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Abstract
Existing traffic flow models do not consider the effects of road static bottlenecks on traffic flow. In this paper, a modified
macroscopic continuum model for traffic flow on urban road network with static bottlenecks is presented. The model takes into
account the fluctuations of traffic flow considering static bottlenecks during the morning peak period. The model results show
that existence of static road bottlenecks with various configurations cause traffic flow instabilities. This phenomenon lead into
stop-and-go traffic flow conditions under the moderate density and reduction of the traffic system’s efficiency. Furthermore,
results show that an increase in traffic density is accompanied by a significant decrease of speed which adversely influences
performance of roadway and decrease the traffic system’s efficiency and thus resulting to the occurrence of congestions. The
methodological aspects of the study and results will enable traffic engineers and planners to assess and improve existing urban
road networks.
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1. Introduction
Traffic congestion remains a significant problem facing various countries worldwide, resulting into various social economic and
environmental problems, such as, lost opportunities, massive delays and pollution. The problem has attracted a number of
researchers who have attempted to formulate traffic flow models to study the complex traffic phenomena from different
perspectives (Boel and Mihaylova, 2006; Jiang et al., 2007; Lattanzio et al., 2011; Tang et al., 2013; Hawes et al., 2016). These
models are responsible for evaluating the roadway system performance by considering the macroscopic traffic flow behaviors
(flow, density and speed) of the road segment (Jin et al., 2014; Strnad et al., 2016). They give the general behaviour of
macroscopic flow pattern fluctuations along the specific roadway, thus illustrating for either free or congested flow.
The traffic flow models can be divided into macro and micro models and among these traffic flow models, macro models are
simple and therefore they have been used to analyze shock wave, rarefaction wave and small perturbation (Leclercq et al., 2014;
Tang et al., 2009; Gupta and Sharma, 2010; Tie-Qiao et al., 2012; Gupta and Sharma, 2012; Tang et al., 2013). Although these
traffic flow models can describe many complex traffic phenomena, they are not used to study the effects of static road bottlenecks
on traffic flow as this factor is not taken into account. In order to study the traffic phenomena resulted from the fluctuations of
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traffic flow variations due to the existence of static bottlenecks (e.g., bus station, humps, vehicle breakdown, merging/unmerging,
etc.) the models have to take into consideration the Traffic Friction Effects (TFE) caused by the static bottlenecks on traffic flow
on the roads. To study the impact of the bottlenecks on the speed of the main traffic flow and the resulting variations in vehicle
flow rate and density, the TFE has to be introduced into the momentum equation (Liu et al., 1996; Gupta, 2013; Ajitha et al.,
2015). In this paper, a modified macro continuum traffic flow model with consideration of static bottlenecks to study the effects of
the traffic friction effects on traffic flow during morning inbound travel direction is presented, as it is during this time slot most of
the roadway sections do experience regular traffic congestion.
Macroscopic traffic flow variations are in general repeated every day still they vary in the time-of-day. Further, traffic flow may
start in a very low level in the early morning and gradually increase up to the peak during morning peak hours, which is always
occur from 5:30 am to 10:00 am, and evening peak from 16:00 pm to 21:00 pm (Hou et al., 2008; Mahona et al., 2019). Generally
speaking, the occurrence of traffic congestion in urban road network in the macroscopic fashion shows inherent repeatability every
day at different time slot. In real traffic operations, road bottlenecks such as bus stations, humps, vehicle breakdown,
merging/unmerging traffic, and T - junctions and cross junctions widely exist on the roadway leading to occurrence of complex
traffic flow behavior (e.g. stop-and-go and queues). This study proposes a modified continuum model which can be used to
analyze effects of the existence of static bottlenecks that can impacts traffic flow on urban road network. The study demonstrates
the applicability of the proposed model to examine influences of traffic friction effects resulted by the existence of static
bottlenecks under various traffic conditions in Dar es Salaam city.
2. Models of Traffic Flow
The early macroscopic model was formulated by Lighthill and Whitham (1955) and Richards (1956) named as the LWR model,
where mean vehicle speed assumed to be in steady state condition under all circumstances. The control equations were illustrated
as follows (Mohan and Ramadurai, 2013):

ρt + qx = 0
q = ρu e ( ρ )

(1)

 ρ 
ue ( ρ ) = u f 1 − in 

ρij 

where

ρt

is the density at time t,

(2)

q x is the flow at the specified location x and ue ( ρ ) is the linear equilibrium speed

relationship in the time–space (t–x) domain. Equation 1 and 2 fulfill the following conditions:
(1) The equilibrium speed is a decreasing function of the density;
(2) The equilibrium speed, ue ( ρ i ) , is assumed to be zero when no vehicle on road and when

ρj

is the jam density

Equation (1) can be used show the formation and generation of shockwave (Travel disturbance) that has a potential influence
upon the traffic flow, but it cannot be applied to study non-equilibrium traffic flow because the speed is not allowed deviate from
the equilibrium speed. The speed deviations are mainly due to variations of road geometry like humps, existence of various forms
of junctions (T junctions and Cross junctions) etc. which greatly affect the traffic flow characteristics. To overcome the drawback,
researchers later proposed few high-order models which can be categorized into density-gradient (DG) and speed-gradient (SG)
models based on variations and dependences of vehicle densities and mean speed (Payne, 1971; Gupta and Katiyar, 2005, 2006;
2007).The early DG model was formulated by Payne (1971) that can be written as follows:

ρ t + ( ρu) x = 0
ut + uu x =
U = ue' ( ρ )

ue − u

τ

−

u
ρ
ρT x

(3)
(4)

where, τ is the reaction time (second), U is the anticipation coefficient. The Payne model is able to describe the non-equilibrium
property of traffic flow, but its major deficiency is to produce backwards movement under some specific conditions (Daganzo,
1995; Park and Oh, 2015). To overcome the Payne model deficiency, Jiang et al., (2002) proposed the SG models represented as
follows:
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ρ t + ( ρu ) x = 0
u t + uu x =
where

u − ue

τ

+ c0 u x

(5)

c0 is the propagation speed of small perturbation and ue ( ρ ) the non-linear density relationship adopted from Del Castillo

and Benitez, (1995) which is formulated as:

u e ( ρ ik ) = u f (1 − exp(1 − exp(

c0 ρ j
( ))))
u f ρ ik

(6)

Together with the flow conservation and fundamental traffic flow equations, these models illustrate the dynamics of velocity
using the relaxation and anticipation terms from Newtonian physics (Mohan & Ramadurai, 2013). However, Jiang et al., (2002)
and its extensions can overcome the deficiency’s of Equations (1), (2) and (3) as can be used to study some complex traffic
phenomena (e.g. local cluster, stop-and-go, etc.). Again, it cannot be used to study the influences of static bottlenecks on traffic
flow behaviour since it does not take due consideration of this factor. Under normal traffic flow operations, any road network has
its own specific road geometry acting as the flow bottlenecks that may in influence the traffic flow. This paper proposed the
modified continuum macroscopic model to study the impacts of static bottlenecks on traffic flow making use of Jiang et al., (2002)
as a base model. The proposed modified model in conservation and momentum form is expressed as follows:

ρ t + ( ρu) x = 0
u t + uu x =

u − ue

τ

+ c0 u x + F

(7)

where F is the Traffic Friction Effect (TFE) resulted by the queue formed due to the existence of road bottlenecks at the prescribed
location and time. Based on Equation (5), it is found that the static bottlenecks will produce Traffic Friction Effect (TFE) which
will reduce the speed of the main line traffic flow (Figure 1) and these will cause the increase of vehicle density on approaching
the bottleneck location thus influencing vehicle flow. These influences are observed by reduction of vehicle speed on approaching
the location of static bottlenecks and these cause the increase of vehicle density as well as decreasing the vehicle flow.
The model presented in this paper considers the small disturbances coming from the existence of the static bottlenecks should
become high due to its effects. At this point, when the effects due to the existence of static bottlenecks become maximum, change
in the speed of the main flow can be noticed. On the other hand, TFE can be observed as a result of speed changes performed due
to the reaction of through-going traffic/vehicles attempting to avoid or to provide space for the entering / leaving traffic. From
these arguments, the speed of the main line flow should generally decrease on approaching the bottleneck position (Figure 1)
resulting into increase of vehicle density thus affecting vehicle flow (q).
The Traffic Friction Effect (TFE) resulted by the static bottlenecks on urban road network may be complex and related to many
factors (e.g., the density and flow rate on the static bottlenecks, driving behaviour and the bottleneck geometry), so it is expressed
as follows (Mahona, 2020):

− β ∆tρ inuin (1 −
F=

ρin
)
ρ jam

else

(8)

0

where β, impedance coefficient, signifies the disturbances to the vehicle flow due to the existence of the bottleneck,
density,

ρ in

is initial

u f is the free flow vehicle speed, ρ jam critical density at the road section, ∆t is the change in time. The minus sign in

the Equation (8) denotes that the speed of the main line flow decreases due to the impacts of the static bottlenecks at the particular
space and time. Equation (8) elaborate that the traffic friction will be maximum when the density on the main line of urban road
section approaches maximum flow density and goes to zero when the density approaches zero or jam density.
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Figure. 1. Schematic diagram of the traffic flow on urban road network with static bottleneck of various Configurations (Mahona,
2020)
Figure 1 illustrates how various forms of static bottlenecks can influence in many ways the traffic flow characteristics (flow,
density and speed) on urban road network under real traffic operations. Under normal traffic operation the volume of the merging
flow entering the main line freeway depends on the density on the merging area. It is clear that when the density on the merging
area is the jam densities, vehicle speed and flow is close to zero, hence no vehicle can enter the main freeway. Similarly, the
volume of the diverging flow exiting from the main line freeway depends on the density of the area after the bottlenecks. If the
area after the bottlenecks is blocked no vehicle can exit from the main line urban road network. In this instance vehicles may stay
on the urban road network section (occupy a lane) or not go to the next exit. Therefore, it is important to pay extra attention to
these dynamic features of the merging and diverging flows while modelling traffic flow on urban road network with various road
geometries. These assertions are elaborated by Equation (8) as follows:
i.
If ρ in is close to ρ jam then the TFE is close to zero thus no TFE induced by the existence of the static bottlenecks
ii.

If

ρ in is very high compared to ρ jam

it indicates that the existence of static bottlenecks may cause reduction of vehicle

speed and hence high impacts. Whereas if
iii.

If

ρ in

is relatively close to

ρ jam

ρ in

is very small compared to

ρ jam , indicates high vehicle speed

then the vehicle flow is high to affect the vehicle speed and at that point the static

bottlenecks have significant impact on vehicle flow.
Note: Above assertions are qualitatively consistent with those of real traffic situations, but the real impacts of TFE needs to be
further tested based on the observed field data.
3. Test Site and Traffic Data
In this study, the urban road network considered is the Bagamoyo road (about 30km) direction from Morocco bus stop towards
Bagamoyo outskirt of Dar es salaam city. The studied road network includes 14 Critical Traffic Points/ locations and that between
each CTPs at least two or three static bottlenecks are considered so that modelling one section may represent the whole road
network (Figure 2).
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Figure 2. Bagamoyo road network (Morocco bus stop to Bunju towards Bagamoyo Town) (Mahona, 2020).
Figure 3 represents the examined urban road network in terms of Critical Traffic Points (CTPs) and between each CTPs it
indicates a bifurcation point or a junction or any location illustrating a change of the network structure. From the Figure 3, the
static bottlenecks which show the significant change of traffic flow are located at or near CTPs on the road network. The section
on the road network where traffic flow parameters are made are subdivided in model sections of equal length marked by a bullet.
Using this representation, the network sections are well-defined and the model equations presented in Section 4 and are directly
applied to these sections. Furthermore, Figure 3 indicates the number of lanes, the length in meters between each CTPs as well as
the bottleneck configurations as well as their locations.

Travel direction

Origin

8000m

5000m
1
Bunju

Boko

1

1

12000m

16000m

2

Tegeta Ndevu

2

2

2

2
Makongo

2
Tang Bovu

27000m

25000m

23000m

11000mm
19000m

Africana

Mbuyuni

21000m

1

Namanga

Tegeta Nyuki

14000m

2

Kawe Bondeni

1

Basihaya

11.25km

10.8km

10000m

Mwenge

29500m

2
Sayansi

Morocco
Destination

K ey :
………….

Bus stop/ junction

………T - Junction

1, 2 ……….. Number of lanes
5000m, 8000m, - - -, 29500m …….. m at each bus stop

………. Crossing roads
…………

Humps
Figure 3. Representation of Bagamoyo urban road (Mahona, 2020)

In this study, data are manually collected using the tally sheets, note pads and stop watch which has the advantage of being
flexible to complying with the existing conditions as one can decide at any time where to locate the place for data collection
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without consuming more time for preparations. This enables the collection of initial vehicle flow and density at each road stretch
with the time resolution of 15 minutes for the periods of June – November 2018. These data are represented in five days of the
week (Monday – Friday). The data pre-analysis showed that, within this particular road network occurrence of recurrent traffic
congestion is observed during the morning peak hours 5.30 pm – 10.00 am inbound (towards the CBD) at all CTPs.

Figure 4. Observed flow data of the Bagamoyo road at Tegeta-Nyuki area during morning peak period for six months period
presented in one week (Monday to Friday)
The Figure 4 presents the observed vehicle flow (q veh/15min) data at Tegeta-Nyuki on Bagamoyo road network in Dar Es
Salaam Tanzania during the morning peak period of one week (representing six-month data spanning from May to November 2018
reduced to one-week days i.e. Monday – Friday). The figure shows that the outbound flow direction is stable and low during the
morning peak period, while the inbound flow first increases to the predetermined value and then decreases. Observing Figure 4, we
can deduce that the expected average input traffic flow (qin veh/15min) of the static bottleneck and the expected maximum /critical
traffic average flow (qout veh/15min) (at the bottleneck) are as follows:
qin= 120 Vehicle/15 minutes, qout = 700 vehicle/15 minutes

(9)

From Figure 2, it is observed that beyond the average maximum /critical traffic flow (qout veh/15min) (at the bottleneck) the road
stretch will be at a jam condition. Again, based on Figure 4, it is observed that time of the actual morning peak period lasts only
about one hour and half, so the study of the effects of static bottleneck has on the main road during the actual morning peak period
can be conducted successfully.
The Figure 5 presents the observed vehicle flow (q veh/15min) – Density (ρ veh/km) data at Tegeta-Nyuki on Bagamoyo road
network in Dar Es Salaam Tanzania during the morning inbound rush period of one weekday (representing the six-month data
spanning from May to November 2018 reduced to one-week days i.e. Monday – Friday). The figures shows only inbound as it is
the time when traffic congestions are mostly noticed compared to outbound flow direction. On observing Figure 5 the vehicle
density first increases with the vehicle flow to a cutoff point where it then decreases to a minimum point. Observing Figure 5, we
can deduce that the expected average maximum /critical vehicle density (ρjamveh/km) (at the bottleneck) is close to 200
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Vehicle/km. From data collected, the vehicle mean speed is estimated by employing the fundamental traffic flow relation
expressed as follows:

q ik = ρ ik u ik

(10)

where flow, q and ρ are empirical data extracted from the Figure 5

Figure 5. Observed Vehicle flow – density data of the Bagamoyo road at Tegeta-Nyuki area during the morning peak period for
six months period presented in week (Monday’s to Friday’s)
4. Model Numerical Tests
From theory point of view, it is not easy to analytically study the complex traffic phenomena produced by existence of various
static bottleneck, hence we use simulations to illustrate the effects that static bottlenecks have on urban road network. To get the
analytical solution of the model Equation (7), we use numerical scheme to discretize it. Various numerical schemes are considered
to discretize this equation, but having no significant impacts on the numerical results, for this reason we opt to use the upwind
scheme to discretize Equation. (7) (Jiang et al., 2001; Jiang, et al., 2002; Tang et al., 2007; Jiang et al., 2007):

∆t k k
∆t
ρ i (u i − u ik+1 ) + u ik ( ρ ik−1 − ρ ik )
∆x
∆x
∆t
ρ ik +1 = ρ ik + ( ρ ik−1u ik − ρ ik u ik+1 )
∆x
k
Case 1: If traffic is heavy i.e. ui < c 0 (Low mean vehicle speed)
∆t
∆t
u ik +1 = u ik +
(c 0 − u ik )(u ik+1 − u ik ) + (U e ( ρ ik ) − u ik ) + Fi
∆x
τ

ρ ik +1 = ρ ik +

Case 2: If traffic is lower i.e.

uik > c0 (High mean vehicle speed)

(11)
(12)

(13a)
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u ik +1 = u ik +

∆t
∆t
(c 0 − u ik )(u ik − u ik+1 ) + (U e ( ρ ik ) − u ik ) + Fi
∆x
τ

Fi = − βρ ik u ik (1 −

ρ ik
)
ρ jam

(14)

where i and k stands for road section and the time step respectively,
given by the Equation (6),

(13b)

U e ρ ik is vehicle equilibrium speed under non-equilibrium

u f the free-flow is speed and ρjam is jam density.

To study the traffic phenomena that bottlenecks produce on a road network we assume the following boundary conditions apply,
(L, t) =

ρ (0, t), u (L, t) = u (0, t),

(15)

where L = 30 km is the length of the Bagamoyo road network, t is the time interval, u is the vehicle speed at the given time, t and
ρ is the vehicle density at the particular time and location. We use Equation (6) for the vehicle equilibrium speed, as we consider
the non-equilibrium condition caused by the existence of static bottlenecks on urban roads.
Furthermore, among many road stretches forming the Bagamoyo road, we use the static bottlenecks located at Tegeta-Nyuki area
purposely to study the TFE produced due to the existence of static bottlenecks along the entire network. The bottleneck position is
at x = 10.8 km and the position after the bottleneck is x = 11.25 km as shown in Figure 3. The initial density and mean stream
speed of each sub-section and other parameters used in the model are presented in Table 1.
Table 1. Initial values and parameters for the modified model
Location
Vehicle speed
Vehicle density
Parameters

1
15.4 0
0.00 2

uf
12.5 m/s

2
2.42
0.031

ρjam
0.2 veh/m

3
1.40
0.072

τ

10 s

4
1.24
0.082

c0
2.78 m/s

5
3.50
0.128

6
4.00
0.165
∆x

7
4.00
0.150
∆t

0.1

100 m

1s

β

8
3.00
0.140

9
6.00
0.020

10
4.00
0.021

11
5.00
0.001

12
8.00
0.050

13
11.0 0
0.114

5. The Effects of Static Bottleneck
To observe the effects that the static bottlenecks induce on the main line traffic flow on urban road networks, we observe the
variations of vehicle stream speed and density illustrated in Figures 6a, 7a, 8a, 9a and 10a and Figures 6b, 7b, 8b, 9b and 10b
respectively. On observing Figures 6a, 7a, 8a, 9a and 10a, we can deduce the following facts in connection with vehicle stream
speed variationsi.
On observing high initial speed above 10m/s, small decrease of main line speed on approaching the static bottleneck
position are noticed and hence high instabilities are observed of the main line flow. This implies that at this time the
vehicle flow on approaching the bottleneck location will exhibit high instabilities.
ii.
When the initial speed is below 10m/s, small decrease of mainline speed is noticed and hence signifying less significant of
existence of static bottleneck on the main line flow.
Whereas, on observing Figures 6b, 7b, 8b, 9b and 10b, following facts are deduced in connection with density variations on
approaching the static bottleneck location:
iii. when observed vehicle mean vehicle speed is higher , this corresponds to low density values and vice versa implying for
high density on approaching the static bottlenecks location. In this case mean speed has to be low to react to the increase of
density.
iv. When the initial densities increase, the uniform vehicle flow becomes unstable which shows that the existence of static
bottlenecks influences the stability of the main line traffic flow. From the figures, stop-and-go phenomena will be
observed when the density reaches the value between 0.1 and 0.18 veh/m and the situation will worsen at density above
0.18veh/m.
These vehicle flow characteristics always observed in big cities during the morning peak period at several sections of the roads,
so the inflow towards the static bottlenecks localities should be managed to improve the main road flow. The reason for the
occurrence of these characteristics is that the existence of static bottleneck like T-junctions, Cross-joint, bus stop, road hump will
always increase the density of the main line and thus significantly influencing the main road speed. But when the initial vehicle
density approaches the jam density, a complete jam can be observed. In this instance the static bottleneck has no significant effects
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on the mean vehicle speed thus no vehicle movement is observed. The trend of traffic flow state variations is confirmed by the
average line which shows that the variations at all segments is similar but differ only at the time of occurrence.

Figure 6a. Monday Vehicle Mean Speed Variations at Tegeta-Nyuki Area

Figure 6b. Monday Vehicle Density variations at atTegeta-Nyuki Area
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Figure 7a. Tuesday Vehicle Mean Speed variations at Tegeta-Nyuki Area

Figure 7b. Tuesday Vehicle Density variations at Tegeta-Nyuki Area
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Figure 8a. Wednesday Vehicle Mean Speed variations at Tegeta-Nyuki Area

Figure 8b. Wednesday Vehicle Density variations at Tegeta-Nyuki Area
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Figure 9a. Thursday Vehicle Mean Speed variations at Tegeta-Nyuki Area

Figure 9b. Vehicle Density variations at Tegeta-Nyuki Area
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Figure 10a. Friday Vehicle Mean Speed variations at Tegeta-Nyuki Area

Figure 10 b. Friday Vehicle Density variations at Tegeta-Nyuki Area
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6. Conclusions
The effects of the existence of road bottleneck on the roadway were studied applying the modified macroscopic continuum
model. The results show that the existence of static bottleneck on the roadway significantly influence both the mean vehicle speed
and density by causing decrease of mean speed and increase of vehicle density on approaching the bottleneck. By increasing the
vehicle density will lead to huge influences on vehicle flow and thus reducing the roadway performance. From the application
point of view, the study of traffic flow in real road network consisting of roads with different road geometries can be conducted
applying the proposed model as its fundamental diagrams conform to the one in real traffic situation. Again, the results can be used
by the traffic engineers and planners to study the road section for improving the road quality and hence increasing mean vehicle
speed and density thus enabling the flow stability of the traffic and running efficiency of the traffic systems. Further study is
needed to employ the modified macro model to urban arterial roads that connects to the main roads. This will enable understanding
the traffic flow characteristics happening on these roads so as to predict future traffic flow trends to enhance the efficiency of the
urban road network systems.
Nomenclature
CBD
CoET
CTP
DG
LWR
SG
TFE

Central Business District
College of Engineering and Technology
Critical Traffic Point
Density-gradient
Lighthill, Whitham and Richards
Speed-gradient
Traffic Friction Effects
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