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Abstract

Existing traffic flow models do not consider teffects of road static bottlenecks on traffic flolw this paper, a modified
macroscopic continuum model for traffic flow on arbroad network with static bottlenecks is presnidie model takes into
account the fluctuations of traffic flow considegistatic bottlenecks during the morning peak peridie model results show
that existence of static road bottlenecks with aiasiconfigurations cause traffic flow instabilitiéihis phenomenon lead into
stop-and-go traffic flow conditions under the maderdensity and reduction of the traffic systenfficiency. Furthermore,
results show that an increase in traffic densitpdgsompanied by a significant decrease of speedhwdilversely influences
performance of roadway and decrease the traffitesys efficiency and thus resulting to the occuceef congestions. The
methodological aspects of the study and resultsemible traffic engineers and planners to assedsnaprove existing urban
road networks.
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1. Introduction

Traffic congestion remains a significant problfaing various countries worldwide, resulting imarious social economic and
environmental problems, such as, lost opportunitieassive delays and pollution. The problem hasactd a number of
researchers who have attempted to formulate trdffiw models to study the complex traffic phenomenam different
perspectives (Boel and Mihaylova, 2006; Jigbgl., 2007; Lattanzieet al.,2011; Tanget al., 2013; Hawe®t al.,2016). These
models are responsible for evaluating the roadwesyem performance by considering the macroscopiidrflow behaviors
(flow, density and speed) of the road segment €liral, 2014; Strnad et al, 201§. They give the general behaviour of
macroscopic flow pattern fluctuations along thecsfieroadway, thus illustrating for either free @sngested flow.

The traffic flow models can be divided into ma@nd micro models and among these traffic flow eldmacro models are
simple and therefore they have been used to analyaek wave, rarefaction wave and small perturbafi@clercqget al.,2014;
Tanget al., 2009; Gupta and Sharma, 2010; Tie-Q&al., 2012; Gupta and Sharma, 2012; Tangl., 2013) Although these
traffic flow models can describe many complex iaffhrenomena, they are not used to study the sftdcétatic road bottlenecks
on traffic flow as this factor is not taken intocaant. In order to study the traffic phenomena ltedufrom the fluctuations of
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traffic flow variations due to the existence oftgtdoottlenecks (e.g., bus station, humps, vehicekdown, merging/unmerging,
etc.) the models have to take into consideratienTiraffic Friction Effects (TFE) caused by the istdottlenecks on traffic flow
on the roads. To study the impact of the bottleaemk the speed of the main traffic flow and thaultésy variations in vehicle
flow rate and density, the TFE has to be introduicgd the momentum equation (L&t al., 1996; Gupta, 20134jitha et al.,
2015. In this paper, a modified macro continuum traffisv model with consideration of static bottlenedksstudy the effects of
the traffic friction effects on traffic flow duringorning inbound travel direction is presentedit & during this time slot most of
the roadway sections do experience regular traffitgestion.

Macroscopic traffic flow variations are in gealrepeated every day still they vary in the tinfietay. Further, traffic flow may
start in a very low level in the early morning agrédually increase up to the peak during morningkgeours, which is always
occur from 5:30 am to 10:00 am, and evening peatk f£6:00 pm to 21:00 pniHpu et al.,2008;Mahonaet al.,2019. Generally
speaking, the occurrence of traffic congestionrivan road network in the macroscopic fashion shatwsrent repeatability every
day at different time slotin real traffic operations, road bottlenecks such bas stations, humps, vehicle breakdown,
merging/unmerging traffic, and - junctions and cross junctions widely exist oa tbadway leading to occurrence of complex
traffic flow behavior (e.g. stop-and-go and queudd)is study proposes a modified continuum modeiclvtcan be used to
analyze effects of the existence of static botttéaahat can impacts traffic flow on urban roadwwek. The study demonstrates
the applicability of the proposed model to examinfuences of traffic friction effects resulted lifie existence of static
bottlenecks under various traffic conditions in BarSalaam city.

2. Models of Traffic Flow

The early macroscopic model was formulated Ighthill and Whitham (1955) and Richards (1956) ndrmae the LWR model,
where mean vehicle speed assumed to be in steadycstndition under all circumstances. The cordoplations were illustrated
as follows Mohan and Ramadurai, 2013):

{/‘t+ qX:O
q = ru.(r) @
U (r)=u; 1- L )
ij

where 7, is the density at time¢, g, IS theflow at the specified location and U,(7) IS thelinear equilibrium speed

relationship in the time—spaceX) domain. Equation 1 and 2 fulfill the following rmditions:
(1) The equilibrium speed is a decreasing functiorhefdensity;

(2) The equilibrium speed.,le(/’i ), is assumed to be zero when no vehicle on roachviied I is the jam density

Equation (1) can be used show the formation gatkeration of shockwave (Travel disturbance) tleet & potential influence
upon the traffic flow, but it cannot be appliedstody non-equilibrium traffic flow because the spée not allowed deviate from
the equilibrium speed. The speed deviations ar@lgndue to variations of road geometry like humpdstence of various forms
of junctions [ junctions and Cross junctions) etc. which greaffect the traffic flow characteristics. To overoatime drawback,
researchers later proposed few high-order modelshatan be categorized into density-gradient (D@J apeed-gradient (SG)
models based on variations and dependences ofleatgasities and mean speed (Payne, 1971; Gupt&angr, 2005, 2006;
2007).The early DG model was formulated by Pay®&{) that can be written as follows:

r.+ (ru),=o0
u+uy =e Y4 (3)
rT
U =u(r) @)

where, [ is the reaction time (second),is the anticipation coefficient. The Payne modeable to describe the non-equilibrium
property of traffic flow, but its major deficiendg to produce backwards movement under some spaxfiditions (Daganzo,

1995; Park and Oh, 2015). To overcome the Payneshtt&ficiency, Jiangt al., (2002) proposed the SG models represented as
follows:
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r.+ (ru),=o0

u-u

U, + UL, = ——=+Cyl, (5)

where C, is the propagation speed of small perturbation ag@lr) the non-linear density relationship adopted fronh Castillo
and Benitez(1995) which is formulated as:

U,(r¥) = u, (- exp(- exp(u&(%»» ©

Together with the flow conservation and fundataktraffic flow equations, these models illustrélbe dynamics of velocity
using the relaxation and anticipation terms fronwhdmian physicsNlohan & Ramadurai, 20)3However, Jiangt al., (2002)
and its extensions can overcome the deficiency &euations (1), (2) and (3) as can be used to ssatiye complex traffic
phenomena (e.g. local cluster, stop-and-go, eAgdin, it cannot be used to study the influencestafic bottlenecks on traffic
flow behaviour since it does not take due constitaraof this factor. Under normal traffic flow otions, any road network has
its own specific road geometry acting as the flowttlenecks that may in influence the traffic flolWhis paper proposed the
modified continuum macroscopic model to study thpacts of static bottlenecks on traffic flow makinge of Jiangt al, (2002)
as a base model. The proposed modified model isezwation and momentum form is expressed as follows

r.+ (ru),=o0

u-u
u, +uu, = ; £ +cou, +F (7)

whereF is the Traffic Friction Effect (TFE) resulted byet queue formed due to the existence of road bettls at the prescribed
location and time. Based on Equation (5), it isnfdwhat the static bottlenecks will produce Traffiéction Effect (TFE) which
will reduce the speed of the main line traffic flgligure 1) and these will cause the increase bifcle density on approaching
the bottleneck location thus influencing vehiclewil These influences are observed by reductiorebfcle speed on approaching
the location of static bottlenecks and these céhesincrease of vehicle density as well as deangabie vehicle flow.

The model presented in this paper considersithed| disturbances coming from the existence ofstldic bottlenecks should
become high due to its effects. At this point, wiies effects due to the existence of static batttés become maximum, change
in the speed of the main flow can be noticed. Gndther hand, TFE can be observed as a resulieeflsthanges performed due
to the reaction of through-going traffic/vehicleseanpting to avoid or to provide space for the gntg/ leaving traffic. From
these arguments, the speed of the main line flosulshgenerally decrease on approaching the botiepesition (Figure 1)
resulting into increase of vehicle density thugetihg vehicle flow ).

The Traffic Friction Effect (TFE) resulted byetistatic bottlenecks on urban road network maydmeptex and related to many
factors (e.g., the density and flow rate on thécstaottlenecks, driving behaviour and the bottldngeometry), so it is expressed
as follows (Mahona, 2020):

rin

- burinuin (1' )
jam

F= else 8

where , impedance coefficient, signifies the disturbanicethe vehicle flow due to the existence of thetlboeck, 7, is initial

density, U; is the free flow vehicle speed; ., critical density at the road sectioB}t is the change in time. The minus sign in

the Equation (8) denotes that the speed of the timsrflow decreases due to the impacts of thecshaittienecks at the particular
space and time. Equation (8) elaborate that tHctfaiction will be maximum when the density ohe main line of urban road
section approaches maximum flow density and goesito when the density approaches zero or jamtyensi

jam
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Figure. 1. Schematic diagram of the traffic flow on urbandaetwork with static bottleneck of various Configtions (Mahona,
2020)

Figure 1 illustrates how various forms of stdimitlenecks can influence in many ways the tralfiev characteristics (flow,
density and speed) on urban road network undertnafit operations. Under normal traffic operatithe volume of the merging
flow entering the main line freeway depends ondbesity on the merging area. It is clear that wthendensity on the merging
area is the jam densities, vehicle speed and f®wldse to zero, hence no vehicle can enter the fnegéway. Similarly, the
volume of the diverging flow exiting from the mdine freeway depends on the density of the aresx #fie bottlenecks. If the
area after the bottlenecks is blocked no vehicteepat from the main line urban road network. Iistimstance vehicles may stay
on the urban road network section (occupy a lamajod go to the next exit. Therefore, it is impoittéo pay extra attention to
these dynamic features of the merging and diverfiowgs while modelling traffic flow on urban roadtwork with various road
geometries. These assertions are elaborated byi& (&) as follows:

i. If 7y, is close to/ ,, then the TFE is close to zero thus no TFE indimethe existence of the static bottlenecks

ii. If 7, is very high compared t& ia it indicates that the existence of static botttksemay cause reduction of vehicle

m

speed and hence high impacts. Whereas,jfis very small compared t& indicates high vehicle speed

jam?
ii. If 7y, is relatively close tor;,,, then the vehicle flow is high to affect the vebicpeed and at that point the static
bottlenecks have significant impact on vehicle flow

Note: Above assertions are qualitatively consisteitlh those of real traffic situations, but the Irgapacts 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 considéseithe Bagamoyo road (about 30km) direction fromrdtco bus stop towards
Bagamoyo outskirt of Dar es salaam city. The stlidaad network includes 14 Critical Traffic Poinls¢ations and that between
each CTPs at least two or three static bottlenecksconsidered so that modelling one section mpyesent the whole road
network (Figure 2).



Mahona et al. / International Journal of EngineagjrScience and Technology, Vol. 12, No. 3, 202015

Figure 2. Bagamoyo road network (Morocco bus stop to Buoyuards Bagamoyo Town) (Mahona, 2020).

Figure 3 represents the examined urban roadomktim terms of Critical Traffic Points (CTPs) aheétween each CTPs it
indicates a bifurcation point or a junction or dogation illustrating a change of the network stme. From the Figure 3, the
static bottlenecks which show the significant cleanfjtraffic flow are located at or near CTPs oa tbad network. The section
on the road network where traffic flow parametees made are subdivided in model sections of eqrajth marked by a bullet.
Using this representation, the network sectionsval-defined and the model equations presenteSeiction 4 and are directly
applied to these sections. Furthermore, Figured®ates the number of lanes, the length in metetswden each CTPs as well as

the bottleneck configurations as well as their {mres.

Origin Travel direction 10000m 10.8km 11.25km
L & 5000 8000m &
—»O0— ——# ] l——>O—|——<l»( )g—kn—»
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Tegeta Nyuk
16000
12000m 14000m m 19000m
G I S TOC U VoS TR Y, SR
K 2 2 2 T 2
Tegeta Ndevu Mbuyuni Africane Tang Bovu
21000
m 23000m 25000m 27000m -
2 2 2 5
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Key: Destination
O Bus stop/ junction
“ B Crossing roads
[ I Humps

Figure 3. Representation of Bagamoyo urban road (Mahona))202

In this study, data are manually collected udimg tally sheets, note pads and stop watch whichthe advantage of being
flexible to complying with the existing conditioras one can decide at any time where to locate e dor data collection
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without consuming more time for preparations. Tdnsbles the collection of initial vehicle flow addnsity at each road stretch
with the time resolution of 15 minutes for the pels of June — November 2018. These data are repeesim five days of the
week (Monday — Friday). The data pre-analysis sitbthat, within this particular road network oceunce of recurrent traffic
congestion is observed during the morning peak$h680 pm — 10.00 am inbound (towards the CBD)l & BPs.

MONDAY WEDNESDAY
=y ehicle Flow (INBOUND) —Yeh?cle Flow (I_\BOL.\".I?)
800.00 ——=vehicle Flow (OUTBOUND) 200.00 =—=vehicle Flow (OUTBOUND)
= 700.00 = 600.00
‘g 600.00 E 500.00
o Soano < 400.00
£ 300000 £ 300.00
Z 200.00 = 200.00
5 100.00 4= 5 100.00
= 0.00 + B 0.00 i
LI T
Time ( 15min interval) Time ( 15min interval)
TUESDAY THURSDAY
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Flow (veh/15min)
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Figure 4. Observed flow data of the Bagamoyo road at Telgtaki area during morning peak period for six mantkeriod
presented in one week (Monday to Friday)

The Figure 4 presents the observed vehicle flgweh/15min) data at Tegeta-Nyuki on Bagamoyo roaivark in Dar Es
Salaam Tanzania during the morning peak periochefweek (representing six-month data spanning fviay to November 2018
reduced to one-week days i.e. Monday — Friday). fidhee shows that the outbound flow direction tisbde and low during the
morning peak period, while the inbound flow finstieases to the predetermined value and then desre@bserving Figure 4, we
can deduce that the expected average input tifédfic (g, veh/15min) of the static bottleneck and the expkataximum /critical
traffic average flow (g,,veh/15min) (at the bottleneck) are as follows:

gn= 120 Vehicle/15 minutes, = 700 vehicle/15 minutes (9)

From Figure 2, it is observed that beyond therage maximum /critical traffic flowgg,;veh/15min) (at the bottleneck) the road
stretch will be at a jam condition. Again, basedFagure 4, it is observed that time of the actuarmng peak period lasts only
about one hour and half, so the study of the effetstatic bottleneck has on the main road duttiegactual morning peak period
can be conducted successfully.

The Figure 5 presents the observed vehicle fpweh/15min) — Density (veh/km) data at Tegeta-Nyuki on Bagamoyo road
network in Dar Es Salaam Tanzania during the mariimbound rush period of one weekday (represerttiegsix-month data
spanning from May to November 2018 reduced to oaekndays i.e. Monday — Friday). The figures shonly mbound as it is
the time when traffic congestions are mostly naticempared to outbound flow direction. On observiigure 5 the vehicle
density first increases with the vehicle flow towoff point where it then decreases to a minimwimfp Observing Figure 5, we
can deduce that the expected average maximumcdritiehicle density (.wweh/km) (at the bottleneck) is close to 200
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Vehicle/km. From data collected, the vehicle meares is estimated by employing the fundamentafi¢rdfow relation
expressed as follows:

k — .k, k
q = riu

(10)

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

Monday flow - Density Curve Tuesday flow - Density Curve
500 » 800
700 o 700
600 o ~ 600
S 500 S =00
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2 400 4 = 400
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0 0
0 50 100 150 200 250 300 0 100 200 300 400
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Figure 5. Observed Vehicle flow — density data of the Baggmnmad at Tegeta-Nyuki area during the morningkpgeariod for
six months period presented in week (Monday’s td&r's)

4. Model Numerical Tests

From theory point of view, it is not easy to ltiaally study the complex traffic phenomena prodd by existence of various
static bottleneck, hence we use simulations tstiliie the effects that static bottlenecks haverban road network. To get the
analytical solution of the model Equation (7), veeuumerical scheme to discretize it. Various nizakschemes are considered
to discretize this equation, but having no sigaifitimpacts on the numerical results, for this sease opt to use the upwind
scheme to discretize Equation. (Jiafg et al., 2001; Jiang, et al., 2002; Tang.e2807;Jiang etl., 2007:

. Lt Dt
riklzrik +arik(uik' uilil)-l-auik(rilfl_ rik) (11)
"ikJr1 = rik +E(rilfluik - rikuik+1 (12)
Dx

Case 1: If traffic is heavy i.euik < Cy (Low mean vehicle speed)

(13a)

uikJrl = uik +%(Co - uik)(uik+l - uik) +%(Ue(rik) - uik) +F

Case 2: If traffic is lower i.euik> C, (High mean vehicle speed)
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Ut = uf +%(Co - U - ufy) +%(Ue(rik) - uf)+F, (13b)
rf
F =-briu @ ——) (14)

jam
wherei andk stands for road section and the time step resm;z;tiUe/’ik is vehicle equilibrium speed under non-equilibrium

given by the Equation (6)U; the free-flow is speed angn is jam density.

To study the traffic phenomena that bottlenecksipce on a road network we assume the following Bannconditions apply,
(L,t)= 7 (0,1),u (L, t)=u(0,t), (15)

whereL = 30 km is the length of the Bagamoyo road netwbik the time interval, u is the vehicle speethatgiven timet and
I is the vehicle density at the particular time aschtion. We use Equation (6) for the vehicle efiilim speed, as we consider

the non-equilibrium condition caused by the existeof static bottlenecks on urban roads.

Furthermore, among many road stretches forntiag3agamoyo road, we use the static bottleneckdddat Tegeta-Nyuki area
purposely to study the TFE produced due to theeni® of static bottlenecks along the entire nétwdhe bottleneck position is
atx = 10.8 km and the position after the bottleneck #11.25 km as shown in Figure 3. The initial dgngind mean stream
speed of each sub-section and other parametersrueimodel are presented in Table 1.

Table 1. Initial values and parameters for the rivedlimodel

Location 1 2 3 4 5 6 7 8 9 10 11 12 13
Vehicle speed 1540 2.42 1.40 1.24 3.50 4.00 4.00 3.00 6.00 4.00 5.00 8.00 11.0
Vehicle density| 0.00 2 0.031 0.074 0.082 0.128 .16 0.150 0.140 0.020 0.021 0.001 0.050 0.114
Parameters u, am [ c, b X t

12.5 m/s 0.2 veh/m 10s 2.78 m/s 0.1 100 |m 1s

5. The Effects of Static Bottleneck

To observe the effects that the static bottlenéciace on the main line traffic flow on urban roaetworks, we observe the
variations of vehicle stream speed and densitgtiliied in Figures 6a, 7a, 8a, 9a and 10a and dsdhls, 7b, 8b, 9b and 10b
respectively. On observing Figures 6a, 7a, 8a,r@lfa, we can deduce the following facts in cotiorownith vehicle stream
speed variations-

i. On observing high initial speed above 10m/s, Ismecrease of main line speed on approaching thic shottleneck
position are noticed and hence high instabilities @bserved of the main line flow. This impliesttla this time the
vehicle flow on approaching the bottleneck locatigt exhibit high instabilities.

i.  When the initial speed is below 10m/s, smalt@ase of mainline speed is noticed and hencefgiggiless significant of
existence of static bottleneck on the main linevflo

Whereas, on observing Figures 6b, 7b, 8b, 9b amg ftllowing facts are deduced in connection widmsity variations on

approaching the static bottleneck location:

iii. when observed vehicle mean vehicle speeddsd , this corresponds to low density values and versa implying for
high density on approaching the static bottlenda&ation. In this case mean speed has to be loedct to the increase of
density.

iv.  When the initial densities increase, the unifovehicle flow becomes unstable which shows thatekistence of static
bottlenecks influences the stability of the mainelitraffic flow. From the figures, stop-and-go pberena will be
observed when the density reaches the value bet@deand 0.18 veh/m and the situation will worsedensity above
0.18veh/m.

These vehicle flow characteristics always obse@iwn big cities during the morning peak periodeteral sections of the roads,
so the inflow towards the static bottlenecks |d@si should be managed to improve the main road. flbhe reason for the
occurrence of these characteristics is that thetemxte of static bottleneck likejunctions, Cross-joint, bus stop, road hump will
always increase the density of the main line ang ignificantly influencing the main road speedt Bhen the initial vehicle
density approaches the jam density, a completecgmnbe observed. In this instance the static ma&ttlle has no significant effects
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on the mean vehicle speed thus no vehicle movemeastiserved. The trend of traffic flow state vaaas is confirmed by the
average line which shows that the variations asegiments is similar but differ only at the timeooturrence.

MONDAY - vehicle mean speed dynamics

5:30AM —545AM  —6:00 AM 6:15AM —6:30AM —6:45AM —T:00 AM
—— T15AM ——T:30AM —— T45AM —8:00AM ——815AM ——8:30AM -8:45AM
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Figure 6a.Monday Vehicle Mean Speed Variations at Tegeta-Nju&a

MONDAY - Vehicle Density Dynamics
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Figure 6b. Monday Vehicle Density variations at atTegeta-Nydkéa
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Vehicle Density (veh/m})
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Figure 7a.Tuesday Vehicle Mean Speed variations at TegetekiN\ea
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Figure 7b. Tuesday Vehicle Density variations at Tegeta-NyAida
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Figure 8b. Wednesday Vehicle Density variations at Tegeta-Npuka
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Figure 9b. Vehicle Density variations at Tegeta-Nyuki Area
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Figure 10a.Friday Vehicle Mean Speed variations at Tegeta-Npuka
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6. Conclusions

The effects of the existence of road bottlenenkthe roadway were studied applying the modifieatmscopic continuum
model. The results show that the existence ofcshatitleneck on the roadway significantly influerth the mean vehicle speed
and density by causing decrease of mean speedharehse of vehicle density on approaching the diattik. By increasing the
vehicle density will lead to huge influences on iethflow and thus reducing the roadway performar®m the application
point of view, the study of traffic flow in real ad network consisting of roads with different raggbmetries can be conducted
applying the proposed model as its fundamentalrdiag conform to the one in real traffic situatidigain, the results can be used
by the traffic engineers and planners to studyrttael section for improving the road quality and deeincreasing mean vehicle
speed and density thus enabling the flow stabditythe traffic and running efficiency of the traffsystems. Further study is
needed to employ the modified macro model to udséerial roads that connects to the main roadss Will enable understanding
the traffic flow characteristics happening on thesads so as to predict future traffic flow treidsnhance the efficiency of the
urban road network systems.

Nomenclature

CBD Central Business District

CoET College of Engineering and Technology
CTP  Critical Traffic Point

DG Density-gradient

LWR  Lighthill, Whitham and Richards

SG Speed-gradient

TFE Traffic Friction Effects
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