
Transportation Research Interdisciplinary Perspectives 25 (2024) 101108

A
2
n

Contents lists available at ScienceDirect

Transportation Research Interdisciplinary Perspectives

journal homepage: www.elsevier.com/locate/trip

On the practical utility of a continuum traffic flow model on curvy highways
in adverse weather conditions
Waheed Imran a,∗, Zawar H. Khan b, Daud Khan c, Usman Ghani d, Tahseen Bashir a

a Department of Civil, Architectural and Environmental Engineering, University of Naples, Via Claudio 21, Naples, 80125, Italy
b College of Computer Science and Engineering, University of Ha’il, Ha’il, 55476, Saudi Arabia
c Department of Transport Systems, Traffic Engineering and Logistics, Faculty of Transport and Aviation Engineering, Silesian University of
Technology, Krasinskiego 8 Street, Katowice, 40019, Poland
d Department of Engineering, Ed.8, University of Palermo, Viale Delle Scienze, Palermo, 90128, Italy

A R T I C L E I N F O

Keywords:
Adverse weather conditions
Curvy highways
Macroscopic continuum model
Non-Homogeneous-Stimulus-Response model
Traffic dynamics
Traffic forecasting

A B S T R A C T

The macroscopic continuum traffic flow models are being investigated to predict and ameliorate traffic more
efficiently. These models are beneficial implementation tools to comprehend and complement the shortfalls in
traffic evolution. Despite the significant enhancements in devising the traffic dynamics, the practical utilization
of these macroscopic models is not being fully explored. In this study, the Non-Homogeneous Stimulus-
Response Model (NHSRM) (Imran et al., 2023) is investigated for its application in forecasting traffic flow
on a curvy highway during various weather conditions. The weather impact, in the specific, dry, light rainfall,
moderate rainfall, and heavy rainfall on the travel time, velocity, and density spatiotemporal evolution on
a curvy highway is analyzed. The flow during different weather conditions is investigated over two curved
roads with 120 m, and 500 m radii. As evident from the results, significant velocity breakdowns during heavy
rainfall impact the upstream traffic which contributes to congestion development. The average velocity of
traffic depletes significantly, and the congestion formation upstream is significant. While the travel time of
particular highway segments elevates sharply during heavy rainfall. A comprehensive understanding of the
insights, and the criticality associated with the parameters of the model, in particular, on the choice of the
maximum velocity of the highway has been presented for NHSRM.
1. Introduction

Macroscopic continuum flow models play a pivotal role in forecast-
ing and understanding complex traffic flow behavior on highways (Im-
ran et al., 2020). These models provide a detailed representation of
complex traffic behavior and have long been applauded for their po-
tential applications in infrastructure planning, traffic management, and
Intelligent Transportation Systems (ITS). The macroscopic continuum
traffic models supply significant insights into the overall traffic dy-
namics, allowing urban planners and policymakers to make informed
decisions for improving the efficiency and safety of highways. More-
over, macroscopic models are significantly revised to improve their
characterization accuracy and effectiveness during employment.

With the advent of modern data collection techniques and evolving
computing capabilities, various traffic influencing factors are incor-
porated within the macroscopic traffic flow models. These factors in-
clude traffic driver behavior, road network characteristics, and weather
conditions. By integrating these diverse characteristics, contemporary
macroscopic models have become more robust and capable of providing
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realistic representations of real-world traffic scenarios (Jiang et al.,
2002).

Weather conditions, in particular, have a significant impact on
traffic flow and travel time on highways. Adverse weather conditions,
including fog, snow, and heavy rainfall. These can lead to reduced visi-
bility and decreased friction on road surfaces. These are detrimental to
traffic flow, resulting in hazardous traffic incidents, and consequently,
impacting traffic flow operations. Drivers reduce their speeds during
adverse weather conditions to be more cautious and precise in vehicle
control as conditions are more predictable, and has a tendency of large
variations in traffic velocity. This increases the following distances be-
tween vehicles which decreases traffic flow (Brackstone and McDonald,
2007; Qu et al., 2014). Moreover, adverse weather often necessitates
the activation of various control measures, including traffic control
with variable speed limits, lane closures, or even road closures, which
further disrupts the traffic.

Nevertheless, the significant progress made in expanding macro-
scopic traffic flow models to encompass various aspects of road traffic,
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as well as their practical applicability in hazardous weather conditions,
has not been fully exercised. Further, the conceptual breakthroughs and
incorporation of multiple factors open up exciting avenues for utilizing
these models in real-world settings. However, realizing their full practi-
cal potential requires extensive investigation and robust methodologies
in the context of various weather conditions. This investigation is
crucial to identify the strengths and limitations of the models and
to assess their feasibility for addressing practical traffic management
challenges.

In view of the aforementioned rationale, the key contributions of
this paper are summarized as

1. The macroscopic continuum Non-Homogeneous Stimulus-Res
ponse Model (NHSRM) (Imran et al., 2023) is studied in this
paper to assess the traffic evolution over different road geometry
in different weather conditions. And, in particular, upstream
velocity and density evolution is investigated.

2. Additionally, the weather conditions impact on travel time is
highlighted which offers significant insights into real-world traf-
fic management. It is demonstrated that weather data integra-
tion with NHSRM can be employed in weather-adaptive traffic
management strategies for traffic amelioration.

3. This study presents a comprehensive methodology for NHSRM
utilization in adverse weather conditions.

The rest of this paper is organized as follows. A detailed review of
he existing related literature is presented in Section 2. In Section 3, the
ethodology including the continuum model, fundamentals of traffic,

nd the settings for simulations are presented. The results of this study
re given in Section 4, while a brief discussion of the results is detailed
n Section 5. Finally, some conclusions are given in Section 6.

. Literature review

Typically, macroscopic traffic models examine the aggregate den-
ity, velocity, and flow (Kessels et al., 2019). While in microscopic
odels, physical and psychological driver behavior/individual vehicle

ehavior are considered (Nagel et al., 2003; Henein and White, 2010).
he characteristics of both, macroscopic and microscopic models are
oupled in mesoscopic models (Cantarella et al., 2014) and probability
istributions are mostly harnessed (Kessels et al., 2019; Hoogendoorn
nd Bovy, 2001). The macroscopic models are commonly exercised due
o their modest computational complexity (Khan et al., 2019).

The foundation of macroscopic models was laid by the Lighthill,
hitham, and Richards (LWR) model (Lighthill and Whitham, 1955;
ichards, 1956). The LWR model is expressed as

𝑡 + 𝜌(𝑉 (𝜌))𝑥 = 0, (1)

here 𝜌 and 𝑉 (𝜌) are density, and the relationship in equilibrium traffic
onditions between velocity and density, respectively. This relation is
eferred to as the equilibrium velocity relationship in what follows and
s given by Eq. (6). In Eq. (1), the subscript 𝑡 is the temporal derivative
hile 𝑥 is the spatial derivative. Traffic is assumed a continuum in

he LWR model, and only models trivial variations in traffic occurring
nstantly, that is, ideal traffic conditions on a highway. Thus, this
odel cannot precisely describe and characterize sufficient variations

n traffic (Liu et al., 1998a) such as stop and go waves (Daganzo,
995; Khan and Gulliver, 2018; Maerivoet and De Moor, 2005; Khan
t al., 2022b). The LWR model was significantly improved by adding an
cceleration term (Khan et al., 2019). Based on a car following theory, a
igher-order traffic flow model was proposed by Payne (Zhang, 1998;
ayne, 1971). This model considers changes in traffic flow based on
uniform driver response (anticipation). To characterize the driver’s

eaction to preceding stimuli an anticipation term was proposed while
relaxation term to characterize variations in velocity (Maerivoet and
2

e Moor, 2005). Whitham proposed a similar model, and so the new
odel is known as the Payne Whitham (PW) model (Khan and Gulliver,
019; Khan et al., 2018), given by

𝜌𝑡 + 𝜌(𝑉 (𝜌))𝑥 = 0,

(𝜌𝑣)𝑡 +
(

(𝜌𝑣)2
𝜌 + 𝐶2

0𝜌
)

𝑥
= 𝜌

(

𝑉 (𝜌)−𝑣
𝜏

)

,
(2)

where the velocity constant (𝐶2
0 ) represents the backward perturbation

propagation speed and 𝑉 (𝜌)−𝑣
𝜏 is the relaxation term. Alignment of

traffic over the relaxation time 𝜏 is characterized by the relaxation
term. However, the PW model incorporates a uniform behavior for
all vehicles (Whitham, 2011) which is unrealistic in practicality as
vehicle behavior varies according to various traffic conditions (Imran
et al., 2023). Consequently, the PW model can result in unsatisfactory
outcomes (Zhang, 1998; Imran et al., 2023).

Lately, the PW model has been extended in various directions. As
the objective of our study pertains to real-world utility rather than
focusing on the development and enhancements of the models, we have
directed our attention towards pertinent literature encompassing con-
tinuum macroscopic models, which can be found within the referenced
papers such as Aw and Rascle (2000), Ko et al. (2015), Zhai and Wu
(2022), Ngoduy (2013), Helbing et al. (2001), Liu et al. (1998b), Song
and Karni (2019), Jiang and Wu (2004), Tang et al. (2011), Khan et al.
(2022a), Zhai and Wu (2021) and Qingtao et al. (2018). All of these
studies hold immense practical significance and can be employed for
various practical applications in traffic analysis and control. However,
in this study, we employ one of the finest macroscopic models proposed
lately, the NHSRM (Imran et al., 2023), and is given by Eq. (3) to
demonstrate its practical utility.

Evidently, traffic demand, safety, operation, and flow are signifi-
cantly reduced (Maze et al., 2006) by rainfall, fog, snow, and wind.
During adverse weather conditions, averaged data from sensors is har-
nessed to predict free flow speed and capacity. The HCM (2010) (Trans.
Research Board, 2010) reports a reduction in capacity and free flow
during adverse weather on highways. The FHWA (2006) has reported
pragmatic studies on the impact of adverse weather on highways
(Hranac et al., 2006). A mesoscopic network simulation (Hou et al.,
2013) suggested that weather factors can be introduced in the calibra-
tion of the traffic flow model. The cold weather impact on highway
traffic is studied by Shahdah and Fu (2010) based on simulations on a
Canadian highway. The rainfall intensity impact on traffic speed, flow,
and density is modeled (Lam et al., 2013) on hourly rainfall data in
Hong Kong. These studies considered complex methodologies for traffic
parameters estimations in different weather conditions. With evolving
ITS, certain aspects of the HCM (Trans. Research Board, 2010) and
American Association of State Highway and Transportation Officials
(AASHTO) green book (AASHTO, 2011) can be coupled with the macro-
scopic models for more robust and accurate traffic flow, travel time,
and velocity breakdowns predictions.

Another important aspect of a highway is the geometry such as
sharp curves. Lamm et al. (1990) investigated the impacts on freeway
capacity considering the geometry of curves during rainfall of rural
highways. It has been reported that there is a significant relationship
between operating speed and degree of curvature. But, in this study,
it is also reported that wet pavement does not affect vehicle operating
speed if visibility is not affected appreciably by heavy rainfall which
is contrary to the fact that even light rainfall can reduce the friction
between the tires and pavement, consequently, affecting the operating
speed (Maze et al., 2006; Ibrahim and Hall, 1994). This fact has
been further highlighted by Brilon and Ponzlet (1996), wet roadway
conditions resulted in drops in velocity and capacity.

Kyte et al. (2001) studied the impacts of adverse weather on the
capacity of a highway, and they have compared their results with the
HCM (Trans. Research Board, 2010). It has been shown that a 50% re-
duction in speed resulted during light rainfall or light snow, conversely,

heavy snow caused a lower reduction of 20% in speed compared to the
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values suggested in Trans. Research Board (2010). Liang et al. (1998)
conducted a similar study to Kyte et al. (2001) employing a shorter
segment of the same test sites, while reporting a 5.03 m/s reduction in
the average operating speed during snowfall. A predictor, Road Surface
Condition (RSC) as a binary variable (1 if snow-covered, 0 otherwise) is
incorporated in the regression analysis and a reduction of 1.50 m/s in
the average speed is reported when the road surface was covered with
snow. However, this binary representation of RSC does not capture the
full variation of RSC that could commonly be observed in the real-world
environment, moreover, there are more accurate methodologies with
in-depth details about the road surf conditions such as the Pavement
Condition Index (PCI). Furthermore, both of these two studies ignore
the intensity of rainfall and were based on rural highways where traffic
flows rarely reach capacity.

Ibrahim and Hall (1994) performed investigations, harnessing a
Dummy Variable Multiple Regression Analysis Scheme (DVMRAS) to
demonstrate the variations in traffic variables in various weather con-
ditions (snow and rainfall). Their study reported that light snow and
rainfall showed 3%, and up to 5% decrease in speeds, while heavy
rainfall and snow caused 14% to 15% and 30% to 40% reductions in
speed, respectively. However, the findings of their study are limited
in generality as they were based on data obtained over six clear, two
rainfall, and two snowy days.

In all, there are various vital limitations (as reported previously) of
past efforts in quantifying the impacts of adverse weather on highway
operations. The existing studies and methodologies are limited in prac-
ticality and are either too complex for real-time traffic management.
Additionally, past studies do not investigate the impacts of weather
conditions on jam formation and dissipation with a curved section, and
avoid the increase in travel time due to the intensity of rainfall. While
the velocity breakdowns are also not quantified on upstream traffic
which is significant for traffic management. Further, the methodologies
are complex and are based on odd data collection techniques, while
with the evolution of the robust macroscopic models, certain aspects
can be investigated more efficiently coupling with the Trans. Research
Board (2010), AASHTO (2011) methodology which is rarely considered
in recent studies. While the Trans. Research Board (2010), AASHTO
(2011) have provided a set of adjustment factors for taking into consid-
eration the winter weather effects, fewer studies have been conducted
to show the validity of these results. But, these sets are never exercised
in the framework of the macroscopic traffic flow model which can
effectively describe different dynamics, vital for traffic flow planning
and management such as jam formation, increase in the total travel
time, and velocity breakdowns. Thus, in this study, the evolution of
traffic flow on a 10,000 m highway is investigated. The geometry of
the highway is composed of a sharp curve of radius 120 m and 500 m.
The NHSRM is coupled with the highway traffic based on the guidelines
provided in AASHTO (2011). Comprehensive evolution of density and
velocity and variations in travel time are explored. In addition, an
integrated methodology is proposed which can be efficiently employed
in weather-adaptive control applications.

3. System

In this Section, the NHSRM and AASHTO (2011) coupled system is
elaborated. The flow chart in Fig. 1 represents the detailed method-
ology of this study. Two distinct components are incorporated in the
methodology forming an integrated system of the continuum model
and the design parameter. At the outset, it entails the setup of the
continuum model, next, the second facet incorporates the selection
of design parameter based on the weather conditions on a curved
highway, and their integration with the model, thereby resulting in an
integrated system.
3

Fig. 1. The NHRSM and AASHTO (2011) coupled system.

3.1. The continuum model

The NHSRM (Imran et al., 2023) is a recent extension of the
PW model which incorporates road stimulus and driver response to
characterize traffic more realistically. NHSRM is
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𝜌𝑡 + 𝜌(𝑉 (𝜌))𝑥 = 0,

(𝜌𝑣)𝑡 +
(

(𝜌𝑣)2
𝜌 + 𝑓𝜍𝜌

)

𝑥
= 𝜌

(

𝑉 (𝜌)−𝑣
𝜏

)

,
(3)

where

𝑓 =
⎛

⎜

⎜

⎝

|𝑉 (𝜌) − 𝑣|

𝑣 ×
(

𝜏𝑟 + 𝜏𝑏
)

+ 𝑣2
2𝑎𝑚

⎞

⎟

⎟

⎠

, (4)

is the driver response while

𝜍 =
𝑏𝑎
𝑏𝑚

, (5)

is the stimulus. 𝜏𝑟 is the reaction time to a preceding change in traffic
and 𝜏𝑏 is the harmonization time to adjust to this change. 𝑎𝑚 is the
maximum deceleration while 𝑏𝑎 and 𝑏𝑚 characterizes lateral distances.
The ratio of which is a stimulus for a driver reaction. The Papageorgiou
equilibrium velocity distribution (Papageorgiou et al., 1989) for 𝑉 (𝜌) is
used in this study, and is given by

𝑉 (𝜌) = 𝑣𝑓 ⋅ exp
[−1
𝑐
( 𝜌
𝜌𝑐𝑟

)𝑐], (6)

where 𝑣𝑓 is the free flow velocity, 𝑐 is shape factor while 𝜌𝑐𝑟 is the
critical density of the road section. This equilibrium distribution is
exercised for its practical plausibility in any traffic condition. 𝑣𝑓 is
crucial for precise predictions in any given traffic conditions. It can
vary according to different traffic conditions. That is, in dry weather
conditions, 𝑣𝑓 is higher, while it is smaller during heavy rainfall. The
free flow speed, which is the maximum achievable, is also affected by
road designed geometry of a highway. The selection of the maximum
speed is significant to avoid road accidents and improve the traffic
flow. Thus selection of 𝑣𝑓 plays a vital role in traffic characterization
in different road geometries in various conditions.
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3.2. Highway characteristics

Road geometry is critical for traffic operations and has unique
challenges to road safety which results from the centrifugal forces
generated actively during sharp and moderate curves. This can drift
the vehicle from the pavement for a speed higher than the safe speed.
Optimal velocity over the curves is vital to ensure smooth, efficient, and
accident-free traffic operations. Moreover, sharp curves during various
weather conditions are detrimental to traffic flow operations. Safe
velocity, 𝑣𝑠, over these curves can be computed (AASHTO, 2011) as

𝑣𝑠 =
√

𝜇𝑅𝑔, (7)

which is the allowed maximum achievable for vehicles traveling over
road geometric curves, therefore, 𝑣𝑠 = 𝑣𝑓 . In Eq. (7), 𝑅 is the radius
of curvature. 𝜇 is the coefficient of friction between the pavement and
tires of a vehicle, whereas 𝑔 is the gravitational acceleration.

The significance of Eq. (7) lies in its practical application to deter-
mine safe velocity on curved road sections. Traffic engineers utilize this
formula to assess appropriate speed limits that ensure safe navigation
around curves. The radius of curvature (𝑅) plays a crucial role in
defining the maximum safe velocity: tighter curves require lower speed
limits, while flatter curves may allow higher speeds, striking a balance
between safety and traffic efficiency.

Moreover, 𝜇 represents the road surface’s ability to provide trac-
tion, directly influencing the maximum safe velocity. To optimize road
safety, proper road maintenance and the selection of appropriate road
materials are essential to enhance frictional properties. The value of
𝑔 is 9.8 m s−2. The values for 𝜇 in different traffic conditions are
given in Table 1. It is worth noting that the values presented in 1 are
sourced from existing literature. These values are typically obtained
through testing and analysis specific to the site. However, for our study,
we rely on values reported in the literature (Younes, 2023; Kordani
et al., 2018). Our focus is on assessing the practical application of
NHSRM, particularly in predicting outcomes under challenging weather
conditions.

In any traffic condition, the fitting of Eq. (6) to real data plays a vital
role. 𝑣𝑓 in Eq. (6) corresponds to free flow velocity. This velocity varies
according to different traffic conditions. It is impacted by the geometry
of a highway, weather conditions, and driver characteristics. In adverse
traffic conditions, this velocity can be modeled as Eq. (7), and thus
it is employed directly in the velocity–density relationship to account
for the impacts of various weather conditions. Next, we demonstrate
how the dynamics in the Fundamental Diagram (FD) of traffic vary
according to different weather conditions.

3.2.1. The fundamental diagram of traffic
Traffic flow, 𝑞, is the fundamental relation between 𝜌 and 𝑣, which

is

𝑞 = 𝜌𝑣, (8)

where 𝑣 is 𝑉 (𝜌) which is given by Eq. (6). Thus, 𝑞 is represented as 𝑞(𝜌),
and it is computed as

𝑞(𝜌) = 𝜌𝑉 (𝜌). (9)

The FD results from Eq. (9) are shown in Figs. 2 and 3 for dry pavement,
light rainfall, moderate rainfall and heavy rainfall, when 𝑅 is 120 m and
500 m, respectively. The ranges for 𝜇 are given in Table 1. The 𝜌𝑐𝑟 is 18
veh/km while the maximum density (𝜌𝑚) is 83 veh/km. For a curve with
𝑅 = 120 m, 𝜇 for dry pavement is 0.75, while the capacity is 707 veh/h.
During light rainfall, 𝜇 is 0.55, while the capacity reduces to 606 veh/h.
Whereas in moderate and heavy rainfall, 𝜇 ranges from 0.40 to 0.20,
while the capacity significantly reduces to 447 veh/h and 258 veh/h. In
general, 63.50% reduction in the capacity of traffic is observed.

The results of curve with 𝑅 = 500 m are shown in Fig. 3 for 𝜇 is
0.75, while the traffic capacity is 963 veh/h. During light rainfall, 𝜇 is
4

Fig. 2. The flow-density relationship subjected to assorted 𝜇 during various traffic
conditions with 𝑅 = 120 m.

0.55, while the capacity reduces to 790 veh/h. Whereas in moderate
and heavy rainfall, 𝜇 ranges from 0.40 to 0.20, and the capacity signif-
icantly reduces to 659 veh/h and 571 veh/h. A reduction of 40.70% in
traffic capacity is observed. This information is employed for weather
conditions in Eq. (7) to obtain 𝑣𝑠 approximated as 𝑣𝑓 , and consequently
employed in Eq. (6) to perform investigations.

3.2.2. The critical role of the fundamental diagram of traffic
In Section 3.2.1, we have demonstrated (see Figs. 2 and 3), the

variations in the FD between flow and density with different values of
𝜇. This FD of traffic is vital for the output of any model, thus, it plays a
critical role in the predictions. Given the NHRSM, the key points gained
from the previous illustrations are;

• The primary feature of the FD is its ability to graphically illustrate
the dynamic relation between traffic density and flow. Macro-
scopic continuum models in general provide an effective tool for
accurately representing real-world traffic phenomena by incor-
porating the insights gained from the FD into the simulations.
This inclusion enables the simulations to accurately represent
situations ranging from equilibrium conditions, when a particular
density correlates to flow, to the domain of non-equilibrium
circumstances, where different flows can coexist for a specified
density range.

• The FD serves as a pinning point for the simulations when in-
corporated with the NHSRM. It guarantees that the simulated
traffic patterns follow the fundamental rules governing traffic
behavior. Thus, given traffic conditions are accurately captured
by the FD following an appropriate methodology and theoretical
background, the NHSRM results in precise predictions. As pre-
viously, the 𝑣𝑓 is designed based on the criteria suggested by
AASHTO (AASHTO, 2011), subsequently, the NHSRM will effi-
ciently and more realistically simulate different traffic conditions.

3.3. Environment

In this study, a speculative highway of 10,000 m is considered with
a specific focus on a sharp curve that is located between 5500 m and
6500 m. The Radius of curvature is 120 m and 500 m, while traffic
conditions are observed for 3600 s. Additionally, to implement the
NHSRM on this highway, the model is first discretized in space and time
using the First ORder CEntered (FORCE) technique (Khan et al., 2020) .
This technique is further elaborated in Section 3.4. The model’s stability
is ensured by employing the Courant, Friedrich, and Lewy (CFL) (Moura
and Kubrusly, 2012; Imran et al., 2024) conditions. For NHSRM, the
road step is 𝛥𝑥 = 200 m, and the time step is 𝛥𝑡 = 1 s. The total
simulation time is 3600 s. The maximum velocity is 𝑣𝑓 = 30 m∕s over
the straight section, while that on the curved section is Eq. (7) and the
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Table 1
Coefficient of friction 𝜇 for different weather conditions
(Younes, 2023; Kordani et al., 2018).
Description Range

Dry pavement 0.7–0.9
Light rainfall 0.5–0.7
Moderate rainfall 0.2–0.5
Heavy rainfall <0.2
Snow 0.1–0.4
Fig. 3. The flow-density relationship subjected to assorted 𝜇 during various traffic
conditions with 𝑅 = 500 m.

Fig. 4. Illustration of initial and boundary conditions over the 10,000 m highway.

maximum normalized density is 𝜌𝑚 = 1. 𝜏𝑟 ranges between 0.8 s to
1.0 s, and 𝜏𝑏 ranges between 0.1 s and 0.2 s (Basak et al., 2013; Ping
et al., 2004). The maximum deceleration is 7 ms−2 (Qu et al., 2014).
The initial density at time 𝑡 = 0, and the boundary conditions at time
𝑡+1 are illustrated in Fig. 4. These conditions are attributed to circular
road conditions.

Circular traffic conditions are commonly used in MATLAB simula-
tions for traffic flow models due to their closed-loop nature, eliminating
the need for explicit endpoints and avoiding boundary effects. This
setup ensures a consistent, uninterrupted traffic flow, simplifying the
modeling process. The closed-loop geometry is particularly useful for
studying wave propagation and congestion patterns, making it easier
to analyze disturbances in traffic flow. Additionally, circular conditions
provide a simplified visualization of continuous traffic, facilitating
the interpretation of simulation results. The choice of circular condi-
tions reflects a balance between modeling simplicity and the ability to
capture essential features of traffic dynamics.

3.4. Hyperbolocity and numerical technique for the NHSRM decomposition

The NHSRM is decomposed employing the FORCE technique. A
conserved form of a traffic system is given by

𝛽 + 𝑓 (𝛽) = 𝑆(𝛽), (10)
5

𝑡 𝑥
The subscripts, 𝑡 and 𝑥 represent temporal and spatial derivatives,
respectively. The NHSRM in conserved form is

𝛽 =
(

𝜌
𝜌𝑣

)

, 𝑓 (𝛽) =

(

𝜌𝑣
(𝜌𝑣)2
𝜌 + 𝑓𝜍𝜌

)

,

𝑆(𝛽) =

(

0
𝜌 𝑉 (𝜌)−𝑣

𝜏

)

.

(11)

The traffic system in quasilinear form is

𝛽𝑡 + 𝐴(𝛽)𝛽𝑥 = 0, (12)

where the Jacobian matrix is 𝐴(𝛽), it holds the gradients of the func-
tions of variables. The Jacobian matrix for the NHSRM is

𝐴(𝛽) =
(

0 1
−𝑣2 + 𝑓𝜍 2𝑣

)

, (13)

and the eigenvalues are the solutions of

|𝐴(𝛽) − 𝜆𝐼| =
|

|

|

|

|

−𝜆 1
−𝑣2 + 𝑓𝜍 2𝑣 − 𝜆

|

|

|

|

|

, (14)

which are

𝜆1 = 𝑣 +
√

𝑓𝜍, 𝜆2 = 𝑣 −
√

𝑓𝜍, (15)

where

√

𝑓𝜍 =

√

√

√

√

√

√

⎛

⎜

⎜

⎝

|𝑉 (𝜌) − 𝑣|

𝑣 ×
(

𝜏𝑟 + 𝜏𝑏
)

+ 𝑣2
2𝑎𝑚

⎞

⎟

⎟

⎠

𝑏𝑎
𝑏𝑚

. (16)

The NHSRM is hyperbolic as the eigenvalues are real and distinct.
During congestion, the variations in flow occur at 𝜆2 (below average
velocity), while during free flow occur at 𝜆1 (higher speeds).

To numerically solve the NHSRM, let 𝑥𝑀 be the road length with 𝑀
equidistant segments, thus, the length of each segment is 𝛥𝑥 = 𝑥𝑚∕𝑀 .
Let 𝑡𝑁 be the total time with 𝑁 time steps so a time step is 𝛥𝑡 = 𝑡𝑁∕𝑁
given by 𝑡𝑛+1 − 𝑡𝑛. 𝛽 and 𝑓 (𝛽) are computed (approximated) for the
segments (𝑥𝑖+

𝛥𝑥
2 , 𝑥𝑖−

𝛥𝑥
2 ), and the data variables are obtained for each

of the 𝑀 segments for time (𝑡𝑛+1, 𝑡𝑛).
The FORCE technique is now employed to approximate flow at the

road segment boundaries (Toro et al., 1996) This technique combines
the first-order Lax–Friedrichs scheme (Al-nasur et al., 2008) with the
second-order Richtmyer scheme (Richtmyer, 1957). The average values
of the data variables are 𝛽𝑖 in the 𝑖th segment. The change in traffic
density and flow at the segment boundary is approximated by the flux.
With the Lax–Friedrichs scheme, the flux at the boundary of segments
𝑖 and 𝑖 + 1 in the 𝑛th time step is given by

(𝑓 𝑛
𝑖+ 1

2

(𝛽𝑛𝑖 , 𝛽
𝑛
𝑖+1))

𝑙

= 1
2

(

𝑓 (𝛽𝑛𝑖 ) + 𝑓 (𝛽𝑛𝑖+1)
)

+ 1
2

𝛥𝑡
𝛥𝑥

(

𝛽𝑛𝑖 − 𝛽𝑛𝑖+1
)

,
(17)

where 𝑓 (𝛽𝑛𝑖 ) and 𝑓 (𝛽𝑛𝑖+1) are the corresponding values of the functions of
the data variables in segments 𝑖 and 𝑖+1, respectively. The superscript
𝑙 denotes the Lax–Friedrichs scheme. The data variables obtained with
the Richtmyer scheme are (Richtmyer, 1957)

𝛽𝑛 1 = 1 (

𝛽𝑛𝑖 + 𝛽𝑛𝑖+1
)

+ 1 𝛥𝑡 (𝑓 (𝛽𝑛𝑖 ) − 𝑓 (𝛽𝑛𝑖+1)
)

, (18)

𝑖+ 2 2 2 𝛥𝑥
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Table 2
Simulation parameters.

Description Value

Simulation time 3,600 s
Highway length 10,000 m
𝑣𝑓 (straight section) 30 m∕s
𝑣𝑓 (curved section) Eq. (7)
𝛥𝑡 1 s
𝛥𝑥 200 m
𝜏 15 s
𝜏𝑟 0.9 s
𝜏𝑏 0.2 s
𝑉 (𝜌) Eq. (6)
𝜌𝑚 1
𝑅 120 m and 500 m
𝑔 9.8 m s−2

𝜇 0.75, 0.55, 0.40 and 0.20
𝑎𝑚 7 m s−2

and the corresponding flux is

(𝑓 𝑛
𝑖+ 1

2
(𝛽𝑛𝑖 , 𝛽

𝑛
𝑖+1))

𝑟 = 𝑓 (𝛽𝑛
𝑖+ 1

2
), (19)

where the superscript 𝑟 denotes the Richtmyer scheme. The flux at
the segment boundaries is obtained by averaging Eqs. (17) and (19)
obtained from the Lax–Friedrichs and Richtmyer schemes, respectively,
which gives

𝑓 𝑛+1
𝑖 = 1

2

(

(𝑓 𝑛
𝑖+ 1

2
)𝑟 + (𝑓 𝑛

𝑖+ 1
2
)𝑙
)

. (20)

This approximates the change in density and flow without considering
the source. The source terms of the NHSRM is

𝑆(𝛽𝑛𝑖 ) =
(𝑉 (𝜌𝑛𝑖 ) − 𝑣𝑛𝑖

𝜏

)

. (21)

The updated data variables are obtained by including the source term
which gives

𝛽𝑛+1𝑖 = 𝛽𝑛𝑖 − 𝛥𝑡
𝛥𝑥

(

𝑓 𝑛
𝑖+ 1

2
− 𝑓 𝑛

𝑖− 1
2

)

+ 𝛥𝑡𝑆(𝛽𝑛𝑖 ). (22)

4. Results

In this Section, the results of the study are briefly presented. The
simulation parameters are given in Table 2. The spatio-temporal evolu-
tion of velocity and density is analyzed, which provides deeper insights
into the velocity breakdowns and density shockwave formation and
dissipation. Additionally, the impact of rainfall intensity and 𝑅 of curve
on the Segment Travel Time (S𝑇𝑇 ) (Afrin and Yodo, 2020) is assessed,
which is computed as

𝑆𝑛
𝑇𝑇 𝑖 =

𝐿𝑖
𝑣𝑛𝑖

, (23)

where the subscripts 𝑖 and 𝑛 are space and time indices, 𝐿𝑖 is the
segment length and 𝑣𝑛𝑖 is the velocity of segment 𝑖 at time 𝑛.

4.1. Analysis of the travel time and spatiotemporal evolution of velocity and
density on dry pavement (𝜇 = 0.75)

4.1.1. Traffic insights with curve 𝑅 = 120 m
The spatiotemporal evolution of velocity over the 10,000 m high-

way for 3600 s, considering a friction coefficient 𝜇 = 0.75 and radius
of curvature 𝑅 = 120 m is illustrated in Fig. 5. Initially, the formation
of a shockwave is observed, originating between 6800 m and 7800 m,
which subsequently spills back over time. Noteworthy, the sharp curve
between 5500 m and 6500 m has minimal impact on the velocity
dynamics in dry weather conditions. The velocity remains smooth and
steady at 14.0 m∕s, except for the initial shockwave, while low velocities
6

Fig. 5. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.75 and R = 120 m.

Fig. 6. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.75 and 𝑅 = 120 m.

occur mainly due to the initial and boundary conditions provided to
the model. This critical scenario allows us to exercise the worst traffic
flow conditions to gain valuable insights, such as the formation and
propagation of the velocity and density shockwave.

Density shockwave analysis are performed to further elaborate the
results of this study. Fig. 6 shows the evolution of density over the
10,000 m highway with a curve of 𝑅 = 120 m and 𝜇 = 0.75, representing
dry pavement conditions. The initial density shockwave resulted from
an inactive bottleneck propagating backward, which meets another
density shockwave relatively very small, due to the curved section
between 5500 m and 6500 m at 600 s into the analysis. In this scenario,
the curve has little impact on the propagation of the density shockwave
and the upstream. However, a visible shockwave formation is observed,
providing significant insights into traffic dynamics over the highway.

Moreover, the travel time contour plot with 𝜇 = 0.75 and 𝑅 =
120 m is shown in Fig. 7. At first, the travel time elevates due to the
spillback effect of the velocity shockwave, it is as high as 80 s for certain
segments. Further, with the dissipation of the shockwave, the travel
time reduces to 30 s, demonstrating the dynamic behavior of the traffic
flow. The dry pavement conditions play a significant role in minimizing
the impact of the sharp curve between positions 5500 m and 6500 m
on the travel time. This analysis of velocity, density, and travel time
for 𝜇 = 0.75 provides insights and understanding of critical traffic
scenarios. Understanding the dynamics of traffic in different weather
conditions is vital for enhancing traffic management strategies, thus
we consider this scenario as the base scenario for comparative analysis
with other traffic conditions.

4.1.2. Traffic insights with curve 𝑅 = 500 m
The spatiotemporal evolution of velocity over the 10,000 m high-

way for 3600 s, considering a friction coefficient 𝜇 = 0.75 and radius of
curvature 𝑅 = 500 m is illustrated in Fig. 8. At the outset, the formation
of the shockwave is observed, but in this scenario, the formation of
the shockwave is for a shorter time compared to the previous scenario.
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Fig. 7. Contour of the total travel time of traffic over the 10,000 m highway for 3600
s with 𝜇 = 0.75 and R = 120 m.

Fig. 8. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.75 and 𝑅 = 500 m.

It is observable that the shockwave dissipates faster, and the velocity
breakdowns are minimal at the curve due to the larger radius of the
curve. The velocity evolution is smoother, and the impact of the curve
on upstream traffic is not significant.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 500 m and 𝜇 = 0.75 for 3600 s is shown in Fig. 9. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave relatively smaller
than that with the curve of 𝑅 = 120 m, due to the curved section
between 5500 m and 6500 m at 600 s into the analysis. However, the
shockwave formation and propagation time is smaller, and after 1200 s
into the analysis, the density evolution is smoother.

The travel time contour plot with 𝜇 = 0.75 and 𝑅 = 500 m is shown
in Fig. 10. At first, the travel time elevates due to the spillback effect
of the velocity shockwave, it is as high as 60 s for certain segments,
however, it is less than the previous scenario. Further, with the dissi-
pation of the shockwave, the travel time reduces to 30 s sooner. The
larger radius significantly reduces the travel time over the curve. The
dissipation of shockwave initiates as soon as 1070 s into the analysis,
which is small compared to the previous scenario.

4.2. Analysis of the travel time and spatiotemporal evolution of velocity and
density during light rainfall, 𝜇 = 0.55

4.2.1. Traffic insights with curve 𝑅 = 120 m
The spatiotemporal evolution of velocity over a 10,000 m highway,

for a duration of 3600 s, with 𝜇 = 0.55 and 𝑅 = 120 m is presented in
Fig. 11. Initially, a noticeable shockwave emerges, originating between
6800 m and 7800 m. This shockwave propagates backward over time.
Moreover, between 5500 m and 6500 m, we observe velocity break-
downs resulting from light rainfall and the geometric characteristics
of the highway. Around 600 s into the analysis, the development
of another shockwave is observed, originating between 5500 m and
6500 m. This second shockwave eventually merges with the existing
7

Fig. 9. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.75 and 𝑅 = 500 m.

Fig. 10. Contour of the total travel time of traffic over the 10,000 m highway for
3600 s with 𝜇 = 0.75 and 𝑅 = 500 m.

one, consequently, further impacting the velocity behavior upstream.
In all, the average velocity of the highway experiences a decline, it is
11.0 m∕s. This decline in average velocity is vital to understand.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 120 m and 𝜇 = 0.55 for 3600 s is shown in Fig. 12. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curved
section between 5500 m and 6500 m at 600 s and beyond into the
analysis. The formation time of the shockwave and the backward
propagation increases. The upstream traffic conditions are more denser
due to the intensity of the rainfall over the curve.

The travel time contour with 𝜇 = 0.55 and 𝑅 = 120 m is shown
in Fig. 13. Initially, the travel time exhibits an elevation because of
the spillback effect caused by the velocity shockwave. Noteworthy, the
contours are stretched compared to the previous scenario, signifying
higher travel times across the entire time horizon. A vital observation
is the presence of an evident contour representing a travel time of 80
s between 5500 m and 6500 m at approximately 600 seconds into the
analysis. It is evident from the results that under the influence of light
rainfall, the overall performance encounters deterioration, indicating a
reduction in the overall efficiency of traffic flow during light rainfall.
The travel time contour for 𝜇 = 0.55 provides valuable insights into
the temporal variations of travel time along the highway. The presence
of distinct features and variations highlights the importance of con-
sidering different factors and their effects on traffic flow for efficient
transportation management.

4.2.2. Traffic insights with curve 𝑅 = 500 m
The spatiotemporal evolution of velocity over a 10,000 m highway,

for a duration of 3600 s, with 𝜇 = 0.55 and 𝑅 = 500 m is presented in
Fig. 14. The initial dynamics of both scenarios are similar, however,
over time with the larger curve the velocity evolution is smoother.
There are no breakdowns, and it is evident that the intensity of rainfall
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Fig. 11. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.55 and 𝑅 = 120 m.

Fig. 12. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.55 and 𝑅 = 120 m.

Fig. 13. Contour of the total travel time of traffic over the 10,000 m highway for
3600 s with 𝜇 = 0.55 and 𝑅 = 120 m.

has little to no impact on the velocity evolution. The shockwave dissi-
pation is faster and the rainfall over the curve has no significant impact
which is due to the larger radius of the curve.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 500 m and 𝜇 = 0.55 for 3600 s is shown in Fig. 15. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curve
of 𝑅 = 500 m between 5500 m and 6500 m at 600 s and beyond into
the analysis. The formation time of the shockwave and the backward
propagation increases compared to that on dry pavement. The upstream
density evolution is impacted and is slower.

The travel time contour with 𝜇 = 0.55 and 𝑅 = 500 m is shown
in Fig. 16. Initially, the travel time exhibits an elevation because of
the spillback effect caused by the velocity shockwave. The maximum
segment travel time observed is 60 s, which eventually reduces to
20 s over time. Due to faster velocity evolution, the travel time is
significantly reduced. With 𝑅 = 120 m, the maximum travel time
observed was 80 s, while with 𝑅 = 500 m, this time is 60 s. Moreover,
8

Fig. 14. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.55 and 𝑅 = 500 m.

Fig. 15. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.55 and 𝑅 = 500 m.

Fig. 16. Contour of the total travel time of traffic over the 10,000 m highway for
3600 s with 𝜇 = 0.55 and 𝑅 = 500 m.

the travel time is reduced very soon and uniform travel time is observed
later in the analysis.

4.3. Analysis of the travel time and spatiotemporal evolution of velocity and
density during moderate rainfall, 𝜇 = 0.40

4.3.1. Traffic insights with curve 𝑅 = 120 m
The spatiotemporal evolution of velocity over a 10,000 m highway

with 𝜇 = 0.40 and 𝑅 = 120 m for 3600 s is presented in Fig. 17 for mod-
erate rainfall. At the outset, an evident shockwave emerges, originating
between 6800 m and 7800 m. This shockwave propagates backward
over the time horizon. Moreover, between 5500 m and 6500 m, we
observe sharp velocity breakdowns resulting from the high intensity
of the rainfall (moderate rainfall) and the geometric characteristics
of the highway. Around 600 s into the analysis, another shockwave
is observed, originating between 5500 m and 6500 m. This second
shockwave eventually merges with the existing one, consequently,
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Fig. 17. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.40 and 𝑅 = 120 m.

Fig. 18. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.40 and 𝑅 = 120 m.

further severely impacting the velocity behavior upstream, while the
average velocity of the highway experiences a decline, it is 9.1 m∕s.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 120 m and 𝜇 = 0.40 for 3600 s is shown in Fig. 18. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curved
section between 5500 m and 6500 m at 600 s and beyond into the
analysis. In this scenario, the intensity of the rainfall has a stronger
effect. The traffic on the curve becomes more congested, and the
congestion from the rainfall lasts longer. The density evolution is not
smooth, and the rainfall, combined with the sharp curve, has a greater
impact upstream.

The contour of travel time with 𝜇 = 0.40 and 𝑅 = 120 m is shown
in Fig. 19. Initially, the travel time exhibits an elevation because of
the spillback effect caused by the velocity shockwave. Noticeably, the
contours are further stretched compared to the previous scenarios. It
signifies higher travel times across the entire time horizon. A vital
observation is the presence of an evident contour representing a travel
time of 110 s between 5500 m and 6500 m at approximately 600
seconds into the analysis. It is evident from the results that under
the influence of moderate rainfall, the overall performance encounters
deterioration, indicating a reduction in the overall efficiency of traffic
flow during light rainfall.

4.3.2. Traffic insights with curve 𝑅 = 500 m
The spatiotemporal evolution of velocity over a 10,000 m highway

with 𝜇 = 0.40 and 𝑅 = 500 m for 3600 s is presented in Fig. 20 for
moderate rainfall. The velocity evolution is smoother, and the impact
of rainfall is vital in this case. Compared to the previous scenario, the
impact is smaller, but the velocity drop is significant over the curve.
The velocity evolution is slightly timid compared to 𝜇 = 0.55. The
formation time of the shockwave slightly increases.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 500 m and 𝜇 = 0.40 for 3600 s is shown in Fig. 21. The initial
9

Fig. 19. Contour of the total travel time of traffic over the 10,000 m highway for
3600 s with 𝜇 = 0.40 and 𝑅 = 120 m.

Fig. 20. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.40 and 𝑅 = 500 m.

Fig. 21. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.40 and 𝑅 = 500 m.

density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curved
section between 5500 m and 6500 m at 600 s and beyond into the
analysis. When 𝑅 = 500 m, the rainfall intensity does not have a severe
impact, and there are slight changes in the density shockwave evolution
compared to evolution with 𝜇 = 0.55. Nevertheless, a noticeable traffic
jam forms on the curve, affecting the traffic flow upstream.

The contour of travel time with 𝜇 = 0.40 and 𝑅 = 500 m is shown
in Fig. 22. Initially, the travel time exhibits an elevation because of
the spillback effect caused by the velocity shockwave. Noticeably, the
contours are further stretched compared to the previous scenarios. It
signifies higher travel times across the entire time horizon. However,
the maximum travel time is observed to be 60 s, which is significantly
smaller than the scenario with curve 𝑅 = 120 m.
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Fig. 22. Contour of the total travel time of traffic over the 10,000 m highway for
3600 s with 𝜇 = 0.40 and 𝑅 = 500 m.

4.4. Analysis of the travel time and spatiotemporal evolution of velocity and
density during heavy rainfall, 𝜇 = 0.20

4.4.1. Traffic insights with curve 𝑅 = 120 m
The spatiotemporal evolution of velocity over a 10,000 m highway

with 𝜇 = 0.20 and 𝑅 = 120 s for 3600 s is presented in Fig. 23
for heavy rainfall. Initially, a shockwave emerges, originating between
6800 m and 7800 m. This shockwave propagates backward over time.
Moreover, between 5500 m and 6500 m, we observe extremely sharp
velocity breakdowns resulting from the high intensity of the rain-
fall (heavy rainfall) and the geometric characteristics of the highway.
Around 600 s into the analysis, another shockwave is observed, origi-
nating between 5500 m and 6500 m. This second shockwave eventually
merges with the existing one, consequently, further severely impacting
the velocity behavior upstream, while the average velocity of the
highway experiences a decline, it is 7.2 m∕s, while the limited flow is
observed downstream due to the jam over the curve. The downstream
traffic foresees light traffic conditions, thus resulting in smoother flows,
but a deteriorating situation over the curve is observed, which is jam
traffic conditions for a longer time upstream.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 120 m and 𝜇 = 0.20 for 3600 s is shown in Fig. 24. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curved
section between 5500 m and 6500 m at 600 s and beyond into the
analysis. In this scenario, a traffic jam occurs upstream of the curve.
The curve restricts incoming traffic due to heavy rainfall, leading to
a prolonged jam. On the contrary, downstream traffic flows more
smoothly due to limited outflow from the curve, but chaotic conditions
persist due to intense rainfall effects. The density evolution upstream
is both timid and disorderly.

The contour of travel time with 𝜇 = 0.20 and 𝑅 = 120 m is shown in
Fig. 25. The travel time exhibits an elevation because of the spillback
effect caused by the velocity shockwave. Noticeably, the contours are
further stretched compared to the previous scenarios. It signifies higher
travel times across the entire time horizon. A vital observation is the
presence of an evident contour representing a travel time of 200 s
between 5500 m and 6500 m at approximately 600 seconds into the
analysis. It is evident from the results that under the influence of heavy
rainfall, the overall performance encounters deterioration, indicating a
reduction in the overall efficiency of traffic flow during rainfall.

4.4.2. Traffic insights with curve 𝑅 = 500 m
The spatiotemporal evolution of velocity over a 10,000 m highway

with 𝜇 = 0.20 and 𝑅 = 500 s for 3600 s is presented in Fig. 26 for heavy
rainfall. Initially, a shockwave emerges, originating between 6800 m
and 7800 m. This shockwave propagates backward over the time
horizon. In this scenario, vital changes are observed. Over the curve,
velocity declines due to the intensity of the rainfall, however, compared
10
Fig. 23. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.20 and 𝑅 = 120 m.

Fig. 24. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.20 and 𝑅 = 120 m.

Fig. 25. Contour of the total travel time of traffic over the 10000 m highway for 3600
s with 𝜇 = 0.20 and 𝑅 = 120 m.

to the highway with the curve of 𝑅 = 120 m, the changes are less
significant. Further, with other intensities of the rainfall, the velocity
evolution is smoother, but in this scenario, the velocity evolution is
more timid and the breakdowns are significant.

The evolution of density over the 10,000 m highway with a curve
of 𝑅 = 500 m and 𝜇 = 0.20 for 3600 s is shown in Fig. 27. The initial
density shockwave resulted from an inactive bottleneck propagating
backward, which meets another density shockwave, due to the curved
section between 5500 m and 6500 m at 600 s and beyond into the
analysis. In this situation, traffic upstream of the curve experiences
an impact with 𝑅 = 500 m. There is a noticeable increase in the
time it takes for the jam to form and spread backward. Additionally,
the density rises upstream of the curve, leading to a less smooth
density evolution. The dissipation time of the shockwave also increases
in this scenario. However, when compared to the results with 𝑅 =
120 m, the density evolution is relatively smoother. Rainfall intensity,
however, has a significant impact on jam formation and the backward
propagation of the density shockwave.



Transportation Research Interdisciplinary Perspectives 25 (2024) 101108W. Imran et al.
Fig. 26. Spatiotemporal evolution of velocity over the 10,000 m highway for 3600 s
with 𝜇 = 0.20 and 𝑅 = 500 m.

Fig. 27. Spatiotemporal evolution of density over the 10,000 m highway for 3600 s
with 𝜇 = 0.20 and 𝑅 = 500 m.

Fig. 28. Contour of the total travel time of traffic over the 10000 m highway for 3600
s with 𝜇 = 0.20 and 𝑅 = 500 m.

The contour of travel time with 𝜇 = 0.20 and 𝑅 = 500 m is shown in
Fig. 28. The travel time exhibits an elevation because of the spillback
effect caused by the velocity shockwave. Noticeably, the contours are
further stretched compared to the previous scenarios. It signifies higher
travel times across the entire time horizon. The maximum travel time
for certain segments is 60 s, due to the larger radius of the curve the
segment travel time remains the same. However, with the increase in
the shockwave formation time, longer segment travel times are evident.

4.5. Analysis of the variance of velocity subject to assorted values of 𝜇

The variance in velocity during different weather conditions with
curve 𝑅 = 120 m is shown in Fig. 29. During dry weather conditions
with 𝜇 = 0.75, it is observable that the variance in velocity is relatively
smaller. With 𝜇 = 0.55, the differences in velocity variance are observed
to be minimal compared to the first scenario with 𝜇 = 0.75. As the 𝜇
is decreased to 0.40 moderate rainfall, the variance in the velocity is
significant. It is evident that changes in traffic occur at 600 s in the
11
Fig. 29. Variance of velocity during different weather conditions with 𝑅 = 120 m.

Fig. 30. Variance of velocity during different weather conditions with 𝑅 = 500 m.

simulations, but the variance in velocity increase later in time. This
is because of the impacts of changes in traffic at one point, and these
changes signify over the upstream with time. Similarly, with 𝜇 = 0.20,
the variance in velocity is significantly large. The variance in velocity
after 600 s into the analysis signifies to a greater extent.

The variance of velocity of curve with 𝑅 = 500 m is shown in
Fig. 30. The variance of velocity is smaller. Small variations in velocity
are observed over the curve during the rainfall as evident from the
figure. These results provide different insights into the development,
understanding, and evolution of the velocity shockwaves, which are
vital for traffic planning and management. Thus, the methodology of
this study can be used to analyze highway efficiency.

5. Discussion

In this study, we shed light on the practical utility of the continuum
macroscopic model (NHSRM). The usefulness and effectiveness of the
NHSRM are demonstrated to understand evolving traffic dynamics
related to the geometry of a highway and weather conditions. The
methodology of this study helps in gaining valuable insights into how
traffic behaves under weather conditions on a highway with a sharp
curve.

Certain aspects such as the spatiotemporal evolution of velocity and
density, variance of velocity, and travel time of traffic are evaluated
in this study subject to assorted weather conditions. Four different
weather conditions are considered while two different geometric char-
acteristics characterized by the radius of curvature are evaluated. With
geometric road curve of 120 m radius, it is evident in the findings
that weather conditions significantly influence the evolution patterns
of traffic and congestion levels. It has been observed that dry pavement
conditions have a relatively minimal impact on the evolution of traffic
flow, the average traffic velocity is settled for a relatively higher value.
However, during heavy rainfall, the situation worsens drastically, with
traffic experiencing considerable disruptions and congestion due to
reduced road grip and visibility challenges.

Further, the impact of adverse weather and the 𝑅 of the curve on the
density propagation is assessed. It is observed that the density evolution
on dry pavement is smoother and the jam formation is smaller. On the
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other hand, when there is an increase in the intensity of rainfall, the jam
formation and dissipation times are longer. The impact on upstream
traffic is comprehensively analyzed and discussed. It is observed that
upstream traffic is subject to prolonged jams and velocity drops as the
rainfall intensity increases.

In addition, the relationship between weather intensity and travel
time is explored. Unsurprisingly, the results indicate that travel time
elevates with the increase in the intensity of rainfall. The insights of this
study are particularly significant for policymakers and traffic planners
as accurate travel time predictions are performed, allowing for better
planning of routes and improved efficiency on highways.

Furthermore, a significant finding of the study relates to variations
in velocity during different weather conditions. Notably, the results
reveal that heavy rainfall causes considerable fluctuations in velocity
compared to dry weather conditions. With this analysis, the impact of
curves during rainfall on upstream traffic is better evaluated. It is noted
that after 600 s into the analysis when the impacts of weather conditions
re introduced, variations in velocity are maximum upstream later in
he time.

In the second scenario with curve 𝑅 = 500 m, the traffic dynamics
are different from the previous scenario. With an increase in the 𝑅
f the curve, the impact of rainfall on velocity drops, jam formation,
nd travel time is significantly reduced. In this scenario, it is noted
hat velocity breakdowns are minimal when the intensity of rainfall
ncreases. There are velocity breakdowns, but they are significantly
maller than that with curve 𝑅 = 120 m. However, the velocity
volution is quicker resulting in smoother flow operations.

The density evolution improves with the increase in the radius of the
urve. With curve 𝑅 = 500 m, the density evolution is quicker, and the
am propagation upstream from the curve is significantly reduced. This
s obvious as the tighter curves allow less flow while the wider curves
ave a low impact on the flow. Moreover, with the increase in the
ntensity of rainfall, the formation time of the jam upstream of the curve
s somehow impacted. These results provide significant understanding
nd insights into traffic dynamics in various weather conditions. In
eneral, the traffic dynamics of highway with curve 𝑅 = 500 m are
moother compared to that with curve 𝑅 = 120 m.

The travel time of the highway is assessed with curve 𝑅 = 500 m.
t has been observed that the travel time and other characteristics
re impacted by the rainfall intensity, however, compared to curve
= 120 m, the travel time is enhanced, which is due to the wider

urve.
The results of this study are vital and benefit weather adaptive

ontrol applications to manage traffic effectively. Having weather con-
itions incorporated in the model, the predictions of traffic patterns
llow to perform better traffic management in real-time, dynamic man-
gement can be performed by adjusting traffic signals, implementing
ane management strategies based on prevailing traffic conditions, and
egulating speed limits. In all, this study advances the understanding
f traffic dynamics in various weather conditions and quantifies their
mpacts on the velocity and density evolution and travel time of traffic.

Continuum models play a crucial role in efficiently planning and
anaging traffic. This study highlights a practical application, demon-

trating the versatility of these models for various uses. Specifically,
hey can be adapted to account for mixed traffic scenarios involving
oth Human-Driven Vehicles (HDVs) and Connected and Autonomous
ehicles (CAVs). The introduction of CAVs significantly alters conven-

ional dynamics, impacting the Level of Service (LOS). Consequently,
here is a need for methodologies to assess LOS in the presence of
AVs using continuum models. Additionally, new control strategies,
uch as regulating traffic based on the headway distance of CAVs, can
e proposed. However, it is essential to modify continuum models to
ncorporate these strategies effectively.
12
. Conclusion

In this paper, a macroscopic continuum traffic flow model was
mployed to investigate the impacts of weather conditions on traffic
low on a highway with a sharp curve of 120 m radius, and wider curve
ith 500 m radius. For dry, light rainfall, moderate rainfall, and heavy

ainfall weather conditions, the NHRSM is analyzed. With 120 m, the
mpact of the curve on upstream traffic in dry weather is minimal.

hile during light rainfall smaller impact than the dry weather is
bserved. The situation during moderate rainfall drastically worsens,
harp velocity breakdowns and a decline in the average velocity was
oted. Whereas, as expected during heavy rainfall the dynamics drasti-
ally change, and the traffic upstream and well as on downstream were
eteriorating. However, this situation was enhanced with 500 m radius,
he density and velocity evolution is quicker, and less traffic is impacted
n the upstream. The resulted as the road geometric curve is wider. The
ariations in traffic are smaller as compared with 120 m.

The traffic travel time was analyzed for four different weather
onditions. It is noteworthy that as the rainfall intensity increases, a
rastic increase in travel time occurs. The travel time of the geometric
urve, 120 m, varies from as low as 15 s to 200 s. While with a curve
f 500 m radius, the travel time for all weather conditions is between
0 s to 60 s. It has been noted that not only the variance of velocity
ncreased with the intensity of rainfall, but the variance of velocity in
pstream traffic drastically increased with 120 m radius. This confirms
hat any change in traffic downstream significantly impacts traffic flow
pstream during different weather conditions. This is important to
nderstand and analyze for effective traffic planning and management.
urther, it is important to be utilized in automated vehicles for traffic
low amelioration and cruise control for effective traffic dissemination.
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