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ABSTRACT: A synthesis of best practice was done to 
come up with a “best design” of crosswalks used by chil-
dren. The analysis is based on studies from three sites 
in Sweden and three in Israel, research results con-
cerning “ideal” interactions, and a review of additional 
countermeasures as described in the literature.

Our presumption is that actual vehicle speeds 
should be below 20 km/h where children (aged 7 to 
12 years) are crossing a  street, especially if they are 
walking unaccompanied by an adult. The results of 
field studies show that a  “best design” to reach this 
should include a speed-reducing device located before 
the crosswalk. The optimal distance from such a  de-
vice to the crosswalk is about 10 m if the speed limit is 
30 km/h or lower. For streets with 50 km/h speed lim-
its, a longer distance of 15 to 20 m is needed and, as 
a complimentary measure, the crosswalk itself should 
also be elevated. At approaches with two lanes or more, 
multiple-threat conflicts occur due to vehicles overtak-
ing stopped ones in the adjacent lane. These conflicts 
are a  threat especially to children, as they often are 
hidden behind the stopped vehicle if it has stopped too 
close to the crosswalk. To provide a stronger message 
for alerting drivers to stop and to stop early, and not to 
overtake a stopped car in an adjacent lane, advanced 
yield bars or stop lines are needed. For those, a distance 
to the crosswalk of about 10 m is recommended. To se-
cure travel speeds below 20 km/h, additional measures 
like camera enforcement of speeds near the crosswalk 
might be needed.

Within a  few years, ITS technology may govern 
speeds at marked crosswalks, and speed-reducing 
measures will be less needed at that time. However, for 
the foreseeable future, older vehicles lacking such tech-
nology will still be allowed on streets and even in newer 
vehicles, speed-control systems may be voluntary and 
possible to switch off. Therefore, we believe that invest-
ments into the measures discussed in this paper will 
have a role to play for decades to come.

KEYWORDS: Crosswalk, pedestrian, children, 
speed, speed-reducing devices, yield and stop lines

1. STATE OF THE ART

1.1 Children and traffic – an introduction
Traffic signs and road markings can be used to in-
crease the awareness among drivers, for example 
when they approach crossing points used by chil-
dren. Also, different types of enforcement can be 
effective in influencing behavior. Another approach 
is that of the concept of “shared space” (Fontaine 
& Carlson, 2001, and Daniel, Chien, & Liu, 2005). 
Currently, applications of the “shared space” con-
cept, i.e. assuming walking speeds of motor vehicles, 
are reported from several countries, including the 
Netherlands where a predecessor to shared space—
the Woonerf concept—was launched in the 1970’s. 
Different concepts of “shared space” could be used 
more extensively in walking-speed zones and at in-
tersections where pedestrians dominate (Gustafsson, 
Jägerbrand & Grumert, 2011). The primary explana-
tion for the probably positive effect on traffic safety 
of shared space is the lower speed level and higher 
attention to pedestrians among motorists and im-
proved mobility for pedestrians (Sørensen, 2010). 
When we spend longer time in near proximity with 
strangers, we become more polite and are more likely 
to yield.

Höskuldur (2015) concludes that if the goal is to 
eliminate serious injury accidents, 30 km/h might 
not be a  sufficiently low speed. The actual vehicle 
speed should be a maximum of 20 km/h where there 
is a  risk of collision between vehicles and unpro-
tected road users. This is of utmost importance on 
streets where children aged 7 to 12 cross (Johans-
son &  Leden, 2010) since children have difficulties 
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estimating direction, speed and distance (Piaget 
1969, von Hofsten, 1980 and 1983 (both presented 
in Arnold & Bennett, 1990), Leden, 1989, Connely 
et al, 1998, Foot et al, 1999, Mac Gregor et al, 1999). 
To summarize, actual vehicle speeds should be be-
low 20 km/h where children (aged 7 to 12 years) are 
crossing a street.

Morrongiello et al. (2015) used a virtual environ-
ment to examine how two groups of children, aged 
eight and 10 years, cross streets, and especially the 
effect of vehicle speed, distance and intervehicle 
gaps. They found that children use distance cues in 
deciding when to cross in a dysfunctional way which 
increases their injury risk. They also concluded that 
there are no clear age or sex differences in behavior 
among children, at least not for those below age 12. 
Morrongiello & Corbett, M. (2015) used a virtual en-
vironment to examine how two groups of children, 
7–9 and 10–12 years old, respectively, and their 
parents interacted. The researchers concluded that 
parents significantly overestimate the intervehicle 
gap threshold of their children, erroneously assum-
ing that their children would show safer pedestrian 
behaviors and select larger intervehicle gaps for 
crossing than they actually did; again, there were no 
effects of child age or sex. The results support our 
study design focusing on all children between the 
ages of 7 and 12.

To improve clarity and orientation and conse-
quently pedestrian safety, refuge islands are efficient 
(Harkey & Zegeer, 2004; Turner et al, 2006). Anoth-
er option is to limit the number of directions vehicles 
can approach from e.g. by relocating crosswalks to 
mid–block locations (Leden, Gårder & Johansson, 
2006). However, there are studies indicating that 
midblock crosswalks have a  higher risk than cross-
walks at intersections due to higher speeds (Ekman, 
1997). Thus, a maximum speed of 20 km/h at mid–
block locations is crucial.

Speed for traffic–calmed roads as a function of the 
local speed and the type and design of the measure 
are shown, e.g., in Johansson & Leden (2007), and as 
a function of the distance between measures in, e.g., 
Barbosa et.al. (2000) and Karlgren (2001). Similar-
ly, drivers’ and pedestrians’ behavior at pedestrian 
crossings has been extensively researched, see, e.g., 
Johansson (2004) and Várhelyi (1998). However, the 
influence of the distance between a speed hump and 
a  pedestrian crossing was not a  focus of any study 
until 2011, when it was concluded that the optimal 
distance from such a device to the crosswalk is about 

10 m if the speed limit is 30 km/h or lower (Johans-
son, Rosander & Leden, 2011). Swedish guidelines 
still do not discuss the distance between the speed 
hump and the crossing explicitly. Recent Swedish 
guidelines for geometric design of roads and streets 
states that “Regular humps 5-6 m ahead of cross-
walks typically work better than raised crosswalks, 
so called speed tables.” (VGU, 2015). We will explore 
if the 5-6 m is in accordance with the best practice 
starting with the results of Várhelyi (1998).

Várhelyi (1998) analyzed drivers’ speed behavior 
at a mid–block crosswalk using a radar gun, hidden 
at the roadside. The radar gun sent the speed data to 
a laptop computer in which the observers also regis-
tered pedestrians’ arrival at, and start from, the curb. 
Of the total registered situations, the pedestrian is 
given priority and passes in front of the vehicles in 
42 cases. Situations in which the pedestrian passes 
first include three types of situations: ‘no braking’ 
situations, ‘provoked braking’ situations, and ‘ideal’ 
situations from the point of view of the pedestrian. 
In ‘ideal’ situations the driver starts braking between 
30 and 70 m before the crosswalk and speeds are the 
lowest 20 to 10 m before the crosswalk, see Figure 1. 
Várhelyi & Leden (discussion at ICTCT, 2016) con-
clude that a placement of speed humps in the range 
of 20 to 10 m before a crosswalk support ‘ideal inter-
actions.’  

1.2 Speed cushions design – a comparison 
between Sweden, Finland and Norway 
For all types of speed-reducing devices, the long-term 
effectiveness will vary not only with the design but 
also with factors such as the strength of the material, 
and how well the devices are constructed and main-
tained (Rosander, Lyckman & Johansson, 2007). Es-
pecially the transition point between a prefabricated 

Figure 1. Speed profiles for “ideal” interactions when the 
driver gives way to the pedestrian well in advance (Várhe-
lyi, 1998).
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part of a speed cushion and the asphalt has to be de-
signed to be smooth to avoid shocks that deteriorate 
the speed-reducing device. Figure 2 shows cracks 
on one of the two speed cushions at the test site at 
Tessins väg and Figure 3 shows how to avoid that 
through the “Norwegian solution” as described in an 
e-mail from Salermo, 2018.

The height of the speed cushion used at the test 
sites in Malmö was designed to be 8 cm, see Figure 4. 
The total length in the driving direction, excluding 
the flat part of the prefab part, is 3.6 m. The up and 
down grades are 1:10.

In Finland, the proposed design is slightly 
smoother than the one used at the Swedish test sites. 
The height is 7 cm and the length is 3.4 m, giving a to-
tal length in the driving direction, excluding the flat 

part of the prefab construction, of 4.1 m. The up and 
down grades are 1:10, as shown in Figures 5 and 6, 
just like at our test sites in Malmö.

Apart from using good design to get acceptable 
performance, it is important to inform drivers, es-
pecially bus drivers and other commercial drivers, 
about the aim of the intervention. Else, they may not 
drive in a safe and comfortable way. 

2. SCOPE AND METHOD

The scope of this paper is to sum up the best prac-
tice for designing crosswalks for children focusing on 
physical measures like speed humps, speed cushions, 
speed tables (also called raised pedestrian crosswalks) 
and road markings. ITS technology is not included. 
For an overview of the methodology used for review-
ing the research, see e.g. Light & Pillemer (1984).

The basis for the analysis is studies from three 
sites in Sweden and three in Israel, Várhelyi’s (1996, 

Figure 2. Cracks on one of the two speed cushions at Tessins 
väg (photo by Rolf Lysenius, February 2018).

Figure 3. Transition between prefabricated speed cushion 
and asphalt surface.

Figure 4. Design of speed cushion in Malmö (Towliat, 
2001). Measurements in mm.

Figure 5. Finnish speed cushion design detail. Note: The 
outer area is also cut when installing the speed cushion 
(mail from Salermo, City of Helsinki, 2018).

Figure 6. Profile (in driving direction) of Finnish recom-
mendation. Note: Street structure layers in the outer cut 
area (mail from Salermo, City of Helsinki 2018).
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1998) analysis of speed profiles for “ideal interac-
tions” (Figure 1), and a review of additional counter-
measures as needed, to outline a best practice when 
designing crosswalks used by children.

To further describe pedestrian safety at cross-
walks, video recordings were made of pedestrians 
waiting at the curb or crossing the street by a set of 
two cameras, one for the overview and the other one 
filming crossing pedestrians. The basis for the cod-
ing of the video recordings was work presented by 
Øvstedal and Ryeng (1999). A pilot study was done 
with data from Regementsgatan in Malmö, Sweden 
and Hultagatan in Borås, Sweden, including a small 
test on the reliability of observers’ estimates of speeds 
and “time to accident” in traffic conflict situations 
to ensure that accurate results were found (Johans-
son et al., 1999). However, the construction of the 
countermeasures, the design of the study, the data 
collection, and especially, the coding of the data was 
very time consuming. A  way to make the coding of 
parameters faster is to exclude some of the coded pa-
rameters that are less important in the studied traffic 
environment. The most important parameters seem 
to be the speed of motor vehicles, walking speed of 
pedestrians, cyclists’ speed, if the pedestrian or cy-
clist stops at the curb or not, and if the pedestrian 
or cyclist looks around for traffic before crossing the 
road. Also, the data can be stratified with respect to 
the pedestrians’ or cyclists’ age.  A  comprehensive 
methodology for analyzing the data was presented 
by Johansson (2001). The parameters to be used are 
listed below, ranked starting with the most important 
one according to an expert questionnaire, based on 
the experts’ evaluation of High Severity Situations 
and Conflicts gathered at four sites in Borås. Nine 
out of 26 contacted experts gave full responses. The 
expert questionnaire was sent to the recipients by 
e-mail. One advantage of sending it by e-mail is that 
the distribution is easy. The big disadvantage with 
digital video cuts is that the sizes of the files become 
large if more than a few seconds are to be included, 
so large that not all e-mail servers can receive them. 
A shorter questionnaire may have resulted in higher 
response rates. Here are the parameters ranked by 
importance:

1.	 speed of vehicles (measured by radar or laser), 
2.	 speed of pedestrians or bicyclists (estimated 

from video), 
3.	 at what distances evasive actions are taken 

(estimated from video), 

4.	 whether the pedestrian or cyclist looks around 
before crossing the street (estimated from 
video), and

5.	 whether she/he stops at the curb before cross-
ing the street.

Those parameters were chosen as key variables 
for analysis of both the Swedish and Israeli studies. 
In the Swedish studies, questionnaires and interviews 
with children were performed through cooperation 
with schools in the neighborhood. The basis of this 
method is presented by Leden (1989).

3. TEST SITES

As mentioned, studies from three sites in Sweden 
and three in Israel form the basis of our recommen-
dations, together with review of additional counter-
measures as needed. The aim is to outline a best prac-
tice of crosswalks in urban areas. The Israeli test sites 
were all major multi-lane arterials with dual-carriage-
way layouts. The Swedish test sites were on two-lane 
arterials. All sites were equipped with speed-reducing 
humps or cushions at varying distances from the pe-
destrian crosswalks.  

On the Swedish test sites, teachers and school-
children from schools in the neighborhood were in-
formed and in one case involved in the planning of 
the countermeasures (Johansson & Rosander, 2006). 
Apart from this action traffic education was inte-
grated in other subjects studied. There is no reason 
to believe that training or other actions performed at 
these schools have biased the research results since 
similar traffic education is part of the curriculum at 
all schools in Sweden (Gregerson, 2016).

3.1. Test sites in Israel 
The Israeli test sites are multi-lane arterials with 
dual-carriageway layout and all have high traffic vol-
umes and high pedestrian activity in the crossing ar-
eas. The selection criteria for the study sites were as 
follows:

•	 A marked crosswalk situated on a dual-car-
riageway road segment, with a raised median 
and two travel lanes in each direction.

•	 A speed limit of 50 km/h, where the 85-per-
centile speed is above 50 km/h, at least in one 
of the directions approaching the crosswalk.
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•	 An intensity of pedestrian activity with at least 
25 pedestrian crossings per hour.

•	 A straight and flat road segment (without 
sharp curves or substantial gradients), with 
a visibility distance for the driver of at least 
50 m ahead in both directions approaching 
the crosswalk.

•	 A site without substantial visibility obstacles in 
the crosswalk area, such as dense vegetation.

The original study (Gitelman et al., 2017) includ-
ed eight sites that were not selected from the vicin-
ity of schools. However, at three sites A, B and C, in-
cluded in that paper, there were high shares of child 
pedestrians below the age of 18. Table 1 presents the 
site characteristics. The sites were selected in three 
different cities. Each site includes two pedestrian 
crosswalks, situated on different travel routes and di-
vided by a median. The sites present a combination of 
various levels of vehicle and pedestrian traffic: medi-
um vehicle traffic at Sites A, B and low – at Site C; low 
level of crossing pedestrians at Site C, medium – at 
Site A and high – at Site B. Among crossing pedestri-
ans observed at the sites (in six hours), 31–45% were 
children. 

Two countermeasure settings were applied in 
the Israeli study: (1) a bolder 15 cm high trapezoidal 

speed hump at the crosswalk area, combined with 
8–10 cm high circular humps (Watt’s type) before 
the crosswalk – at Sites A and C, and (2) a smooth-
er 10–12 cm high trapezoidal hump at the cross-
walk area, combined with preceding circular humps 
that are 6–8 cm high – at Site B. At Sites A and C, 
a  common length of the circular hump was 3–4 m, 

Table 1.	Sites in Israeli study, with estimates of their traffic and pedestrian volumes in various observation periods, and 
pedestrian age groups.

Study’s 
site 

City Travel 
direction

Average traffic volume, 
vehicles per hour (sd)

Average number of 
crossing pedestrians, per 
hour (sd)

Pedestrian age groups (%) a

Before After1 After2 Before After1 After2 Child 
below 18

Adults 
(19–64)

Elderly 
65+

Site A Hod 
Hasharon

To west 447 
(161)

551 
(158)

582 
(243)

72  
(23)

71  
(34)

75  
(42)

45 54 1

To east 588 
(184)

668 
(166)

575 
(154)

70  
(34)

69  
(29)

71  
(40)

Site B Netanya To north 646 
(71)

695 
(74)

620 
(61)

151 
(36)

132 
(30)

134 
(53)

31 69 1

To south 519 
(76)

566 
(73)

606 
(58)

131 
(35)

129 
(24)

147 
(34)

Site C Karmiel To north 341 
(81)

271 
(55)

236 
(51)

27  
(14)

33  
(14)

24  
(11)

31 66 3

To south 306 
(62)

322 
(90)

260 
(64)

29  
(14)

31  
(13)

24  
(9)

Note: sd – standard deviation. aAverage values across the three periods.

Notes: 1 – a trapezoidal speed hump in the crosswalk area; 
2 – a circular speed hump before the crosswalk; 3 – traffic 
signs and overhead amber flashing lights.
Figure 7. Main components of a raised crossing arrange-
ment, on the example of Site B in Israeli study.
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and a typical length of the trapezoidal hump (width 
of crosswalk) was 4 m, with moderate up and down 
slopes, of 1:10. At Site B, the circular humps were 
longer (5 m), and the slope of the trapezoidal hump 
was more moderate (a slope of 1:20). Such variations 
are possible according to the Israeli guidelines (MoT, 
2002). The circular speed hump is located 15–20 m 
before the crosswalk, in each travel direction and 
lane approaching the crosswalk. Figure 7 illustrates 
the main components of the raised crossing arrange-
ment from Site B. Figure 8 provides typical layout of 
a raised crosswalk according to the Israeli guidelines. 
Figure 9 illustrates the views of Sites A and C after the 
installation of the raised crosswalks. 

3.2 Test sites in Malmö 
In the winter of 2000 and spring of 2001, before the 
reconstruction, Regementsgatan was a  15 m wide 
arterial in Malmö, with one marked lane in each di-
rection. Though, in reality, it operated as two lanes 
in each direction when there were no parked cars. At 
each marked crosswalk, there was a  refuge island. 

The traffic flow at Regementsgatan before the recon-
struction was about 14,000 vehicles per day. The traf-
fic volume decreased to just below 10,000  vehicles 
after the reconstruction. The street was narrowed to 
8 m with refuges in the middle of the crosswalks, and 
speed cushions were installed before the crosswalks. 
The traffic signal was removed from the mid-block 
pedestrian and cyclist crossing at Dragonstigen. 
This site “Dragonstigen” was chosen as a test site as 
the two speed cushions were located at different dis-
tances, approximately 5 m and 10 m (actually, 8.8 m) 
ahead of the marked pedestrian crosswalk, see Fig-
ure 10.  The height of the speed cushion was designed 
to be 8 cm but was measured to vary from 7 to 10 cm. 
The total length in the driving direction, excluding 
the flat part of the prefab part, is 3.6 m. The up and 
down grades are moderate at about 1:10. 

The second test site, “Tessins väg” in Malmö, 
is situated next to a  school. Two school surveys ad-
ministered by the teachers were launched there; one 
before, to get a foundation to plan countermeasures, 
and one after the reconstruction to evaluate the per-

Figure 8. Typical layout of a raised crosswalk according to 
Israeli guidelines (MoT, 2002).

Site A

Site C

Figure 9. Sites A and C, after the installation of the raised 
crosswalks, in Israeli study.
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ceived effects (Johansson. & Rosander 2007). The 
distance between the pedestrian crossing and the 
speed cushion is 4.2 m for traffic travelling north-
east, and 10.2 m for vehicles travelling south-west, 
see Figure 11. Crossings and speed cushions are in-
dicated with painted markings, and the height of the 
speed cushions is about 10 cm. The posted speed lim-
it through the crossing is 30  km/h at school hours, 
and a  50 km/h when school is off. Tessins väg had 
a vehicle flow of 4,000 vehicles per day in 2005.

3.3 Test site in Borås

The test site in Borås, Hultagatan, is at a mid-block 
pedestrian and cyclist crossing. It had a daily vehicle 
flow of 5,000 vehicles in 2001. The Hulta Centre with  
schools with students from first to sixth grade and 
businesses is located south of the studied site. The 

posted speed limit was 50 km/h but the recommend-
ed speed was 30 km/h. The distance between the 
speed cushion and the pedestrian crossing is 3 m for 
traffic travelling east and 8 m for vehicles travelling 
west, see Figure 12. The height of the speed cushions 
is 70 mm. School children cross the street frequently 
at this location as there is a nearby school and that 
was a reason for choosing this site.

3.4 Overview of countermeasures implemented
Table 2 shows an overview of the countermeasures 
implemented at the test sites both in Israel and in 
Sweden.

4. RESULTS

4.1 Israeli test sites
Table 3 presents a  summary of speed indicators at 
the study sites before and after the installation of the 
raised crossings. They characterize the travel speeds 
of vehicles approaching the crosswalk areas in both 
travel directions. In all cases, following the installa-
tion of a  raised pedestrian crossings, vehicle travel 
speeds were reduced significantly. 

The bolder design – at Sites A and C, led to a sub-
stantial reduction in speeds, achieving mean speeds 
below 30 km/h and 85-percentile speeds below 
40 km/h. This was attained at sites with a wide range 
of initial mean speeds (44–55 km/h) and 85-per-
centile speeds (56–65 km/h), thus, demonstrating 
a speed-reducing effect of 20–30 km/h in both speed 
indicators. Moreover, the speed reductions attained 
due to the treatment were maintained over time, 
where substantially lowered travel speeds were ob-
served both immediately after the installation of the 
raised crosswalks and two months later. 

Figure 11. Plan of test site Tessins väg (the Tessins väg/
Henrik Wranérs gata intersection) after reconstruction. 
The shorter distance is 4.2 m to the left in the figure, and 
the longer distance is 10.2 m.

Figure 12. Test site “Hultagatan” in Borås is a mid-block 
pedestrian and cyclist crossing. The shorter distance be-
tween cushion and crosswalk is 3 m to the left in the figure 
and the longer distance is 8 m.

Figure 10. Test site “Dragonstigen” with a mid-block pe-
destrian and cyclist crossing. 
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Table 2.	Type of countermeasures studied in three Swedish and three Israeli test sites.

Narrowing 
of street at 
pedestrian 

crossing

Speed 
humps

Cushions Distance
cushions /
humps to
crosswalk

Elevated 
area/ elevated 
crossing with 
paving stones

Posted 
speed 
km/h

Before

Recommended /
Posted speed

km/h
After

Israeli test sites Yes 15–20 m Yes 50 50

Swedish test sites:

Dragonstigen, Malmö Yes Yes 5.1 m/8.8 m 50 50

Tessins väg, Malmö Yes Yes 4.2 m/10.2 m 30 30

Hultagatan, Borås Yes Yes 3.0 m/8.0 m 30 30/50

Table 3. Summary of speed indicators at Israeli sites, in various observation periods, and examination of their changes 
between the periods. 

Site Travel direction Mean speed, km/h 85-percentile speed, km/h Changes between periods*

Before After1 After2 Before After1 After2 After1 
vs. Before

After2 
vs. Before

After2 
vs. After1

Site A To west 49 26 23 56 30 28 Decrease Decrease Decrease

To east 44 25 25 50 31 29 Decrease Decrease No change

Site B To north 51 33 36 60 40 44 Decrease Decrease Increase

To south 52 33 37 61 39 44 Decrease Decrease Increase

Site C To north 51 29 29 59 36 35 Decrease Decrease No change

To south 55 30 30 65 38 37 Decrease Decrease No change

* Based on the statistical analyses of mean speeds and speed distributions. Decrease/Increase means a statistically significant 
change, with p < 0.05.

Table 4. Summary of changes in road user behaviors in Israeli sites following the installation of raised pedestrian crosswalks.

Site Direction 
of travel

% of giving-way 
to pedestrians, on 
near lane

% of giving-way 
to pedestrians, on 
far lane

% of full crossings 
in the crosswalk 
area

% of pedestrian 
stoppings before 
the crossing

% of checking 
traffic before the 
crossing

Site A To west I, from 80% 
to 96%

I, from 63%  
to 98%

I, from 79%  
to 98%

D, from 48% 
to 33%

I, from 89% 
to 99%

To east I, from 80% 
to 98%

I, from 62% 
to 100%

I, from 75%  
to 87%

ns (28–30%) I, from 86% 
to 99%

Site B To north ns (100%) ns (100%) D, from 96% 
to 93%

I, from 5%  
to 8%

ns (100%)

To south I*, from 99% 
to 100%

ns (99–100%) ns (94%) I, from 8%  
to 12%

ns (100%)

Site C To north ns (88–100%) ns (92–100%) I, from 79%  
to 89%

D, from 19% 
to 10%

I, from 94% 
to 100%

To south ns (100%) ns (100%) I*, from 71% 
to 82%

ns (18–26%) I, from 90% 
to 100%

Notes: D – decrease, I – increase. Results reported in the table are based on the comparison of after2 vs. before periods. 
D/I indicates a statistically significant change, with p < 0.05; ns – not significant. *Close to significant difference, p < 0.1.
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At Site B, with the smoother design (lower speed 
humps), installation of the raised crosswalk was as-
sociated with mean travel speeds of over 30 km/h and 
85-percentile speeds of about 40 km/h or higher. Fol-
lowing the treatment, the reduction in travel speeds 
was 10–15 km/h lower compared to Sites A  and C, 
in both mean and 85-percentile speeds. In addition, 
the immediate speed reductions were stronger than 
those observed after two months.

Table 4 presents a summary of changes in other 
road-user behaviors at the crosswalk area that were 
observed at the study sites. It shows that additional 
positive changes associated with the stronger setting 
(at Sites A and C) concerned a remarkable increase 
in the share of vehicles yielding to pedestrians in 
the crosswalk zone (particularly at site A, from 80% 
to 96–98% in the near lane, and from 62–63% to 
98–100% in the far lane). There was also an increase 
in the share of pedestrians who performed a  full 
crossing in the designated zone. At Site B with the 
smoother layout, yielding rates were close to 100% 
already in the before period and the bolder design did 
not seem to be required. 

Regarding the extent of following the safe cross-
ing rules by pedestrians (stopping before the cross-
ing and checking the traffic before crossing), mixed 
changes were observed (see Table 4). In general, 
the treatment was associated with an increase in the 
share of pedestrians checking the traffic before the 
crossing but also with a decrease in the share of those 
who stopped before the crossing. The latter may re-
flect a better feeling of safety imparted to pedestrians 
by the raised crosswalks. 

4.2 Test sites in Sweden
School children aged 9 to 12 pointed out the sites 
Dragonstigen and Tessins väg as two of the most 
dangerous sites in the neighborhood of the school. 
Therefore, the Tessins väg/Henrik Wranérs gata 
crossing was reconstructed to improve security and 
safety (Figure 11). As the two sites have different 
distances between speed cushion and pedestrian 
crossing, these two sites became test sites in Malmö. 
Unexpectedly, speed was somewhat lower on the pe-
destrian crossing at the side where the speed cushion 
was located further away, with a 90-percentile speed 
of 30  km/h for the shorter distance and 2–3  km/h 
lower for the longer distance, see Table 5. An expla-
nation can be that with the speed cushion at a short-
er distance from the pedestrian crossing, drivers 
are more focused on passing the speed cushion and 
therefore adjust their speed less to the approach-
ing crossing compared to when the speed cushion 
is situated at a  further distance. Speeds 12  m be-
fore the speed cushion were also measured, and 
the speeds 12 m before the pedestrian crossing was 
similar to that on the crossing with the exceptions 
of one direction at Dragonstigen. Vehicle speeds are 
assumed to be at their minimum at the speed cush-
ions. Thus, the fact that the speed 12 m before the 
crossing was the same or less than at the crossing 
can most plausibly be explained by drivers starting 
to decelerate in order to drive over the speed cush-
ion and then starting to accelerate again once they 
reach the crossing. At the time speed measurements 
in Borås were carried out, the measuring accuracy 
was not sufficient for stating exact speed at the pe-

Table 5. Free vehicle speeds (km/h) 12 m before and at the pedestrian crossing depending on short (5.1 m) or long 
distance (8.8 m) between speed cushion and pedestrian crossing. (PCR = pedestrian crossing). Johansson, Rosander 
& Leden (2011).

Shorter distance Longer distance

12 m before PCR On PCR 12 m before PCR On PCR

Dragonstigen mean 24.2 23.1 17.0 22.1

std dev (mean) 1.51 1.21 0.59 0.51

90% 34 30 23 27

N 37 34 52 53

Tessins väg mean 23.6 23.9 23.8 22.5

std dev (mean) 0.68 0.65 0.54 0.43

90% 29 30 30 28

N 39 45 117 132
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destrian crossing. (Johansson, Rosander, & Leden, 
2011). We have still included the site since speeds 
were very similar to those in Malmö, and the behav-
ioral studies were useful. 

A total of 802 pedestrians were recorded when 
encountering a vehicle. Pedestrians were more often 
given way by the first driver in the near lane if there 
was a longer distance between the crossing and the 
speed cushion, 50% at longer distances compared 
with 40% at shorter distance (p < 0.05). Based on 
all 255 pedestrian observations from Dragonsti-
gen, the tendency was the same, 50% compared 
with 43% for all pedestrians, and on Hultagatan 
in Borås 43% compared to 23% for all pedestrians  
(p < 0.01). For child pedestrians at Dragonstigen, 
the difference was even greater, 57% compared 
with 35% for children (according to a  memoran-
dum written by C. Johansson on 16 January 2004). 
On Tessins väg, the result concerning drivers’ yield-
ing behavior was just the opposite compared to the 
two other sites. This may possibly be due to lower 
visibility at the shorter distance compared to the 
longer distance. 

The school survey revealed that some children 
had problems with predicting whether motor vehicle 
drivers intended to stop or not, especially at Dragon-
stigen. Two of the children interviewed at the location 
had pointed out this problem in the survey. When 
interviewed on the site, the children stated that it is 
problematic to foresee if motor vehicle drivers in-
tended to stop or not when they slow down for the 
speed cushion. The problem seemed to be accentuat-

ed when the speed cushion was situated closer (about 
5  m) to the crosswalk (Leden, Johansson & Leden, 
2006). This is probably since it is easier for the chil-
dren to judge if the driver will be braking for them or 
for the speed-reducing device at the side where the 
device is located further away. To conclude, locating 
a speed-reducing device about 10 m before the cross-
walk is more effective than 5 m before it (Johansson, 
Rosander & Leden, 2011).

To summarize, a  placement of speed humps in 
the range of 20 to 10 m before the crosswalk sup-
port ‘ideal interactions’ from the point of view of the 
pedestrian; and children crossing receive a stronger 
message about whether drivers intend to stop or not. 
When the speed cushion is situated at a  longer dis-
tance from the pedestrian, drivers are more aware of 
the approaching pedestrian crossing as they then get 
more time to focus on approaching pedestrians and 
cyclists after passing the speed cushion. 

4.3 Summary of behaviors observed
Table 6 provides a  summary of behaviors observed 
at the treatment sites in Israel and in Sweden. As 
obvious, all infrastructure solutions were effective 
in reducing vehicle speeds at the crosswalk area and 
in attaining higher rates of drivers of motor vehicles 
giving way to pedestrians. However, stronger safety-
related effects were observed at the sites with higher 
speed humps (in Israel) and when speed cushions 
were set at a  longer distance from the crosswalk (in 
Sweden). 

Table 6. Summary of behaviors observed at the test sites.

Test sites Main features of the measure Speeds at the crosswalk area, after 
the treatment 

Share giving way to 
pedestrians, after the 
treatment

Israeli test sites 15 cm trapezoidal speed hump at the 
crosswalk, 8–10 cm circular humps 
15–20 m before the crosswalk

Mean speeds of 25–30 km/h, 
85% speeds of 30–38 km/h
(reductions of 20–30 km/h, in both 
indicators)

About 100% (an increase)

10–12 cm trapezoidal speed 
hump at the crosswalk, 6–8 cm 
circular humps 15–20 m before the 
crosswalk

Mean speeds of 33–37 km/h, 
85% speeds of 40–44 km/h
(reductions of 10–15 km/h, in both 
indicators)

About 100% (no change)

Swedish test sites 7–10 cm speed cushions 8–10 m 
(Hultag, 5 m) before the crosswalk 

Mean speeds of 22 km/h, 
90% speeds of 27–28 km/h

50% of giving way by first 
vehicle

7–10 cm speed cushions 4–5 m 
(Hultag 3 m) before the crosswalk

Mean speeds of 23–24 km/h, 
90% speeds of 30 km/h

40% of giving way by first 
vehicle
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4.4 Yield and stop lines
Gitelman et al (2017) concludes that the Israeli de-
sign has a potential for reducing multiple-threat con-
flicts occurring due to a vehicle overtaking a stopped 
car in the adjacent lane, which is a hazard especially 
to crossing children (Leden, Gårder & Johansson, 
2006). To achieve a  stronger message to alert driv-
ers to stop and not to overtake a stopped car or truck 
in the adjacent lane, advanced yield or stop lines are 
needed. Adding yield or stop lines in advance of the 
crosswalk is likely to be more efficient if it is accom-
panied by a  comprehensive information campaign 
explaining the message. However, installing yield 
lines is not yet an option available in many countries. 
For example, according to Finnish and Israeli regula-
tions, yield or stop lines cannot be installed except for 
at signalized crosswalks, though it is already used in, 
for example, Spain, Japan and the United States – see 
examples in Figures 13, 14 and 15. In Sweden, yield 
bars must be used at marked crossings for cyclists, 
which also should be speed secured to about 30 km/h, 
but yield bars are not mandated at pedestrian cross-
walks (SKL, 2015).  

The US guideline MUTCD (2009) recommends 
a distance between yield bars and a crosswalk of 6 to 
15 m. An example from an intersection in Los Ange-
les is given in Figure 14. The midblock design accord-
ing to Figure 3B-17 in MUTCD (2009) is shown in 
Figure 15. It is also recommended to consider using 
advanced warning markings for speed humps.

5 DISCUSSION AND CONCLUSIONS

As established in the introduction, the key issue when 
children aged 7–12 years are to cross a street is to se-
cure speeds of 20 km/h or lower. An effective option 
for achieving this is to implement speed cameras to 
survey a posted speed limit of 20 km/h. An example is 
given in Figure 16, which shows a speed camera sur-
veying a regulatory speed, posted by sign and marked 
in the carriage way, at a  crosswalk which had more 
pedestrian injuries than any other location in Helsin-
ki prior to the camera being installed. Studies from 
the state of Victoria, Australia, show that over 99.9% 
of drivers in 2017 stayed below the posted speed at 
locations with fixed cameras that had a  zero-speed 
enforcement margin (Driver Compliance, 2018). 
Further development of intelligent “platforms” or 
speed-activated trapdoors type Edeva (2016) is an-
other option to secure speeds of 20 km/h (Gustafs-

son, Jägerbrand & Grumert, 2011). Ideally, the street 
should have a  speed-reducing device that is clearly 
felt by drivers going above the desired speed but the 
street should be kept flat and comfortable for road-

Figure 13. Speed-reducing devices and stop lines or yield 
bars 8 to 10 m before the crosswalk Playa de las America-
nos Arquitecto Gomez Cuesto, Tenerife.

Figure 14. ‘Early’ yield lines at intersection, Los Ange-
les, USA. 

Figure 15. Location of yield lines at unsignalized midblock 
crossing according to MUTCD (2009).
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users traveling at or below the desired speed. This is 
of special benefit to standing passengers in buses and 
to patients traveling in ambulances.

To summarize, our presumption is that actual ve-
hicle speeds should be below 20 km/h where children 
(aged7 to 12 years) are crossing a street, especially if 
they are walking unaccompanied by an adult where 
children (aged 7 to 12 years old) are crossing a street, 
especially if they are walking unaccompanied by an 
adult. The results of field studies show that a  “best 
design” to reach this should include a  speed-reduc-
ing device located before the crosswalk. The optimal 
distance from such a device to the crosswalk is about 
10 m if the speed limit is 30 km/h or lower. For streets 
with 50 km/h speed limits, a longer distance of 15 to 
20 m is needed and, and as a complimentary measure, 
the crosswalk itself should also be elevated. Advanced 
yield bars or stop lines before the crosswalk are need-
ed to give a stronger message to alert drivers to stop, 
and not to overtake a stopped car in an adjacent lane 
on multi-lane arterials. A distance to the crosswalk of 
about 10 m is recommended (Várhelyi & Leden, dis-
cussion at ICTCT, 2016). To secure travel speeds be-
low 20 km/h additional measures like camera enforced 
speeds near the crosswalk might be needed.

In few years, ITS technology may govern speeds 
at marked crosswalks, and speed-reducing measures 
will be less needed at that time. However, for the fore-
seeable future, older vehicles lacking such technology 
will still be allowed on streets and even in newer ve-
hicles, speed-control systems may be voluntary and 
possible to switch off. Therefore, we are of the opinion 
that investments into the measures discussed in this 
paper will have a role to play for decades to come.

EPILOGUE

Back in the late 1970s, it took four years to form 
a  working group, gather available knowledge about 
speed-reducing measures, analyze, initiate tests, syn-
thesize information, draft new Swedish guidelines, 
consult available experts, redraft and publish an of-
ficial “best practice” concerning speed-reducing de-
vices on local streets in residential areas. That was 
published by the Swedish Road Safety Office TSV 
(Leden, Andersson & Källström, 1982). It was pub-
lished at a  time when the Swedish traffic engineers 
desperately were looking for advice on how to design 
speed-reducing devices and an efficient network was 
in place to disseminate the information and it became 
a success story. Now it is urgent to promote a  ‘best’ 
design also for crosswalks across multi-lane arterials, 
especially near schools and in ‘busy’ city districts with 
high pedestrian activity including children, and to es-
tablish a network to support their implementation.
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