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Abstract. The efficiency of roundabout intersections largely depends on traffic conditions at their exit sections,
in particular the location of public transport stops immediately after the exit or in its vicinity, which reduces capacity
and increases delays due to forced lane-changing manoeuvres and a shortage of acceptable gaps in the traffic stream.
The aim of the study was to develop criteria for reducing traffic delays at the exit of a roundabout in the presence of a
public transport stop, taking into account vehicle lane-changing processes and the critical gap in the adjacent traffic
lane. The study was conducted using principles of traffic flow theory, methods for evaluating intersection capacity, and
approaches for determining critical gaps; it was also shown that delays at roundabout exits are caused by right-lane
blockage by public transport, demand for lane changing, and insufficient acceptable gaps in the adjacent stream within
alocal critical zone. A system of delay-reduction criteria is proposed, based on minimising total delay in the local critical
zone, ensuring consistency between traffic demand and effective exit capacity, and matching lane-changing demand
with the possibility of its execution under existing traffic conditions. Conditions for the transition of the traffic stream to
a critical operating regime were also defined in terms of speed, density, and capacity indicators. To validate the proposed
methodological approach, a computational scenario of a two-lane roundabout exit was considered. With an exit traffic
flow of 1,000 veh/h, adjacent lane flow of 900 veh/h, and an average right-lane blocking time by public transport of
25 s, a lane occupancy coefficient of ¢ =0.125 was obtained, resulting in a reduction of effective capacity to 1,575 veh/h.
Under these conditions, traffic demand does not exceed the effective exit capacity, ensuring stable traffic operation and
enabling lane-changing manoeuvres without the formation of critical delays. The obtained results may be used to justify
the location of urban public transport stops, determine the length of weaving sections, and select organisational and
technical measures aimed at improving the efficiency of roundabout operation and reducing traffic delays

Keywords: traffic management; lane-changing manoeuvres; critical gap; lane blockage; bottlenecks

Introduction
Roundabouts are widely recognised as one of the most roundabouts is strongly influenced by traffic conditions
effective traffic control solutions in urban transportation  at their exit sections, particularly when public transport
systems due to their ability to improve road safety, reduce  stops are located directly at or immediately downstream
the number of conflict points, and maintain continuous  of the exit area. Under such conditions, traffic delays may
traffic movement. However, the operational efficiency of  increase significantly due to the combined effects of lane
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blockage, lane-changing manoeuvres, and limited avail-
ability of acceptable gaps in adjacent traffic streams. Re-
cent research has increasingly focused on the operational
performance of roundabouts under varying traffic con-
ditions. M. Guerrieri (2024) proposed a methodology for
assessing sustainable traffic levels at urban roundabouts
using a macroscopic fundamental diagram approach. The
study demonstrated the importance of traffic density and
speed relationships in determining operational efficiency
and identifying the transition from stable to congested
traffic conditions. H. Jiang et al. (2024) conducted a com-
prehensive review of traffic behaviour and intelligent driv-
ing at roundabouts from a microscopic perspective. The
authors emphasised that traffic delays and travel times are
strongly affected by lane-selection behaviour, lane-chang-
ing decisions, traffic demand, and geometric characteris-
tics of roundabouts. E. Campi et al. (2024) analysed the
application of traffic simulation models for evaluating the
operation of connected and automated vehicles at round-
abouts. Their findings confirmed the importance of mi-
croscopic modelling approaches for investigating vehicle
interactions and traffic flow dynamics within roundabout
influence areas. E Abu Hamad er al. (2024) investigated
driver behaviour at roundabouts operating under mixed
traffic conditions using machine learning techniques. The
study demonstrated that lane selection, gap acceptance
behaviour, and driver decision-making processes signifi-
cantly influence traffic performance and the occurrence
of conflicts within roundabout influence areas. The au-
thors emphasised the importance of considering vehicle
interactions and lane-changing behaviour when assessing
operational efficiency at roundabouts.

Y. Liang er al. (2024) developed a three-stage cellular
automata model for analysing traffic operations at com-
plex multilane roundabouts. Their findings showed that
vehicle interactions occurring during entering, circulat-
ing, and exiting manoeuvres substantially affect traffic
stability, delay formation, and overall operational perfor-
mance. The study confirmed the importance of consider-
ing localised traffic disturbances and lane-changing pro-
cesses when evaluating roundabout efficiency. K. Culik et
al. (2025) compared the operational performance of
conventional and turbo roundabouts using field obser-
vations and calibrated simulation models. The results
demonstrated that traffic delays and capacity utilisation
are highly sensitive to lane allocation and vehicle weaving
processes. E. Zadobrischi (2025) investigated intelligent
traffic management systems for roundabouts based on
advanced vehicle communication technologies. The study
highlighted the significance of traffic flow organisation
and conflict reduction measures for improving operation-
al efficiency and reducing vehicle delays. The influence
of public transport stops on traffic performance has also
attracted considerable attention. I. Medvediev & S. Soro-
ka (2020) proposed a methodology for evaluating the im-
pact of public transport stop placement on the capacity
of urban road networks. Their results confirmed that stop
location may substantially affect traffic performance and
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capacity utilisation. E.B. Lieberthal et al. (2024) examined
traffic conditions on urban road sections with reduced
capacity and demonstrated the necessity of considering
localised bottlenecks when assessing traffic performance
and delay formation processes.

Recent studies addressing public transport stop oper-
ations and lane-changing processes indicate that the inter-
action between temporary lane blockage, lane-changing
demand, and traffic flow characteristics plays a significant
role in determining local traffic conditions. Nevertheless,
existing studies primarily investigate these factors sepa-
rately. The combined influence of public transport stop
operations, lane-changing demand, and the availability of
acceptable gaps within the roundabout exit area remains
insufficiently explored. The aim of this study was to estab-
lish criteria for reducing traffic delays at roundabout exits
where a public transport stop is present, considering ve-
hicle lane-changing behaviour and the critical gap in the
adjacent traffic stream.

Literature Review
The issue of determining capacity and traffic delays at
roundabouts is predominantly addressed in the scientif-
ic literature through gap-acceptance models, critical gap
estimation, and analyses of traffic flow interactions with-
in roundabout entry and exit areas. A. Polus et al. (2003)
found that the critical gap is dependent on drivers” wait-
ing time, which directly affects roundabout capacity.
0. Hagring (2001) proposed an approach for estimating
roundabout entry capacity while accounting for mixed
circulating and exiting traffic flows. O. Giuffre et al. (2016)
systematised the gap-acceptance parameters common-
ly applied in the evaluation of roundabout performance.
K. Shaaban & H. Hamad (2020) investigated variations
in critical gap values for single-, two-, and three-lane
roundabouts. A separate group of studies focuses on the
impact of public transport stops on traffic conditions.
D. Cvitani¢ (2017) demonstrated that the location and
configuration of a public transport stop significantly af-
fect vehicle delays and the operational performance of
intersections. X. Yang et al. (2013) developed a model for
evaluating vehicle delays in the vicinity of public transport
stops under mixed traffic conditions. H. Jin et al. (2019)
found that curbside stops cause periodic lane blockages,
aggressive lane-changing manoeuvres, reduced roadway
capacity, and increased traffic delays. In recent studies,
increasing attention has been devoted to microscopic
traffic flow modelling, driver behaviour in lane-selec-
tion decisions, and the evaluation of traffic management
measures. H. Jiang et al. (2024) noted that travel time and
delays at roundabouts depend on drivers’ lane-changing
behaviour, the geometric characteristics of the intersec-
tion, traffic demand, and local traffic control regulations.
K. Culik et al. (2025), in a comparison of conventional
and turbo roundabouts, employed field observations,
origin-destination traffic matrices, and a calibrated mi-
croscopic simulation model. E. Zadobrischi (2025) inves-
tigated opportunities for improving traffic flow efficiency



at roundabouts, particularly through the implementation
of public transport priority measures. M. Riaz et al. (2023)
highlighted the effectiveness of microscopic traffic sim-
ulation techniques for evaluating traffic management
strategies in urban transportation systems. The authors
demonstrated that microsimulation models can success-
fully reproduce lane-changing behaviour, traffic delays,
and congestion formation, providing valuable support for
the assessment of traffic control measures and infrastruc-
ture design alternatives.

Despite the considerable progress achieved in the
fields of roundabout capacity assessment, lane-chang-
ing behaviour analysis, traffic microsimulation, and pub-
lic transport stop evaluation, the combined influence of
temporary lane blockage, lane-changing demand, and
acceptable gap availability at roundabout exits remains
insufficiently investigated. Existing studies primarily ad-
dress these factors separately, whereas their simultane-
ous interaction may significantly affect traffic delays and
traffic flow stability within the exit influence area. Recent
studies have increasingly focused on the behavioural and
operational aspects of traffic flow at roundabouts. E Abu
Hamad et al. (2024) and Y. Liang et al. (2024) demonstrat-
ed the importance of lane-changing processes and vehicle
interactions for traffic performance, whereas M. Riaz et
al. (2023) confirmed the usefulness of microscopic sim-
ulation approaches for evaluating traffic management
strategies. However, the integration of these factors into
a unified analytical framework for assessing traffic de-
lays at roundabout exits has received limited attention in
previous research. At the same time, the literature review
indicates that most studies examine either roundabout
capacity, the impact of public transport stops, or vehicle
lane-changing processes as separate components. Their
combined effect at roundabout exits remains insufficient-
ly explored, despite the fact that three interrelated factors
occur simultaneously in this area: temporary blockage
of the outer lane by public transport vehicles, increased
lane-changing demand, and a shortage of acceptable gaps
in the adjacent traffic stream. This research gap justifies
the need to develop criteria for reducing traffic delays
within the critical exit zone of a roundabout. Although
numerous studies have addressed roundabout capacity,
the effects of public transport stops on traffic conditions,
and vehicle lane-changing processes separately, their
combined impact within the roundabout exit area has re-
ceived limited attention. In particular, the mechanism of
traffic delay formation under the simultaneous influence
of outer-lane blockage, lane-changing demand, and the
limited availability of acceptable gaps in the adjacent traf-
fic stream requires further investigation (Yang ef al., 2013;
Cvitani¢, 2017; Jin et al., 2019). An analysis of the current
regulatory framework indicates that the requirements
governing the location and design of public transport
stops in Ukraine are primarily established by GBN V.2.3-
37641918-550:2018 (2018) and DBN V.2.3-5:2018 (2018).
GBN V.2.3-37641918-550:2018 defines the general re-
quirements for the design of public transport stops, while
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DBN V.2.3-5:2018 serves as the principal regulatory doc-
ument governing the design and construction of urban
streets and roads in populated areas. When addressing
traffic control devices and traffic management measures,
reference should also be made to DSTU 4100:2021 (2021)
and DSTU 2587:2021 (2021).

However, the aforementioned regulatory documents
do not provide an analytical framework for assessing the
impact of a public transport stop on traffic delays specif-
ically within the exit area of a roundabout. Furthermore,
they do not account for the process of forced lane-chang-
ing manoeuvres undertaken by vehicles, nor do they relate
the feasibility of such manoeuvres to the critical gap avail-
able in the adjacent traffic stream. This constitutes the
principal distinction and scientific value of the proposed
study. The conducted review demonstrates that previous
studies have significantly contributed to the understand-
ing of roundabout capacity, critical gap acceptance, traf-
fic flow dynamics, and the operational effects of public
transport stops. However, the majority of existing research
examines these factors independently. Insufficient at-
tention has been paid to the combined influence of tem-
porary lane blockage caused by public transport stops,
lane-changing demand, and the availability of acceptable
gaps within adjacent traffic streams at roundabout exits.
Consequently, there remains a need for a comprehensive
methodological approach capable of simultaneously ac-
counting for these interacting factors when assessing de-
lay formation and developing traffic management meas-
ures at urban roundabouts.

Materials and Methods
The study was conducted based on the principles of traffic
flow theory, methods for assessing the capacity of trans-
portation facilities, and approaches to determining the
critical gap required for vehicle lane-changing manoeu-
vres. The object of the study was the process of traffic
delay formation at a roundabout exit in the presence of a
public transport stop. The subject of the study comprised
the interaction patterns of traffic flows within the round-
about exit area, which were determined by the influence
of the public transport stop, traffic demand, lane-chang-
ing demand, and the availability of acceptable gaps in
the adjacent traffic stream. A schematic representation of
vehicle lane-changing manoeuvres within the influence
area of the public transport stop is shown in Figure 1. The
dynamics of vehicle departures from a roundabout are
characterised by pronounced traffic flow heterogeneity in
terms of speed profiles, headways, and the spatial distri-
bution of vehicles across roadway lanes. The operation of
a public transport stop located in close proximity to the
roundabout exit creates conditions for temporary lane
blockage, which not only directly reduces roadway capac-
ity but also generates additional conflict areas associated
with vehicle lane-changing manoeuvres. For the subse-
quent analysis of traffic delay formation, it was proposed
to distinguish functional zones representing the influence
of a public transport stop on traffic flow, as illustrated in
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Figure 2. As vehicles move away from the roundabout,
the traffic stream naturally disperses both longitudinally
along the roadway segment and laterally across its width.
However, the presence of a public transport stop modifies
this process. In particular, it shifts the traffic stabilisation

zone further downstream while simultaneously affecting
key traffic performance measures, including average trav-
el speed, the distribution of vehicles across lanes due to
overtaking and lane-changing manoeuvres, and the over-
all travel time along the roadway segment.
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Figure 1. Schematic representation of a vehicle lane-changing manoeuvre

Source: developed by the authors
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Figure 2. Functional zones of public transport stop influence on traffic flow

Source: developed by the authors

The structural decomposition of the public transport
stop influence area (Fig. 2) made it possible to identify five
consecutive sections whose characteristics are variable
parameters: the approach zone (I), the manoeuvring zone
during entry into the bus bay (II), the exit zone from the
bus bay (III), the zone of direct merging of public transport
vehicles into the main traffic stream (IV), and the traffic
stabilisation zone (V). For the purposes of this study, the
local critical zone is defined as the road section extending
from the roundabout exit line to the point where traffic
flow parameters return to stable operating conditions. The
upstream boundary of the zone coincides with the begin-
ning of the exit section, whereas the downstream bound-
ary was determined by the completion of lane-changing
manoeuvres and the stabilisation of traffic flow speed,
density, and headway distribution. Consequently, the
length of the local critical zone is not constant and de-
pends on traffic demand, public transport stop operation
characteristics, and the geometric parameters of the road
section. The length of the approach section is determined
by the time required to reach the lower speed threshold,
which is constrained by the dynamic envelope character-
istics of the specific vehicle type. In turn, the parameters
of the entry section are governed by the geometric char-
acteristics of the bus bay and the presence of a queue of
public transport vehicles. To evaluate the operating condi-
tions of the local critical zone, the following indicators are
employed: traffic flow rate, vehicle speed, traffic density,
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effective lane capacity, and the critical gap available in the
adjacent lane.

The critical gap represents one of the key parameters
governing the feasibility of lane-changing manoeuvres.
In practical applications, its value may be estimated from
accepted and rejected gaps obtained through field ob-
servations within the influence area of a public transport
stop. The performance criterion for the local critical zone
is defined as the minimisation of total vehicle delay while
ensuring the required exit capacity and maintaining the
feasibility of lane-changing manoeuvres without causing
the traffic stream to enter a critical operating state. The
study was based on a theoretical and analytical framework
developed using the principles of traffic flow theory and
capacity analysis. Illustrative traffic scenarios with repre-
sentative parameters of urban roundabout exits were used
to demonstrate the application of the proposed criteria.
The illustrative scenarios were developed using parame-
ter ranges reported in previous studies on roundabout ca-
pacity, gap acceptance, and public transport stop impacts,
such as K. Shaaban & H. Hamad (2020), H. Jin et al. (2019)
and National Academies of Sciences, Engineering, and
Medicine (2010). Field observations are considered as a fu-
ture stage of research intended for model calibration and
validation. Based on the proposed methodological frame-
work, functional relationships were established among
traffic flow rate, effective lane capacity, lane-changing de-
mand, and the number of acceptable gaps in the adjacent



traffic stream. These relationships provided the basis for
developing a system of criteria aimed at reducing traffic
delays at roundabout exits.

Results and Discussion

To investigate traffic conditions at roundabout exits, it is
proposed to define a local critical zone comprising the
following components: the immediate roundabout exit
zone, the influence area of the public transport stop, the
lane-changing section where vehicles merge into the adja-
cent lane, and the traffic stabilisation zone located down-
stream of the stop. It is within this zone that the most
significant reductions in vehicle speed, changes in traffic
density, and the formation of additional travel delays oc-
cur. The proposed analytical framework is based on sever-
al simplifying assumptions. Traffic arrivals in the adjacent
lane are assumed to follow a Poisson process. Traffic flow
characteristics within the local critical zone are consid-
ered homogeneous over short observation intervals. Pub-
lic transport vehicles are assumed to occupy the curb lane
for the average dwell time at the stop. Lane-changing de-
mand is represented by the proportion of vehicles affected
by temporary lane blockage. These assumptions allow the
derivation of analytical relationships suitable for prelimi-
nary traffic engineering assessments. The total traffic de-
lay within the local critical zone can be determined as the
difference between the actual and normative travel times
required to traverse the individual exit segments:

Tdelay = 2;’"”=1 qr (L_ - i)) (1)

V: Vor-

where ¢, — traffic flow rate in the r-th zone, veh/h; L, -
length of the r-th zone, m; v, — actual average travel speed,
m/s; v, — average travel speed under normal operating
conditions, m/s.

The obtained relationship makes it possible to quan-
tify the contribution of each functional zone within the
local critical area to the formation of total traffic delay
and provides a basis for the subsequent development of
performance criteria for roundabout exit operations. The
performance criterion for roundabout exit operations is
defined by the equation:

Tdelay_) Min- (2)

The presence of a public transport stop at a round-
about exit reduces the capacity of the outer lane due to
its periodic occupation by public transport vehicles. The
magnitude of this effect is proposed to be assessed using
the lane occupancy factor given by the equation:

ap't
Pps = Heenr 3)

where ¢, — arrival rate of public transport vehicles at the
stop, veh/h; t, - average dwell time of a public transport
vehicle at the stop, s.

Accordingly, the effective lane capacity within the
stop influence area can be expressed by the equation:
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Cps:CO(l ‘(pr); (4)

where G, — lane capacity in the absence of a public trans-
port stop, veh/h.

Based on the equation (4), the first condition for re-
ducing traffic delays is expressed by the equation:

qexS Cps; (5)

where ¢, — traffic flow rate at the roundabout exit, veh/h.
If this condition is not satisfied, a portion of vehicles is
forced to merge into the adjacent lane. The lane-changing
demand can then be determined according to the equa-
tion:
Gic=Pic* Gex (6)

where ¢,.—flow rate of vehicles requiring a lane change, ve-
h/h; p,.—proportion of vehicles compelled to change lanes.

However, the existence of lane-changing demand
alone does not guarantee the feasibility of executing the
manoeuvre. For a lane change to occur, sufficiently large
temporal gaps must be available in the adjacentlane. Such
a gap may be characterised by the critical gap t,, which
may be estimated from field observations according to the
equation:

_ hrej+hacc

ter == ()

where h,; — mean value of the gaps rejected by drivers;
h... — mean value of the gaps accepted for performing the
lane-changing manoeuvre.

The critical gap is considered as one of the key param-
eters affecting lane-changing feasibility. In practical appli-
cations, it may be estimated using established approaches
such as the Raff method based on accepted and rejected
gap observations. For the illustrative scenario presented
in this study, a representative critical gap value of #.=4.0 s
was adopted. This value lies within the range of critical
gap values reported in the literature and applied in round-
about capacity assessment and traffic operations analysis
and was selected to demonstrate the application of the
proposed methodology (National Academies of Sciences,
Engineering, and Medicine, 2010; Austroads, 2017). Ac-
cording to the Raff method, the critical gap corresponds to
the intersection point of the cumulative distribution func-
tions of accepted and rejected gaps. This approach ena-
bles the identification of the minimum acceptable time
interval required for a driver to perform a lane-changing
manoeuvre under prevailing traffic conditions. Future
studies should estimate the critical gap using field obser-
vations collected at urban roundabout exits. Assuming a
Poisson arrival process of vehicles in the adjacent lane, the
probability of observing a gap not smaller than ¢, is deter-
mined by the equation:

P = exp (- 228er), (®)

where q,,; - traffic flow rate in the adjacent lane, veh/h.
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Accordingly, the number of gaps suitable for
lane-changing manoeuvres per unit time can be calculat-
ed using the equation:

Gadjter
Ner = qaaj " €XP (_ 32100 ) 9)
The second principal condition for reducing traffic
delays is represented by the equation:

qlc < N ( 1 0)

To demonstrate the application of the proposed crite-
ria, a hypothetical urban roundabout exit with a two-lane
downstream section was considered. The following input
parameters were adopted: exit flow rate g,,=1,000 veh/h,
adjacent lane flow rate q,,=900 veh/h, base lane capacity

Cy = 1,800 veh/h, public transport arrival rate
Apus= 18 veh/h, average dwell time f,=25 s, and critical
gap t,=4.0 s, and weaving section length Lr=120 m. The
calculated lane occupancy factor was ¢ =0.125, resulting
in an effective lane capacity of C,;=1,575 veh/h. Since
q..< C,, the capacity criterion was satisfied. The proba-
bility of observing an acceptable gap was P =0.368, cor-
responding to approximately 331 acceptable gaps per
hour. Under these conditions, the traffic stream remains
within a stable operating regime and no critical conges-
tion effects are expected. The scenarios summarised in
Table 1 represent generalised operating conditions de-
veloped for comparative assessment of public transport
stop placement alternatives, whereas the numerical ex-
ample presented in the text corresponds to a specific il-
lustrative calculation scenario.

Table 1. Scenario analysis of roundabout exit operation

Lane occupancy Effective capacity Lane-changing

Scenario Stop position (m) factor @ (veh/h) demand Traffic regime
No public transport stop - 0.00 1,800 Low Stable
Stop located at roundabout exit 0 0.125 1,575 High Transitional
Stop relocated downstream 120 0.06 1,692 Moderate Stable

Source: developed by the authors

Traffic regimes were classified according to the
conceptual thresholds presented in Figure 3: sta-
ble operation (q < 1,100 veh/h), transitional operation
(1,100 < q < 1,400 veh/h), and oversaturated operation
(g>1,400 veh/h). Lane-changing demand was qualitative-
ly assessed based on the proportion of vehicles affected
by temporary lane blockage and required to merge into
the adjacent lane, where low, moderate, and high demand
levels correspond to increasing proportions of affected ve-
hicles. The scenario analysis demonstrates that the opera-
tional regime of the roundabout exit is highly sensitive to
the location of the public transport stop. The most unfa-
vourable conditions are observed when the stop is located
directly within the exit influence area, resulting in reduced
effective capacity and increased lane-changing demand.
Relocating the stop further downstream improves operat-
ing conditions by reducing lane blockage duration and in-
creasing the availability of acceptable gaps for lane-chang-
ing manoeuvres. The obtained results indicate that the
location of a public transport stop relative to the rounda-
bout exit constitutes one of the key factors affecting traffic
performance. Stops located within the immediate influ-
ence area of the exit increase lane-changing demand and
reduce the availability of acceptable gaps for manoeuvre
execution. Consequently, the proposed criteria may serve
as a practical tool for evaluating alternative stop locations
and identifying configurations that minimise traffic de-
lays while maintaining adequate operational conditions.
If the condition defined by the equation is satisfied, a
portion of vehicles is unable to complete the lane-chang-
ing manoeuvre within the available weaving section:

qlc > Ny (l l)
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A portion of vehicles is unable to complete the
lane-changing manoeuvre within the available weaving
section. As a result, localised vehicle accumulation occurs,
traffic speed decreases, and delays increase.

To assess the transition of the roundabout exit into
a critical operating state, it is also necessary to consid-
er the critical speed v,, and the critical traffic density A,
The critical density may be determined according to the
equation:

qT
Ao = (12)
The local critical zone is considered to operate under
critical conditions when at least one of the criteria ex-
pressed by the equations is satisfied:

UV, < Usy (13)
A>A (14)
Gex> Cps (15)
Gic> Ny (16)

Thus, traffic delay at a roundabout exit is not caused
by a single factor but rather by the combined influence of
three interrelated mechanisms: periodic blockage of the
outer lane by public transport vehicles serving the stop,
the forced redistribution of vehicles between lanes, and
an insufficient number of acceptable gaps in the adjacent
traffic stream. Considering the above, the proposed sys-
tem of criteria for reducing traffic delays at roundabout
exits includes the following conditions:

« the traffic flow rate at the exit should not exceed the
effective lane capacity within the public transport stop in-
fluence area;



« lane-changing demand should not exceed the
number of acceptable critical gaps available in the ad-
jacent lane;

« traffic speed within the local critical zone should not
fall below the critical speed;

« actual traffic density should not exceed the critical
density;

« total delay within the local critical zone should be
minimised.

Based on the proposed system of criteria, a concep-
tual relationship between traffic delay and traffic flow
rate can be established. When both the capacity criteri-
on and the lane-changing feasibility criterion are satis-
fied, the traffic stream operates under stable conditions.
As traffic demand approaches the effective capacity of
the local critical zone, the system gradually transitions to
an unstable operating regime. Further increases in traf-
fic flow rate result in system oversaturation, leading to a
sharp increase in traffic delays (Fig. 3). Figure 3 illustrates
the impact of a public transport stop on vehicle delays as
a function of traffic flow rate, comparing scenarios with
and without a public transport stop located at the exit of
a roundabout. The threshold values shown in the figure
are illustrative and intended to demonstrate the qual-
itative behaviour of the proposed criteria rather than

A
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30
20

Overall transport delay, s
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represent a specific field case. Analysis of the graph indi-
cates that under low and moderate traffic demand levels
(up to 1,100 veh/h), the traffic stream operates in a stable
regime. Within this range, traffic delay increases gradually,
while the difference between scenarios with and without
a public transport stop remains relatively small. This can
be explained by the availability of a sufficient number of
acceptable gaps for lane-changing manoeuvres and the
absence of lane oversaturation. For traffic flow rates rang-
ing from 1,100 to 1,400 veh/h, a transitional operating
regime is observed. Traffic delays begin to increase more
rapidly, particularly in the presence of a public transport
stop. During this phase, lane-changing demand increases,
whereas the number of acceptable gaps available in the
adjacent lane gradually decreases. When traffic demand
exceeds 1,400 veh/h, the traffic stream enters an over-
saturated regime. Traffic conditions are characterised by
a sharp increase in delays, with the presence of a public
transport stop significantly amplifying the negative ef-
fect. This phenomenon is attributable to the simultane-
ous action of three factors: the reduction in effective lane
capacity caused by periodic occupation of the outer lane
by public transport vehicles, the increase in the number
of forced lane-changing manoeuvres, and the shortage of
acceptable gaps required for their execution.

II 111
Transient Overload
process operation

-

I

200 400 600 800

No designated public transport stop

1,000

1,200 1,400 1,600 1,800

Traffic volume,veh/h

With an integrated urban public transport stop

Figure 3. Conceptual relationship between traffic delays and traffic flow rate in the presence of a public transport stop

Source: developed by the authors

The obtained results demonstrate that the impact ofa
public transport stop on traffic delays is nonlinear and be-
comes particularly significant under high traffic demand
conditions, when the system approaches a critical operat-
ing state. From a practical perspective, traffic delays may
be reduced through the appropriate placement of public
transport stops relative to the roundabout exit, increasing
the length of the weaving section, reducing the duration
of outer-lane blockage, and implementing traffic manage-
ment measures aimed at decreasing forced lane-changing
demand. The findings support previous studies empha-
sising the critical role of gap acceptance and lane-chang-
ing processes in determining roundabout capacity,
such as K. Shaaban & H. Hamad (2020) and A. Polus et
al. (2003). However, unlike existing approaches, the

proposed system of criteria incorporates the combined
effects of public transport stop operations, lane-chang-
ing demand, and the shortage of acceptable gaps in the
adjacent traffic stream. This makes it possible to provide
a more comprehensive description of the mechanisms
responsible for traffic delay formation at roundabout
exits and expands the opportunities for developing and
justifying traffic management and engineering measures
aimed at mitigating such delays. The proposed approach
may be applied both to the evaluation of existing traffic
management schemes at urban roundabouts and to the
design of new transportation facilities. Its application en-
ables the assessment of the suitability of locating a public
transport stop within the roundabout exit area, the deter-
mination of the required weaving section length, and the
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justification of traffic management measures intended to
reduce delays and improve the operational performance
of the intersection. The proposed methodology consists of
the following sequential stages:

1. Determination of traffic flow characteristics within
the local critical zone.

2. Estimation of the lane occupancy factor caused by
public transport stop operations.

3. Calculation of the effective lane capacity.

4. Assessment of lane-changing demand generated by
temporary lane blockage.

5. Determination of the critical gap and the number of
acceptable gaps available for manoeuvre execution.

6. Verification of the proposed delay-reduction criteria.

7. Identification of stable, transitional, or critical traf-
fic operating conditions.

The obtained results indicate that traffic delays at
roundabout exits are determined not only by traffic de-
mand and available capacity but also by the interaction
between lane-changing demand and the availability of
acceptable gaps in the adjacent traffic stream. The analy-
sis demonstrates that even when the effective lane capaci-
ty remains sufficient, traffic performance may deteriorate
if the number of available gaps becomes inadequate for
the execution of mandatory lane-changing manoeuvres.
The obtained findings are generally consistent with previ-
ous studies addressing roundabout operations and pub-
lic transport stop impacts. Similar conclusions regarding
the influence of public transport stop placement on traf-
fic performance were reported by I. Medvediev & S. So-
roka (2020) and H. Jin et al. (2019). Furthermore, the im-
portance of gap acceptance and driver decision-making
processes identified in the present study is in agreement
with the findings of K. Shaaban & H. Hamad (2020) and H.
Jiang et al. (2024). However, unlike previous research, the
proposed approach simultaneously considers effective
lane capacity, lane-changing demand, and acceptable
gap availability within a unified analytical framework.
The principal contribution of the proposed methodolo-
gy lies in the introduction of the concept of a local criti-
cal zone at roundabout exits affected by public transport
stop operations. The developed criteria make it possible
to identify traffic conditions under which the combined
influence of lane blockage, lane-changing demand, and
limited gap availability may result in unstable traffic op-
eration and increased delays. From a practical perspec-
tive, the proposed criteria may assist traffic engineers
in evaluating alternative locations of public transport
stops, determining appropriate weaving section lengths,
and identifying traffic conditions requiring operational
improvements. The methodology may also support de-
cision-making during the design and reconstruction of
urban roundabouts by providing a simple analytical tool
for preliminary traffic performance assessment. Several
limitations of the proposed approach should be acknowl-
edged. The presented methodology is based on simpli-
fied assumptions regarding traffic arrival distributions
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and average public transport dwell times. Furthermore,
the proposed framework does not explicitly account for
variations in driver behaviour, heavy vehicle composi-
tion, weather conditions, or traffic signal interactions.
The threshold values presented in the illustrative exam-
ple are scenario-specific and should not be interpreted as
universal design values. Future research should focus on
model calibration and validation using field observations
collected at urban roundabouts with different geometric
and traffic characteristics.

Conclusions

The rationale for treating the exit section of a roundabout
located adjacent to a public transport stop as a local criti-
cal zone had been established, as this was the area where
primary additional vehicle delays were formed. Theoret-
ical analysis had shown that delay formation within this
local critical zone was driven by the combined influence
of three interrelated factors: a temporary decrease in the
capacity of the right-hand lane caused by public trans-
port stop operations, an increase in the intensity of man-
datory lane-changing manoeuvres, and a lack of suitable
gaps in the adjacent traffic stream. The research objective
was achieved by developing a set of criteria for mitigating
traffic delays at roundabout exits. The proposed frame-
work was founded on three key principles: minimising
total delay experienced by the traffic stream, maintaining
consistency between traffic demand and effective lane
capacity within the stop influence area, and balancing
lane-changing demand with the availability of acceptable
gaps in the adjacent traffic stream. The practical value of
the findings lay in their applicability to the justification
of public transport stop placement, the determination of
the required length of weaving sections, and the selection
of traffic management and engineering measures intend-
ed to enhance the operational performance of rounda-
bouts. The obtained results confirmed that the location
of a public transport stop within the roundabout exit
influence area significantly affected traffic performance.
Relocating the stop beyond the local critical zone could
reduce lane-changing demand and improve traffic oper-
ating conditions. The illustrative scenario demonstrated
the practical applicability of the proposed criteria. For an
exit flow rate of 1,000 veh/h and a public transport stop
occupancy factor of 0.125, the effective lane capacity was
estimated at 1575 veh/h, while approximately 331 accept-
able gaps per hour were available for lane-changing ma-
noeuvres. Under these conditions, the traffic stream re-
mained within a stable operating regime. Future research
should focus on validating the proposed models through
field observations and on identifying the threshold oper-
ating conditions of the local critical zone for various traf-
fic control schemes, public transport stop configurations,
and numbers of traffic lanes.
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AHoTauif. EQeKrTHBHICTh KiJIbIIEBUX ITepexXpecTb 3HAYHOIO MipOIo 3a/Ie/KUTh Bii yMOB pyXy Ha BUXiTHUX JIiJISTHKAX,
30KpeMa pO3TalllyBaHHs 3yIIMHOK I'POMaJCbKOr0 TPAaHCIOPTY OAPa3y Hic/sA BUI3Y 3 KiJIbIA ab0 00JIN3y HBOTO, 1110
3HIIKY€E IIPOITYCKHY 3/1aTHICTD 1 MiABHUIIye 3aTPUMKU Yepe3 BUMYIIIeHi MaHeBPH Ta AedillUuT IPUHHATHUX iHTepBaIiB
y moroni. MeTta po6oTu noJjisranga y po3pobseHHi KpUTepiiB 3MeHIIeHHA 3aTPUMOK PyXy Ha BHI3[i 3 KiJbIleBOro
repexpecTs 3a HAABHOCTI 3yIIMHKHU MiCBKOI'O TPAaHCIIOPTY 3 YpaxyBaHHAM MIPOLECIB IlepellIuKyBaHHs TPAHCIIOPTHUX
3acobiB Ta BeJIMYMHU I'PAHUYHOIO iHTEpPBAJIy B CYMiXKHIM cMy3i pyxy. JlOCTi)KeHHsI BUKOHAHO 3 BUKOPUCTaHHAM
MI0JIOKEHB TeOopil TPaHCIIOPTHUX IOTOKIB, METO/IB OLiHIOBAHHA NPOIYCKHOI 31aTHOCTI Ta BU3HAYEHHS KPUTUYHUX
iHTepBaJiB, a TaKOK MOKA3aHO, I[0 3aTPUMKHM HA BUI3Mi 3 KiJIBI[EBOTO TEpeXpecTss 3yMOBJIEHI OJIOKYBaHHSIM
IIpaBoOi CMyI'HW TPOMAJChKUM TPAHCIOPTOM, IIOIUTOM Ha IEPelIMKYBaHHA Ta HecTadel IPUIATHUX iHTepBaJliB
Yy CYMDKHOMY IIOTOLi B MesKaX JIOKAJbHOI KPUTHUYHOI 30HU. 3alpPOIIOHOBAHO CHUCTEMY KpUTepiiB 3MeHIIEeHHS
3aTPUMOK, IO TPYHTYETHCS HA MiHiMi3amii cymapHOI 3aTpMMKHM B JIOKQIbHIM KPUTWYHIM 30HI, 3abe3medyeHHi
BiIMOBiTHOCTI iHTEHCHMBHOCTI TPAaHCIIOPTHOTO NOTOKY e(eKTHUBHINl MPOIyCKHIiN 3aTHOCTI BHI3My Ta y3TOMKeHHI
MIONUTY Ha NepelNKyBaHHA 3 MOXKJIMBICTIO Horo peasisariii B HassBHMX yMOBax pyXy. Tako)k BU3HA4eHO YMOBU
Tepexoay TPAHCIOPTHOTO MOTOKY B KPUTHUYHUN PEXKUM (DYHKIIIOHYBAHHS 32 MOKA3HUKAMU IIBUAKOCTI, IIIJIBHOCTI
Ta MPOIYCKHOI 37aTHoCTi. s ampo6arnii 3aIrpoIoHOBAHOTO0 METOZMYHOIO IiAXOAY PO3IISHYTO PO3PaxyHKOBUI
crieHapiit GyHKIIOHYBaHHA JBOCMYTOBOTO BUI3/1y 3 KiJIbIIEBOTO IlepexpecTs. 3a iHTeHCUBHOCTI TPAHCIIOPTHOT'O IIOTOKY
Ha BHI31i 1000 aBT/T0f, iIHTEHCUBHOCTI PyXy B CyMiXKHi# cMy3i 900 aBT/rof Ta cepeiHill TpUBaI0CTi 6JIOKYBaHHSA IPaBOi
CMYTH MapIIPyTHUM TPAHCIIOPTOM 25 ¢ OTPUMAaHO 3HaYeHHs KoedirieHTa 3aliHaTOCTi cMyTH ¢ =0,125, 1110 00yMOBJIIOE
3HIYKEHHS 11 e()eKTUBHOI TPOMYCKHOI 30aTHOCTI 10 1575 aBT/ro. 3a IIUX YMOB iHTEHCUBHICTb PyXy He MEepEeBUIIIYE
e eKTUBHOI IPOITyCKHOT 31aTHOCTI BUI3y, 10 3abe3nedye (hyHKI[IOHYBAaHHA TPAHCIOPTHOIO IIOTOKY Y CTabiTbHOMY
peskuMi Ta CTBOPIOE IepedyMOBH [Jjis BHUKOHAHHSA MaHeBDPIiB INepemMKyBaHHS 0e3 (OpMyBaHHS KPUTHUYHUX
3aTrpuMoK. OTpuMaHi pe3y/IETaTH MOKYTh OyTH BUKOPUCTAaHI AJIs1 0OIPYHTYBaHHA PO3TAIIyBaHHS 3yIMHOK MiCHBKOTO
TPaHCIOPTY, BU3HAUEHHA IOBKUHU IiNAHOK IepelNKyBaHHA Ta BHOOPY opraHisalliliHO-TeXHIiYHHX 3axofiB MJIs
MiIBUIIEHHSA e()eKTUBHOCTI (DYHKIIIOHYBAaHHA KiJIbIIEBUX ITIePEeXPeCcTh i 3MeHIIIeHHA 3aTPUMOK PyXy

KnioyoBi cnoBa: oprasisariiss JOpoKHBOT0O PyXy; TPAHCIOPTHUH NOTIK; IepelnKyBaHHS TPAHCIIOPTHUX 3aC00iB;
rpaHUYHUY iHTepBaJ; MPOITyCKHA 3aTHICTh
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