete bump-out at an unsignalized site, bollard
refuge/median at signalized site, bollard refuge/median at an unsignalized site, and a concrete refuge at
an unsignalized site. The only site type that was not available for pre- and post-installation
measurement due to logistical issues was a concrete refuge/median at a signalized site. Staged crossings
by the research team at crosswalks examined driver stopping behavior. Video data from installed traffic
cameras was analyzed to examine naturalistic pedestrian behavior. A computer algorithm processed the
video data to estimate vehicle speeds at the sites.

Staged crossings by the research team focused on right-turning drivers at signalized sites and drivers
going straight on unsignalized sites, as these two maneuvers are most likely to generate legal conflict
points with crossing pedestrians at these site types. At signalized sites, the focus was more on drivers
turning right, than drivers turning left, because it is easier to attribute stopping behavior to the presence
of the pedestrian with the driver is turning right, whereas the driver turning left may be stopping for
oncoming traffic and not the pedestrian. For unsignalized sites, the focus was on drivers going straight
and not on turning drivers, because drivers turning are already slowing down to make a turn, whereas
drivers going straight must decide to stop for the pedestrian, before slowing down to stop.



For camera data, 1 week of pre-installation video data and up to 2 weeks of post-installation video data
for the pedestrian infrastructure was captured at the sites. After pedestrian infrastructure installation, a
delay of 1 week was employed before installing cameras, to partially mitigate any novelty effects. The
cameras recorded video data continuously after it was in place, barring technical issues. The traffic data
cameras were installed by Quality Counts LLC (https://www.qualitycounts.net/ ), who then transferred
the video files to the University of Minnesota (UMN) research team. Coders scoring the videos focused
on two-hour blocks per site around times of the day with higher likelihoods of pedestrian and vehicle
traffic, including morning rush hour (7:00 AM to 9:00 AM), lunch (11:00 AM to 1:00 PM), and afternoon
rush hour (4:00 PM to 6:00 PM). Elements coded include the time of the crossing, where the pedestrian
waited, whether they ceded the right-of-way, whether pedestrians crossed unsafely by forcing drivers to
stop, whether drivers stopped for the pedestrian, and other relevant variables.

For speed data analysis, the camera data processing by the computer algorithm went frame-by-frame
(i.e., single-frame processing approach). The method for determining vehicle speeds from traffic camera
data is described in significant detail elsewhere (Katariya et al., 2024; Katariya et al., 2025). The speed
estimation focused on computing speed averaged over one second at a specific location in the camera
image that generally corresponded to where a pedestrian could be crossing at the site. To support and
validate the speed assessment from the camera footage by the computer algorithm, in-person speed
data measurement was conducted for some of the 2024 study sites. This involved selecting two easily
visible landmarks at a site and recording the time it took free-flowing vehicles to traverse the distance
between the two landmarks for a given direction of travel.

There was an observed reduction in the rate of right-turning drivers stopping for pedestrians at the
signalized intersections with temporary curb extensions installed, which may represent the influence of
visual clutter (Edquist et al., 2012) and distraction, as drivers may be focusing on navigating the turn and
avoiding the flexible delineators, reducing the odds of the driver observing the crossing pedestrian. As
this effect emerged when considering two different signalized intersections (Pillsbury & 31st was
excluded from that analysis because of the low rate of conflicts), and the association of right-turn
stopping and pedestrian crashes (Houssain et al., 2019), this may represent the primary safety concern
of this infrastructure type. A similar but weak marginal effect occurred for the permanent curb
extensions at the signalized intersections after controlling for the effects of the time of day. One
potential explanation for this finding is that the increased physical separation could play a minor
contributing role in stopping likelihood as increased distance may reduce the driver’s perceived risk (i.e.,
less likelihood of a pedestrian-involved crash) and lead to riskier behavior.

There appeared to be several reliable positive benefits of the quick-build temporary infrastructure as
well. These included (1) improved driver stopping rates for pedestrians with temporary refuges at
unsignalized intersections, (2) reduced average speeds of drivers in free-flowing traffic for temporary
refuges at both signalized and unsignalized intersections, and (3) some mixed evidence for reduced
average speeds for drivers approaching temporary curb extensions at signalized and unsignalized
intersections. The effects of permanent infrastructure appeared to be either neutral or positive across
the board.
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Chapter 1: Introduction

A number of factors other than exposure contribute to pedestrian and bicycle crash risk, and roadway
features such as undivided roadways, work zones, lack of sidewalks, lack of on-street parking, and
decreased shoulder width are all associated with a greater risk for non-motorized crashes (Turner et al.,
2017). Given the role that infrastructure plays in affecting crash risk, the National Transportation Safety
Board has highlighted infrastructure design as a significant crash countermeasure for urban planners
and engineers, while noting better data was needed (NTSB, 2018). Known crash modification factors for
pedestrians can be found elsewhere (see https://www.cmfclearinghouse.org). Furthermore, identifying
pedestrian crash risk factors and how to mitigate these factors are key components of the Highway
Safety Improvement Program (HSIP; https://www.dot.state.mn.us/trafficeng/safety/hsip.html). This

chapter provides a summary description and initial assessment of the literature on pedestrian
infrastructure and its impact on pedestrian safety.

1.1 The Use and Value of Pedestrian Infrastructure

Although the data was analyzed over a decade ago, Minneapolis pedestrians had predictable patterns of
infrastructure use, and there is likely some generalization of these use patterns to other urban centers
(Hankey et al., 2012). Arterial and collector roads had significantly higher pedestrian traffic, particularly
those associated with retail corridors and other significant destinations. This is because said
infrastructure provides the greatest efficiency of access. Furthermore, pedestrian volumes were
significantly large at the central business district and bodies of water and declined by 15% per kilometer
from said district and 11% per kilometer from bodies of water.

Zandieh and colleagues (2016) examined 173 older pedestrians (65+) and their relationship with the
built environment with a mixed-method approach employing GPS, survey instruments, and interviews.
This is valuable because older pedestrians have worse outcomes when involved in a motor vehicle crash
but also significantly benefit from walking as a way of maintaining health and well-being (Tournier et al.,
2016). The study authors identified regional areas of high and low socio-economic deprivation to use as
a factor in their analyses (i.e. high and low deprivation areas). Older participants in both types of
deprivation areas perceived problems with poor pavement conditions and maintenance, as well as
uneven pavements, as fear of falling is an issue and many older participants have foot ailments that
make walking on uneven ground painful. Both types of older pedestrians also preferred quietness,
perceived safety, and aesthetics, which increased the likelihood of walking. However, older pedestrians
from high socioeconomic deprivation areas were significantly affected by the presence or lack thereof of
public amenities (e.g., benches, user friendly public toilets) and poor air quality (e.g., excessive vehicle
exhaust). Most relevant for the purpose of this review, older pedestrians from high deprivation areas
were less likely to walk in the context of high traffic volume roads, high speeds on quieter streets, few
crossings or traffic signals, and no traffic islands (e.g., pedestrian refuges).


https://www.dot.state.mn.us/trafficeng/safety/hsip.html

Nag and colleagues (2020) examined the relationship between the physical environment, preferences,
and self-reported use in an urban and suburban location. Participants did not report greater preference
or satisfaction for improvements in footpath continuity (clear available walking route), but this did lead
to more use. When improvements to continuity were combined with buffers between pedestrians and
vehicle traffic or combined with removal of obstructions to improve ease of walking, this led to both
higher preferences or satisfaction and more use. This suggests that barriers such as raised medians,
islands, and curb extensions should lead to improvements in these metrics.

The value of pedestrian infrastructure may not be immediately obvious to members of the public, who
recently made their opinions known on recent pedestrian safety initiatives in both Saint Paul and
Minneapolis since 2018. For example, Figure 1.1 shows commentary by a citizen on the implementation
costs on a typical temporary pedestrian infrastructure component (i.e., a delineator).

Figure 1.1 Commentary placed on a delineator at Nicollet & 26th St in Minneapolis, MN, taken in 2023. Note
says “Wasting our tax money here; $1,200 each.”

However, it is worth noting that the willingness of users to pay for facilities or infrastructure is higher on
a per trip basis for pedestrians and pedestrian infrastructure than for bicyclists and bicycle
infrastructure, when shown how the infrastructure provides significant return on investment, although
this effect was observed in a rural location (Laird et al., 2013). Although the observed effect is limited in
scope, the potential marketability of pedestrian infrastructure (with demonstrated value) is significant



given that there are slightly more pedestrians than bicyclists. For example, in Minneapolis, the
commuting percentage is 7% for walking and 5% for biking (out of the total work commuting
percentage) (Minneapolis, 2023).

Volker and Handy (2021) examined this question of whether investments in pedestrian and bicycle
infrastructure led to worse or better economic outcomes. Most common complaints on pedestrian and
bicycle infrastructure come from local businesses and motorists expressing concern that said
infrastructure will limit revenue due to reduced traffic efficiency or parking. The paper reviews 23
studies examining either the degree of consumer spending or other quantifications of economic impact
to local businesses pre and post installation of pedestrian or bicycle facilities. The only potential
negative economic impact observed was for automobile-centric businesses and bicycle facilities. Besides
that, pedestrian or bicycle infrastructure either had a positive effect or no effect on economic impact,
including those circumstances in which vehicle parking or travel lanes were reduced to provide space for
these facilities.

The primary demonstrable value of pedestrian infrastructure is safety, as pedestrians must share the
road with motor vehicles that can pose a significant risk. Therefore, the rest of the literature review
considers the risk to pedestrians and how risks are affected by infrastructure. Pedestrian and bicycle
infrastructure can vary in price, although a current assessment of cost is beyond the scope of this
review. An older assessment of cost was performed by Bushell and colleagues (2013). We should note,
however, that pedestrian infrastructure maintenance in winter conditions and ADA compliance is
important in this respect, and should follow guidelines established elsewhere (Veneziano et al., 2023).

1.2 Pedestrian Safety Infrastructure Research Surveys

The following section covers research surveying or reviewing the available literature on the impact of
pedestrian safety infrastructure. Descriptions of specific studies directly and empirically testing research
guestions on pedestrian safety infrastructure are provided in a later section.

Gitelman and colleagues (2012) conducted an international analysis of pedestrian safety infrastructure
measures available at the time. They focused on the following safety categories: Crash or accident
reduction, conflict reduction, and speed reduction.

For crash reduction, they found evidence that the following infrastructure components improved safety:
Sidewalks, pedestrian fences along medians, improved lighting, curb extensions, pedestrian refuge
islands, pedestrian overpasses and underpasses, raised medians, changing two ways to one way on
collector roads, converting a junction to a roundabout, general traffic calming measures, speed humps,
raised pedestrian crossings, a Woonerf (shared space), a pedestrian zone, an exclusive green phase for
pedestrians for all crossing directions at signalized locations, and introducing traffic signals (e.g., Pelican
or Puffin crossings) at either a junction or midblock (Gitelman et al., 2012).

For conflict reduction, they found evidence that the following infrastructure components improved
safety: Pedestrian refuge islands, improving lighting, overhead flashing beacons, warning signs nearby
crosswalks, advanced stop markings (particularly on multi-lane roads), in-pavement lights at crosswalk



activated by pedestrians, signs with animated eyes activated by pedestrians, other types of enhanced
lighting for the crosswalk activated by pedestrians, leading pedestrian intervals, moving eyes signage to
warn pedestrians of turning vehicles at shared green phase, and countdown signals for the clearance
phase (Gitelman et al., 2012). See the MUTCD guidelines for the design of animated eyes in MUTCD
2023 11 Ed, Chapter 41.02.12.

For speed reduction, they found evidence that the following infrastructure components improved safety:
Pedestrian refuge islands, in-pavement lights at crosswalk activated by pedestrians, reducing roadway
widths or roadway narrowing, raised medians (between travel directions), general traffic calming
measures, speed humps, raised pedestrian crossings, and a Woonerf (shared space) (Gitelman et al.,
2012).

Based on their survey of the research, Gitelman and colleagues (2012) made the following
recommendations. In the case of multi-lane streets with unsignalized crosswalks, especially those
experiencing high traffic volumes, they advise implementing traffic calming strategies in areas with
significant pedestrian activity. These strategies may encompass measures such as speed bumps, lane
narrowing, lane reduction, and narrowing the road for parking and bus stops. Other methods may
involve the installation of a raised crosswalk, a raised intersection, or converting an intersection into a
single-lane roundabout for traffic calming purposes. Furthermore, steps to enhance crosswalk visibility
are valuable on these roads, including eliminating visibility obstructions, extending sidewalks, improving
lighting, adding high-mounted traffic signs with reflective properties, and implementing a pedestrian
warning system with in-road warning lights. For unsignalized crosswalks on a two-way two-lane street,
suitable options include incorporating a refuge island within the crosswalk area, constructing a raised
median along the relevant section of the street, or transforming an intersection into a single-lane
roundabout. For signalized intersections, the goal would be to minimize the instances where pedestrians
and turning vehicles share the right-of-way, and decrease the number of pedestrian crossings when the
signal is red. Potential measures include the elimination of shared green signals for pedestrians and
turning vehicles, increase the leading pedestrian interval time, stop green waves (e.g., green light
synchronization) for vehicles during off-peak hours, or adjust the traffic signal programming to prioritize
pedestrian flow (Gitelman et al., 2012).

Zegeer and Bushell (2012) performed a similar international analysis, focusing generally on pedestrian
crash trends and considering countermeasures. Their first major observation was based on an old
analysis in 1993 indicating the relative importance of impact speed on fatality and injury rate of
pedestrians. At 20 mph impact speed, under 10% of the crashes were fatal, and over 20% of the crashes
had no injuries reported. For 30 mph impact speed, fatal crash percentage for pedestrians increased to
over 40%, whereas the percentage of uninjured crashes was closer to 5%. At 40 mph, over 80% of
pedestrian-involved crashes were fatal, and there were practically no observations of uninjured crashes
(Zegeer & Bushell, 2012).

They outline several broad risk factors that contribute to pedestrian crash likelihood and severity,
including social and policy factors, driver factors, vehicle factors, roadway factors, and pedestrian
factors. High vehicle speeds and volumes, for example, are vehicle/roadway factors that significantly



contribute to risk and severity of pedestrian crashes. They then specify some of these risk factors for
signalized and unsignalized crossings. For signalized crossings, risk factors include higher pedestrian and
traffic volumes, greater ratio of average daily traffic for vehicles on the minor road compared to the
major road, number of lanes, and the presence of bus stops and schools within 300 meters of the
intersection. For unsignalized crossings, increased pedestrian and vehicle traffic volumes, number of
lanes (exposure), and no raised median or no refuge island.

For countermeasures at signalized intersections, the authors recommend narrowing the roadway,
ensuring sidewalks and raised medians are installed, and introducing pedestrian overpasses or
underpasses if possible. For higher volume (12,000+ vehicles a day) unsignalized locations, they
recommend raised medians, signals (pedestrian/traffic), improved lighting (particularly for nighttime),
refuge islands, lane reduction (4 to 3 or 3 to 2), or conversion to a roundabout if possible. More
generally, they recommend considering the visibility or conspicuity of pedestrians, particularly at night
(Zegeer & Bushell, 2012).

Blackburn and colleagues (2018) outlined in a similar approach to Gitelman and colleagues (2012) what
safety issues were addressed by a given pedestrian crash countermeasure, with a focus on uncontrolled
crossings. The types of infrastructure that could have a temporary or permanent counterpart as
explored in this current research project, specifically curb extensions and refuge islands, presumably
help address numerous issues (Blackburn et al., 2018). These include pedestrian vehicle conflicts,
excessive vehicle speeds, pedestrian visibility/conspicuity, and separation from traffic. However,
Blackburn and colleagues (2018) indicate that they predict these measures will not address drivers
yielding to pedestrians, which the current project further evaluates.

Stoker and colleagues (2015) found the following types of pedestrians to exhibit the most risk in terms
of risk of crash or severity: Young children, young adults between 15-21 years of age, males, older
pedestrians, pedestrians of lower socio-economic status, visually impaired pedestrians, and intoxicated
or distracted pedestrians. The presented findings here are constricted to the relatively wealthy socio-
economic context of the United States, other findings are presented in the referenced document for
countries with different cultures and socio-economic contexts.

Stoker and colleagues (2015) generally concur with the previous findings (Zegeer & Bushell, 2012) that
traffic exposure, traffic volumes, higher traffic speeds, and pedestrian visibility are the most significant
contributors to pedestrian risk. Pedestrian infrastructure that demonstrably reduces exposure to vehicle
traffic includes sidewalks, footpaths or walking trails, overpasses, and underpasses. Infrastructure clearly
reducing traffic volume includes chicanes, road diets, half closures, diagonal diverters, and median
barriers. Reported infrastructure clearly reducing vehicle speeds was extracted from Vanderschuren and
Jobanputra (2009). These are split between measures implementable on arterials and local roads.
Effective measures that reduce vehicle speed on arterials include raised crosswalks, textured pavements
(which increase friction), rumble strips, roundabouts, chokers, road diets, perceptual designs intended
to take advantage of how humans perceive speed and distance to encourage safer driver behavior (e.g.,
Denton, 1980), warning signs, half closures (barrier creating a one-way street for a short distance),
diagonal diverters (diagonal barriers across an intersection), lateral shifts (which briefly shifts the



direction of an otherwise straight street to slow traffic), median barriers, and gateway treatments.
Effective measures that reduce vehicle speed on local roads include speed humps, speed tables, raised
crosswalks and intersections, textured pavements, speed cushions (speed tables/humps that include
wheel cutouts to allow large vehicles to pass unaffected), rumble strips, traffic circles and roundabouts,
chicanes (series of curves), chokers, road diets, perceptual designs, warning signs, half closures, diagonal
diverts, and lateral shifts.

Mead, Zegeer, and Bushell (2014) evaluated pedestrian roadway infrastructure in general. They note
that marked crosswalks at uncontrolled locations may increase the likelihood of pedestrian crashes at
undivided multilane roads of significant average daily traffic (e.g., over 15,000 vehicles a day), although
their findings indicate that there is a positive benefit of marked crosswalks relative to unmarked
crosswalks for these locations for traffic volumes between 5,000 and 10,000 ADT. Their general
recommendation is that marked crosswalks should not be used without additional enhancements for
roadways of significant speeds, volume, and lane counts.

Mead and colleagues (2014) specifically discuss curb extensions and refuge islands. For curb extensions,
which are suitable at both signalized and unsignalized locations, the summarized results are somewhat
mixed according to their review, with one study finding no effects of the installation (although this could
have been due to local traffic conditions) and another study finding that the curb extension improved
driver stopping rate for pedestrians at the crossing compared to a corner at the same intersection that
was not treated. The positive effect was attributed to the increased visibility of the pedestrian.

For refuge islands, Mead and colleagues (2014) also indicated some mixed (yet mostly positive) benefits
in terms of various safety metrics (conflict rate/count, percentage of drivers stopping, crash rate, etc.),
with the best outcomes going to raised median islands relative to painted median islands. This suggests
potential positive benefits of introducing a clear barrier or buffer to traffic by means of quick-build
temporary infrastructure.

1.3 Pedestrian Infrastructure Risk Assessment

The following section considers two studies that have used findings in the known pedestrian safety
research literature to develop models to predict or index the degree of risk posed to pedestrians by the
characteristics of a crossing. These models are useful because they can help infer what aspects or
elements of a crossing could be addressed to improve safety for pedestrians, and what the relative
safety contribution each infrastructure element provides.

Zegeer and colleagues (2006) constructed a pedestrian safety index based on two preliminary models
utilizing the known factors that increased pedestrian risk at the time of publication. One model assessed
safety ratings, while the other measured behavioral outcomes (e.g., avoidance and conflicts). The ratings
model found significant effects with the presence of stop signs and signals on the main street was
associated with improved safety ratings, although signals interacted with traffic volume, whereas the
number of through lanes and the 85th percentile speed were associated with reduced safety ratings.
The behavioral model found that the presence of signals on the main street, and the presence of a



refuge island was associated with fewer avoidance maneuvers and conflict, whereas the number of
through lanes were associated with more avoidance maneuvers and conflict. This resulted in a
pedestrian safety index model, in which the following variables were used to provide a safety index:
Signal (traffic/pedestrian) present (Y/N), stop sign present (Y/N), commercial area (Y/N) (i.e., retail area,
restaurants), number of through lanes on crossing in both directions, 85th percentile speed in mph, and
the main street traffic volume measured with ADT in the thousands. Traffic signals could be considered
positive, unless it was a high traffic volume signalized location, in which case the safety value of the
signal for pedestrians decreases. While not included in their final model, it is worth noting that the use
of a pedestrian refuge was associated with positive safety ratings. Furthermore, this sort of index could
provide a control measure for any assessment of the relative contribution of pedestrian infrastructure.

Nesoff and colleagues (2018) extended this idea with their Inventory for Pedestrian Safety Infrastructure
(IPSI), which allows for coding sites using Google Street Views. While the detailed validation process is
beyond the scope of this review, the actual inventory items include roadway features, midblock
features, and intersection features, which all presumably contribute to the relative risk to pedestrians.

The scored general roadway features include whether it is a one-way or two-way street, count of lanes,
whether there is a posted speed limit sign nearby and what the posted speed limit is, the presence of
lamp posts or streetlights, the presence of on-street parking, alley streets, sidewalks and their
maintenance quality, the presence of islands/medians, speed bumps/humps, pedestrian
overpasses/underpasses/bridge, a fence to prevent street crossing, bus stops, and whether there is an
on-ramp or exit ramp present (Nesoff et al., 2018).

The scored midblock features include count of marked crosswalks, count of crosswalks with flashing
lights or reflectors embedded in in the pavement, count of pedestrian crossing signs, and a count of
pedestrian crossing signals. The scored intersection features include whether the intersection is a traffic
circle or roundabout, the count of intersecting streets (e.g., 4 corners mean 2 intersecting streets), count
of marked crosswalks with walk signal, stop light, or stop sign, count of marked crosswalks without walk
signal, stop light, or stop sign, count of crosswalks with flashing lights or reflectors embedded in in the
pavement, count of streets with traffic or stop lights, count of stop/yield/crossing signs, count of
pedestrians signals, and how many streets have advance stop lines placed back from the crosswalk
(Nesoff et al., 2018).

1.4 Empirical Studies

This section covers relevant individual studies that directly measure the effectiveness of various
infrastructures on pedestrian safety.

Kamyab and colleagues (2003) provided an early assessment of speed reduction techniques on
Minnesota roadways using temporary pedestrian safety infrastructure. Specifically, they evaluated the
speed reduction effectiveness of removable pedestrian islands, paired with a pedestrian crossing sign,
and dynamic sign messaging showing the word “slow” to speeding drivers. The devices worked at Twin
Lakes but failed to work in Bemidji, presumably because of the location of the sign in the latter location.



Karkee (2005) examined several different countermeasures pre and post installation in Las Vegas,
Nevada, for both AM and PM peak traffic periods, at different sites in a manner like the current project.
Of relevance here, the “turning traffic must yield to pedestrians” sign was effective at getting drivers to
yield when turning, and the high visibility crosswalk, warning signs, and advance yield markings at
midblock locations appeared to also be effective at improving driver and pedestrian behaviors.
Pulugurtha and colleagues (2012) followed up this study in the same location (Las Vegas) at eight
different sites with a similar methodology, testing high visibility crosswalks, pedestrian refuges,
pedestrian channelization, and Danish offsets. Pedestrian channelization is often seen in work zones or
other locations requiring safe pedestrian travel, and employs physical barriers to separate pedestrians
and traffic. Danish offsets or staggered crosswalks are crosswalks with median islands on multilane
roads that offset the crosswalk so that the crossing pedestrian must turn in the median and face the
direction of oncoming traffic before crossing the second half of the crosswalk. High visibility crosswalks
and pedestrian refuges were observed to help pedestrian behaviors as measured by whether
pedestrians looked for vehicles, and improved driver yielding to the crossing pedestrians. These
installations did not appear to affect yielding distance.

In the context of stopping for pedestrians, Bella and Silvesri (2015) employ Fuller’s (1984) driver threat
avoidance model, a precursor to Fuller’'s more recent modeling work in driver control theory (Fuller,
2011). To summarize, the model states that driver behavior is focused on both time efficiency and risks
or threats on the road, and when a “discriminative stimulus” (e.g., a risk) such as a pedestrian is
detected by a driver, drivers engage in either an anticipatory avoidance response (e.g., braking to slow
down) or a non-avoidance response (e.g., does not intend to yield). In terms of
reinforcement/punishment conditioning, drivers psychologically experience reward when pedestrians
do not contest the right-of-way when drivers perform a non-avoidance response, and experience
punishment when their yielding (anticipatory avoidance response) results in time delay. There are a
number of factors that govern the likelihood of drivers selecting one response option or the other, but
one key factor is the time to arrive at the crossing when the driver detects the pedestrian/stimulus. Bella
and Silvesri (2015) indicate that the greatest conflict occurs when the driver can arrive at the crossing
between 1 and 4 seconds, which is enough time to generate a conflict if there is a pedestrian that
intends to cross, and often depends on the willingness of the driver to stop, among other factors.
However, if the driver observes the pedestrians earlier than 4 seconds, the driver presumably knows
they cannot cross before the pedestrian if the pedestrian were to attempt to cross and is more likely to
slow down. Therefore, increasing visibility with longer sight distances is important for pedestrian safety
at crossings.

With the threat avoidance model in mind, Bella and Silvesri (2015) conducted a simulated driving
experiment examining driver speed and other metrics such as stopping distance when approaching
zebra crossings with simulated pedestrians present or absent. These simulations also considered other
infrastructure and their relative effectiveness when combined with zebra crossings: Curb extensions,
parking restrictions, and advanced stop/yield markings. The best performance was achieved when zebra
crossings were combined with curb extensions, both in reduced speed and initial braking distance as
well as yielding rate, and this performance data was corroborated with questionnaire data from the



participants indicating greater willingness to stop and better simulated pedestrian visibility. See Figure 4
for an illustration of the better visibility afforded by curb extensions.

Lin and colleagues (2019) examined pedestrian crash data to examine rate and severity because of
demographics, road environment, and land use type, with a focus on low-income regions, given that
pedestrian behavior is more prevalent and riskier in those regions. For higher rates of pedestrian
crashes, the significant factors were greater proportion of older adults, reduced car ownership, higher
traffic signal density, higher number of bus stops, higher proportion of high-speed roads, and greater
densities of discount stores, fast-food restaurants, and convenience stores. For greater pedestrian crash
severity, the primary variable is a dark or poorly lit environment, although the number of impaired
pedestrians and aggressive drivers also contributed to the likelihood of greater injury severity. There
were also a significant number of engineering and roadway feature related outcomes (see Table 6 in Lin
et al., 2019). Besides poorly lit environments, a significant number of crashes and fatalities occur outside
of intersections, closer to bus stops, and higher-speed roads, therefore Lin and colleagues (2019)
recommend (1) implementing adequate and uniform lighting and placement of said lighting for
pedestrians crossing, (2) treatments at non-intersection locations such as signals (HAWKs, RRFBs), high
visibility crosswalks, and median islands, (3) bus stop improvements such as relocation, and (4) speed
reduction treatments (e.g., traffic calming on local roads). Finally, they emphasize the need for site visits
and road safety audits instead of solely relying on historical crash data.

Craig and colleagues (2019) revisited Mead and colleagues (2014) cautionary note on installing
crosswalk markings at either high speed or high-volume roads, particularly those that are multilane, by
measuring driver stopping rates to staged pedestrians at an unsignalized crossing on Maryland Avenue
in Saint Paul, Minnesota. The speed limit on Maryland Avenue was 30 mph, and the average daily traffic
was over 21,000 vehicles (MnDOT, 2019a). The road was a two-lane road with a turn lane, which falls
into recommending or cautioning use of crosswalk markings without other enhancements depending on
whether one classifies the road as two-lane or three-lane (see Figure 3). During the road construction
process to install a road diet (see MnDOT, 2019a), the transverse crosswalk markings at the location
were removed. The research team performed staged crossings before and after the markings were
removed, and measured driver stopping rates and stopping distances. They found that the presence of
markings predicted stopping rate and distance, with the removal of markings being associated with
fewer drivers stopping and closer stopping distances for drivers that did stop (i.e., under 10 feet to the
pedestrian). This also suggests that the presence of crosswalk markings helps drivers form an
expectancy or provides a cue that they should be looking for pedestrians, making the resulting
pedestrian more detectable if present (Craig et al., 2019). Craig and colleagues (2023) followed up this
line of research in Minneapolis, Minnesota. In this follow-up study, the research team performed staged
crossings at several crosswalk sites in Minneapolis, with the sites initially not being marked, and were
then painted a few weeks later with continental markings. Although distance was not analyzed in the
follow-up study, the study was able to replicate the observed greater driver stopping rate associated
with markings present.

Morris and colleagues (2019) implemented a multifaceted intervention program to improve driver
stopping rates in Saint Paul, Minnesota, employing both education, outreach, and two levels of police



enforcement that occurred in waves. A major component of the program included in-street engineering
in the form of R1-6 signs on multiple sites with different traffic characteristics and lane counts. These
thin and durable signs have an illustrated stop sign and indicate that state law requires stopping for
pedestrians. R1-6 signs can be considered a form of temporary or quick build pedestrian safety
infrastructure as they provide the function of warning signs and traffic calming depending on where
they are installed. Single placement signs (usually on the median) were very effective at improving driver
stopping rates to staged pedestrians at study sites except for the highest traffic volume multilane sites.
Stopping rates at the latter sites were improved with a combination of police enforcement and multiple
R1-6 signs placed in a “gateway” configuration (both the median and the curb).

Budzynski and colleagues (2021) studied the influence of various pedestrian safety infrastructure on
pedestrian and driver behavior in Poland, which is of interest here because Poland driving regulations do
not require drivers to give way to pedestrians, meaning significant improvements in driver behavior will
not be confounded with legal consequences, unlike in Minnesota. In general, stopping rates were not
much impacted by infrastructure, with an overall stopping rate of about 20% when pedestrians were
waiting to cross at measured sites. However, driver speed appeared to be affected by the presence of
infrastructure. Drivers slowed down the most when pedestrians were present at a roundabout, whereas
drivers slowed down more at locations where a refuge island was present compared to locations where
an island was not present irrespective of the presence of a pedestrian.

1.5 Literature Review Conclusion

This introduction reviewed the use and value of pedestrian infrastructure, summarized research surveys
that came out within the last 15 years and covered specific empirical studies that may not have been
considered in the research surveys. Some general use takeaways are: (1) traffic volume, average speed,
and lane number are important factors for risk, (2) older pedestrians, children, and individuals of lower
socioeconomic status are particularly vulnerable, (3a) maintenance (e.g., no cracks in sidewalks, no
potholes, no faded striping., etc.) and (3b) physical barriers between vehicle traffic and pedestrians are
particularly valuable for use, and (4) there may be a higher willingness to support improved pedestrian
infrastructure if its value is communicated and said infrastructure either has neutral or positive
economic benefit for the local community.

Some safety-specific takeaways are: (1) focusing on speed reduction, visibility, and pedestrian-vehicle
separation appear to be the most effective approaches to take, (2) refuge islands appear to have the
most replicable benefits across the board for most safety metrics, with the possible exception of driver
stopping rates, which has mixed results, and (3) curb extensions appear to be effective by means of both
speed reduction and improvement in pedestrian visibility. It is worth noting that the relationship
between driver stopping rates and pedestrian crash rates is unclear, with increased stopping rates
potentially leading to a greater risk of multiple threat conflict (but see Morris, et al., 2020), whereas
higher driver stopping rates have also been associated with reduced pedestrian crash rates at
uncontrolled crossings (Schneider et al., 2017). There could be a potential tradeoff between frequency
and severity of crashes, a promising future research topic.
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Of particular importance are Mead and colleagues (2014) observations that painted median islands do
not perform as well as raised median islands, that is, the presence of a barrier appears to be critical.
These barriers can include low objects such as a curb, or taller objects such as delineators and walls, if a
physical boundary is established between pedestrians and vehicle traffic that could present a disruption
if drivers attempt to cross the boundary. This suggests that the use of temporary or quick build
infrastructure that incorporates some form of a barrier should be as effective as permanent installations
using barriers. This is reminiscent of research done with bike lanes, as both separated and buffered bike
lanes are perceived as safer and more comfortable to use compared to their non-buffered non-
separated counterparts (Sanders & Judelman, 2018), and buffered bike lanes using actual barriers, even
those using plastic delineators, were perceived as more comfortable to bicyclists, particularly those
concerned with safety (McNeil et al., 2015). Drivers give more space to bicyclists on wide painted buffer
bicycle lanes compared to no bicycle lanes or regular painted bicycle lanes, but they give even more
space to bicyclists in protected bike lanes (Nolan et al., 2021). Given this indication of the importance of
physical barriers over driver cues such as signs and paint, the current project indirectly considers
whether this barrier hypothesis has support in measuring the relative effectiveness of temporary
pedestrian safety infrastructure using delineators.

1.6 Research Questions and Project Timeline

Pedestrian injuries and fatalities remain an ongoing problem in Minnesota (MnDPS, 2022), leading to
significant personal, societal, and financial costs each year. Identifying effective mitigation strategies to
improve safety and reduce risks to pedestrians is vital to personal and public health.

Pedestrian infrastructure is generally effective at improving pedestrian safety. Agencies may initially
treat sites with temporary treatments (e.g., removable bollards, see Figure 1.2) to test efficacy, which
are also relatively less expensive than more permanent installations. But unlike with more permanent
infrastructure, pedestrian behavior at temporary infrastructure relative to permanent infrastructure is
less known, as is how temporary treatments interact with driver factors such as speed and likelihood of
stopping for crossing pedestrians.

This study was conducted to test the impact of temporary and permanent pedestrian infrastructure such
as curb extensions/bump-outs and pedestrian refuge islands/medians on pedestrian and driver
behavior. The focus was on how pedestrian and driver behavior changed and affected safety and risk.
The project tasks and timeline are presented in Table 1.1. The study was mostly reliant on the city of
Minneapolis’ Vision Zero’s 2023-2024 pedestrian safety plan and traffic calming efforts by the city of
Saint Paul.
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Figure 1.2 Image of a flexible delineator or bollard in yellow plastic with retroreflective markings/tape at the top

of the post. Similar delineators are made in white and orange colors.

Table 1.1 Project tasks and timeline

Task and Task Number (#)
(1) Initial Memo on Benefits

(2) Research Update

(3) Site Selection Phase One
(4) Field Data Collection
Phase One

(5) Preliminary Data Analysis

(6) Site Selection Phase Two
(7) Field Data Collection
Phase Two

(8) Speed Data Analysis

(9) Data Analysis
(10) Final Memo
(12) Draft Final Report

(13) Final Publishable
Report

Task Completion Date
October 312023
October 312023
August 31%, 2023
February 28, 2024

May 312024

May 31%, 2024
April 30th, 2025

June 30%, 2025
June 30%, 2025
August 31%, 2025

October 31%, 2025
December 31, 2025

Corresponding Final Technical Report
Chapter
Chapter 5: Conclusion and
Recommendations
Chapter 1: Introduction
Chapter 2: Site Selection and Data Collection
Chapter 2: Site Selection and Data Collection

Chapter 3: Staged Crossing Analysis, Chapter
4: Traffic Camera Footage Analysis

Chapter 2: Site Selection and Data Collection
Chapter 2: Site Selection and Data Collection

Chapter 3: Staged Crossing Analysis, Chapter
4: Traffic Camera Footage Analysis

Chapter 3: Staged Crossing Analysis, Chapter
4: Traffic Camera Footage Analysis

Chapter 5: Conclusion and
Recommendations

The research plan comprised the following features for site selection and infrastructure implementation.

Select sites (intersections) in two year-long phases
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1. 2023
2. 2024
Sites should be one of two infrastructure designs
1. Curb extension/bump-out (hardened centerline optional)
2. Refuge island/median
Infrastructure designs 