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Abstract

When planning 30 km/h zones within a selected urban street network in a city centre, the
effectiveness of applicable traffic-calming measures (TCMs) is analysed to support sus-
tainable urban mobility and the design of safer urban streets. One of the possible TCMs is
the mid-block narrowing (MBN), which has been reported in previous studies as having
limited effectiveness. However, those studies were constrained by several limitations, in-
cluding the lack of speed vss analyses at different distances from the MBN and the absence
of assessments of other contextual variables affecting speed. To address these gaps, speed
measurements were conducted within an urban street network in the city centre of Szcze-
cin, Poland, where several MBNs had been implemented. Speeds were recorded using
SR4 sensors at nine measurement points along 12 study areas during three weekdays un-
der dry weather conditions. The collected data were analysed and speed profiles were
developed for each study area. Free-flow speed was the dependent variable, while inde-
pendent variables included junction spacing, different types of entrance and exit junc-
tions, and other contextual factors. The main objective was not only to estimate the oper-
ating speed and zone of influence of MBNs but also to identify other factors determining
speed profiles between junctions. The analyses showed that speeds depend on junction
spacing, street type, the type of entrance and exit junctions together with their traffic ar-
rangement, and the streetscape elements located at the MBN. The outcome of the study
was the development of a comparative framework for assessing the speed-related effec-
tiveness of MBNs under specific contextual conditions, providing a basis for the sustain-
able redevelopment of selected city-centre street networks. This framework may support
the implementation of 30 km/h zones in city-centre street networks when planning new
interventions, comparing designs, or aiding decision-making.

Keywords: traffic calming; 30 km/h zone; mid-block narrowing; speed profile; traffic
arrangement; entrance junction type; exit junction type; sustainable urban mobility

1. Introduction

Previous studies on the effects of traffic-calming measures (TCMs) on vehicle speed
under real-world conditions have mainly analysed either individual measures or their
sequences in different locations and environmental contexts. Experimental investigations
of the effects of various types of flat-topped speed tables on vehicle speed were conducted
at the Transport Research Laboratory (TRL) in the UK [1-4]. The results of these studies
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formed the basis for design recommendations included in numerous traffic calming
guidelines [5-16].

Based on these guidelines, speed tables were typically implemented on residential
roads within 30 km/h zones or home zones. Webster [17] analysed the application of speed
tables on distributor roads in four selected real-world locations with higher speed limits
and higher hourly traffic volumes. His research was linked to the need to maintain capac-
ity following the implementation of traffic-calming measures. He demonstrated that flat-
topped road humps could be used on distributor/collector roads and could reduce 85th
percentile speeds by up to 11 mph (17.7 km/h).

Over the last three decades, 30 km/h zones have become one of the fundamental in-
struments of sustainable urban mobility policies implemented in many European cities
[18-22]. Their implementation is driven not only by the need to reduce vehicle speeds and
improve road safety, but also by broader sustainability objectives, including noise reduc-
tion, mitigation of the environmental impacts of road transport, enhancement of public
spaces, and promotion of walking and cycling as sustainable modes of transport [23-26].
Consequently, 30 km/h zones are increasingly regarded as an important component of
urban sustainability strategies that aim to improve the quality of life while maintaining
the accessibility and functionality of urban transport systems.

Such solutions have been implemented for many years in countries including Aus-
tria, Germany, Belgium, France, Spain, and the Netherlands, where urban streets have
gradually been transformed into spaces that prioritise pedestrians and cyclists while pre-
serving the necessary level of transport accessibility. Similar measures have also been im-
plemented in many Polish cities, including Szczecin, most often as part of comprehensive
programmes involving paid parking zones, traffic-calming measures, and sustainable ur-
ban mobility principles [27-30]. Therefore, the effectiveness of individual traffic-calming
measures should be evaluated not only in terms of their local impact on vehicle speed
reduction but also within the broader context of sustainable street design, urban mobility
management, and the overall performance of 30 km/h zones.

A large number of studies, including those on mid-block narrowings, have primarily
focused on pedestrian safety [31-44]. Recent road safety statistics are presented in the
WHO report [45] and other relevant publications [46—48]. Several previous studies have
addressed changes in urban traffic management associated with the implementation of
traffic calming (TC) zones and paid parking zones [49-51]. Other analyses have examined
the effects on vehicle speed of combining mid-block narrowings with various types of
additional road infrastructure [52-56] or green infrastructure [57-59]. Further research has
addressed the environmental impacts of traffic-calming measures [44,60-62]. Hall and Ju-
rewicz [34] estimated that painted mid-block treatments contribute to a 15-20% reduction
in casualty crash risk; whereas, raised mid-block narrowings (MBNs) can reduce it by up
to 45%.

Studies on the influence of traffic-calming measures on free-flow speed vss have also
been conducted on longer street sections by Zito and Taylor [63] (up to 800 m), Ewing
[64,65] (up to 1000 m), and Brindle [66—70] on shorter street sections. Their speed profile
models indicate that free-flow speed decreases by up to approximately 15 km/h upstream
of a traffic calming device and then increases downstream, returning to approximately 40
km/h [63,71]. Entry speed was approximately 25 km/h [63,64], while exit speed varied; for
example, in [63] it returned to 0 km/h; whereas, in [61] it was approximately 25 km/h. This
suggests that the spatial influence of TCMs on free-flow speed is relatively short.

Other research teams in different countries have recently conducted studies on mod-
elling speed profiles in 30 km/h zones [60,62,71-73], demonstrating a variety of speed pro-
file models closely linked to specific contextual conditions of individual streets. In studies
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[60,71], contextual data were organised into matrices, which were then used as independ-
ent variables in the models. The aim of these studies was to develop highly detailed mod-
els relying on extensive statistical analysis, which in practice cannot be easily applied by
traffic engineers during the design of traffic calming schemes due to limited time available
for decision-making. Instead, engineers require an applicable decision-support frame-
work that enables them, after a short analysis, to select appropriate TCMs while account-
ing for contextual conditions, in line with recommendations formulated by Brindle [70].
In the study by Pazzini et al. [72], the models referred to traffic calming in several streets
within 30 km/h zones with different functions, lengths, geometric characteristics, and, in
particular, varying daily traffic volumes (from approximately 2000 Veh/24h to 24,000
Veh/24 h). However, these models were mainly related to three vehicle types: motorcycles,
passenger cars, and buses/heavy vehicles. Consequently, they did not provide sufficient
guidance for selecting appropriate TCMs in specific street design contexts.

Furthermore, according to [64,65,74,75], in order to maintain a 30 km/h speed limit
within a 30 km/h zone, spacing between consecutive TCMs should be in the range of 70—
100 m. However, design guidelines [5,6,8] clearly recommend shorter distances of 40-60
m between TCMs to ensure compliance with the speed limit along the entire street length.
This discrepancy reflects the significant influence of cultural context and physical envi-
ronmental factors on vehicle speeds. However, these aspects have not been sufficiently
addressed in previous studies.

Based on Brindle [70] (p. 6, Figure 3), a speed profile model was developed defining:
street speed, device operating speed (hereafter referred to as “operating speed”), and
speed differential (i.e., the difference between street speed and operating speed). This was
a significant contribution, as previous studies [1-13] generally assumed that the reduction
in free-flow speed (Auvss) is expressed as the difference between speeds measured before
and after a traffic calming device in the direction of travel (Avss = vgsbdfore TCM — pgsafier TCM),
However, in Brindle’s model, the spatial influence of a TCM is limited, and free-flow
speed downstream returns to its previous value. Brindle also introduced, for the first time,
a diagram showing ranges of operating speeds for selected horizontal and vertical deflec-
tion devices [69,70], which provides a practical decision-support tool for selecting appro-
priate TCMs in traffic calming design.

Barbosa et al. [76] also investigated the effects of sequences of different TCMs on
speed across six case studies in a 30 km/h zone in York, UK. Their study areas were located
in suburban environments characterised by discontinuous residential frontage, i.e., low-
density detached housing separated from the street by front gardens (see Figure 1a). Two
streets were one-way and four were two-way. Road widths ranged from 6 m on one-way
streets to between 6.25 m and 7 m on two-way streets. Based on their findings, Barbosa et
al. [76] developed a speed profile model incorporating additional parameters and differ-
ent TCM types, which explained approximately 55% of the variance. They concluded that
the model was highly dependent on entry speed and could be further developed. This
implies that additional independent variables could be introduced into the model, such
as street classification (e.g., arterial, secondary, residential), represented using dummy
variables or other contextual parameters [76]. However, the model placed excessive em-
phasis on measurement spacing and overestimated the effect of speed tables on free-flow
speed. Comparative calculations based on this model indicate substantial discrepancies
between observed vss values and modelled estimates under different contextual condi-
tions.

Similar studies resulting in speed profile models are described in [60,63,71,72]. Do
Duy and Hisashi [71] also demonstrated relationships between speed and several contex-
tual factors characterising urban streets, which should be considered by urban planners
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and traffic calming designers. Although their models achieved high coefficients of deter-
mination, the explanatory variables differed significantly from those used in Schepers et
al. [60] and Barbosa et al. [76]. This indicates that developing a universal model describing
speed variation along street sections is a highly complex issue, interpreted differently
across studies. Moreover, the use of complex data-driven modelling frameworks, heavily
dependent on advanced software capabilities, limits their practical applicability in traffic

calming design.

Figure 1. Example locations analysed in previous studies: (a) a two-lane speed table on Fourth Av-
enue, York, UK (speed limit: 30 km/h); (b) a one-lane flush mid-block narrowing on Stratford Street,
Christchurch, New Zealand (speed limit: 50 km/h). Source: Google Earth Pro 7.3.7.1155.

Mao et al. [53] and Daniel et al. [77] conducted similar studies. Daniel et al. [77] ex-
amined the influence of various TCMs (including speed tables, speed humps, angled slow
points, and mid-block narrowings—raised or flush) on free-flow speed across seventeen
study sections on two-way residential streets in Christchurch, New Zealand, with speed
limits of 40 km/h and 50 km/h (Figure 1b). Street widths ranged from 8.0 m to 13.5 m. All
study sites were characterised by low-density residential frontage, wide sidewalks, and
large front gardens with driveways. Based on their results, they were the first to define
the concept of the zone of influence of a TCM on free-flow speed [77] (p. 5, Figure 1). One
of their key findings [77] (p. 11, Figure 3) was that mid-block narrowings were relatively
ineffective on 50 km/h roads compared with speed humps, speed tables, and angled slow
points. All study locations in [53,70,77] were through streets with on-street parking on
both sides.

According to [60,76-78], the most commonly used traffic-calming measures in 30
km/h zones include speed tables, speed humps, raised junctions, and chicanes. Among
these, vertical deflection measures are historically the most widespread. Mid-block nar-
rowings (MBNs) represent a link between speed tables and lateral narrowing treatments
and can be applied on both one-way and two-way streets. The effects of raised and flush
MBNs on Avss were analysed by Daniels et al. [77] in several locations in Christchurch,
New Zealand. Majer and Sotowczuk [28] and Sotowczuk [79] investigated the impact of
raised mid-block narrowings on speed reduction (Avss) under different hourly traffic vol-
umes in 30 km/h zones in three study areas in the city centre of Szczecin, Poland.

The literature review indicates that there is still a lack of a comparative framework
for designers of 30 km/h zones on short urban street section in city centres that would
support informed design decisions regarding expected speed reductions (Avss) achieved
by mid-block narrowings under different entrance and exit junction configurations. The
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analysis of previous studies shows that, for traffic calming design, it is important not only
to consider suggested Avss reductions and recommended spacing between TCMs, but also
street type (arterial, secondary, collector, residential), its functional importance (reflected
in traffic volume and number of lanes), and the location of the 30 km/h zone (suburban or
city centre). The arbitrary placement of TCMs along a street may lead to unsatisfactory
outcomes, such as:

e A purely local reduction in speed (Awvss), which may be insufficient to meaningfully
alter free-flow speed (vss) along the street;
e  Higher free-flow speeds (vss) along the street exceeding the applicable speed limit.

A more appropriate approach is therefore to treat the street section as a whole rather
than as a sequence of isolated TCMs. This principle is consistent with the fundamental
definition of traffic calming formulated in 1996 at an international congress by represent-
atives from 44 countries [80]. Accordingly, in order to achieve the intended design objec-
tive of a limited-speed street, traffic calming designers should have access to a compara-
tive framework describing the effects of different TCMs on speed profiles along urban
street segments. This framework should incorporate both general design guidelines and
documented empirical findings from various studies conducted under different contex-
tual conditions.

Many researchers have investigated the selection of appropriate traffic-calming
measures (TCMs) for 30 km/h zones, particularly in suburban residential areas
[53,60,63,70,76,77]. However, little attention has been paid to the effectiveness of TCMs,
especially mid-block narrowings (MBNs), on narrow streets in European city centre char-
acterised by a dense, continuous urban fabric and frequent accesses to internal courtyards.

This type of urban fabric is typical and characteristic of the centres of many European
cities. The development of the present-day city centre of Szczecin began in the late nine-
teenth century following the abolition of the city’s fortress status in 1873 [81-83], when
the former fortress—an integral part of the fortification system of the German Empire due
to Szczecin’s strategic location —ceased to constrain urban expansion [81,84]. The new ur-
ban district was developed according to the master plan prepared by the German urban
planner James Hobrecht [82]. It consisted of rectangular urban blocks with multi-family
residential buildings inspired by contemporary English urban planning and architectural
concepts [82]. At the same time, the irregular street network, incorporating a system of
squares of various shapes connected by radial streets, was influenced by the urban layouts
of Paris and Berlin [82,85,86].

The streets in this district are characterised by continuous Art Nouveau frontage de-
velopment, which precludes the implementation of horizontal deflection measures. These
urban conditions differ fundamentally from those found in suburban single-family hous-
ing areas or modern residential estates with wide streets and detached apartment build-
ings, where a broad range of traffic-calming measures can be implemented. Consequently,
evaluating the effectiveness of traffic-calming measures, particularly mid-block narrow-
ings, under the spatial constraints of historic European city centres represents an im-
portant research gap. The limited application of traffic-calming measures in these street
layouts, particularly mid-block narrowings (MBNs), despite their demonstrated effective-
ness, represents a research gap that this study seeks to address.

The main objective of this study was not only to evaluate the speed-related effective-
ness of mid-block narrowings by estimating their operating speed and zone of influence,
but also to identify the contextual factors determining vehicle speed profiles between junc-
tions through analyses conducted along representative 30 km/h street sections located in
the city centre of Szczecin, Poland. The outcome of these analyses was the development
of the above-mentioned comparative framework for assessing the speed-related effective-
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ness of mid-block narrowings under specific contextual conditions. This framework pro-
vides practical support for the sustainable planning and redesign of city-centre street net-
works and may assist in comparing alternative traffic-calming solutions and supporting
planning decisions. The following research questions were formulated:

(D) Does the operating speed of a mid-block narrowing depend on its distance from the
entrance junction (d)?

Does the operating speed of a mid-block narrowing depend on hourly traffic volume
(Niy?

Does the entry speed into a 30 km/h zone depend on the type of entrance junction
and the associated traffic arrangement?

Does the exit speed from a 30 km/h zone depend on the type of exit junction and the
associated traffic arrangement?

@ ® @ ©

Which street environment features are associated with lower vehicle speeds along
the analysed streets?

The article is structured as follows. The introduction presents a literature review of
studies analysing the effects of traffic calming devices, with particular emphasis on speed
tables and mid-block narrowings. This is followed by the methodology used in the study.
Section 3 presents the results together with data analysis, Section 4 discusses the findings,
and Section 5 provides validation. Finally, conclusions and recommendations for further
research are presented.

2. Traffic-Calming Measure and Research Methods
2.1. Criteria for the Selection of Study Areas

The following research assumptions were adopted when selecting the study areas,
which should:

-  Belocated on residential streets in the city centre, with multi-storey residential build-
ings forming a continuous urban frontage, narrow streets with on-street parking
lanes, low pedestrian cross-traffic, and similar street landscaping;

—  Represent a distinctive residential urban fabric, substantially different from the low-
density detached housing typical of suburban areas and from modern residential es-
tates with freestanding multi-storey buildings or high-rise apartment blocks sepa-
rated by extensive green spaces;

- Besituated on relatively flat terrain, with only minor differences in elevation;

- Be characterised by high on-street parking demand and numerous vehicle access
points to internal courtyards;

- Differ in junction spacing (distance between adjacent junctions);

- Differ slightly in hourly traffic volume, while referring to streets with a daily traffic
volume of up to 1500 Veh/24 h;

- Differ in the type of entrance and exit junctions and the applied traffic arrangement
at these locations;

- Include mid-block narrowing applied either as one-lane or two-lane configurations.

Since the primary objective of the study was to assess the impact of MBNs on vehicle
speed, the selected street sections should exhibit a high level of traffic safety. This ensures
a reliable and robust evaluation of the effect of MBNs on speed along the study streets,
without introducing factors related to crash occurrence or severity. Therefore, only those
street sections should be selected where no crashes have been recorded during the three
years preceding and the three years following the introduction of the 30 km/h zone.

Furthermore, considering the basic criteria typically adopted in traffic calming stud-
ies, the analyses in this paper were limited to free-flow speed (vss).
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2.2. Selected Study Areas and Traffic-Calming Measures

The study was conducted in 30 km/h zones located in the city centre of Szczecin,
Poland (Figure 2). The selected street network is characterised by continuous and dense
19th-century perimeter-block development (frontage development) [82,83,85,86]. The
streets are narrow and include on-street parking on both sides, with a combination of par-
allel and perpendicular parking layouts. The study area is surrounded by major collector
and arterial roads. In contrast to the suburban street environments analysed in previous
studies, the present research focuses on a dense inner-city street network with 19th-cen-
tury perimeter-block development. The streets selected for the study were reconstructed
into 30 km/h zones in two stages, as part of a comprehensive urban street redesign asso-
ciated with the implementation of paid parking schemes (Appendix A —Figure A1). Dur-
ing the first stage (2017-2019), Study Areas 1-3 were reconstructed. The second stage, car-
ried out between 2020 and 2022, included the reconstruction of Study Areas 4-8 [87]. Prior
to reconstruction, vehicles were commonly parked partially on the footways, obstructing
pedestrian movement and limiting access to nearby shops, boutiques, and other local
businesses. As a result, two-way traffic on the remaining carriageway was heavily con-
strained by parked vehicles (Appendix B—Figure A2).

Szczedin
city centre
- 7 4

Figure 2. Selected study areas: (a) location of Szczecin and the study street layout in the city centre;
(b) selected study areas before the traffic arrangement change (2020). Source: author’s study. Desig-
nation: Areas 1-3—pre-change traffic arrangement; Areas 1*-3*—post-change traffic arrangement;
Areas 4-8—selected for validation. The intervention involved a one-way direction change in Study

Area 2 only.

The implementation of paid parking schemes primarily requires the systematic or-
ganisation and formal designation of parking spaces. Addressing urban transport prob-
lems, including parking-related issues, relies on comprehensive traffic management
measures, such as the designation of through routes, the implementation of traffic-calm-
ing zones, and, in particular, the introduction of paid parking schemes [88-91]. Paid park-
ing schemes are typically introduced in street networks characterised by a shortage of
parking spaces to increase parking turnover. This approach is also dictated by legal and
operational requirements, as parking fees may only be charged for formally designated
parking spaces marked by both horizontal and vertical traffic signs. Consequently, the
successful implementation of a paid parking scheme requires the coordinated integration
of traffic-calming measures, carefully planned parking layouts, and a comprehensive
strategy for improving pedestrian and cycling conditions [88-91].
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In accordance with the research assumptions, road safety conditions were analysed
in Study Areas 1-3 for the pre-reconstruction period (2012-2015) and the post-reconstruc-
tion period (2020-2022). For Sections 1-3, the analysis covered the pre-reconstruction pe-
riod (2012-2015) and the post-implementation period following changes in traffic organi-
sation (2021-2024). For Study Areas 4-8, the pre-reconstruction period (2012-2015) was
compared with the post-reconstruction period (2023-2025). The criterion for selecting the
study sections was based on data obtained from the Polish Traffic Accident and Collision
Record System (SEWiK), maintained by the General Police Headquarters [92].

All entrance and exit junctions as well as intermediate junctions were raised. All ap-
proaches at junctions (except Study Area 5) were narrowed to one lane. Three study areas
involved one-way streets and access from a signalised intersection with a major collector
street (Figure 2b—Study Areas 1, 1¥) and from an arterial road (Figure 2b —Study Area 6).
Two access points were from a dual carriageway arterial road with a central reservation
containing tram tracks. One access point was from a three-leg junction (Figure 2b— Study
Area 2), and another from a four-leg junction (Figure 2b—Study Areas 5 (W-E)).

Study Areas 2%, 5(E-W) and 8 began at an intermediate junction and ended at a junc-
tion with a dual carriageway arterial road. The remaining selected study areas started and
ended at intermediate junctions within the 30 km/h zone (Figure 2b —Study Areas 4 and
7). Intermediate junctions were defined as minor junctions located within the analysed 30
km/h zone.

Initially, the intermediate junction between Study Areas 1-4 operated under a differ-
ent traffic arrangement (Figure 2b and Appendix C—Figure A3a), which resulted in per-
sistent vehicle queueing on the minor approach at the exit junction in Study Area 3 [28,79].
Consequently, after several months of operation, the traffic arrangement was modified, as
shown in Appendix C—Figure A3b. The revised arrangement was implemented solely
through changes to mandatory directional signing, without any geometric modifications
to the junction. The change appeared to redistribute traffic movements and reduce queue-
ing in Study Area 3, based on field observations conducted during the study period. How-
ever, these observations also indicated an increase in vehicle speeds, which became one
of the main motivations for undertaking the present study.

Therefore, traffic measurements in Study Areas 1-3 were conducted twice under two
different traffic arrangements and labelled as 1*-3*. Study Areas 1-3 were selected for
developing speed profile models and are marked in green in Figure 2b. The remaining
Study Areas 4-8 were used to validate the obtained speed profile models (Figure 2b—
red). Additionally, Figure 2b shows a collector street within the 30 km/h zone, whose traf-
fic arrangement significantly influenced egress from Study Area 3 and indirectly affected
exits from Study Areas 1, 1%, 2, 2%, and 4 (Figure 2b —blue). Red arrows in Figure 2b indi-
cate traffic direction.

Daily traffic volumes on the analysed streets ranged from 500 Veh/24 h to
1500 Veh/24 h. Hourly traffic volumes on the analysed streets were up to 30 vehicles per
hour at night and ranged from 30 Veh/h to more than 100 Veh/h during the day, depend-
ing on the location and traffic arrangement.

All analysed study areas included raised mid-block narrowings together with pedes-
trian crossings (Figure 3). To ensure uniformity of the analysis, all mid-block narrowings
had identical geometric parameters: width of 3 m, length of 10 m, height of 14 cm, and
were located at the midpoint of each street section. The surface of the narrowings included
protective bollards, pedestrian crossings, concrete planters with shrubs/trees, and benches
(Figure 3).
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(a) (b)

Figure 3. Raised mid-block narrowings: (a) one-way street section in Study Area 1, bollards followed

by a concrete planter; (b) one-way street section in Study Area 3, a concrete planter followed by

bollards. Source: photos by the authors.

The selected street sections differed in junction spacing, types of junctions and their
traffic arrangement, as well as in the location of parking spaces on both sides of the street.

2.3. Assumptions for Free-Flow Speed Measurements

Since traffic calming analyses primarily consider the 85th percentile of free-flow
speed vss, only free-flow conditions were adopted in accordance with the Highway Capacity
Manual (HCM) [93]. In such conditions, there is no interaction between vehicles, and speed
is influenced only by the analysed traffic-calming measure (TCM), rather than by the lead
vehicle. Taking the above into account, the time headway between successive measure-
ments should be greater than 7 s, in line with [93]. This means that on a given road section
there should be no preceding vehicle within the following distances from the measured
vehicle:

- Up to 10 km/h: within 20 m of the measured vehicle;
—  From 10 km/h to 20 km/h: within 40 m of the measured vehicle;
—  From 20 km/h to 30 km/h: within 58 m.

The above assumptions concern speed in particular, as it is the parameter that best
defines drivers’ behaviour. Considering that the results of this study are intended to pro-
vide designers with a comparative framework for the application of mid-block narrowing
in 30 km/h zones, it was justified to analyse free-flow speed, i.e., behaviour in situations
where drivers have full control over decisions regarding their driving style, without pres-
sure from other vehicles.

All field measurements were conducted under good weather conditions in order to
avoid variations in drivers’ behaviour caused by different weather conditions.

2.4. Data Collection System

Taking the above assumptions into account, speed measurements were carried out
using synchronised SR4 devices with automatic speed and traffic volume detection. The
devices also recorded the date, time of measurement with an accuracy of 0.01 s, time head-
way between consecutive vehicles, and vehicle category.

The devices were installed at nine measurement points along each study area (Figure
4). Each study area is defined as a homogeneous road segment between two consecutive
intersections, representing a consistent traffic environment along a single street corridor.
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A similar measurement system was used in [33,34,70,76,77]. However, unlike those stud-
ies, the study areas presented in this paper were significantly shorter (junction spacing
ranged from 100 to 180 m), and therefore only nine measurement points were adopted,
located at characteristic locations (Figure 4).

] Mid-}t{,ock ‘
W [ narrowin, |
d = ~d, P -
e
R
e, 3 4 6
Entrance ol
junction Key: i (1,2, ... n) - measurement point number in the direction of travel,

d; — distance from the mid-block narrowing axis (m)

Figure 4. Layout of nine SR4 sensors in a sample study area. Source: own study.

Considering urban traffic conditions in the city centre, traffic data were collected con-
tinuously for three consecutive days, providing robust temporal coverage of traffic condi-
tions. All devices within a given study area were activated simultaneously to ensure time
synchronisation of measurements. Before each measurement campaign, the internal
clocks of all sensors were synchronised using the mobile application. Measurements in
Study Areas 1-3 were carried out in 2020, while those in Study Areas 1*-3* and 4-8 were
conducted in 2026. Although the measurements were conducted in two different years,
the study focused on relative changes in speed profiles associated with traffic arrangement
and contextual factors rather than on temporal trends in driver behaviour. Consequently,
the analyses were based on comparative relationships between speed profiles under dif-
ferent contextual conditions rather than on direct comparisons of absolute speed values
between years. The devices did not record vehicle registration plates; therefore, they did
not track the same vehicle across different measurement points at the same time. This was
due, among other reasons, to the fact that a vehicle measured at one sensor could have
parked in the meantime, or that a vehicle recorded at the entry to a study area was not
necessarily the same vehicle exiting it at the same time.

In total, the measurements covered between 60 and 75 h of observation. Thanks to
the software used in the devices and precise time stamping of each measurement, only
free-flow traffic could be selected. The analysis of the obtained data allowed the classifi-
cation of speed results under hourly traffic volumes ranging from approximately 3-
5 Veh/h to 100 Veh/h.

Considering the location of the study areas in the city centre and the high fluctuation
of vehicles parking or leaving parking spaces, special procedures were applied using the
capabilities of the SR4 device software. These procedures were introduced after a detailed
analysis of preliminary speed measurements of vehicles parking and departing from
parking spaces, synchronised with video recordings. Based on the analysis of traffic con-
ditions related to parking behaviour in the preliminary measurements, it was determined
that speeds below 8 km/h could be excluded from the final dataset used in further anal-
yses.

2.5. Data Selection and Speed Estimation

The obtained datasets required additional assumptions regarding the analysis of
free-flow speed vss across different ranges of hourly traffic volume (Ni). In order to deter-
mine the operating speed of a given mid-block narrowing, as defined by Brindle [70] and
Daniel et al. [77], the analysis adopted an initial classification of results into several hourly
traffic volume categories under free-flow conditions: at night, up to 10 V/h, 10-20 V/h, and
20-30 V/h, and during the day, into two ranges varying in 10 V/h increments: 30-70 V/h
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and 70-100 V/h (Appendix D—Table A1l and Figure A3). The unit V/h (vehicles per hour)
refers to the number of individual free-flow speed observations recorded within one hour
and is used throughout the manuscript as a short notation for hourly free-flow traffic vol-
ume.

Although the number of observations differed between daytime and nighttime due
to natural variations in traffic demand, this did not affect the estimation of vss because
only free-flow vehicles were included, and the sample sizes in all analysed groups were
sufficient for reliable 85% percentile free-flow speed estimation.

Considering the very large and highly heterogeneous datasets of individual speed
observations collected over three days (from 300 measurements at night and up to 1900
during the day), a statistically validated special procedure for estimating vss had to be
applied. An example of the dispersion of nighttime data in Study Area 1, along with the
vss estimation procedure used in further analyses, is presented in Appendix D —Figure
A4. Several observations with hourly traffic volumes exceeding 100 V/h were excluded
due to vehicle queuing occurring under such conditions, particularly on the section be-
tween the mid-block narrowing and the exit junction. Figure 5 presents a step-by-step
scheme of the applied analytical methodology.

|Veriﬁcati0n of the normality of observed speed distributions (Equation (1), Subsection 4.1) |
|Staﬁstical comparison of observed speed populations (Equations (2—4), Subsection 4.1) ‘
|Development of representative speed profiles for model study areas (Section 3) |

Research questions

Step 4 ll::> [ @ and @ ] Comparison \:vith previous stud?es and extensi(n.'l of operaﬁr}g speed
models by distance from the mid-block narrowing (Subsection 4.1)

Analysis of speed profiles by entry and exit intersection type
| =R |I:> [ @ il @ J (Subsections 4.2 and 4.3)

l Step 6 ::{> ® Analysis of speed changes on approach to the mid-block narrowing
P by parking orientation and bollard—planter sequence (Subsection 4.4)

Validation of conclusions from Steps 4-6 using

Validation speed profiles for Study Areas 4-8 (Section 5)

Figure 5. Step-by-step scheme of the applied analytical methodology. Source: own study.

First, all analysed speed populations were subjected to standard statistical analyses.
In total, for each measurement point and for each hourly observation period, Kolmogo-
rov-Smirnov goodness-of-fit tests (Equation (1)) were conducted to verify whether a
given population followed a normal distribution (Appendix D).

Null Hypothesis—Ho: F(v) = Fo(v) and Alternative Hypothesis—Hi: F(v) # Fo(v), A« =1.36, a =0.05

Test: A = D\/n, D = sub|F(v) — Fy(v)]|. (1)
If A < Aa, then the population of speeds follows a normal distribution.

where F(v)—empirical cumulative frequency curve; Fo(v)—theoretical cumulative fre-
quency curve; A—Kolmogorov—Smirnov Goodness-of-fit test; D—maximum absolute
value; n —number of results; Aa—critical values; « —adopted significance level.
Subsequently, statistical analyses were performed to assess the possibility of combin-
ing the data into three datasets: nighttime results up to 30 V/h, and daytime results of 30—
70 V/h and 70-100 V/h, using the two-sample Kolmogorov-Smirnov test (Equation (2)),
the significance test for two means (Equation (3)), and the two-variance test (Equation (4)).
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All three tests were performed in accordance with established traffic engineering and sta-
tistical analysis procedures to provide robust confirmation of the validity of the proposed
hourly traffic volume classification adopted for the subsequent analyses. Example results
of these statistical tests are summarised in Appendix D.

Null Hypothesis—Ho: F(v') = F(v*1); and Alternative Hypothesis—H1: F(v) # F(v*), Aa =1.36, a =0.05

Test: A = D*Vn, D* = sub|F(v') — F(v'*1)

, = (ninin)/(ni+ nia). )
If A > Aa, it means that these are two different speed populations.

where F(vi)—speed cumulative distribution function for hourly traffic volume i; F(v #!)—
speed cumulative distribution function for hourly traffic volume i + 1; A—Two-sample
Kolmogorov—-Smirnov test; D*—maximum absolute value; n—number of results; ni—
number of results for hourly traffic volume i; nis1 —number of results for hourly traffic
volume 7 + 1; Aa—critical values; a —adopted significance level.

Null Hypothesis—Ho: yii = ui+1; and Alternative Hypothesis—Hi: pi# pis1, ua = 1.96, a =0.05

s2 s2
Test: u = (yi - ﬂi+1)/ S Siwa -

n; o Mipr
If |u| = u,, it means that the means in both populations are different.

where ui—average speed for hourly traffic volume i; i1 i1 —average speed for hourly traffic
volume 7 + 1; u —significance test for two means; s:—standard deviation for hourly traffic
volume i; si1—standard deviation for hourly traffic volume i + 1; ni—number of results
for hourly traffic volume i; n i1 —number of results for hourly traffic volume i + 1; uo—
critical values; a —adopted significance level.

Null Hypothesis—Ho: si=si+1; and Alternative Hypothesis—Hi: 5i> sis1, Fa, at a = 0.05

Test: F =5i2/s12 4)
If F > Fa, it means that the variances in both populations are different.

where si—standard deviation for hourly traffic volume i; si#1—standard deviation for
hourly traffic volume i + 1; F—two-variance test; Fa—critical values; « —adopted signifi-
cance level.

Based on the positive outcomes of the preliminary analyses (Appendix D), the vss
values were further analysed within three hourly free-flow traffic volume categories: up
to 30 V/h, 30-70 V/h, and 70-100 V/h (hereafter referred to in figures and tables as night,
day*, and day**). These categories covered on average 17-25 h of nighttime observations
and approximately 30—40 h of daytime observations. The 85th percentile of speed in
nighttime conditions included from 130 to 300 individual free-flow speed observations,
while daytime conditions included from 1000 to over 1900 individual free-flow speed ob-
servations.

In this paper, the development of speed profiles was based on the studies
[53,63,70,76,77]. The definitions of individual parameters in the speed profile presented in
Figure 6 were adopted in accordance with those introduced by Brindle [70].

The symbols of the analysed research questions (D)-(5) (see Figure 6) were linked to
families of speed profiles, which depended on various considered factors (e.g., the type of
junction and the traffic arrangement at these locations, the distance of the measurement
point from the entry to a given study area (I), the distance of the measurement point from
the axis of the mid-block narrowing on the approach to it or departure from it (d), as well
as the three adopted ranges of hourly traffic volume (Ni).

https://doi.org/10.3390/su18157859


https://doi.org/10.3390/su18157859

Sustainability 2026, 18, 7859

13 of 46

Figure 6 illustrates the characteristic deflection of the speed profile at the location of
a TCM, in this case a mid-block narrowing. Differences in how this phenomenon is de-
scribed can be found in numerous studies by other researchers. For example, Zito and
Taylor [63] and Brindle [70] described the V-shaped deflection of the speed profile as sym-
metrical on both sides of the TCM, i.e., they assumed that the speeds before and after the
V-shaped deflection were equal. In contrast, Barbosa et al. [76] and Daniel et al. [77]
showed that these speeds are not necessarily equal, and that the speed downstream of the
TCM may be higher, equal to, or lower than the speed observed before the deflection.
Figure 6 presents the V-shaped speed profile deflection with a lower downstream speed
after the MBN, as street sections with lengths of 100-180 m were analysed. In addition,
the figure also shows the basic parameters of this deflection as defined by Brindle [70] and
Daniel et al. [77].

Zone of
influence z
[ ————
______ Street speed o e o
3
& — profile speed in traffic volume N, (night)
: Speed — profile speed in traffic volume N, (day*)
] difference — profile speed in traffic volume Nj (day **)
T
@
: ® ®
==
Operating speed at the
miaiBlDCk_narmwmg Tgs =f{rrilifﬁc volume N, |I= 1,2, ..n)
L L
Entrance Distance along of the sample study area ! Exit
junction junction

L 0. L
[ Vi o ke

narrowing

Figure 6. Predicted speed profile models and associated research questions (1)—(5). Source: own

study.

With respect to research question (5), the potential influence of parking orientation
(parallel or perpendicular) on speed vss was also analysed. Additionally, the influence of
the sequence of elements on the approach to the mid-block narrowing was considered,
including protective bollards, pedestrian crossings, and concrete planters located on the
surface of the mid-block narrowing, assessed on the approach to the narrowing. This ad-
ditional sequence factor may significantly influence driver perception by more or less re-
strictively reducing forward visibility and contributing to possible vehicle trajectories
through the mid-block narrowing.

3. Results and Data Analysis

The selected streets were redeveloped primarily to introduce paid parking zones, as
parking availability was the main issue reported by local residents and owners of bou-
tiques, shops, and other businesses (Appendix B—Figure A2). Considering the above, this
paper evaluates the effectiveness of mid-block narrowings through a detailed analysis of
vehicle speed profiles and the contextual factors affecting driver behaviour, following an-
alytical approaches similar to those presented in [70,76,77].

The data analysis revealed that the obtained speed profiles were also strongly influ-
enced by the types of entrance and exit junctions. These observations are consistent with
the findings of Barbosa et al. [76]; however, they indicate that a single target entry speed
should not be pursued, as it depends on both the type of entrance junction and the hourly
traffic volume.

The speed profiles were complex functions, primarily dependent on:

- Entry speed;
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- Type of entrance junction;

- Traffic arrangement at the entrance and exit junctions;

—  Time of measurement (daytime or nighttime);

-  Junction spacing;

- Distance of the measurement point from the axis of the mid-block narrowing, and
- Type of exit junction.

As mentioned earlier, the traffic arrangement was modified during the study period
(Appendix C —Figure A3), which significantly affected the resulting speed profiles. There-
fore, a total of six study areas were used for the speed-profile analyses, as Study Areas 1,
2, and 3 were analysed twice (see designations in Figure 2b). The remaining five Study
Areas (4-8) were used to validate the obtained speed profiles. All measured and estimated
values of entry speeds, operating speeds, speed differences, and the zone of influence for
the selected study areas are presented in Appendix E (Table A2).

3.1. Study Areas 1 and 1*: Access from Signalised Junction (Before and After Traffic
Arrangement Changes

Considering that the developed speed profiles primarily concerned one-way streets,
the analyses focused on drivers’ behaviour when they had full control over their driving
style, without being pressured by other vehicles. However, on short street sections in the
city centre, within a 30 km/h zone with numerous parking spaces, speed profiles are also
affected by pedestrian movements and by vehicles parking or leaving parking spaces.

Therefore, speeds measured at night were used to determine the operating speeds
associated with the mid-block narrowing (Figure 7). However, this value was not assumed
a priori as the final value for estimating speed differences, as drivers tend to behave dif-
ferently at night than during the day, even under similar hourly traffic volumes. Daytime
measurements were used primarily to assess the influence of entrance and exit junction
types on vehicle speeds.

The speed difference was approximately 8-10 km/h, while the length of the zone of
influence was approximately 25 m (Figure 7a). The daytime entry speed was approxi-
mately 26-28 km/h; whereas, the exit speed was approximately 23-25 km/h (Figure 7a).
Departure speeds towards the intermediate junction varied and depended on traffic con-
ditions on the remaining approaches as well as on pedestrian activity.

The speed profile also differed for the same street section before and after the traffic
organisation was modified at the exit junction. Before the modification, a gradual reduc-
tion in speed with a characteristic V-shaped deflection of the speed profile (2-3 km/h) was
observed, but only during the nighttime period. During the daytime, only minimal deflec-
tions of the speed profiles were recorded, and the speeds at the end of the section varied.
In contrast, after the traffic signs at the exit junction had been modified (Figure 7b —Study
Area 1%), no V-shaped deflection of the speed profile was observed.
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Figure 7. Speed profile: (a) in Study Area 1 (before the traffic arrangement change) with the original
traffic arrangement at the exit junction; (b) in Study Area 1* (after the traffic arrangement change)

with the modified traffic arrangement at the exit junction. Source: own work.

The traffic arrangement change at the exit junction resulted in different speed profiles
(Figure 7b). Entry speeds and operating speeds were higher; whereas, speed differences
were substantially reduced. A particularly pronounced difference in the speed profiles
was observed downstream of the mid-block narrowing. Departure speeds towards the
intermediate junction were considerably lower.

This indicates that on short street sections of up to 100 m, departure speeds are influ-
enced more strongly by the traffic arrangement at the exit junction than by the mid-block
narrowing itself. This is because drivers must decide on their subsequent direction of
travel after observing the C-8 road sign (“turn left or right”), while also taking into account
the corresponding restriction on the opposite approach (Figure 7b). Under the previous
traffic arrangement (Figure 7a), drivers had no such choice because the C-2 road sign
(“turn right only”) prevented any alternative manoeuvre.

Based on the above findings, it can be concluded that, when implementing traffic-
calming measures in 30 km/h zones, mid-block narrowings may be planned in conjunction
with traffic arrangements at intermediate junctions that impose different route-direction
requirements.

3.2. Study Area 2*: Access from a Three-Arm Junction on a Dual Carriageway Arterial Road
(Before Traffic Arrangement Changes)

The speed difference in Study Area 2 was only approximately 4 km/h, while the
length of the zone of influence was approximately 30 m (Figure 8). The daytime entry
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speed was approximately 30-32 km/h; whereas, the exit speed was approximately 22
km/h. In the vicinity of the side gate to the school grounds (i.e., from —20 m to +15 m),
speeds were approximately 22-26 km/h.

A characteristic symmetrical V-shaped deflection of the speed profile was also ob-
served during both the nighttime and daytime periods. In Study Area 2, the speed differ-
ence was similar to that observed in Study Area 1. However, after the mid-block narrow-
ing, speeds were more stable and lower than those recorded in Study Area 1. This may
have been related to the perpendicular parking spaces located along the right-hand side
of the street.

night: up to 30 V/h —e— day™: from 30 V/h to 70 V/h day**: from 70 V/h to 100 V/h

Free-flow speed (km/h)
[
o

-100 -%0 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 8 9 100

Distance from the mid-block narrowing axis along the Study Area 2 ( m)

e
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13 30 €2

i T Ed ¢ 1 [
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|

(Y (Y (D

~

PEED)]

Figure 8. Speed profile in Study Area 2 (before the traffic arrangement change). Source: own work.

3.3. Study Area 2*: Access from an Intermediate Junction Within a 30 km/h Zone (After Traffic
Arrangement Changes)

Following the traffic arrangement change and the reversal of the traffic direction in
Study Area 2%, markedly different speed profiles were obtained. Both entry and exit
speeds were substantially lower than those observed in Study Area 2; whereas, speeds
both before and after of the mid-block narrowing were considerably higher (Figure 9).

The deflection of the speed profile was symmetrical on both sides of the mid-block
narrowing only during the nighttime period and asymmetrical during the daytime. A ma-
jor difference between Study Areas 2 and 2* was the considerably higher vehicle speeds
observed in Study Area 2*. As a result, the operating speed at the same mid-block nar-
rowing increased from 22 km/h in Study Area 2 to 28 km/h in Study Area 2* (Figure 8).
The daytime and nighttime speed profiles also differed from those observed in Study Area
2. In contrast, speed differences in the vicinity of the mid-block narrowing were approxi-
mately twice as large (Figure 9).

Analysis of the obtained results indicates that vehicle speeds in a 30 km/h zone on
one-way streets, particularly operating speeds, depend on the length of the street section,
the types of entrance and exit junctions, and the traffic arrangement at those junctions.
The higher speeds observed in Study Area 2* were probably associated with the parallel
parking spaces located along the right-hand side in the direction of travel.
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Figure 9. Speed profile in Study Area 2* (after the traffic arrangement change). Source: own work.

3.4. Study Areas 3 and 3*: Access from an Intermediate Junction Within a 30 km/h Zone (Before
and After Traffic Arrangement Changes)

In Study Area 3, speed differences were approximately 8—10 km/h, while the length
of the zone of influence was approximately 20 m (Figure 10a). Entry speeds were approx-
imately 2629 km/h; whereas, exit speeds were approximately 21-24 km/h. A characteris-
tic feature in this case was the substantial increase in speed along the approach section
leading to the mid-block narrowing. This was probably related to the longer approach
distance, the different surrounding land-use characteristics along this street section, and
the considerably lower turnover of parked vehicles along the approach. In both Study
Areas 3 and 3%, a very distinct V-shaped deflection of the speed profiles was observed,
confirming the positive effect of the implemented mid-block narrowing. However, this
effect was limited to a relatively short section of the street, extending only from approxi-
mately —13 m upstream to +30 m downstream of the traffic-calming measure. Departure
speeds towards the minor approach of the junction with the two-way collector street var-
ied and depended on traffic conditions on the collector street, as well as on the high vol-
ume of pedestrian traffic at the exit junction. In Study Area 3, the speed difference was
substantially greater than that observed in Study Area 2, which was probably associated
with the different surrounding land-use characteristics and the lower turnover of parked
vehicles. Following the traffic arrangement change, similar but less variable speed profiles
were obtained (Figure 10b). Analysis of the speed profiles indicates that, on a longer street
section, the mid-block narrowing effectively reduces speeds, but only in its immediate
vicinity. The entrance and exit junctions had a greater influence on vehicle speeds.

@)

night: up to 30 V/h =o— day*: from 30 V/h to 70 V/h day**: from 70 V/h to 100 V/h

Free-flow speed (km/h)
5

-100 90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 5 6 70 8 9 100
Distance from the mid-block narrowing axis along the Study Area 3* (m)

\ \ | | [ _J I |
-7 =29 -13 13 30 T 84

. § == § F t

https://doi.org/10.3390/su18157859


https://doi.org/10.3390/su18157859

Sustainability 2026, 18, 7859

18 of 46

(b)

Free-flow speed (km/h)

36
34
32
30
28
26
24

20
18

night: up to 30 V/h —o— day*: from 30 V/h to 70 V/h day**: from 70 V/h to 100 V/h

-100

% -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 5 60 70 8 9 100

Distance from the mid-block narrowing axis along the Study Area 3* (m)

Figure 10. Speed profile: (a) in Study Area 3 (before the traffic arrangement change); (b) in Study

Area 3* (after the traffic arrangement change). Source: own work.

Based on the above findings, similarly to the previous subsection, it can be concluded
that, when implementing traffic-calming measures in 30 km/h zones, mid-block narrow-
ings may be planned while simultaneously considering the traffic arrangement at both
junctions. The presented speed-profile models confirm previous general findings reported
in the literature [45,60,66,75], indicating that drivers frequently exceed the posted speed
limit in 30 km/h zones.

4. Discussion

4.1. Comparison with and Extension of the Mid-Block Narrowing Speed Profile Models of Daniel
etal

In order to address research questions (1) and (2), it was necessary to analyse both
the influence of the distance of the measurement point from the mid-block narrowing on
speed difference and operating speed, as well as hourly traffic volume. A similar analyti-
cal approach was presented by Daniel et al. [77]; however, their study concerned residen-
tial streets with speed limits of 40 km/h and 50 km/h, located in suburban areas. They
demonstrated a very limited effectiveness of mid-block narrowings on such streets.

The present analyses extend their work primarily by incorporating the urban and
functional context of streets within a 30 km/h zone located in the city centre. In addition,
the study includes a broader set of contextual variables, i.e., junction spacing, types of
entrance and exit junctions together with their traffic arrangements, as well as different
configurations of on-street parking on both sides of the street. The results of this study
indicate that mid-block narrowings in 30 km/h zones are effective (see Section 3).

Given that a rapid assessment of the effectiveness of traffic-calming measures
(TCMs), based on evidence from multiple studies or design guidelines, should form the
basis for selecting appropriate measures in 30 km/h zones, this study proposes an exten-
sion of the speed difference models developed by Daniel et al. [77] with analogous rela-
tionships presented in Figure 11. Figure 11 provides a practical comparative tool for the
design process, supplemented with essential contextual data describing different street
sections and enriched with photographs facilitating the interpretation and comparison of
various urban form configurations. With regard to the obtained relationships between
speed differences and distance from the mid-block narrowing within the 30 km/h zone,
regression analyses were performed, yielding high correlation coefficients (Table 1). The
data presented in Figure 11 show Auss achieved between characteristic points and the mid-

https://doi.org/10.3390/su18157859


https://doi.org/10.3390/su18157859

Sustainability 2026, 18, 7859 19 of 46

block narrowing within the influence zone, representing the difference in speed Avss be-
tween a point within the influence zone and the mid-block narrowing. The origin of the
relationship corresponds to the mid-block narrowing axis (Figure 11 —abscissa equal to 0
m). The end of the relationship corresponds to the point (Figure 11 —abscissa equal to —di),
where the zone of influence begins, i.e., the point at which drivers start to reduce their
speed. To ensure clarity given the large volume of data, Figure 11 presents selected results
for low night-time traffic volumes (up to 30 V/h) and daytime traffic volumes of 30-70 V/h
only.
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Figure 11. Relationships between speed differences and distance from a mid-block narrowing.

Source: own study based on data presented in Daniel et al. (2011) [77].
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Table 1. Correlation coefficients (R) between speed differences and distance from the mid-block

narrowing axis in study areas located within 30 km/h zones. Source: own study.

Night (Traffic Volume Day* (Traffic Vol- Day** (Traffic Vol-

Study Areas: Up to 30 V/h) ume: 30-70 V/h)  ume: 70-1000 V/h)
Study Area No. 1 (distance between junctions to 100 m) -0.98 -0.97 -0.98
Study Area No. 1* (distance between junctions to 100 m) -0.96 -0.96 -0.96
Study Area No. 2 (distance between junctions to 180 m) -0.94 -0.96 -0.96
Study Area No. 2* (distance between junctions to 180 m) -0.90 -0.79 -0.80
Study Area No. 3 (distance between junctions to 170 m) -0.20 -0.35 -0.89
Study Area No. 3* (distance between junctions to 170 m) -0.74 -0.55 -0.56

Additionally, for comparison of different urban form configurations of study areas
analysed by Daniel et al. [77] and those examined in the present study, the upper part of
Figure 11 presents three photographs of Study Areas 1-3 within a 30 km/h zone before
traffic arrangement changes. The lower part shows three photographs of study areas con-
sidered in Daniel et al. [77], located on wide residential streets with a 50 km/h speed limit
and low-density detached suburban housing in Christchurch, New Zealand. The com-
pared study areas differ not only in speed limit but also, and more importantly, in the
surrounding urban context and other contextual variables. In all cases, high correlation
coefficients were obtained, both for the study areas of Daniel et al. [77] and for those ana-
lysed in the present study.

Since the analysed relationships vary considerably and depend on additional param-
eters characterising the surrounding street environment, regression equations showing
only dependence on distance (d) were not included in Figure 11. The substantial differ-
ences in the observed relationships arise not only from variations in the length of the zone
of influence, but also from differences in the surrounding land use and street environment.

Study Area 1 is the shortest and is located on a street with numerous shops, bou-
tiques, and small public facilities, resulting in increased pedestrian activity and high park-
ing turnover. Consequently, the zone of influence effectively begins at the signalised junc-
tion providing access to the area.

In Study Area 2, along the approach to the mid-block narrowing, there are also shops,
boutiques, and a school. The entry to Study Area 2 is from a junction connected to a dual
carriageway arterial road with a 50 km/h speed limit, one of the main city arterials. There-
fore, entry speeds were higher (approximately 33 km/h). In addition, delivery vehicles
were frequently parked in front of shops. These factors collectively resulted in a consider-
ably longer zone of influence and a markedly different speed profile (see Figure 8).

In Study Area 3, despite a similar approach length to Study Area 2, the speed profile
was fundamentally different and the zone of influence was significantly shorter (see Fig-
ure 10). These differences result from the fact that access to Study Area 3 is via intermedi-
ate junctions, and the street is bordered on both sides only by mid-rise residential build-
ings. There are no shops or driveway accesses to internal courtyards. Therefore, from the
moment of entry into Study Area 3, an increase in speed was observed (see Figure 10),
and the zone of influence was more than twice as short.

These findings were also confirmed in the validation of other study areas considered
(see Section 5).

In summary, the answers to research questions (1) and (2) are affirmative: operating
speed at the mid-block narrowing depends on entry speed, the type of entrance junction,
the length of the street section, and hourly traffic volume.

Taking this into account may have limited applicability across different urban con-
texts, as proposed by other researchers [60,63,68-71,76,77], since such a model would be
inherently dependent on factors specific to individual street sections (i.e., street length,
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type of entrance junction and its traffic arrangement, and hourly traffic volume). These
factors may therefore differ from those observed in street sections studied by other au-
thors.

However, the analysis presented in Figure 11 demonstrates the effectiveness of mid-
block narrowings in 30 km/h zones located in city centres. The analysed mid-block nar-
rowings contributed to speed reductions ranging from 5 km/h to 10 km/h, which is signif-
icantly greater than that reported by Daniel et al. [77]. Although the present study focuses
on the effectiveness of mid-block narrowings rather than on the design spacing between
traffic calming devices, the obtained results may also be interpreted in the context of pre-
vious spacing recommendations for other TCMs. Pérez-Acebo et al. [94] demonstrated
that the effectiveness of successive vertical deflections depends strongly on the spacing
between devices, while Yeo et al. [95] recommended a maximum spacing of approxi-
mately 70 m between consecutive speed humps to maintain operating speeds close to 30
km/h. Although vertical deflections and mid-block narrowings operate through different
physical mechanisms, both studies confirm that the spacing between successive traffic-
calming measures is one of the key factors affecting operating speed and speed con-
sistency along urban street sections.

4.2. Speed Differences Considering Entrance Junction Type and Traffic Arrangement

In order to address research question (3), further analyses were conducted on speed
changes along street sections equipped with mid-block narrowings under different types
of entrance junctions. However, speed changes depended not only on the length of the
analysed street section (/) and the type of entrance junctions, but also on the applied traffic
arrangement and the surrounding street environment. In all cases, the geometric and ver-
tical parameters of the mid-block narrowings were identical (Section 2.2).

In the case of a short street section with entry from a signalised junction and a high
density of shops, boutiques, and service facilities, lower speeds were recorded before the
change in traffic arrangement (Figure 12). For this purpose, appropriate junction schemes
are presented in Figure 12. The observed speed changes were related to modifications in
available route choices. Before the change in traffic arrangement, the driver was required
to follow traffic sign C-2 (“right turn only”), which resulted in lower speeds, as the driver
also had to account for traffic conditions on the two remaining approaches. After the
change in traffic arrangement, the driver had a choice of travel direction (traffic sign C-8:
“mandatory left or right turn”) and therefore only needed to consider turning movements
at the opposing approach.

—— Study Area 1 night = = = GStudy Arealday® = ceeeeeees Study Area 1 day™
—— Study Area 1" night = = = Study Areal*day” = oo Study Area 1" day™*
36
% 34 Possible relations
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$ s Py
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E ¢
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20 _ . I SR T R o/
18 Before traffic arrangement changeat the exit junction e
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Distance from the mid-block narrowing axis (m)

Figure 12. Speed difference on the approach to the mid-block narrowing in Study Areas 1 and 1%, at

the signalised junction approach. Source: own study.
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In Study Areas 2 and 2%, the change in traffic arrangement at the exit junction was
also associated with a change in traffic direction in Study Area 2* (Figure 13). A compari-
son of entry speeds in Figures 12 and 13 indicates that speeds were dependent on the type
of entrance junctions. Significantly lower speeds were recorded along the street section at
the entry from a three-leg junction connected to a dual carriageway arterial road (Study
Area 2) than at the entry from a signalised junction (Figure 12 —Study Areas 1 and 1%).

In contrast, significantly higher speeds on the approach to the mid-block narrowing
were recorded in Study Area 2* where entry was from an intermediate junction, with
parallel on-street parking arranged along the right side of the approach, compared to the
previous study areas with perpendicular parking configuration (see Section 3).
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Figure 13. Speed difference on the approach to the mid-block narrowing in Study Areas 2 and 2*.

Source: own study.

Similar observations regarding the influence of entrance junction type, traffic ar-
rangement, and street section length were made in Study Areas 3 and 3* (Figure 14). In
this case as well, higher speeds were recorded. Figure 14 also presents the corresponding
entrance junction schemes together with traffic arrangements. Turning movements were
possible in Study Areas 2* and 3* only from minor approaches. In Study Area 3, the main
contributor to higher entry speeds was the availability of through movement. Differences
between speeds amounted to approximately 8 km/h on average. In all study areas, a no-
ticeable increase in speed was also observed in the vicinity of the mid-block narrowing.
This was likely related to the length of the approach both to the mid-block narrowing and
to the exit junction.
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Figure 14. Speed difference on the approach to the mid-block narrowing in Study Areas 2%, 3 and

3*, at the intermediate junction. Source: own study.

In summary, the above analyses allow a positive answer to research question (3),
confirming a significant influence of the entrance junction type together with traffic ar-
rangement on speed. A second important observation was the recording of higher speeds
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exceeding the 30 km/h limit at larger junction spacing. This was particularly concerning
in Study Area 2%, near a school. However, it should be emphasised that, in accordance
with the Vienna Convention [96], the observed speeds fall within the permissible range
indicated by the 30 km/h traffic sign.

4.3. Speed Differences Considering Exit Junction Type and Traffic Arrangement

Similar analyses to those presented in Section 4.2 were conducted with respect to exit
junctions in order to address research question (4). In this case as well, appropriate junc-
tion schematics were included in the figures to facilitate clearer interpretation of speed
profiles. In the analysed study areas, speed changes depended not only on their length,
but also on the type of exit junctions, the possible turning movements at these junctions,
and the surrounding street environment.

In the case of a short street section with entry from a signalised junction (Study Areas
1 and 1¥), and a high density of shops, boutiques, and service facilities, lower speeds were
recorded after the traffic arrangement change (Figure 15). This was likely associated with
a change in traffic signage from a mandatory turn instruction to a sign allowing a choice
of travel direction (left or right). As a result, after the traffic arrangement change, the
driver approaching the exit junction had to make a decision regarding the further direc-
tion of travel; whereas, previously only a right turn was permitted.

—— Study Area 1 night = = = GStudy Arealday”™ = = cereeeees Study Area 1 day™
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Distance from the mid-block narrowing axis (m)

Figure 15. Speed difference on the approach to the exit junction in Study Areas 1 and 1*. Source:

own study.

In the case of a longer street section with fewer service facilities and the presence of
a school gate located nearby (Study Areas 2 and 2%), lower speeds were recorded before
the traffic arrangement change (Figure 16), although entry speeds were similar in both
study areas (see Figure 13). After the traffic arrangement change and the change in travel
direction, higher speeds were observed after the mid-block narrowing, by approximately
10-12 km/h. This phenomenon indicates that in Study Area 2% it would be necessary to
implement an additional traffic-calming measure in order to maintain speeds below 30
km/h along the entire street section.
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Figure 16. Speed difference on the approach to the exit junction in Study Areas 2 and 2*. Source:
own study.

Similar conclusions can also be drawn from the analysis of speed profiles in Study
Areas 3 and 3* (Figure 17). Along the approach to the mid-block narrowing, only compact
19th-century multi-storey tenement buildings were present. At ground level, there were
only a few service points (e.g., shoemaker, legal office, etc.), contributing to very low park-
ing turnover. After passing the mid-block narrowing, an increase in speed was also ob-
served (Figure 17). In this case as well, the implementation of an additional traffic-calming
measure would be necessary. According to the authors, an angled mid-block narrowing
combined with alternating parking configurations (parallel and perpendicular parking)
or the use of horizontal deflection measures, as shown in Figures 18 and 19, would be
appropriate.
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Figure 17. Speed difference on the approach to the exit junction in Study Areas 3 and 3*. Source:
own study.
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(@) (b)

Figure 18. Examples of variable parking space patterns on one-way Taczaka Street in Poznan, Po-
land, preventing drivers from travelling in a straight line: (a) horizontal deflection; (b) staggered
parking bays combining parallel and angled parking. Source: Google Earth Pro 7.3.7.1155.

Google Earth

Figure 19. Examples of horizontal deflection measures preventing drivers from travelling in a
straight line: (a) two-way Penley’s Grove Street, York, UK; (b) one-way Townend Street and Del
Pyke, York, UK; (c,d) Shakespeare Street, Mount Hawthorn, Perth, Australia. Source: Google Earth
Pro 7.3.7.1155.

In early attempts to model speed profiles [52,70,76,97,98], speed was assumed to de-
pend on the distance of the measurement point from the entrance junction. However,
these models did not fully explain the range of speed variations and also did not account
for the influence of junction type, traffic organisation at junctions, parking configuration,
and the surrounding street environment.

Taking this into account, data from the analysed study areas were used in further
analyses. Barbosa et al. [76] assumed in their study that entry speed was equal to the UK
speed limit of 20 mph (33 km/h). However, this assumption was not confirmed in the pre-
sent study, where entry speeds were highly variable (see Section 4.2), depending on the
type of entrance junction, traffic arrangement at these junctions, and several other factors
(see Figures 13-17).

In line with findings from other researchers [63,70,76,97], low-order polynomial mod-
els with the best visual fit to all data should be applied. However, visual analysis of the
speed profiles presented in Figures 7-10 indicated the need to use higher-order polyno-
mial models incorporating multiple independent factors. In some cases, only higher-order
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(a)

models (describing speed solely as a function of distance) yielded higher coefficients of
determination, but this resulted in poorer visual fit to the data.

The intention of the analyses presented in Section 4 was to obtain simple and practi-
cal guidelines for planning 30 km/h zones and helping maintain this speed limit on short
city-centre street sections (100-180 m in length). Taking this into account, the development
of a single multivariable model incorporating numerous measurable and difficult-to-
quantify contextual factors, such as junction type, parking conditions, and street environ-
ment characteristics, was deliberately not pursued. Instead, the relationships identified in
Figures 7-10 were validated using data from the remaining study areas.

4.4. Analysis of the Influence of Selected Street Environment Features on Speed

The final analysis focused on the influence of parking space orientation on the ap-
proach to the mid-block narrowing and the sequence of streetscape elements located at
the narrowing itself, i.e., addressing research question (5). Considering the different ori-
entation of parking spaces (parallel or perpendicular on the right-hand side of the ap-
proach), four study areas were selected for comparative analyses. Only speeds at two
measurement points located directly before the mid-block narrowing were compared.

Field observations showed that changes in speed were significantly influenced by
parking orientation, or more precisely, by the visibility of potential lateral obstacles, such
as a vehicle indicating departure from a parking space. In the case of parallel parking, a
departing driver typically assesses the possibility of exiting and traffic conditions by look-
ing in the side mirror before moving off. In contrast, with perpendicular parking, the
driver must slightly pull out of the parking space in order to assess whether it is safe to
exit. This manoeuvre may temporarily reduce forward visibility for a driver approaching
the mid-block narrowing and consequently affect free-flow speed wvss.

In a 30 km/h zone, drivers are expected to travel at approximately 20-30 km/h; there-
fore, they should have a clear, unobstructed roadway ahead for a distance of about 40—
58 m (see Section 2.3), i.e., also free from vehicles exiting parking spaces.

For comparative analyses, Study Area 2 and 2* (before and after the traffic arrange-
ment change) and Study Area 8 were selected due to identical street section length and
similar surrounding land use. In all three study areas, the street was one-way.

First, Study Areas 2* and 8 were analysed due to identical street section length, iden-
tical entrance junctions within the 30 km/h zone, and three-leg exit junctions connecting
to a dual carriageway arterial road (Figure 20). The comparative analysis of results from
Study Areas 2* and 8 showed that, with different parking orientations, significantly lower
speeds were recorded where perpendicular parking was present on the right-hand side of
the approach to the mid-block narrowing. The difference in speeds within the 30 km/h
range reached 30% in both night-time and daytime conditions (Figure 20b). This indicates
a strong influence of parking orientation on speed.

Uss— Usp O o55-7Us5 Uso

(o)
(=)
|

10 A

Free-flow speed (km/h)
SIS

ﬁﬁéé### -

]

Abscissad:

Study area:

=30

2* 8 2* 8 2* 8

-13 =30 -13 =30 -13 =30 -13 =30 -13 =30 -13

night: up to 30 V/h day*: from 30V/h to 70 V/h day™: from 70 V/h to 100 V/h

https://doi.org/10.3390/su18157859


https://doi.org/10.3390/su18157859

Sustainability 2026, 18, 7859

27 of 46

(b)

100%
95%
0%
85%
80%
75%
70%
65%
60%

Percentage share

Abscissa d:

Study area:

v =30km/h m 30<v<40km/h B 40<ev=50km/h m v>50km/h

-13 -30 -13 -30 -13 -30 -13 -30 -13 -30 -13
2 8 2° 8 2 8
night: up to 30 V/h day*: from 30 V/h to 70 V/h day**: from 70 V/h to 100 V/h
Abscissad=-13 m N Abscissad =-13 m 0 Abscissad =-13 m k St-udy Aree 2%
10 — 1 .
iy f g z ’ - S
g g g / i A
Eo bal | | | d=-s0m
- - H / ¥ A
2 06 2 06 5 06 /
2" g E /
] ] ]
[} 5] d /
04 04 04 / s =z
/ — d==13m
02 . 02 02 / Q
Study Area 2* Study Area 2* / Study Area 2* =1
{ Study Area § — —Study Area 8 / — —Study Arca 8 "5
0.0 — 00 == 0.0 (5}
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
5 Speed (up to 30 V/h), kmv/h Speed (30-70 V/h), km/h Speed (70-100 V/h), ken/h
o0 Abscissa d =~30 m Abscissa d =-30 m Abscissa d =-30 m
7 10 S 10 10
] . & z 73
o | i : i
3
5 £oos Z 08 / R /
£ 06 £ o6 / = 06 /
£ E ! H /
] ] E
(s} <9 / = {
04 04 / 04 i
/ /
02 02 / 02 /
Study Area 2* / —— Study Area 2 / Study Area 2*
—Study Arca 8 / — —Study Area 8 — —Study Area 8§
0.0 — . 00 00
0 10 20 30 40 0 0 10 20 30 4 50 0 10 20 30 40 50
Speed (up to 30 V/h), km/ Speed (30-70 V/h), km/h Speed (70-100 V/h), km/h

Figure 20. Comparison of results for different parking orientation layouts in Study Areas 2* and 8:
(a) box plot; (b) percentage distribution; (c¢) cumulative distribution functions. Source: own study.

Designation: arrows indicate the direction of traffic.

The next analysis examined the influence of the sequence of streetscape elements lo-
cated at the mid-block narrowing on speed in Study Areas 2 and 8, both with identical
perpendicular parking on the right-hand side of the approach and similar street section
length. In Study Area 2, the sequence of elements on the narrowing consisted first of con-
crete planters with a tree, followed by a pedestrian crossing, and then two protective bol-
lards. In Study Area 8, the sequence was reversed.

Comparative analysis of speed distributions, percentage shares, and cumulative dis-
tribution functions showed (Figure 21) that speed differences were negligible (less than
3%) across all traffic volume ranges.
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Figure 21. Comparison of results for different streetscape elements at the mid-block narrowing in
Study Areas 2 and 8: (a) box plot; (b) percentage distribution; (¢) cumulative distribution functions.

Source: own study. Designation as in Figure 20.

Third, Study Areas 2 and 2* were compared, i.e., the same street before and after a
change in traffic direction. Consequently, both parking orientation and the sequence of
streetscape elements differed. Analysis of the data presented in Figure 22 showed sub-
stantial speed differences across all traffic volume ranges at both measurement points on
the approach to the mid-block narrowing.

With parallel parking on the right-hand side of the approach and bollards placed first
at the mid-block narrowing (Study Area 2*), more than 30% of drivers exceeded the
30 km/h limit, 3-7% exceeded 40 km/h, and a few even exceeded 50 km/h (Figure 22b).
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This indicates that, in addition to the existing mid-block narrowing, additional traffic-
calming measures such as horizontal deflection are required.

In contrast, in Study Area 2, with perpendicular parking on the right-hand side of
the approach and concrete planters placed first, significantly lower speeds were recorded
(Figure 22). At night, 90% of drivers did not exceed 30 km/h, while during the day 97-
100% complied with the speed limit. These results confirm the combined influence of
parking orientation and the sequence of streetscape elements at mid-block narrowings in
30 km/h zones located in city centres.
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Figure 22. Comparison of results for different parking orientations on the approach to the mid-block
narrowing in Study Areas 2 and 2*: (a) box plot; (b) percentage distribution; (c¢) cumulative distri-
bution functions. Source: own study. Designation as in Figure 20.
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The results described above characterise driver behaviour in 30 km/h zones located

in dense continuous frontage development with short junction spacing, where mid-block

narrowings with different parking orientations and sequences of streetscape elements are

applied. This study highlights, provides a novel contribution, that parking orientation sig-

nificantly influences driver behaviour through perceptual narrowing effects, reducing the

field of view and increasing the perception of pedestrian presence. In this way, the find-

ings address a

research gap in the literature and extend previous studies with new anal-

yses based on specific contextual data.

Previous research has mainly focused on mid-block narrowings in residential streets

located in suburban areas, with sparse parallel parking on both sides and open-layout

residential development. These differing conditions result in different driver behaviour,

reduced perception of street width, weak perception of potential pedestrian presence, and

consequently limited effectiveness of mid-block narrowings in traffic calming (see Section

4.1 and Figure

11).

4.5. Synthesis of Research Findings and Answers to the Research Questions

The analysis of the speed profiles and the discussion of the obtained results indicate

that no single, universal answer can be given to the research questions addressed in this

study. Free-flow operating speed is not determined by a single independent variable but

rather by the combined influence of multiple factors examined in the individual research

questions, together with several contextual characteristics describing the surrounding

street environment and the functional role of the street. A synthesis of the analyses and

the principal findings is presented in Table 2.

Table 2. Relationship between research questions, analysed variables, methods and principal find-

ings. Source: own study.

Research
Question

Primary Explana- Analysis
tory Variable Method

Principal Findings and Identified Determinants

®

Distance from en- Speed profile
trance junction  analysis

* Operating speed varies with the distance from the entrance junction
* The effect differs between the analysed study areas

¢ The influence zone extends beyond the immediate vicinity of the en-
trance junction

Comparison
Hourly free-flow of three traffic
traffic volume  volume

¢ Operating speed depends on hourly free-flow traffic volume

¢ The effect differs between daytime and nighttime conditions

¢ Daytime differences are relatively small

* Nighttime differences are more pronounced and depend on the charac-

categories
& teristics of the individual study area
¢ Entry speed strongly depends on the entrance junction type
. . Comparative e Traffic organisation at the entrance junction significantly influences op-
Entrance junction . .
® speed profile erating speed
type : . , _
analysis ¢ The proportion of through and turning movements affects driver speed
behaviour
* Operating speed is strongly influenced by the exit junction type.
* Traffic organisation at the exit junction significantly affects driver be-
Comparative haviour

Exit junction type speed profile
analysis

¢ The distance between the MBN and the exit junction is an important
determinant

* The proportion of through and turning movements at the exit junction
contributes to operating speed
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Street environ-

® ment features af- Comparative

fecting
operating speed

¢ Parking orientation is the dominant determinant of operating speed

* Perpendicular parking contributes to lower operating speeds

¢ Parallel parking increases operating speed and may result in speeds ex-
ceeding the 30 km/h speed limit

¢ This effect is particularly evident on longer street sections with pre-
dominantly residential frontages and limited roadside activity

* Streets with active frontages (e.g., shops and services) naturally encour-
age lower operating speeds

¢ The sequence of streetscape elements alone has little influence on oper-
ating speed; however, together with parking orientation it exerts a signif-
icant combined effect

analysis

The novelty of this study lies not merely in evaluating the effectiveness of mid-block
narrowings, but in identifying the contextual factors governing their performance in com-
pact city-centre 30 km/h zones, thereby providing new evidence for the sustainable plan-
ning and design of traffic-calmed urban streets.

5. Validation of the Developed Speed Profile Models

The objective of the validation was not to validate a predictive mathematical model,
but rather to verify whether the relationships identified in the model study areas were
reproducible under similar contextual conditions. Considering the large number of factors
affecting speed profiles within 30 km/h zones located in city-centre environments, speed
measurements were conducted in the remaining study areas (see Figure 2b). The obtained
results were used to verify the relationships identified in Sections 4.1-4.4. Individual anal-
yses were performed in study areas characterised by similar types of entrance and exit
junctions. To facilitate interpretation of their influence on speed profiles, all figures pre-
sented in this section additionally include schematic layouts of the exit junctions together
with their traffic arrangements. All measured and estimated values of entry speeds, oper-
ating speeds, speed differences, and the zone of influence for the selected study areas are
presented in Appendix E (Table A2).

5.1. Study Areas with Access from a Signalised Junction on a Major Collector Road and Exit to
an Intermediate Junction Within a 30 km/h Zone

To validate the speed profile relationships identified for Study Areas 1 and 1* (see
Section 3.1), Study Area 6 was selected (Figure 23). Entry speeds ranged from 26 km/h to
31 km/h. Analysis of the speed profiles presented in Figure 23 demonstrated that speeds
recorded after the mid-block narrowing depended on the traffic arrangement at the exit
junction. As previously observed in Study Areas 1 and 1%, exit speed was determined by
whether drivers had to choose a downstream movement at the exit junction or could con-
tinue without making such a choice. The speed profile obtained for Study Area 6 (Figure
23, green lines) confirmed these findings. At the exit from Study Area 6, approximately
80% of drivers continued straight through the exit junction, while only up to 20% selected
a turning movement. Consequently, exit speeds were slightly higher than those observed
in Study Areas 1 and 1*.
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Study Area 1 night = == Study Arealday* eesess Study Area 1 day**
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Study Area 6 night = e = Study Area 6 day* sesess  Study Area 6 day**
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Distance from the mid-block narrowing axis (m)

Figure 23. Speed profiles along street sections with access from a signalised junction and exit to an

intermediate junction, located within a 30 km/h zone. Source: own study.

In summary, the analysis indicates that the application of a mid-block narrowing is
effective on street sections beginning at a signalised junction and ending at intermediate
junctions with different traffic arrangements. The operating speed depends on both the
length of the street section and the traffic arrangement at the exit junction. In contrast, the
zone of influence is approximately 13-15 m and remains unaffected by the traffic arrange-
ment at the exit junction.

5.2. Study Areas with Access from a Junction on a Dual Carriageway Arterial Road and Exit to
an Intermediate Junction Within a 30 km/h Zone

To validate the speed profiles, two study areas, Study Areas 2 and 5 (W-E), were
selected, one being a one-way street and the other a two-way street (Figure 24). In both
cases, operating speeds were comparable; whereas, the speeds recorded on the approach
to and departure from the mid-block narrowing depended on the street type. On the one-
way street, entry speeds were higher than those observed on the two-way street. In con-
trast, exit speeds were lower.

Considering that both study areas were of similar length, straight road alignments
should not be applied along such street sections, as they encourage drivers to travel at
higher speeds. According to the guidelines [5-12], in order to maintain the speed limit of
up to 30 km/h, the spacing between consecutive traffic-calming measures (TCMs) should
not exceed 40-60 m. In the present case, the street sections located before and after the
mid-block narrowing were longer (approximately 80-90 m). Therefore, horizontal deflec-
tion should be introduced at least twice along the route. The purpose of such measures is
to physically restrict drivers’ forward visibility and discourage travel speeds exceeding
the posted 30 km/h limit.

On the one-way street, horizontal deflection should be achieved through the use of
staggered parking arrangements, created by alternating perpendicular and parallel park-
ing bays before the narrowing (see Figures 18 and 19a). On the two-way street, parking
spaces should be arranged in a staggered pattern both before and after the mid-block nar-
rowing, while the narrowing itself should be designed as an angled mid-block narrowing
(see Figure 19b).
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Figure 24. Speed profiles along street sections with access from a junction on a dual carriageway

arterial road and exit to an intermediate junction within a 30 km/h zone. Source: own study.

5.3. Study Areas with Access from an Intermediate Junction Within a 30 km/h Zone and Exit to
a Dual Carriageway Arterial Road

Three study areas of almost identical length were selected for validation: Study Areas
2%, 5 (E-W), and 8 (Figure 25). The general shape of the speed profiles was similar in all
study areas; however, the recorded speeds varied considerably.

For the one-way Study Areas 2* and 8, speeds differed substantially and were influ-
enced by the orientation of parking spaces (parallel parking in Study Area 2* and perpen-
dicular parking on the right-hand side of the street in Study Area 8). Owing to the use of
perpendicular parking spaces in Study Area 8, speeds below 30 km/h were recorded along
the entire street section. In contrast, Study Area 2* exhibited substantial exceedances of
the posted speed limit both before and after the mid-block narrowing. This indicates that
additional horizontal deflection should be introduced at least twice along the route, for
example by modifying the orientation of parking spaces and applying an angled mid-
block narrowing.

On the narrow two-way street, horizontal deflection is particularly needed on the
approach to the mid-block narrowing, together with the application of an angled mid-
block narrowing. Such measures would reduce drivers’ forward visibility and conse-
quently contribute to lower travel speeds.

s Study area No. 2% night == == Study area No. 2" day” sseese  Study area No. 27 day™
e Study area No. 5 (E-W) night == e= Study area No. 5 (E-W) day” sseese  Study area No. 5 (E-W) day™
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https://doi.org/10.3390/su18157859


https://doi.org/10.3390/su18157859

Sustainability 2026, 18, 7859

34 of 46

Free-flow speed (km/h)
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Figure 25. Speed profiles along street sections with access from an intermediate junction within a 30

km/h zone and exit to a dual carriageway arterial road. Source: own study.

5.4. Study Areas with Access from and Exit to Intermediate Junction Within a 30 km/h Zone

To validate the results obtained for Study Areas 3 and 3* (see Section 3.4), Study Ar-
eas 4 and 7 were selected. All study areas were one-way streets. Figure 26 presents the
resulting speed profiles together with schematic layouts of the junctions. The traffic ar-
rangements at the entrance and exit junctions differed between the study areas.

No. 3 —night = == No.3—day*® = = oo No. 3—day™
No. 3" — night = = = No.3*—day*® = = oo No. 3* — day™
No. 4 —night = = = No.4—day*® = = cooeeeene No. 4 — day™
No. 7 —night = == No.7—day® = e No. 7 — day™

-110

-100 -90 -80

700 60 50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 9 100
Distance from the mid-block narrowing axis (m)

Figure 26. Speed profiles along street sections with access from and exit to an intermediate junction

located within a 30 km/h zone. Source: own work.

Only in Study Area 3 was the dominant entry movement a through movement (ap-
proximately 80%). In the remaining study areas, the predominant entry movements were
turning movements. A longer zone of influence (approximately 40 m) was observed only
in Study Area 7; whereas, in the other cases its length was almost identical (approximately
20 m).

In contrast, speed reductions and operating speeds varied considerably. The mid-
block narrowing contributed to an average reduction in speed, expressed as Auvss, of ap-
proximately 6-10 km/h. A notable feature was the higher speeds recorded both before and
after the mid-block narrowing on street sections longer than 120 m. As in the previous
cases, additional horizontal deflections should therefore be introduced in such situations
(see Figure 19).

5.5. Summary and Practical Design Recommendations

In summary, the analyses presented above indicate that the application of mid-block
narrowings in short 30 km/h zones located in city centres is an effective traffic-calming
measure. Operating speeds recorded in all analysed study areas were below 30 km/h (Fig-
ure 27), although they varied considerably, ranging from 18 km/h to 27 km/h. In most
study areas, the zone of influence was approximately 15-20 m. This finding also confirms
the conclusions of previous studies [99,100] regarding characteristic V-shaped deflection
of the speed profile associated with the presence of a traffic-calming device.

Furthermore, the study demonstrated that both free-flow speed and operating speed
depend on:

- Thelength of the street section (i.e., junction spacing);
- The type of entrance and exit junctions and the traffic arrangements applied at them;
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- The orientation of parking spaces along the street section;
- The sequence of streetscape elements located at the mid-block narrowing.

Based on the conducted research, it was demonstrated that on two-way streets it is
necessary to apply not only staggered approaches at all intermediate junctions (Figure
28a), but also an angled mid-block narrowing combined with horizontal deflection. Such
horizontal deflection should primarily be achieved through an alternating arrangement
of parking bays (a perpendicular parking bay before the narrowing and a parallel parking
bay after the narrowing, or vice versa) (Figure 28a).

For one-way streets longer than 120 m, horizontal deflections (lateral shifts in the
roadway creating non-linear driving paths) should be provided immediately before the
mid-block narrowing or both before and after it (Figure 28b).

Entrance First street Type of Report at the
junction Length, m  furniture street exit junction Notes / Remarks:
D 100 bollards one-way ‘
Access from the Inlferme_diate ) .
signalised junction g 80% junction Staggering of approaches at the
with a major 130 bollards ONEWAY oo located exit junction recommende
collector traffic  in 30 km/h
zone
D 100 bollards oOne-way -t
80% Intermediate  Staggering of approaches at the
Aéﬁsgsosnf:i)ﬁlaa D 180 flowerbeds one-way through  junction exit junction recommende
dJu 2] carriagewa traffic located ) . . .
¢ tE o y 180 bollards two-way in 30 km/h Hon_zc}ntal f:leﬂecnon required at :md-bleck_
major arteria zone narrowing; chicane formed by staggered parking
Horizontal deflection required at mid-block
180 fl beds two-wa . q
Different traffic D owerbeds Y i Exit to the narrowing; chicane formed by staggered parking
arrangement dual . . .
at the intermediate I:l 180 bollards one-way -; carriageway Hor1z§nt;l dEﬂ'ZCE?n I1:3(:]1_11red _before
junction located in maijor arterial and after mid-block narrowing
30 km/h zone Horizontal deflection required before
1 one-wa
|:| 80 bollards way 1 and after mid-block narrowing
E 100 flowerbeds one-way J
Different traffic Intermediate
arrangement D 120  flowerbeds one-way -t junction
at the intermediate located
junction located in |:| 170 flowerbeds one-way in 30 km/h Horizontal deflection required before
30 km/h zone zone and after mid-block narrowing
f Horizontal deflection required before
|:| 170 flowerbeds one-way 'I and after mid-block narrowing

s 2 22 A 2 B
Operating speed, km/h

Figure 27. Comparative framework showing operating-speed ranges and contextual characteristics

of selected mid-block narrowings. Source: own study.

Figure 28. Recommended layouts for staggered approaches at intermediate junctions and comple-

mentary traffic-calming measures: (a) horizontal deflections (chicane) created by staggered on-street
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parking on two-way streets; (b) horizontal deflection beyond a mid-block narrowing on one-way

streets. Source: own study. Designation: arrows indicate the direction of traffic.

The findings addressing Research Question (5) also indicate that the design of the
mid-block narrowing surface is important. According to the analysis results (Figures 23
and 24), concrete planters fitted with a U-6 delineator board (“marker indicating a road-
side obstacle”) should be installed first, in the direction of travel, followed by the pedes-
trian crossing and protection bollards. The board alerts drivers to the presence of a phys-
ical roadside obstruction. It is recommended that the boards use red-and-white colouring,
consistent with international roadside-clearance practices; however, the final colour
scheme should comply with the standards adopted in a given country.

Another observation from the field studies concerns the use of side islands with tree
plantings within parking lanes. Where such islands are planned, they should be slightly
shorter than the parking lane itself and should incorporate mountable kerbs on the
rounded side facing the carriageway. The use of mountable kerbs at these locations ena-
bles drivers to manoeuvre into parking spaces more safely, avoiding the impacts against
full-height kerbs or very close contact with kerbs that were observed during the field sur-
veys (Figures 3a and 29a, tyre marks visible on the kerbs).

Where side islands are provided within parking lanes, their use should also be con-
sidered on both sides of accesses to internal courtyards. In such cases, the islands serve as
a physical measure preventing illegal parking on hatched areas. This solution helps elim-
inate the improper parking behaviour illustrated in Figure 29b.

The application of side islands with tree plantings at accesses to internal courtyards
facilitates vehicle access while preventing illegal parking. Within parking lanes, such is-
lands also allow parking spaces to be organised more efficiently. In both applications, side
islands incorporating shrubs or trees improve the visual quality of the street environment
while contributing to environmental sustainability.

(@) (b)

Figure 29. Examples from field observations: (a) side island constructed within a parking lane; (b)

unauthorised parking on a hatched area near an access to an internal courtyard. Source: photos by

the authors.

6. Conclusions

The results obtained indicate that speed profiles can be a useful tool for assessing the
effectiveness of mid-block narrowings in reducing free-flow speeds within 30 km/h zones
located in city centres. However, speed profiles along a street section are also influenced
by several determinants, regardless of whether the street operates as a one-way or two-
way facility. The most important determinants were found to be the type of entrance and
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exit junctions together with their traffic arrangements, junction spacing, and the orienta-
tion of parking spaces (parallel or perpendicular), not only on the approach to the mid-
block narrowing but also along the entire street section. The relationships identified across
the six selected study areas were subsequently confirmed through validation using six
additional study areas.

Compared with the findings of Daniel et al. [77], who reported limited effectiveness
of mid-block narrowings on long street sections between junctions along wide suburban
streets with a 50 km/h speed limit, the results presented in this study confirm the effec-
tiveness of mid-block narrowings within 30 km/h zones located in dense city-centre envi-
ronments characterised by short junction spacing (Figure 11). This comparison indicates
the urban-form configuration in which mid-block narrowings operate as effective traffic-
calming devices. Consequently, the present study provides both a novel contribution and
an important extension of the existing research gap. Furthermore, the inclusion of numer-
ous contextual variables summarised in Figure 27 provides a comparative framework for
road designers, substantially supporting the design of 30 km/h zones in city-centre envi-
ronments. The practical contribution of the study is reflected in the example design rec-
ommendations presented in Figure 28, as well as in the findings concerning the influence
of parking-space orientation on the right-hand side of the direction of travel and the se-
quence of streetscape elements at the mid-block narrowing. Additional recommendations
concern the placement of lateral islands within parking lanes and on both sides of accesses
to internal courtyards in dense city-centre environments. These recommendations are
closely related to environmental considerations, street aesthetics, and the principles of
sustainable traffic-calming design in urban centres.

This study substantially extends previous research on the effective application of
mid-block narrowings and, unlike earlier studies that focused primarily on isolated traf-
fic-calming devices, demonstrates the strong influence of the surrounding urban context
and junction spacing on the operational effectiveness of mid-block narrowings.

The measurement results obtained from the twelve study areas confirm the conclu-
sions of Barbosa et al. [76] that higher entry speeds are associated with smaller speed re-
ductions produced by a traffic-calming device, in this case a mid-block narrowing. How-
ever, the assumption that entry speed within a 30 km/h zone can always be taken as 20
mph (approximately 33 km/h) was not confirmed. On the contrary, the present study
demonstrated, and the validation analyses confirmed, that entry speed depends on the
type of entrance junction, its traffic arrangement, and its location within the urban street
network, rather than being consistently equal to 20 mph (approximately 33 km/h).

With regard to the definition of the zone of influence proposed by Daniel et al. [77]
and the concept of V-shaped speed profile deflections introduced by Zito and Taylor [63]
and subsequently developed by Brindle [70], and De Pauw ed al. [100], the present study
confirms the existence of both phenomena. However, when the objective is to ensure
speed consistency along street sections, that is, to avoid abrupt speed changes associated
with rapid braking and acceleration, speed differentials should not be excessive and
should preferably remain below 10 km/h. Consequently, the definition of the zone of in-
fluence proposed by Daniel et al., which includes only the approach area to a traffic-calm-
ing measure (TCM), should be expanded in accordance with the findings of
[63,70,76,77,100], and the results presented in this study to also include the downstream
area beyond the TCM. Accordingly, the zone of influence should be defined as the area
between the locations of two consecutive maximum speeds, encompassing both the de-
celeration and acceleration processes associated with a given traffic-calming device. The
findings further indicate that, within dense city-centre environments, the zone of influ-
ence of a mid-block narrowing is strongly affected by the types of entrance and exit junc-
tions, their traffic arrangements, and junction spacing.
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In summary, this study is the first to introduce a context-based reinterpretation of the
effectiveness of mid-block narrowings and to integrate multiple factors and urban-design
elements that contribute to the development of speed profiles within 30 km/h zones lo-
cated in city centres. These factors include:

- Maintaining compliance with the speed limit along the entire analysed street section
rather than focusing solely on point-based speed reductions;

- Giving substantial consideration to junction spacing when planning 30 km/h zones,
including the application of mid-block narrowings alone on street sections up to 100
m in length and the introduction of additional horizontal deflections on longer street
sections;

—  Incorporating broader urban-context considerations, particularly the highly influen-
tial orientation of parking spaces on the right-hand side of the direction of travel and
the presence of numerous accesses to internal courtyards, thereby providing greater
opportunities to control geometric conditions and introduce additional horizontal
deflections during the design process;

- Applying offset junction approaches at all internal junctions through the coordinated
placement of parking spaces on opposite sides of consecutive approaches, combined
with appropriate parking-space orientation (parallel or perpendicular), to create hor-
izontal deflection and discourage straight-line vehicle trajectories through the junc-
tion (Figures 19b and 28).
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Abbreviations

The following abbreviations are used in this manuscript:

MBN Mid-block narrowing

TCM Traffic-calming measure

V/h  number of individual free-flow speed observations recorded within one hour

free-flow speed refers to the 85th-percentile speed (vss) measured under unconstrained
traffic conditions

distance of the i-th measurement point from the centreline of the mid-block narrowing (i =
1,2 .., 1)

entrance and exit junctions length of the street section measured between the entry and
exit junctions
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(b)

Figure Al. Study area No. 1: (a) before —two-lane way 2010; (b) after —one-lane way 2025. Source:
Google Earth Pro 7.3.7.1155.

Appendix B

Gopgle Earth
h

(a) (b)

Figure A2. Existing traffic and parking conditions prior to reconstruction: (a) Study Area 1 in 2010;
(b) Study Area 8 in 2014. Source: Google Earth Pro 7.3.7.1155.

Appendix C

Study Area 3 Study Area 2

Study Area 2

@) (b)

Figure A3. Traffic arrangement at the intermediate junction: (a) before the modifications; (b) after

the modifications. Source: own study.
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Table Al. Summary statistics for preliminary analyses examining whether speed distributions
measured under different hourly traffic volumes could be pooled (entry to Study Area 1 before the

traffic arrangement change). Source: own study.

Hourly Traffic Volume, Statistical Testing Data and Critical Values:
V/h Equation (1),A Ax Equation (2),A A« Equation(3),f t. Equation(4),F Fa
ufot_c;(l)()v\/fh/h gii 1.36 0.56 1.36 0.43 1.96 1.33 1.70
;g:ﬁg X//E géi 1.36 0.70 1.36 1.26 1.96 1.03 1.40
ggjg zﬁ ggi 1.36 140 * 1.36 2.26* 1.96 1.31 147
ig_ﬁg z//}ﬁ 8;; 1.36 0.39 1.36 0.68 1.96 1.46 1.50
:8:28 z//i 8;2; 1.36 0.34 1.36 0.04 1.96 1.16 1.34
Zg:?g Xﬁ (1)3; 1.36 0.96 1.36 1.64 1.96 1.13 128
gg:;g z//}lr: 1?; 1.36 1.42* 1.36 1.98* 1.96 1.14 1.26
28:28 Xﬁ 12? 1.36 1.35 1.36 1.95 1.96 1.25 1.26
9800__19000?7//};1 (l);; 1.36 0.36 1.36 0.35 1.96 1.14 1.35
fromu?)% t\(; /?;IOtZ/;:) V/h (1)22 1.36 1.70 % 1.36 3.64% 1.96 1.06 1.26
fir(;)g;oo\\; //}11 t?17000\<//7h 1;: 1.36 0.34 1.36 0.34 1.96 1.02 1.26

Designation: *—The Null Hypothesis Ho (regarding similarity of distribution functions or equality

of means) should be rejected, as the test result A > A« or ¢ > ta is negative.

Example of a positive test result (no grounds to reject the Null Hypothesis Ho): The
populations of vss speeds under the analysed traffic flow rates from 10 V/h to 20 V/h and
from 20 V/h to 30 V/h do not differ statistically significantly, and these datasets may be
combined in further analyses.

Examples of negative test results (the Null Hypothesis Ho should be rejected): The
populations of vss speeds under the analysed traffic flow rates from 20 V/h to 30 V/h and
from 30 V/h to 40 V/h, as well as from 60 to 70 V/h and 70-80 V/h, are statistically different,
and these datasets should not be combined in further analyses.

Conclusion 1: The populations of vss speeds at traffic volumes up to 30 V/h and from
30 to 70 V/h are different and should be analysed separately.

Conclusion 2: The populations of vss speeds at traffic volumes from 30 to 70 V/h and
from 70 to 100 V/h do not differ significantly and may be analysed jointly.

Combined data within hourly traffic volume groups Ni:

- Upto 30 V/hincluded 21 night-time hours and 225 individual free-flow speed meas-
urements;

- From 30 V/h to 70 V/h included 18 daytime hours and 600 individual free-flow speed
measurements;

- From 70 V/h to 100 V/h included 12 daytime hours and 525 individual free-flow speed
measurements.

Based on the statistical analysis of speed distributions, three hourly traffic-volume
categories were adopted for further analyses: up to 30 V/h, from 30 to 70 V/h, and from 70
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V/h to 100 V/h. Within each category, the free-flow speed was estimated as the 85th per-
centile of speeds obtained from all measurement hours classified into the respective traf-
fic-volume category (Figures A4 and A5).
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Figure A4. Example cumulative distribution functions (CDFs) of entry flows into Study Area 1 for
different hourly traffic volume categories: (a) <30 V/h; (b) 30-70 V/h; (c) 70-100 V/h. Source: own
study.
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Figure A5. Example cumulative distribution functions (CDFs) for selected hourly traffic volume
categories used in the subsequent analyses at entries from signalised junctions to: (a) Study Area 1;
(b) Study Area 1%; (c) Study Area 6. Source: own study.

Appendix E

Table A2. Junction spacing, entry speed, operating speed, speed difference, parking space orienta-

tion, and zone of influence for selected study areas. Source: own study.

Entry Operating Speed Differ- Parking Space Zone of

Entrance Junction Study  Junction Speed, km/h Speed, km/h ence, km/h Orientation Influence, m

Types Area  Spacing M (.1t Day* Night Day* Night Day* Before the MBN Night Day*
Access from the signal- 1 100 285 277 198 176 8.6 9.5 perpendicular 42 42
ised junction with a ma-  1* 100 30.8 31.0 24.8 258 6.0 4.7  perpendicular 42 42
jor collector 6 130 298 280 268 263 16 27 perpendicular 13 13
Access from ajunction 180 306 322 222 220 84 104 perpendicular 67 67
with a dual carriage-

way major arterial  9(W-E) 180 29.8 280 248 237 -03 -09 parallel 13 13
Different traffic ar- 2% 180 202 183 309 185 30 77 parallel 25 25

rangement at the inter-

medjiate junction lo-
cated in 30 km/h zone ® 8 180 195 21.0 240 227 27 2.5 perpendicular 25 25

5(E-W) 180 248 228 248 228 102 79  perpendicular 18 18
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Different traffic ar- 3 170 285 271 222 213 99 8.4  perpendicular 29 29
rangement at the inter- 3% 170 21.5 208 265 233 62 101 perpendicular 29 29
mediate junction lo- 4 120 202 195 236 225 20 54 perpendicular 20 20
cated in 30 km/h zone ® 7 100 213 240 202 185 6.3 51 perpendicular 18 18

Designation: ® Exit to the dual carriageway major arterial. @ Exit to the intermediate junction with

a different traffic arrangement, located in 30 km/h zone.
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