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Highlights

What are the main findings?

• Intersection resilience is as critical as efficiency, revealing that conventional perfor-
mance metrics alone are insufficient under disruptive conditions.

• A combined heuristic–microsimulation framework effectively evaluates both opera-
tional performance and robustness, capturing vulnerabilities such as power outages.

What is the implication of the main finding?

• Urban planners and policymakers can prioritize intersection designs that preserve
mobility during climate-related disruptions, strengthening urban resilience strategies.

• The integrated methodological approach provides a transferable tool for other cities to
support evidence-based decisions on resilient intersection planning and investment.

Abstract

Extreme weather events, such as storms, pose significant challenges to the reliability and
efficiency of urban road networks, making intersection design and management critical
to maintaining mobility. This paper addresses the dual objectives of traffic efficiency
and resilience by evaluating the performance of roundabouts, signalized, and two-way
stop-controlled (TWSC) intersections under normal and storm-disrupted conditions. A
mixed-method approach was adopted, combining a heuristic framework from the Highway
Capacity Manual with microsimulations in AIMSUN Next. Three Polish case studies
were examined; each was modeled under alternative control strategies. The findings
demonstrate the superior robustness of roundabouts, which retain functionality during
power outages, while signalized intersections reveal vulnerabilities when control systems
fail, reverting to less efficient TWSC behavior. TWSC intersections consistently exhibited
the weakest performance, particularly under high or uneven traffic demand. Despite
methodological differences in delay estimation, the convergence of results through Level
of Service categories strengthens the reliability of findings. Beyond technical evaluation,
the study underscores the importance of resilient intersection design in climate-vulnerable
regions and the value of integrating analytical and simulation-based methods. By situating
intersection performance within urban resilience, this research provides actionable insights
for policymakers, planners, and engineers seeking to balance efficiency with adaptability
in infrastructure planning.
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1. Introduction
The combination of hazards such as storms and floods, with vulnerabilities like rapid

urbanization and inefficient road infrastructure, increases disaster risks in urban areas [1–3].
According to World Bank data [4], 56% of the global population (4.4 billion) currently lives
in cities, a figure projected to rise to nearly 70% by 2050. At the same time, the intensity
and frequency of disasters are increasing due to climate change and urban population
growth [5–7]. Between 2000–2023, about 80% of major U.S. electricity outages (≥50,000 cus-
tomers or ≥300 MW) were weather-related, with severe storms, winter weather, and tropical
cyclones as the main causes, and their frequency nearly doubled in the last decade [8].
Similarly, long-term studies in Europe and Italy found that weather is the leading driver of
large-scale power outages, particularly winter events affecting transmission lines [9]. These
findings highlight the importance of adaptation and mitigation strategies for strengthen-
ing urban resilience, a priority emphasized by researchers, policymakers, planners, and
stakeholders [10–12]. Road infrastructure, while vital for daily life and economic activities,
remains highly vulnerable to disruptions [6]. Moreover, resilience is closely tied to the
Sustainable Development Goals (SDGs), introduced in the 2030 Agenda [13], specifically
SDGs 11 and 13, that underscore making cities resilient and sustainable, as well as taking
actions to combat climate change and its effects [14].

In this context, resilience in urban systems refers to the capacity to maintain functional-
ity under disruptions [6,15], while in transportation, it denotes the ability of road networks
to restore service after disturbances [6,16]. Efficiency, by contrast, reflects the capacity
of transport infrastructure to ensure reliable mobility of people and goods with minimal
costs, time, energy use, and environmental impacts [6,17,18]. Road networks are thus
central to urban resilience, with connectivity, geometry, and design strongly influencing
efficiency and vulnerability [19,20]. Intersection performance, an indicator of efficiency, is
typically evaluated using metrics such as the volume-to-capacity ratio and control delay
time, which capture different aspects of service quality for road users [18]. The choice
of specific metrics depends on the objectives of each study. Road network resilience is
commonly assessed by comparing functionality before and after a disruptive event [20].
Traffic-related functionality metrics, including travel time and throughput, are typically
examined at the road network level [21]; however, at the intersection level, control delay
time can serve as a useful indicator of functionality.

This research proposes a heuristic approach supported by microsimulations for evalu-
ating intersection efficiency with an emphasis on resilience. The method integrates both
efficiency and resilience into a flexible framework, analyzing various intersection geome-
tries and control modes under normal and disrupted conditions. The study aims to generate
insights to support resilient and efficient intersection design and management, ultimately
improving urban mobility and infrastructure stability. To define the scope, several assump-
tions are introduced. The heuristic draws on the analytical framework of the Highway
Capacity Manual (HCM), 6th edition [18], which treats intersections as isolated systems,
while microsimulations are conducted using AIMSUN Next [22]. Each case study begins
with its specific geometry and layout, but is evaluated under three traffic control types
(roundabout, signalized intersection, and two-way stop-controlled (TWSC) intersection)
regardless of its current configuration. The primary metric for the heuristic approach is
control delay time, while microsimulations consider delay time, travel time, speed, and av-
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erage approach delay, all measured under pre- and post-storm conditions. Since analytical
and simulation results are not directly comparable, the level of service (LOS) is included
as a supplementary indicator for both methods. Together, these metrics provide a more
comprehensive assessment of intersection performance and resilience. Storm duration was
not considered a critical factor for this study, as it was not deemed necessary to evaluate its
impact on intersection resilience. Instead, the consequence of a storm, namely, electricity
outages, was considered a critical factor in this research. Therefore, any other aspects of
storms, including intensity, frequency, and duration, are not important for the objectives of
this study.

The primary objective of this research is to integrate the efficiency and resilience of
intersections into a unified assessment framework, providing a novel approach to enhanc-
ing infrastructure adaptability and robustness against future disruptions. To evaluate
intersection performance, traffic composed solely of Human-Driven Vehicles (HDVs) in
various intersection layouts was analyzed to address the following key questions:

• What role does intersection design play in the efficiency and resilience of signalized
intersections during traffic signal failures caused by extreme weather events?

• How do different traffic control types and geometries affect intersection performance
and resilience under both normal and post-storm conditions?

• How can predictive resilience metrics be developed and applied to intersection de-
sign and evaluation to better anticipate and mitigate the impacts of storm-induced
power outages?

Following this introduction, the paper is organized as follows: Section 2 presents a
brief literature review. Section 3 represents the study areas and methodology, followed
by Section 4, which represents the findings of this study. Section 5 discusses the results
of the heuristic approach and the microsimulations conducted using AIMSUN Next [22].
Section 6 provides the conclusions, highlights the contributions to the field, and outlines
the study’s limitations and potential future developments. The final section contains the
references used in this research.

2. Literature Review
The literature review conducted in this study follows the step-based research method

outlined in [23], using a hybrid approach that combined meta-synthesis and realist review.
The review focused on the peer-reviewed papers published since 2013. Searches were
conducted until 19 September 2025, in three phases.

In the first phase, the Scopus database was queried using the terms “resilient roads”
and “urban mobility” in the Article title, Abstract, and Keywords fields, yielding 68 peer-
reviewed articles. Expanding the query by adding “intersection efficiency” and “smart
mobility” returned no additional results.

In the second phase, abstracts were screened for relevance. During this process,
52 papers were excluded for not meeting the selection criteria, leaving 16 relevant papers.

In the third phase, a hybrid search was conducted across relevant journal websites,
using keyword-based and semantic search techniques to identify additional studies not
captured in Scopus. This process yielded 24 further peer-reviewed articles.

In total, 40 studies were included. Although the literature cannot be divided into
entirely independent categories, for the purposes of analysis and gap identification, the
selected studies were grouped into three thematic areas: (i) resilient road and intersec-
tion design, (ii) smart and resilient urban mobility, and (iii) urban resilience planning
and governance. These categories are outlined in Sections 2.1–2.3, with gaps discussed
in Section 2.4.
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2.1. Resilient Road and Intersection Design

Road networks are fundamental to urban design, shaping long-term growth and
resilience through their structure and typology [19,20]. Given their long lifespans and
interdependencies, resilience must be assessed at multiple scales, from intersections to
corridors and entire networks, since vulnerabilities at one level can propagate across
the system [24].

At the intersection level, Zhao et al. [25] developed a spatiotemporal framework to
identify critical intersections with greater precision. Decision analysis and expert judgment
have also been applied to prioritize regional infrastructure resilience [26]. Quantitative
tools contribute further insights. Resilience indices highlight the redesign of vulnerable
intersections, with roundabouts demonstrating superior robustness [27], while urban form
design has been linked to improvements in both energy efficiency and resilience [28].

Studies have also examined intersection safety under rising traffic demands and tech-
nological transitions [29], and proposed flood-resilient infrastructure incorporating green
design principles [30]. Research on pavement-vehicle interactions has identified implica-
tions for material degradation, operating costs, and environmental outcomes, particularly
with the advent of electric vehicles [31]. In terms of operations, adaptive traffic signal
systems have been shown to outperform fixed-timing controls, offering greater flexibility
under dynamic traffic conditions [32].

Collectively, these contributions highlight that resilient road and intersection design
requires an integrated approach that combines structural robustness, innovative design
principles, and adaptive operational strategies.

2.2. Smart and Resilient Urban Mobility

The evolution of smart mobility emphasizes automation, data-driven methods, and
adaptive technologies as key to urban resilience. Lv and Zheng [33] developed a frame-
work addressing road operation, transport planning, and automated vehicles, while Ghaf-
farpasand et al. [34] demonstrated how telematics data can enhance safety, reduce emissions,
and improve logistics and insurance policies. Studies in emerging economies highlight
foresight and long-term planning as essential to resilient transport systems [35].

Forecasting and quantitative assessment are central to mobility resilience. Tang and
Heinimann [36] proposed a resilience-based metric for recurrent congestion, providing a
systemic way to quantify how traffic systems absorb disturbances and recover functionality.
Recent approaches leverage traffic sensor networks and machine learning to improve speed
prediction, system optimization, and traffic flow forecasting [37–39]. Hybrid deep learning
models achieve high accuracy in spatiotemporal traffic forecasting [40], while extended long
short-term memory (LSTM) models capture periodicity and variability in traffic profiles
over long time horizons [41]. Together, these methods illustrate how predictive analytics
and resilience metrics can support adaptive urban mobility.

Emerging technologies such as the Internet of Vehicles (IoV) and blockchain also
contribute to mobility resilience. IoV enables layered communication architectures and sup-
ports autonomous systems, though it raises new challenges for security and resilience [42].
Blockchain-based systems facilitate transparency and decentralized coordination in mobil-
ity networks [43].

At the multimodal level, resilience benefits from real-time operational responses to
cascading failures [44], while disaster-related studies underscore how mobility disruptions
propagate across systems. Research highlights that traffic flows and spatial interactions,
rather than hazard proximity alone, are key in shaping resilience [7]. Disruptions such as
floods and hurricanes often create bottlenecks far beyond the directly affected zones [45],
while pandemic-related research emphasizes dynamic recovery strategies, redeployment of
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public transport, and shifts toward walking and cycling as essential for maintaining urban
mobility under stress [46–48].

Taken together, these studies demonstrate that smart and resilient urban mobility
depends on the integration of predictive analytics, adaptive technologies, and multimodal
strategies to maintain functionality under both routine and disruptive conditions.

2.3. Urban Resilience Planning and Governance

Resilience is not only a technical property but also a function of urban planning and
governance. Socio-spatial perspectives illustrate how resilience evolves over time [49], while
operational frameworks link design with adaptable urban forms, emphasizing both contextual
sensitivity and the preservation of historic areas under development pressure [50].

System dynamics modeling across cities in the UK, Brazil, and India revealed that
ambitious modal shifts toward active travel can significantly reduce mortality risks from
flooding and infectious disease outbreaks, underscoring the critical role of forward-thinking
transport design in building resilience [51]. In Bangkok, integrated flood–mobility model-
ing showed that inundation drives a shift from cars to rail, highlighting the importance of
resilient transit systems and supportive policies such as fare incentives [52]. Fan et al. [53],
applied AI models to guide post-disaster recovery, offering decision-support for emer-
gency planning.

Beyond modeling, broader planning challenges remain. Urban resilience planning
has gained urgency as cities face complex risks linked to globalization and climate change.
Resilience is often seen as an inherent feature of cities [54], but emerging vulnerabilities
require innovative solutions, including biophilic and smart design approaches [55]. Re-
search from Latin America and Africa highlights the challenges of uncontrolled growth
and limited infrastructure maintenance, which reduce resilience and exacerbate mobility
issues [56,57]. Equitable access to essential services is also critical, as disaster scenarios in
Latin America and Asia demonstrate how disruptions can restrict access to healthcare and
public facilities [58,59].

Governance further shapes resilience outcomes. Mediterranean island case studies
reveal that fragmented governance and limited coordination hinder holistic smart city
development, underscoring the importance of aligning strategic aspirations with public
discourse to ensure adoption of resilient innovations [60].

Overall, these findings show that urban resilience planning and governance require
cross-sectoral integration across transportation, land use, energy, and telecommunications,
along with targeted strategies to ensure equitable access for vulnerable populations.

2.4. Gaps in the Literature

This literature review focuses on studies assessing resilience procedures in urban
road infrastructures, primarily at national, regional, and city levels [7,26,48,49,51–53]. The
resilience of urban systems largely depends on road networks, whose connectivity, geom-
etry, and design exert a strong influence on network efficiency and vulnerability [19,20].
Existing studies have explored resilience at multiple scales, from intersections to entire
networks [24,25], but most research considers intersections as part of broader networks or fo-
cuses narrowly on physical characteristics and environmental conditions [20,29]. Advances
in smart mobility, telematics, and machine learning have improved traffic management and
forecasting [34,37], yet these approaches typically address day-to-day operations rather
than extreme events. Although evidence suggests that disruptions can alter traffic patterns
far beyond the affected zone [7,45], little attention has been given to how intersections—the
most critical nodes of road systems—function and recover under such conditions. Fur-
thermore, despite system-level modeling and case studies highlighting bottlenecks and
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recovery trajectories after shocks [51–53], empirical and simulation-based evidence on how
intersection design and control influence these dynamics remains limited.

Overall, the literature indicates the need to move beyond resistance-based designs
toward resilience-oriented approaches that integrate adaptability, dynamic recovery, and
predictive metrics. Significant gaps remain in understanding how different intersection
geometries and management strategies affect resilience and efficiency, particularly during
climate-related hazards such as storm-induced power outages. To address these gaps,
this research proposes a heuristic approach supported by microsimulations to evaluate
intersection efficiency with an emphasis on resilience. The method integrates both efficiency
and resilience into a flexible framework, analyzing various intersection geometries and
control modes under normal and disrupted conditions. From a societal point of view, this
study also aims to generate insights to support resilient and efficient intersection design
and management, ultimately improving urban mobility and infrastructure stability.

3. Study Areas and Methodology
In this section, the studied intersections are first introduced, followed by a descrip-

tion of the methodologies applied in this research. Figure 1 presents a step-based chart
illustrating the proposed framework.

 

Figure 1. The methodological approach of the study.
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3.1. Overview of Case Studies

This section is dedicated to introducing the case studies in their current situation,
as well as further necessary information on the designed traffic control types for each
of them. The views and geometric sketches of all examined intersections are illustrated
in Figure 2.

 

(a)  (b) 

 

(c)  (d) 

Figure 2. Cont.
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(e)  (f) 

Figure 2. Examined case studies: (a) View from the west entry at Case Study 1 (latitude: 50.319716,
longitude: 19.003237); (b) Geometric sketch of Case Study 1; (c) View from the south entry at Case
Study 2 (latitude: 50.255549, longitude: 19.030781); (d) Geometric sketch of Case Study 2; (e) View
from the south entry at Case Study 3 (latitude: 50.251557, longitude: 19.029674); (f) Geometric sketch
of Case Study 3.

The selected intersections are typical urban road intersections; however, their geome-
tries and layouts make them suitable for design as roundabouts, signalized intersections,
or TWSC intersections, aligning with the objectives of this study. They were chosen based
on their locations, available facilities, and compatibility with the study’s aims. The inter-
sections are situated near major trip generators, including a university, a cemetery, and
several residential and administrative buildings. Field surveys confirmed that these sites
experience traffic congestion and performance issues. Moreover, as described in the fol-
lowing paragraphs, the selected case studies differ in geometry, layout, number of lanes
per approach, entry and exit traffic flows, and control type, enabling the analysis of a key
research question.

The first case study is a single-lane four-leg roundabout [61], located in a suburban
area of Siemianowice Śląskie. Each approach has one entry and one exit lane with a width
of 3.50 m (see Figure 2b). It connects Kościelna and Oświęcimska, the major streets, with
Maciejkowicka and Plac 11 Listopada, the minor streets. The roundabout has an outer
diameter of 30.00 m, and the circulatory roadway is one lane with a width of 5.00 m. The
second case study examines a four-leg signalized intersection situated in the urban area of
Katowice. Each approach has one entry lane, except for approach 3, which has two entry
lanes and one exit lane. All lanes are 3.50 m wide (see Figure 2d). This intersection is at the
convergence of Konstantego Damrota, the major street, and Wojewódzka and Zygmunta
Krasińskiego, the minor streets. All approaches have one shared lane for left-turn, right-
turn, and through movements except approach 3, which has one shared lane for through
and right-turn movements, and one exclusive left-turn lane. The third case study is a
four-leg signalized intersection located in the urban area of Katowice. Each approach has
two entry lanes and one exit lane, with each lane being 3.50 m wide (see Figure 2f). The
intersection is at the junction of Konstantego Damrota, the major street, and Powstańców,
the minor street. The major street entries consist of one shared lane for left-turn and
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through movements, and one exclusive right-turn lane. The minor street entries consist of
one shared lane for right-turn and through movements, and one exclusive left-turn lane.
All the intersections comply with Polish regulations [61,62]. The speed limit is 40 (km/h)
in Case Study 1, and 30 (km/h) in Case Studies 2 and 3.

In line with the research objectives, each case study was conceptualized with
three different configurations: its existing layout and two alternative designs. For exam-
ple, Case Study 1, currently a roundabout, is also examined as a signalized intersection
and a two-way stop-controlled intersection. Accordingly, the geometric characteristics
of all configurations are described for each case study, and the current and designed
layouts are presented in Table 1.

Table 1. The geometries of the current and designed configurations of case studies.

Case Study No. of Entry
(Exit) Lanes Road Type 1 Entry (Exit) Lane

Width (m)
Width (No.) of Roundabout

Circulatory Roadway (m)
Outer

Diameter (m)

1
1 (1) Major street 3.50 (3.50)

5.00 (1) 2 301 (1) Minor street 3.50 (3.50)

2
1 (1) Major street 3.50 (3.50) 3.50 (1) 201 (1) 3 Minor street 3.50 (3.50) 4

3
2 (1) Major street 3.50 (3.50) 3.50 (2) 252 (1) Minor street 3.50 (3.50)

1 Approaches 1 and 2 are major streets and approaches 3 and 4 are minor streets in each case study (see
Figure 2b,d,f) and are differentiated based on the number of entry lanes, the amount of entry (exit) traffic,
or control mode. 2 The central island of the roundabout has a traversable apron. 3 one-lane entries and exits
except for the entry from the west direction street, which has two entry lanes. 4 3.50 m width for entries and exits,
except for the entry from the west direction, which has 2.50 m width in each lane.

Traffic flow graphs for the case studies are illustrated in Figure 3. The total traffic
flows for intersections 1, 2, and 3 are 1311, 1099, and 1452 vehicles per hour, respectively,
with heavy vehicles accounting for 12%, 2%, and 3% of these flows. For the analysis,
mean traffic volumes during peak hours were applied. Data were collected using
two tripod-mounted digital cameras, primarily positioned on sidewalks to capture all
vehicle movements, supplemented by on-site observations. Peak hours were identified
in consultation with experts and locals and further validated through frequent field
surveys conducted during the study period. These peak hours were 7:00 a.m. to 8:30 a.m.,
12:00 p.m. to 1:00 p.m., and 3:00 p.m. to 5:00 p.m., with morning and afternoon showing
heavier demand, and noon exhibiting a lighter peak. Data collection was performed
on weekdays between September and November 2023, spanning at least five full days,
from morning to evening at each site. Although the urban context may be regarded as
generally conducive to pedestrian and cyclist activity, field observations revealed their
presence to be minimal; therefore, their influence on traffic performance was considered
negligible and excluded from the analysis.
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(a)  (b) 

 

(c) 

Figure 3. Traffic flow graphs for: (a) Case Study 1; (b) Case Study 2; (c) Case Study 3. Note: 1—All
values are expressed in vehicles per hour. 2—In all traffic flow graphs, the red gradient represents
flow from approach 1, the orange gradient from approach 2, the blue gradient from approach 3, and
the green gradient from approach 4. 3—Approaches 1 to 4, for each case study, are the same as the
approaches illustrated in Figure 2b,d,f.

For the signalized configurations, Case Study 1 was modeled with a cycle length of 90 s
under pretimed, fixed timing control, following the design procedure in Chapter 31 of the
HCM [18], to equalize the volume-to-capacity ratios for critical lane groups. The existing
signalized intersections in Case Studies 2 and 3 operate with pretimed, fixed timings traffic
signal control and have cycle lengths of 80 s. In Case Studies 1 and 2, the cycle length is
divided into two phases, whereas in Case Study 3, it is divided into four phases. Phase
details are presented in Figure 4.
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(a) 

   

(b) 

   

   
(c) 

Figure 4. The phase timing plan diagram for: (a) Case Study 1; (b) Case Study 2; (c) Case Study
3. Note: 1—Approaches 1 to 4, for each case study, are the same as the approaches illustrated in
Figure 2b,d,f. 2—The total yellow times in a cycle length for case studies 1, 2, and 3 are 10, 10, and
12 s, respectively.



Smart Cities 2025, 8, 184 12 of 31

3.2. Research Methodology

The case studies in this research were analyzed using two methodologies: a heuris-
tic approach, based on the HCM [18], and a microsimulation approach using AIMSUN
Next [22]. Each methodology is described in the following sections. It is important to note
that signalized intersections were assumed to operate as TWSC intersections following
storm events due to power outages. The only storm-related impact considered in this study
is the electricity cutoff that occurs after a storm and persists for a certain period.

3.2.1. The Heuristic Approach

This heuristic approach is analytical, and the control delay time is considered the
key parameter for assessing the efficiency and resilience of each type of traffic control in
pre- and post-storm situations. Control delay measures the time vehicles are slowed or
stopped at intersections due to traffic control devices [18]. To calculate the total control
delay time for the intersection, the first step is to calculate the control delay time per lane,
followed by the control delay time per approach, and finally the control delay time for
the entire intersection. The formulas for calculating the control delay time in each lane
for roundabouts (Chapter 22 of the HCM [18]), signalized intersections (Chapter 19 of
the HCM [18]), and TWSC intersections (Chapter 20 of the HCM [18]) are presented as
Equations (1)–(3) in Table 2. Furthermore, the variables, along with a schematic sketch for
each traffic control mode, are also introduced in Table 2.

Table 2. Introducing the control delay time equations and variables for each traffic control mode.

Traffic Control Type/Scheme 1 Control Delay Time Equation Description of Variables

Roundabouts

 

dl =
3600

K +900·t·[
(y − 1)+

√
(y − 1)2 +

( 3600
K )·y

450·t

]
+5·min[y, 1]

(1)

dl: Control delay per lane (s/veh),
K: Capacity of the subject lane (veh/h),

t: Analysis time period (h),
y: Volume-to-capacity ratio

of the subject lane

Signalized intersections

 

dl = fp·
0.5·Cl ·

(
1− ge

Cl

)2

1−
[
min(1,y)· ge

Cl

] + 900·t·

[
(ya − 1) +

√
(ya − 1)2 +

8· fid · fu ·ya
Ka ·t

] (2)

dl: Control delay per lane (s/veh),
fp: Progression adjustment factor,

Cl: Cycle length (s), ge: Effective green
time (s), y: Volume-to-capacity ratio of
the subject lane, t: Analysis time period

(h), ya: Average volume-to-capacity
ratio, fid: Incremental delay factor,
fu: Upstream filtering/metering
adjustment factor, Ka: Average

capacity (veh/h) 2
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Table 2. Cont.

Traffic Control Type/Scheme 1 Control Delay Time Equation Description of Variables

TWSC intersectionsTWSC intersections 

 

dl =
3600
Kx

+ 900· t·[(
rx
Kx

− 1
)
+

√
( rx

Kx
− 1)2 +

( 3600
Kx )·(

rx
Kx )

450 · t

]
+5

(3)

dl: Control delay per lane (s/veh),
Kx: Capacity of movement x (veh/h),
t: Analysis time period (h), rx: Flow

rate of movement x (veh/h)

1 The general schematic sketches of the traffic control modes are presented in this table. Each examined case study
in this research might differ from this general form in terms of lane numbers and other geometric characteristics.
2 The average capacity equals the capacity if no initial queue exists in any lane group at the intersection. Otherwise,
it should be computed using the procedure outlined in Section 4, Chapter 19 of the HCM [18].

The control delay per approach is calculated as a weighted average of the control
delay time for each lane in that approach, with the volume or flow rate of each lane serving
as the weight. Similarly, the total control delay time for the intersection is calculated as a
weighted average of the control delay time for each approach, with the volume or flow rate
of each approach serving as the weight.

Another important parameter in the control delay analysis for each traffic control
type, required both for delay time calculations and calibrating the microsimulations, is the
capacity (see Table 3, Equations (4)–(6)).

Table 3. Capacity equations and variables for each traffic control mode.

Traffic Control Type Capacity Equation Description of Variables

Roundabouts Ke = A · B · eC · rc (4)

Ke: Lane capacity (veh/h), A: Adjusting factor related to the
entry and circulating lanes 1, B: Heavy vehicles adjustment

factor, C: Adjusting factor related to the entry and
circulating lanes 1, rc: Conflicting flow rate (veh/h)

Signalized intersections K = Ln · ge
Cl

· rs (5)
K: Lane group capacity (veh/h), Ln: Number of lanes in a

lane group, ge: Effective green time (s), Cl: Cycle length (s),
rs: Adjusted saturation flow rate (veh/h/ln)

TWSC intersections Kp,x = rc,x· e−rc,x · wc,x/3600

1−e−rc,x · w f ,x/3600
(6)

Kp,x: Potential capacity of movement x (veh/h), rc,x:
Conflicting flow rate of movement x (veh/h), wc,x: Critical

headway for minor movement x (s), wf,x: Follow-up
headway for minor movement x (s)

1 A and C are adjusting factors that are related to the number of entry and circulating lanes. For a one-lane
entry conflicting with a single-lane roundabout: A = 1380 and C = (−1.02 × 10−3), and for a two-lane entry
conflicting with a two-lane roundabout: A = 1420 and C = (−0.85 × 10−3) for the right entry lane, and A = 1350
and C = (−0.92 × 10−3) for the left entry lane.

The adjusted saturation flow rate (rs), expressed in vehicles per hour per lane
(veh/h/ln), is calculated by multiplying the base saturation flow rate by the adjustment
factors. The base saturation flow rate (rbs) was set to 1750 passenger cars per hour per lane
(pc/h/ln) for Case Study 1, and 1900 (pc/h/ln) for Case Studies 2 and 3, following the
default values in Chapter 19 of the HCM [18], which are suggested based on city population.
The adjustment factors (fi) correct the base saturation flow rate by accounting for the geom-
etry and traffic conditions of the specific lane, such as lane width, heavy vehicles, grades,
area type, turning movements, and parking activity adjacent to the lane group. Equation (7)
presents the adjusted saturation flow rate, where m is the number of adjustment factors
applied to the base saturation flow rate, and all other parameters were introduced earlier.
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In this study, adjustment factors applied to the base saturation flow rates include heavy
vehicles, right-turn movements, and left-turn movements for Case Study 1, with area type
added for Case Studies 2 and 3.

rs = rbs· ∏m
i=1 fi (7)

The efficiency of each case study under pre-storm scenario was evaluated by calcu-
lating total control delay for alternative control strategies, and the results were compared
to determine whether the existing configuration represents the most efficient option. Re-
silience was assessed by comparing total control delay under pre- and post-storm scenarios
using the same approach, assuming that after a storm, signalized intersections operate as
TWSC during power outages. This comparative analysis identifies the most efficient and
resilient control strategies for each case study relative to their current configurations.

The level of service for a lane group, approach, or entire intersection was determined
from the calculated or observed control delay time [18]. LOS is categorized from A to F,
with A representing the best level of service and F the worst. For motorized vehicles, LOS
thresholds depend primarily on the volume-to-capacity ratio and control delay. When
the volume-to-capacity exceeds 1 (indicating oversaturation), LOS is rated as F regardless
of control delay. Otherwise, LOS is assigned according to control delay thresholds, as
summarized in Table 4.

Table 4. Level of service threshold for motorized vehicles in undersaturated conditions based on [18].

Metric Traffic Control Type Level of Service
A B C D E F

Control delay time (s/veh)
Roundabout 0–10 >10–15 >15–25 >25–35 >35–50 >50

Signalized intersection 0–10 >10–20 >20–35 >35–55 >55–80 >80
TWSC intersection 0–10 >10–15 >15–25 >25–35 >35–50 >50

Note: the “>” symbol in the table means “more than”. For example, “>10–15” means the control delay time of
more than 10 seconds per vehicle and up to 15 seconds per vehicle.

As mentioned earlier in the Introduction Section [20] and in previous paragraphs,
the heuristic approach in this study uses control delay time and LOS as indicators of
intersection functionality. The values under normal conditions represent the efficiency of
the examined intersections. Intersection resilience is defined by comparing these metrics
before and after storm events. Finally, a comparison of these results, along with LOS
assessments for the examined traffic control types, indicates whether each case study is
efficient and resilient under pre- and post-storm scenarios or whether the traffic control
type should be reconsidered.

3.2.2. Microsimulation

This section focuses on microsimulation using AIMSUN Next [22]. AIMSUN Next, a
widely used transport simulation tool, was selected for this research due to its ability to
simulate isolated intersections and road segments [63–65], its flexibility in representing
diverse intersection layouts, traffic control types, and configurations [63,64], and the avail-
ability of a licensed version for this study. In this analysis, only human-driven vehicles
were considered in the traffic flow.

Data collected during peak hours were used to develop the Origin-Destination
(O-D) matrices. For the studied intersections in Poland, observed traffic flows served as
the basis for constructing these matrices. The next step involved replicating the actual
geometry of each intersection in AIMSUN Next [22]. This process included defining
road sections, specifying the number of lanes per approach, road type, lane width, and
speed limit, and then connecting road sections with nodes. Centroids, representing trip
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start and end points for each approach, were assigned to populate the O-D matrix cells
for each intersection.

Depending on the traffic control strategy under investigation, the linking node was
defined as a roundabout, a signalized intersection, or a TWSC intersection, with the
corresponding input parameters for each mode. For example, signalized intersections
required a detailed signal timing plan, including predefined signal groups and phases,
turning movements, cycle length, control plan duration, and yellow intervals. For TWSC
intersections, movement priorities were specified, while for roundabouts, parameters such
as central island diameter, circulating lane width and number, and entry priorities were
defined. Detectors were placed at selected points along road sections to record measures
such as speed, count, density, flow, and headway.

A dynamic microsimulation scenario was implemented using the stochastic route
choice (SRC) method, in which vehicles are probabilistically assigned to routes based
on a defined distribution. This allows vehicle trajectories to be observed and their
performance statistics analyzed [22]. Each case study model, representing real-world
conditions, was simulated for one-hour periods, and the resulting flows were compared
against observed data to assess the accuracy of AIMSUN Next in reproducing real
traffic conditions. To validate the model, Geoffrey E. Havers’ statistic (GEH index) was
used [63]. A model is considered acceptable if 85% or more of the flows have a GEH value
below 5. Nearly all models showed GEH results below this threshold. Additionally, the
percentage difference between simulated and observed data was examined, averaging
around 10% across all case studies. Therefore, calibration of model parameters was
required in all scenarios.

A sensitivity analysis of model parameters was conducted for each model to assess
the impact of changing each parameter on the simulation results. The sensitivity anal-
ysis was performed to identify which parameters significantly affected the simulation
outcomes and should be considered for calibration. These parameters are: 1—Speed
limit acceptance, reflecting drivers’ compliance with speed limits, where values above
1 indicate exceeding the limit and values below 1 indicate driving under it. 2—Reaction
time (s), which is the duration a driver needs to respond to changes in the speed of
the vehicle ahead. 3—Reaction time at stop (s), which is the time a stationary vehicle
requires to respond to the acceleration of the vehicle ahead. 4—Reaction time at traffic
light (s), which is the time the first vehicle waiting at a traffic light takes to respond
when the light turns green. 5—Maximum acceleration (m/s2) is the vehicle’s highest
possible acceleration, applicable in all conditions, as defined in the Gipps car-following
model. 6—Gap (s), allows setting a custom headway between vehicles, overriding the
car-following model’s calculated distance, with the effective gap being the lesser of the
specified value and the default distance [22].

The most sensitive parameters were calibrated by iteratively adjusting their values
to align the simulated capacity data with the observed or calculated capacities, ensuring
a more accurate representation of traffic behavior. Calibration was performed for each
type of traffic control in every case study. For roundabouts, the conflicting flow ranged
from free flow to 2000 vehicles per hour (based on the entry mechanisms described
in [66]); for signalized intersections, the effective green time ranged from 10 to 60 s; and
for TWSC intersections, the conflicting flow also ranged from free flow to 2000 (veh/h).
The default and calibrated model parameter values for each case study are presented
in Table 5.
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Table 5. The default and calibrated values of the model parameters.

Case Study Type of Traffic Control Model Parameter Default Value Calibrated Value

Case study 1

Roundabout
Speed limit acceptance 1.10 1.00

Gap (s) 0.00 1.55
Reaction time (s) 0.80 1.05

Signalized intersection

Speed limit acceptance 1.10 1.30
Maximum acceleration (m/s2) 3.00 3.20

Reaction time (s) 0.80 0.90
Reaction time at stop (s) 1.20 1.35

Reaction time at traffic light (s) 1.60 1.20

TWSC intersection

Speed limit acceptance 1.10 1.20
Maximum acceleration (m/s2) 3.00 2.60

Gap (s) 0.00 1.93
Reaction time (s) 0.80 1.45

Reaction time at stop (s) 1.30 1.85

Case study 2

Roundabout
Speed limit acceptance 1.10 1.00

Gap (s) 0.00 1.45
Reaction time (s) 0.80 1.05

Signalized intersection

Speed limit acceptance 1.10 1.30
Reaction time (s) 0.80 0.90

Reaction time at stop (s) 1.20 1.45
Reaction time at traffic light (s) 1.60 1.20

TWSC intersection

Speed limit acceptance 1.10 1.20
Maximum acceleration (m/s2) 3.00 2.60

Gap (s) 0.00 1.95
Reaction time (s) 0.80 1.25

Reaction time at stop (s) 1.20 1.75

Case study 3

Roundabout
Speed limit acceptance 1.10 1.00

Gap (s) 0.00 1.65 (1.55) 1

Reaction time (s) 0.80 0.95

Signalized intersection

Speed limit acceptance 1.10 1.30
Maximum acceleration (m/s2) 3.00 3.20

Reaction time (s) 0.80 0.85 (0.80) 2

Reaction time at stop (s) 1.20 1.30 (1.25) 2

Reaction time at traffic light (s) 1.60 1.20

TWSC intersection
(post-storm) 3

Speed limit acceptance 1.10 1.20
Maximum acceleration (m/s2) 3.00 2.60

Gap (s) 0.00 1.90 (1.95) 2

Reaction time (s) 0.80 1.25 (1.30) 2

Reaction time at stop (s) 1.20 1.80

TWSC intersection
(lane adjustment) 3

Speed limit acceptance 1.10 1.20
Maximum acceleration (m/s2) 3.00 2.60

Gap (s) 0.00 1.50 (1.90) 4

Reaction time (s) 0.80 1.10 (120) 4

Reaction time at stop (s) 1.20 1.80 (1.85) 4

1 Value outside parentheses corresponds to the right entry lane; value in parentheses corresponds to the left
entry lane. 2 Values outside parentheses correspond to the exclusive right-turn lane; values in parentheses
correspond to the shared left-turn and through lane. 3 These terms are explained later in the text. 4 Values
outside parentheses correspond to the shared right-turn and through lane; values in parentheses correspond to
the exclusive left-turn lane.

It is worth noting that, when Case Study 3 was conceptualized as a TWSC intersection,
the movement groups were adjusted according to [18] to align with TWSC right-of-way
rules. In the signalized intersection under pre- and post-storm conditions, the major
streets had two lanes: one shared left-turn and through lane and one exclusive right-turn
lane. In the TWSC intersection, these were modified to one exclusive left-turn lane and
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one shared through and right-turn lane. Based on these adjustments, sensitivity analyses
and calibration were necessary for both TWSC intersections in Case Study 3, and the
calibrated results are presented in Table 5 as TWSC intersection (post-storm) and TWSC
intersection (lane adjustment).

To confirm the validity of the calibration process, the GEH index was used [63]. In all
cases, more than 90% of the flows had a GEH value below 5, and the models were therefore
accepted based on this. Furthermore, scattergram analysis and t-test were performed to
ensure the reliability of the calibration. Figure 5 illustrates the scattergram for the current
configuration of Case Study 2, approach 1 (see Figure 2d) as an example. Tables 6–8
present the corresponding statistics for comparing simulated versus observed or calculated
capacities across all case studies. Due to right-of-way priorities at the TWSC intersection
with lane adjustment (explained earlier in the previous paragraph), the calculated capacities
for the shared right-turn and through lane were equal across all conflicting flow rates,
and the simulated capacity values were nearly identical. Therefore, a t-test was deemed
unnecessary for this lane group and is not reported in Table 8.
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Figure 5. Scattergram for Case Study 2 in its current configuration.

Table 6. The statistics of the calibration process in Case Study 1.

Type of Traffic Control Type of Data Mean s.e. R2 t-Statistics t-Critical p(α)-Value

Roundabout
Observed/Calculated 553.000 108.304

0.964 0.328 2.086 0.747Simulated 605.727 119.010

Signalized intersection Observed/Calculated 484.545 69.227
0.994 0.718 2.086 0.481Simulated 557.818 74.952

TWSC intersection
Observed/Calculated 1087.636 103.055

0.964 0.377 2.086 0.710Simulated 1138.273 85.983

Note: Mean indicates the mean values of the observed and simulated samples, while s.e. stands for the standard
error for the mean; R2 indicates the percentage of variance in the dependent variable that is explained by the
independent variable in a regression model; t-statistic is derived from the t-test with N degrees of freedom at
the significance level α = 0.05; p(α)-value is the probability under the null hypothesis of equal means at the
significance level α = 0.05.
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Table 7. The statistics of the calibration process in Case Study 2.

Type of Traffic Control Type of Data Mean s.e. R2 t-Statistics t-Critical p(α)-Value

Roundabout
Observed/Calculated 601.727 117.752

0.984 0.170 2.086 0.867Simulated 631.636 1301.221

Signalized intersection Observed/Calculated 604.273 86.291
0.995 0.267 2.086 0.792Simulated 640.000 102.491

TWSC intersection
Observed/Calculated 1131.727 101.174

0.976 0.080 2.086 0.937Simulated 1141.364 66.883

Note: Mean indicates the mean values of the observed and simulated samples, while s.e. stands for the standard
error for the mean; R2 indicates the percentage of variance in the dependent variable that is explained by the
independent variable in a regression model; t-statistic is derived from the t-test with N degrees of freedom at
the significance level α = 0.05; p(α)-value is the probability under the null hypothesis of equal means at the
significance level α = 0.05.

Table 8. The statistics of the calibration process in Case Study 3.

Type of Traffic Control Type of Data Mean s.e. R2 t-Statistics t-Critical p(α)-Value

Roundabout
(RL entry)

Observed/Calculated 677.545 111.814
0.998 0.076 2.086 0.940Simulated 690.545 128.862

Roundabout (LL entry) Observed/Calculated 614.636 109.373
0.987 0.427 2.086 0.674Simulated 686.000 126.234

Signalized intersection
(RT movement)

Observed/Calculated 1208.455 172.645
0.997 −0.581 2.086 0.567Simulated 1071.636 159.919

Signalized intersection
(Shared LT & T movements)

Observed/Calculated 1208.455 172.645
0.998 −0.433 2.086 0.669Simulated 1103.364 170.171

TWSC intersection
(RT movement)

Observed/Calculated 1120.273 102.223
0.933 0.200 2.086 0.843Simulated 1147.636 90.936

TWSC intersection
(Shared LT & T movements)

Observed/Calculated 1120.273 102.223
0.910 0.044 2.086 0.965Simulated 1126.364 93.099

TWSC intersection (LT
movement)- Adjusted

Observed/Calculated 786.272 132.780
0.957 0.284 2.086 0.779Simulated 839.364 131.335

Note: Mean indicates the mean values of the observed and simulated samples, while s.e. stands for the standard
error for the mean; R2 indicates the percentage of variance in the dependent variable that is explained by the
independent variable in a regression model; t-statistic is derived from the t-test with N degrees of freedom at
the significance level α = 0.05; p(α)-value is the probability under the null hypothesis of equal means at the
significance level α = 0.05; RL stands for right lane, LL stands for left lane, RT stands for right-turn. LT stands for
left-turn, and T stands for through.

After calibration, the models were run using mean peak flow rates as inputs. The
results and discussion are presented in Sections 4 and 5. Delay time, travel time, speed, and
average approach delay were used as metrics to evaluate the efficiency and resilience of the
case studies under pre- and post-storm scenarios.

• Delay time (s/km) is calculated as the difference between travel time under free-flow
conditions and actual travel time [22];

• Travel time (s/km) is the average time a vehicle takes to cover one kilometer within
the network, calculated as the mean of all individual travel times (exit time minus
entrance time) [22];

• Speed (km/h) is the average speed of all vehicles upon exiting the system, computed
from each vehicle’s mean travel speed [22];

• Average approach delay (s/veh) is computed by summing the delays of each link
weighted by their flow and dividing by the total traffic flow [22].

Finally, the level of service for the average approach delay of each case study was
determined according to the HCM [18] classification (see Table 4).
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Similar to the heuristic approach, delay time, travel time, speed, average approach de-
lay, and LOS are considered indicators of intersection functionality in the microsimulations.
Under normal conditions, these metrics reflect the efficiency of the intersections, whereas
their comparison before and after storm events represents intersection resilience.

4. Results
The results section presents findings from two complementary methods used to evalu-

ate intersection efficiency and resilience: a heuristic analytical approach and microsimula-
tions. For the heuristic approach, the average control delay time and the corresponding
level of service are reported for all traffic control types and case studies. Microsimula-
tion results include delay time, travel time, speed, average approach delay, and level of
service based on the HCM [18] classification. While each method differs in calculation
procedures and assumptions, both approaches yield comparable trends and LOS classifi-
cations. Presenting the results of both methods separately demonstrates their consistency
and convergence, supporting the robustness and reliability of the proposed framework.

4.1. The Heuristic Approach Results

The analysis for Case Studies 1 to 3 considers both pre- and post-storm situations.
The pre-storm scenario represents the normal situation before any storm, while the post-
storm scenario depicts the situation after a storm, resulting in an electricity outage. Each
intersection is assumed to perform as a roundabout, a signalized, or a TWSC intersection,
and the baseline of this analysis is Figure 2b,d,f. As noted earlier in the text and in
accordance with [18], adjustments were made to the movement groups in Case Study
3 to ensure consistency with right-of-way regulations at the TWSC intersection. In the
signalized intersection, the major streets consisted of two lanes: one shared lane designated
for left-turn and through movements, and one exclusive right-turn lane. In the TWSC
intersection, these were reconfigured into one exclusive left-turn lane and one shared
through and right-turn lane. The average control delay time is used as a metric to assess the
performance efficiency and resilience of roundabouts, signalized, and TWSC intersections
before and after a storm, respectively.

Total control delay is typically used to compare delays across different traffic control
types. Control delay, which measures the time vehicles are slowed or stopped at intersec-
tions due to traffic control devices, is a crucial metric for determining an intersection’s level
of service [18]. In this study, total control delay was analyzed to evaluate the efficiency and
resilience of roundabouts, signalized, and two-way stop-controlled intersections before and
after a disaster event. The corresponding level of service in each case was also determined
to provide a clearer understanding of efficiency and resilience. Figure 6 presents the average
control delay for each intersection under the three traffic control types.

Figure 6 illustrates the average control delay time for the entire intersection across
the case studies under three traffic control types. The y-axis denotes the average delay in
seconds per vehicle (s/veh), while the x-axis distinguishes the case studies and their associ-
ated control strategies in both pre- and post-storm conditions. Blue columns correspond
to roundabout operations, red columns to signalized intersections, and green columns to
TWSC intersections.

Case Study 1 evaluates a roundabout in its current configuration. In both pre- and
post-storm conditions, and under the study’s assumption that storm impacts are limited to
electricity outages, the average control delay remains constant at 9.09 (s/veh), correspond-
ing to LOS A. When the same site is modeled as a signalized intersection, the outcomes
diverge: under pre-storm conditions, signal control results in 23.95 s per vehicle (LOS
C), whereas in the post-storm scenario, the assumed power outage renders the signals
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inoperative, forcing TWSC operation. This shift produces a substantial increase in delay,
reaching 76.54 (s/veh), corresponding to LOS F. When directly modeled as a TWSC, the
intersection performs identically in pre- and post-storm conditions, consistent with the
study’s assumptions, with a delay of 76.54 s per vehicle (LOS F). These results demonstrate
the resilience of the roundabout configuration compared to the vulnerability of signalized
control under power outages.
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Figure 6. The average control delay time (s/veh) of the entire intersection in pre- and post-storm
conditions for case studies 1 to 3.

Case Study 2 examines a signalized intersection in its existing layout. In the pre-
storm scenario, the average control delay is 14.23 s per vehicle (LOS B). Following the
electricity outage in post-storm conditions, the intersection defaults to TWSC operation,
yielding 16.75 (s/veh), corresponding to LOS C. The marginal difference between pre- and
post-storm delays indicates that performance is largely preserved despite the operational
shift. When the intersection is modeled as a single-lane roundabout, the delay decreases
notably to 6.49 s per vehicle (LOS A), with no change between scenarios due to the study’s
assumptions. Finally, when modeled directly as a TWSC, performance remains the same in
pre- and post-storm conditions, with a control delay of 16.75 s per vehicle (LOS C). Overall,
this case illustrates that certain signalized intersections may maintain acceptable service
levels even when converted to TWSC operation during electricity outages.

Case Study 3 considers another signalized intersection. Under pre-storm conditions,
the average control delay time is 24.90 (s/veh), corresponding to LOS C. In the post-storm
scenario, the assumed outage disables the traffic signals, and the intersection operates
as a TWSC with delays increasing to 42.82 s per vehicle (LOS E), marking a substantial
deterioration in performance. When reconfigured as a two-lane roundabout, the average
delay decreases sharply to 6.05 s per vehicle (LOS A), remaining unchanged between
scenarios under the study’s assumptions. Finally, when directly modeled as a TWSC with
adjusted movement groups (as described earlier), the intersection again shows identical
results in both scenarios, reporting 40.04 (s/veh), corresponding to LOS E. These findings
highlight that, for intersections with higher pre-storm delays, the transition to TWSC under
outage conditions can produce significant reductions in service quality.
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4.2. The Microsimulation Results

The models were reproduced in AIMSUN Next [22], as explained in Section 3.2.2. After
completing the calibration process and verifying its reliability, the models are simulated
using AIMSUN Next [22], and the results are presented in this section. The delay time, travel
time, speed, and average approach delay are considered as metrics to evaluate the efficiency
and resilience of different traffic control types in each case study under normal and post-
storm conditions. Additionally, the level of service in each situation was determined
based on the HCM classification [18], to provide a clearer understanding of efficiency and
resilience in the examined case studies. Figures 7–10 illustrate the aforementioned values
for each case study. In Figures 7–10, consistent with Figure 6, the blue columns present the
results for roundabouts, the red columns show the values for signalized intersections, and
the green columns depict the results of the simulations for the TWSC intersections under
pre-and post-storm conditions for each examined case. Similarly, the x-axis represents the
case studies and their associated control types in pre- and post-storm conditions, while the
y-axis represents the delay time (s/km), travel time (s/km), speed (km/h), and average
approach delay (s/veh), respectively.
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Figure 7. The comparison of delay time (s/km) in pre- and post-storm situations for case studies
1 to 3.

Figure 7 presents the simulated delay time (s/km) for all case studies under three
types of traffic control and in both pre- and post-storm scenarios.

In Case Study 1, the current roundabout configuration shows no change in perfor-
mance between pre- and post-storm conditions, consistent with the study’s assumptions
that storm effects are limited to electricity outages. The average delay remains 32.41 s per
kilometer. When modeled as a signalized intersection, delay increases markedly, reaching
140.47 (s/km) under pre-storm conditions and 350.00 (s/km) under post-storm condi-
tions. The intersection is then modeled as a TWSC, which operates identically across both
scenarios, with a delay time of 350.00 (s/km).
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Figure 8. The comparison of travel time (s/km) in pre- and post-storm situations for case studies
1 to 3.

Case Study 2, a signalized intersection in its current form, shows average control delay
times of 102.64 (s/km) pre-storm and 153.91 (s/km) post-storm. When reconfigured as a
single-lane roundabout, delay time decreases significantly to 48.07 (s/km) in both scenar-
ios. Under TWSC control, the intersection again performs identically across conditions,
reporting 153.91 (s/km), which is consistent with the post-storm signalized case.
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Figure 9. The comparison of speed (km/h) in pre- and post-storm situations for case studies 1 to 3.
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Figure 10. The comparison of average approach delay (s/veh) in pre- and post-storm situations for
case studies 1 to 3.

Case Study 3, also a signalized intersection, reports 124.36 (s/km) under pre-storm
conditions. In the post-storm scenario, the assumed power outage converts operations
to TWSC, where delay nearly doubles to 205.19 (s/km). When modeled as a two-lane
roundabout, delay decreases substantially to 36.74 (s/km), with no difference between
scenarios. After adjusting movement groups to reflect TWSC right-of-way regulations, the
modeled TWSC delay equals 191.12 (s/km), which is more than five times the roundabout
value but slightly lower than the post-storm condition of the signalized model.

Across all case studies, roundabouts consistently exhibit the lowest delay, regardless
of the number of circulating lanes or scenarios. Signalized intersections rank second in
pre-storm conditions but deteriorate under the assumed power outage, often matching or
exceeding TWSC delays.

Figure 8 shows the simulated travel time (s/km). The bar chart follows the same
structure as Figure 7. The results mirror the delay time patterns, though the values differ.
For example, in Case Study 1, roundabout configuration produces the shortest travel time
at 123.51 (s/km), compared to 214.39 (s/km) under the signalized pre-storm scenario and
426.44 (s/km) under both the signalized post-storm and TWSC scenarios. Similar trends
are observed across all case studies.

Simulated speeds (km/h) are depicted in Figure 9. In most cases, roundabout configu-
rations yield higher average speeds than the other control types. However, in Case Study
3 under post-storm conditions, the two-lane roundabout exhibits slightly lower speeds
compared to the signalized and TWSC models, suggesting that speed outcomes may not
align directly with delay or travel time metrics and warrant further investigation.

Finally, Figure 10 presents the average approach delay (s/veh). The trends are consis-
tent with those observed for delay time and travel time. To better assess the operational
performance and resilience of these case studies, these results are also reported here based
on the LOS classifications suggested by the HCM [18].
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In Case Study 1, the current roundabout configuration maintains an approach delay
of 1.46 (s/veh) in both pre- and post-storm conditions, corresponding to LOS A. When
modeled as a signalized intersection, this value increases to 22.03 (s/veh) under pre-storm
conditions (LOS C) and 51.27 (s/veh) under post-storm conditions (LOS F). Similarly, when
the intersection operates as a TWSC, the intersection yields 51.27 (s/veh) in both scenarios
(LOS F), matching the post-storm signalized case.

Considering Case Study 2, which is a signalized intersection, the average approach
delay equals 15.69 (s/veh) under pre-storm conditions and 17.73 (s/veh) in the post-storm
scenario, corresponding to LOS B and LOS C, respectively. The metric’s value when the
intersection is modeled as a TWSC intersection remains unchanged compared to the post-
storm signalized model. On the other hand, when the intersection is modeled as a single-
lane roundabout, the average approach delay decreases to 1.70 (s/veh) under both scenarios,
corresponding to LOS A. Although the control delay time (from the heuristic approach) and
the average approach delay (from microsimulations) are not directly comparable, Table 9
presents both sets of results for Case Study 2, shown in Figures 6 and 10, along with LOS,
as an example that clearly illustrates the findings of this research.

Table 9. The results obtained from the heuristic approach and microsimulations for Case Study 2.

Type of Traffic Control The Heuristic Approach Microsimulations
Control Delay Time (s/veh)/LOS Average Approach Delay (s/veh)/LOS

Roundabout 6.49/LOS A 1.70/LOS A
Signalized intersection 14.42/LOS B 15.69/LOS B

TWSC intersection 16.75/LOS C 17.73/LOS C

Case Study 3 is another signalized intersection that under normal conditions reports
an average approach delay of 22.42 (s/veh), corresponding to LOS C. However, this metric
nearly doubled in post-storm conditions to 42.01 (s/veh), when the intersection operates as
a TWSC due to power outages. This delay value corresponds to LOS E. The performance
and resilience of a TWSC model under normal and post-storm conditions are 40.64 (s/veh),
representing LOS E. When the intersection was reconfigured to a double-lane roundabout,
the average approach delay substantially decreased to 2.27 (s/veh) for both scenarios,
corresponding to LOS A.

5. Discussion
The operational efficiency of road infrastructure has long been a crucial topic due to

the strong dependency of economic and life activities on reliable mobility [1,67]. Although
the concept of road resilience is more recent, its importance is not inferior to operational
performance and has become a timely research focus [1,2,6,16,68,69]. However, measuring
the resilience of road infrastructure is not straightforward; it may depend on the objectives
and priorities of decision-makers as well as on the type of disruption to which the road
network is exposed.

This study intentionally integrates two complementary methods—a heuristic analyti-
cal approach and microsimulations—to evaluate intersection performance under consistent
conditions. Presenting both allows for a direct comparison between independent ap-
proaches, providing a built-in validation of the results and strengthening the credibility of
the conclusions (see Table 9).

In this study, the efficiency and resilience of road intersections were assessed using a
heuristic analytical framework and microsimulations. Pre-storm values of performance
metrics are used to assess efficiency (operational performance), whereas comparisons of
pre- and post-storm values are employed to evaluate resilience.
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Although both the heuristic analytical method and AIMSUN Next [22] microsim-
ulations were applied; it is important to acknowledge that their results are not strictly
comparable due to methodological differences and variations in performance measure
definitions. The heuristic framework reports control delay based on the HCM [18], which
aggregates all forms of delay experienced by vehicles at the intersection, including deceler-
ation, stopped delay, and acceleration [18]. In contrast, microsimulation platforms such as
AIMSUN typically compute approach delay based on vehicle trajectories, capturing local-
ized delays at stop lines but treating mid-block or re-acceleration time differently [63,70].
These conceptual distinctions explain the numerical discrepancies observed, particularly
for roundabouts, where the heuristic approach estimates an average control delay of ap-
proximately 9.00 (s/veh) (LOS A), while AIMSUN reports an average approach delay of
about 1.50 (s/veh) (LOS A), as observed in Case Study 1.

Despite these numerical differences, this comparison serves as an internal validation
of the proposed framework, as the two approaches demonstrate strong convergence
when results are interpreted in terms of LOS (see Table 9) and overall delay trends.
Across all case studies and traffic control types, both methods consistently identified the
relative performance of roundabouts, signalized intersections, and TWSCs under pre-
and post-storm scenarios. This suggests that while absolute delay values may differ in
some cases, the approaches provide complementary insights: the heuristic framework
offers standardized and widely recognized benchmarks, while microsimulation captures
more granular and dynamic vehicle interactions [71–73]. Accordingly, LOS classification
emerges as a robust common ground for integrating analytical and simulation-based
findings. At the same time, these differences underscore the need for caution when
directly comparing delay magnitudes across methodologies, as highlighted in prior
comparative studies [74–76].

The combined results yield several important insights regarding the operational
performance and resilience of different intersection control types under normal condi-
tions and storm-related electricity outages. Roundabouts consistently exhibited stable
performance across pre- and post-storm conditions, underscoring their independence
from electrical systems and highlighting their suitability as resilient traffic control solu-
tions during power outages. Furthermore, in all case studies and scenarios, both average
control delay (heuristic approach results) and average approach delay (microsimulation
results) were lowest for roundabouts, confirming them as the most efficient and resilient
option in this study. These findings are consistent with previous studies [6,77–80], which
have also shown that roundabouts are less vulnerable to system disruptions compared
to signalized intersections.

Signalized intersections, by contrast, displayed clear vulnerabilities. In pre-storm
scenarios, signals typically achieved moderate levels of service (LOS B–C, which are
considered acceptable for urban road networks). However, under post-storm conditions,
the assumed power outage forced a transition to TWSC operation, which substantially
degraded performance—particularly in Case Studies 1 and 3, where delays nearly doubled,
indicating reduced resilience. These findings align with earlier research emphasizing the
operational risks of power outages at signalized intersections [14,81,82]. Microsimulation
results reinforced this vulnerability, showing sharp increases in both delay and travel time
when signals became inoperative.

TWSC intersections, whether directly modeled or as a fallback for failed signals,
consistently produced higher delays than roundabouts and, in many cases, even higher
than signalized intersections under normal conditions. This finding reinforces both HCM
evidence [18], and simulation-based studies [14,83,84], which demonstrate that TWSCs
perform poorly under heavy or unbalanced traffic due to their reliance on gap acceptance.
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Notably, Case Study 2 revealed that under moderate traffic, TWSC operation was only
marginally less efficient and resilient than signals, suggesting that context-specific factors
strongly influence efficiency and resilience assessments. Similar context-sensitive findings
have also been reported in case studies in Italy [14].

Periodic reassessment of intersections is often warranted to maintain efficiency, safety,
and resilience when evolving traffic demand and driver behavior exceed the capacity of
existing control schemes. One real-world example involved converting a TWSC intersec-
tion into a turbo roundabout in 2015 [85], a transformation that eliminated congestion,
improved capacity, and significantly enhanced safety. Empirical studies enforced this pat-
tern: for instance, retrofitting signalized and stop-controlled intersections to roundabouts
in Oxford [86], as well as converting signalized intersections into mini-roundabouts in
Michigan [87]. These findings support the argument that traffic control should be periodi-
cally reassessed and redesigned in response to shifts in traffic patterns to maintain both
efficiency and resilience.

Another noteworthy observation arises from the speed results. While roundabouts
generally supported higher average speeds, Case Study 3 showed an exception, where the
two-lane roundabout in the post-storm scenario recorded slightly lower average speeds
than signalized and TWSC configurations. This suggests that roundabout benefits are not
universal and may vary depending on geometry, traffic composition, and flow patterns.
Further research should therefore investigate the interplay of speed, safety, and resilience
under disrupted conditions.

Finally, the dual-method approach of combining analytical calculations with AIMSUN
microsimulations strengthens the analysis. The heuristic framework provided benchmark
values and LOS classifications, while microsimulations captured more nuanced patterns in
delay, travel time, and speed. The consistency of findings across both approaches increases
confidence in the results, although the simplifying assumption that storm impacts are
limited to electricity outages should be acknowledged. Other storm-related disruptions,
such as flooding, debris, or traffic demand surges, should be explored in future research
to generate more comprehensive resilience assessments. Importantly, the convergence
between analytical and microsimulation results, together with agreement with published
findings, demonstrates that the proposed framework builds upon and extends current
knowledge rather than standing in isolation.

6. Conclusions
The main objective of this study was to evaluate the efficiency and resilience of road

intersections under pre-storm and post-storm conditions, focusing on roundabouts, signal-
ized intersections, and TWSC intersections. Two complementary approaches were applied:
a heuristic analytical method based on the control delay suggested by the HCM [18], and
microsimulations using AIMSUN Next 20.0.5 [22]. Three case studies from Poland (a single-
lane roundabout and two signalized intersections in their current configurations) were
analyzed using data collected between September and November 2023. Each of these
intersections was investigated under all three traffic control types. For example, Case Study
1, originally a single-lane roundabout, was also modeled as a signalized intersection and a
TWSC intersection for comparison purposes.

The results of both approaches consistently indicated that roundabouts outperformed
signalized and TWSC intersections in terms of efficiency and resilience. Their independence
from external power supply makes them particularly advantageous in post-storm scenar-
ios involving electricity outages. Signalized intersections generally provided acceptable
service under normal conditions but showed substantial performance degradation when
signals became inoperative, reverting to TWSC operation. TWSC intersections, whether
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modeled directly or as a fallback, performed the worst overall, particularly under heavy or
unbalanced traffic.

While heuristic and microsimulation methods are not directly comparable due to
differences in delay estimation, their convergence in level of service categories confirms LOS
as a reliable common basis for integrating results. This convergence reinforces confidence
in the consistency and validity of the findings.

From a practical perspective, the results identify roundabouts as the most storm-
resilient traffic control strategy, especially in regions prone to electricity disruptions. For
signalized intersections, contingency planning should be prioritized, including backup
power systems, temporary traffic management strategies, or long-term conversion to more
resilient designs.

The findings highlight that intersection efficiency and resilience are site-specific and
should be periodically reassessed to adapt to changing conditions. Climatic variations,
technological advances in vehicles (e.g., connected and automated vehicles), and evolv-
ing traffic demands may render previously optimal control strategies less effective over
time. The proposed framework addresses these challenges by integrating efficiency and
resilience within a unified approach that relies on a standardized analytical metric. This
metric is simple to compute, requires minimal data collection, and is not restricted by
climate, environment, or geometry, enabling its application to any intersection worldwide.
The framework thus provides a practical, adaptable, and universal tool for maintaining
intersection performance in dynamic urban contexts.

The main contribution of this study lies in integrating analytical and simulation-
based methods to evaluate intersection resilience under storm conditions. However, it is
limited by its core assumption that storm impacts are restricted to electricity outages.
Future research should address additional storm-related disruptions (e.g., flooding,
debris, or fluctuating demand) and incorporate safety performance metrics. Moreover,
due to the negligible presence of pedestrians and cyclists in the analyzed intersections,
these modes were excluded from the current analysis. Further studies should examine
intersections with substantial pedestrian and cyclist activity to assess their influence on
intersection resilience.

In conclusion, while signalized intersections can function efficiently under normal
conditions, they remain highly vulnerable to power outages. Roundabouts, by contrast,
consistently demonstrated superior operational performance and resilience. These findings
underscore the importance of the periodic reassessment of intersection control strategies
to ensure long-term efficiency and resilience. For stakeholders, quantitative metrics such
as control delay or approach delay provide precise performance measures, while LOS
classification offers a practical benchmark for decision-making, particularly when exact
delay values are not required.
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