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Abstract
To explore freeway tunnel effects on ring road traffic flow, a two-lane traffic model is put forward. The model adopts
lane-changing time to describe the net lane-changing rate, assuming that the time is approximately equal to the relaxation
time of traffic flow, but infinite when the absolute value of difference of traffic density between the two lanes is lower
than 1 veh/km, as it is hard for car drivers to perceive such a small difference. Based on the two-lane traffic model, a
simulation platform is built to predict traffic flow on a two-lane freeway ring with a tunnel of 0.3 km length having a
speed limit of 80 km/h, and free flow speeds on lane I and II equal to 120 and 100 km/h, respectively. The platform uses
a third-order Runge–Kutta scheme to handle the time derivative term, and a fifth-order weighted essentially non-
oscillatory scheme to calculate numerical flux. Simulation results show that the freeway tunnel can trigger traffic shock
originating at the entrance when the coming flow density is beyond a traffic density threshold that is dependent on the
off-ramp flow just upstream the tunnel. The occurrence of traffic shock leads to the mean travel time through the tunnel
is almost a constant when the initial density normalized by jam density is less than 0.5. When initial density is above the
density threshold, generally vehicles need more fuel consumption to run through the ring road in comparison with the
case without tunnel. But the situation is just the opposite for larger normalized initial density such as 0.5.

Keywords
Freeway tunnel effects, travel time, two-lane traffic model, lane-changing, weighted essentially non-oscillatory scheme

1. Introduction

A brief literature review has been reported by Hu et al.,1

where the concluding remarks of several studies,2–5 such

as to reduce congestion at sags, a potentially highly effec-

tive and innovative way can be implemented using coop-

erative adaptive cruise control systems,3 can be sought.

Some macroscopic considerations for multi-lane traffic

flow dynamics were reported by Michalopoulos et al.6 A

multi-lane traffic model was proposed by Chang and Zhu7

to analyze the dynamic traffic properties of a freeway seg-

ment under a lane-closure operation that often incurs com-

plex interactions between mandatory lane-changing cars

and traffic at unblocked lanes. A macroscopic behavior

theory of traffic dynamics for homogeneous multi-lane

freeways was developed by Daganzo,8 which is shown to

be qualitatively consistent with experimental observations,

including puzzling. While recognizing that traffic flow is

usually associated with aggressive and timid drivers, pre-

dictions for separate groups of lanes were made. Building

on continuum macroscopic behavior theory and focusing

on the onset of congestion, the behavior of multi-lane free-

way traffic past on ramps was further examined.9 A two-

lane model was proposed by Tang et al.,10 in which the

lane-changing model is consistent with car-following beha-

vior on a two-lane freeway, with another multi-lane traffic

1Faculty of Engineering Science, University of Science and Technology of

China (USTC), China
2School of Information Science and Technology, University of Science and

Technology of China (USTC), China
3Faculty of Mechanics and Mathematics, Lomonosov Moscow State

University, Russia

Corresponding authors:

M N Smirnova, Faculty of Mechanics and Mathematics, Lomonosov

Moscow State University, Moscow 119992, Russia.

Email: wonrims@inbox.ru

Zuojin Zhu, Faculty of Engineering Science, University of Science and

Technology of China (USTC), Hefei 230026, China.

Email: zuojin@ustc.edu.cn

https://doi.org/10.1177/00375497221109570
https://journals.sagepub.com/home/sim


flow model accounting for lane width, lane-changing, and

the number of lanes reported by Tang et al.11 A multi-lane

traffic model was proposed by Smirnova et al.,12 in which

they derived an expression for describing the acceleration

component in the orthogonal direction in relation to lane

changing.

Recently, a macroscopic traffic flow model that

includes driver sensitivity to the number of free spaces

ahead has been developed by Pour and Nassiri,13 a mul-

ticlass multi-lane model for freeway traffic mixed

with connected automated vehicles and regular human-

piloted vehicles has been proposed by Pan et al.14

In addition, some research results relating to micro-

scopic multi-lane traffic modeling have been reported

in previous studies.15–17

For lane changing, literature review was conducted by

Zheng,18 who reported several modules of lane-changing,

such as the multi-lane kinematic wave module developed

by Laval and Daganzo,19 and the approach to extend kine-

matic wave theory proposed by Jin.20,21 The present lane-

changing model adopts a single parameter bH not vali-

dated by real data, but simple and provides an approach in

modeling this difficult traffic phenomenon: lane-changing

being a primary trigger of oscillations,22 with negative

impact on traffic breakdowns and bottleneck discharge

rate reduction at the onset of congestion.23

To make approximation of several widely applied

macroscopic traffic flow models, numerical approach was

given by Delis et al.,24 briefly presenting the class of

relaxation models introduced by Jin and Xin25 and the

family of spatial discretizations, that includes a second-

order monotone upwind-centered scheme for conservation

laws (MUSCL)and another WENO5 scheme improved by

Borges et al.26

Recently, recognizing the need to effectively manage

emerging autonomous vehicles (AV) flows in contending

with daily recurrent congestion, Rao et al.27 have devel-

oped a systematic procedure for understanding the impacts

of AV flows on traffic conditions under different AV

behavioral mechanisms (i.e., car-following and lane-

changing) and different penetration rates. It was found that

the presence of AV flows, depending on their adopted

behavioral mechanisms, may have significant (either posi-

tive or negative) impacts on the overall traffic conditions.

Furthermore, to evaluate the difference in the results of

open and closed boundary simulations in heterogeneous

non-lane-based traffic, a study of cellular automata (CA)

simulation model has been carried out by Singh and

Rao.28 To evaluate the navigation performance of the

Three Gorges–Gezhouba Dams (TGGD) for ship traffic,

using multi-agent and discrete-event modeling theories, a

data- and event-driven hybrid simulation model has been

developed by Zhang et al.29

In this paper, in order to explore freeway tunnel effects

on traffic flow as a task for the project of National Natural

Science Foundation of China, a two-lane traffic model

(TLM) is put forward. The freeway has a tunnel with a

length of 0.3 km and a speed limit of 80 km/h. Free flow

speeds on lanes I and II are 120 and 100 km/h, respec-

tively. One major difficulty involves describing the net

lane-changing rate more conveniently and appropriately.

Hence, TLM proposes a lane-changing model with lane-

changing time to describe the net lane-changing rate. TLM

further uses free flow speed and second critical speed to

determine the fundamental diagram (FD) as done by

Kiselev et al.30 and assumes that in freeway tunnel the

speed limit is just the free flow speed, as shown in Figure

1. In the numerical simulation based on TLM, using time-

averaged grid speed of traffic flow and car-performance

diagram, the vehicle fuel consumption can be calculated.

With the aim to ascertain freeway tunnel effects on traf-

fic flow, a simulation platform is built with TLM, where

the key difficulty is how to solve TLM equations more

accurately. Hence, a third-order Runge–Kutta method31,32

is used to handle the time derivative term, and a fifth-order

weighted essentially non-oscillatory scheme developed33,34

to calculate numerical flux. To validate TLM, some distri-

butions of the time-averaged traffic speed near the tunnel

are compared with the speed curves recorded at Kobotoke

tunnel in Japan reported by Koshi et al.35 and the calcu-

lated speed on the basis of a behavioral kinematic wave

model developed by Jin.36

It is noted that in comparison with existing modules of

lane-changing, the present lane-changing module is possi-

bly the simplest. Numerical results show that under

Figure 1. Fundamental diagram (FD) for traffic flows on a two-
lane road with a tunnel. ρ is measured by jam density ρm, flow
rate has the unit of q0 = ρm�0, and qesj = cτj=e · ½ρ * j�fj=ρ * 2�f 2�,
j= 1,2, and 3 respectively for the equilibrium flow rates on the
two lanes in normal road segment, and the equilibrium flow rate
on a lane in the tunnel.
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conditions of traffic flow simulation in this paper, when

the freeway tunnel length is 0.3 km, if there is a tunnel

triggered traffic shock and the initial density normalized

by jam density is less than 0.5, the mean tunnel travel time

is approximately 0.0125 h, suggesting that the mean traffic

flow speed in the tunnel is around 24 km/h. There is a

density threshold of shock formation, which can be deter-

mined by examining the spatiotemporal evolution of traf-

fic density on the freeway. Such a threshold depends on

the off-ramp flow just upstream the tunnel. When initial

density is above the density threshold of shock formation,

tunnel affects the vehicle fuel consumption significantly.

Generally, vehicles need more fuel consumption to run

through the ring road in comparison with the case without

tunnel. But for larger normalized initial density such as

0.5, the opposite is true.

In this paper, TLM equations are presented before the

numerical method for solving TLM equations and then

extensive numerical results are discussed, with some con-

clusions provided finally.

2. TLM equations

Different from previous multi-lane traffic modeling given

in the foregoing section, to avoid mathematical complexity

of modeling vehicular flow on a four-lane road, we adopt

lane-changing time to describe the net lane-changing rate.

Consider Figure 2(a), which shows two lanes labeled

by I, II, having traffic densities r1, r2 and traffic speeds

u1, u2. While lane changing of cars is allowed, generally

cars on lane I have a higher free flow speed than those on

lane II. However, if the cars are in the tunnel, the free flow

speed on any lane is assumed to be the speed limit of the

tunnel. As shown schematically in Figure 2(b), the free-

way is a ring type with two initial jams at XI , I =A, B,

and the tunnel with a length Lt has an entrance located at

Xt1 just downstream of the off-ramp intersection at XR2.

Cars on ramp runs into or off the main road through the

three intersections connected with the lane IV at XR1, XR2,

and XR3. Any vehicle attempting to run off the main road

should at first make lane changes and shift onto lane II.

Lane-changing occurs spontaneously to keep local homo-

geneity of vehicular distribution, irrespective of whether it

is mandatory or discretionary.

To describe the two-lane traffic flow, traffic densities,

r1 and r2 and corresponding flow rates q1 (= r1u1) and
q2 (= r2u2) are taken as the main variables. Labeling the

lane average density r=(r1 + r2)=2, for cars on lane I

expecting to shift onto lane II, its density should be

(r1�r). If the traffic relaxation times on lane I and II are

t1 and t2, then the lane average relaxation time is

t =(t1 + t2)=2, assuming that vehicular lane-changing

time is (tbH), the net lane-changing rate on lane I (r1)

could simply be approximated by �(r1�r)=(tbH).
Therefore, using the randomly generated ramp parameter

s as reported by Zhang et al.,37 TLM equations can be

written as follows:

r1t + q1x =� (r1 � r)=tbH) ,

u1t + u1u1x =R1=r1 ,

r2t + q2x =� (r2 � r)=(tbH)+sq2=l0 ,

u2t + u2u2x =R2=r2

8>>><
>>>:

ð1Þ

where R1 and R2 can be expressed as:38–40

Figure 2. (a) Illustration of a two-lane traffic flow and (b) schematic diagram of ring traffic flow with a tunnel and two initial jams at
XI(I=A,B).
The tunnel entrance and exit are, respectively, located at Xt1 and Xt2.

Li et al. 3



R1 =(q1e � q1)=t1 � p1x + ½r1n1u1x�x ,
R2 =(q2e � q2)=t2 � p2x + ½r2n2u2x�x ,

�
ð2Þ

where l0 is the length scale of traffic flow. On lane

l 2 f1, 2g, qle and Rl=rl are equilibrium flow rate and

acceleration, nl (= 2Gltl=rl), Gl and tl are traffic kine-

matic viscosity, modulus of elasticity and relaxation time,

traffic pressure pl = c2l rl, and cl is traffic sound speed.

To simulate ramp flow, TLM uses a random number s

provided by a random number generator with Gaussian

normal distribution which takes the mean, variance, and

number seed as dummy variables, adopts (tbH) to repre-

sent lane-changing time, whose time ratio to relaxation t

is as follows:

bH =
‘, jr1 � r2j\ 1veh=km,
r2=r1 otherwise,

�
ð3Þ

which indicates that when the absolute value of traffic den-

sities between the two lanes is below 1 veh/km, vehicular

drivers have not made any attempt to carry out lane-

changing whether mandatory or discretionary; otherwise, it

is assumed to be the density ratio r2=r1’1. In comparison

with modules of existing lane-changing, the present mod-

ule is possibly the simplest. According to car driving expe-

rience, the assumption of lane-changing time is reasonable.

In normal road segment out of tunnels, cars have differ-

ent free flow speed and braking distance on different lanes,

indicating that equilibrium traffic flow rate is lane-depen-

dent, as shown in Figure 1. Let jam density be rm, the equi-

librium traffic flow rate can be written as:37

qel=

rlyfj, for rl 4 r�l;

� ctlrl ln (rl=rm), for r�l \ rl 4 rc2l;

Blrlf1� sech ½Ll ln (rl=rm)�g, for rc2l \ rl 4 rm ,

8><
>:

ð4Þ

where subscript j is dependent on road conditions (schema-

tically shown in Figure 2(b)): in the normal road segment,

j= l = 1, and 2, representing the corresponding variables

of cars on lane I, II; while in the tunnel, j= 3, representing

the relevant variables of all cars under the tunnel speed

limit.

At second critical density rc2, traffic flow has an equili-

brium speed uc2. Defining a speed ratio Ll = ctl=uc2, the

parameter Bl can be written as:

Bl = uc2=f1� sech ½Ll ln (rc2l=rm)�g : ð5Þ

ctl is the traffic saturation speed at the density

(r=rm = 1=e), it is calculated by:

ctl = yf j= ln½1+Xbrl=l� , ð6Þ

where l is average length of cars, and Xbrl is the braking

distance. As the expressions of traffic pressure and sound

speed are also similar to that reported in Zhang et al.,41 we

will not repeat again.

3. Numerical method

To solve TLM equations, the time derivative term is

treated with the third-order Runge–Kutta scheme,31,32 and

numerical flux is calculated by the fifth-order weighted

essentially non-oscillatory scheme (WENO5).33,34 As

details of the right and left characteristic matrices are cru-

cial in building the platform of simulation, we will show

the expressions of matrix elements explicitly in this

section.

The traffic pressure gradient plx is given by:

plx = c2l rlx :

Using R1�=R1+ p1x � (r1 � r)u1=(tbH) instead of R1,

and R2�=R2 + p2x � (r2 � r)u2=(tbH)+sq2u2=l0 instead

of R2, the governing Equations (1) and (2) can be written

as:

∂U

∂t
+

∂F(U)

∂x
=S , ð7Þ

where U=(r1, q1, r2, q2)
T , F(U)= (q1, q21=r1 + p1,

q2, q22=r2+ p2)
T , and S= ½(r2�r)=(tbH),R1�, 0 (r1�r)=

(tbH)+sq2=l0, R2��T , with superscript ‘T ’ representing

vector transpose.

The eigenvalues of Equation (7) ak , (k = 1, 2, . . . , 4)
may be expressed as a1 = u1 � c1, a2 = u1+ c1, and

a3 = u2 � c2, a4 = u2 + c2 where the Jacobian matrix is

A=

a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44

0
BBB@

1
CCCA

=

0 1 0 0

�u2
1 + c21 2u1 0 0

0 0 0 1

0 0 u2
2 � c22 2u2

0
BBB@

1
CCCA:

ð8Þ

Let the eigenvalues, the left and right eigenvectors be

ak , lk , rk , k 2 f1, 2, 3, 4g , ð9Þ

then the Jacobian matrix A can be written as follows:

A=RaL, L=R�1, ð10Þ

where a=diag(a1, a2, a3, a4) is a diagonal matrix

composed of eigenvalues; R, L are respectively right

and left characteristic matrices composed of relevant

eigenvectors:

4 Simulation: Transactions of the Society for Modeling and Simulation International 00(0)



R= ½r1, r2, r3, r4�, L=

l1
l2
l3
l4

2
664

3
775 : ð11Þ

The approach of deriving the elements of R is similar to

that described by Zhu and Wu.42 It is characterized by

assuming the kth element of vector rk to be unity, i.e.,

rkk = 1, for k 2 f1, 2, 3, 4g. As the Jacobian matrix A has

a special structure with 10 zero elements, using the

assumption rkk = 1, one obtains

R=

r11 r12 0 0

r21 r22 0 0

0 0 r33 r34
0 0 r43 r44

0
BB@

1
CCA, L=

l11 l12 0 0

l21 l22 0 0

0 0 l33 l34
0 0 l43 l44

0
BB@

1
CCA

ð12Þ

From Equation (8), it is seen that aij = 0, for i= 1, 2 and

j= 3, 4; or i= 3, 4 and j= 1, 2. Hence we have

r11 r12

r21 r22

� �
=

1 � a22�a2
a21

� a11�a1
a12

1

 !
,

r33 r34

r43 r44

� �

=
1 � a44�a4

a43

� a33�a3
a34

1

 !

ð13Þ

and

l11 l12

l21 l22

� �
=

1

1� r12r21

1 �r12

�r21 1

� �
,

l33 l34

l43 l44

� �
=

1

1� r34r43

1 �r34

�r43 1

� �
:

ð14Þ

These explicit expressions of elements for characteristic

matrices R and L in Equations (12)–(14) largely decrease

the complexity in building simulation platform with TLM

model.

The details of calculation of the numerical flux with the

WENO5 scheme have been reported by Zhang et al.,43 and

it is unnecessary to repeat here. For the convenience of the

description of a third-order Runge–Kutta scheme,31,32

labeling

L(U)=� ∂F(U)

∂x
+S , ð15Þ

so that

L(Ui)=�
F̂i+ 1=2 � F̂i�1=2

Dx
+Si , ð16Þ

with the numerical flux F̂i+ 1=2 predicted by the WENO5

scheme, to seek the numerical solution of

∂U

∂t
= L(U) , ð17Þ

we have the form of the third-order Runge–Kutta scheme

U
(1)
i =Un

i +DtL(Un
i ) ,

U
(2)
i =(3Un

i +U
(1)
i )=4+DtL(U

(1)
i )=4 ,

Un+ 1
i =(Un

i + 2U
(2)
i )=3+ 2DtL(U

(2)
i )=3 ,

8>><
>>: ð18Þ

where the superscript n denotes time level.

Labeling v=Dt=Dx, the Courant–Friedrichs–Lewy

(CFL) condition of the numerical method is

CFL =v � =max jak, ij\ 1, k 2 f1, 2, 3, 4g;
i= 0, 1, 2, . . . , Imax � 1

ð19Þ

where ak, i represents the kth eigenvalue for A at xi, Imax is

the maximum number of mesh, and the Courant number

CFL
44 is fixed at 0.6 to ensure numerical stability.

4. Results and discussion
4.1. Simulation parameters

The freeway tunnel has a speed limit yf 3(= 80 km=h), as
shown in Table 1. The value is based on the view of car

drivers traveling freeway tunnels in China. As shown in

the first column of Table 1, free flow speeds on lanes I, II

are yf 1 = 120 and yf 2 = 100 km=h; the corresponding

relaxation times are 6.735 and 9.007 s, with the relaxation

time within tunnel being 12.834 s. In the second column

of Table 1, three ramp intersections are fixed at

XR1 = 12 km, XR2 = 45 km, and XR3 = 78 km. While in

the third column, the entrance of the tunnel is fixed at

Xt1 = 65 km, the tunnel length is taken as Lt = 0:3 km,

and the tunnel exit is at Xt2 = 65:3 km. In comparing with

the two speed trajectories recorded at the Kobotoke in

Japan as reported by Koshi et al.,21 the length of tunnel is

taken as 1.5 km.[AQ: 1] The total length of the ring free-

way is L= 100 km. In the numerical tests, the second

critical speed uc2 is set as 18 km/h, and Reynolds number

for the vehicular flow Re = l0y0=n is set as 64. Two ini-

tial jams are assumed to be located at XI , (I =A, B),
other traffic flow parameters, such as the first and second

critical densities r�j and rc2j, j= 1, 2, 3, can also be seen

in Table 1. The parameters of random number generator

for ramp flows are shown in Table 2.

In the numerical simulation of ring road vehicular flow

as shown in Figure 2, the FDs are shown in Figure 1. The

initial density is assumed to be

Li et al. 5
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r1(0, x)=
1, for x 2 ½xI � 1=2, xI + 1=2� ,
r0, otherwise:

�

r2(0, x)=
1, for x 2 ½xI � 1=2, xI + 1=2� ,

1:125r0, otherwise:

�
9>>=
>>;
ð20Þ

with q(0, x) = qe(r(0, x)). We have assumed that the den-

sity on lane II is slightly higher than on lane I, so that lane-

changing can occur. The initial jam propagation depends

closely on the value of r0, tunnel effects, ramp flows, and

traffic elasticity g as reported in Smirnova et al.45,46

4.2. Model comparison

Resetting the tunnel length as Ltu = 1:5 km instead of 8

km, and the time-averaged speed uav and its rms u0 for
r0 = 0:368 near the tunnel in the case without ramp effects

are predicted and shown in Figure 3(a) and (b). For

Table 2. Parameters of random number generator for ramp flows.

Case σ1av σ2av σ3av σ01 = σ02 = σ03

RF0 0 0 0 0
RF1 0.03 − 0.06 0.03 0.003
RF2 0.06 − 0.12 0.06 0.003
RF3 0.09 − 0.18 0.09 0.003
RF4 0.12 − 0.24 0.12 0.003

Table 1. Parameters of traffic flow on ring road.

�f 1 (km/h) 120 ρ * 1 0.0676 Xt2 (km) 65.3
�f 2 (km/h) 100 ρ * 2 0.0819 Lt

c (km) 0.3
�f 3 (km/h) 80 ρ * 2 0.1021 ρm (veh/km) 172
Xbr1 (m) 80 ρc21 0.6676 l (m) 5.8
Xbr2 (m) 65 ρc22 0.6374 l0 (m) 100
Xbr3 (m) 51 ρc23

b 0.5984 �0=ρ * 2�f 2 (m/s) 2.2756
cτ1 5.437 XR1 (km) 12 t0 (s) 43.945
cτ2 4.879 XR2 (km) 45 L (km) 100
cτ3

a 4.280 XR3 (km) 78 Imax 1001
τ1 (s) 6.735 XA (km) 25
τ2 (s) 9.007 XB (km) 75
τ3 (s) 12.834 Xt1 (km) 65

acτj, j= 1,2,3 are measured by �0.
b
ρc2j,ρ * j are measured by ρm.

cTunnel length Lt =Xt2 � Xt1.

Figure 3. Comparison of time-averaged speed uav for ρ0 = 0:368 with existing data, with corresponding rms value u0 .[AQ: 2]
The two speed trajectories with legend ‘‘Exp’’ are recorded at the Kobotoke tunnel in Japan;35 the calculated speed labeled by the
blue solid curve with unfilled purple squares are extracted from Jin,36 normalized by �f 2.
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comparison, Figure 3(a), the observed speed data35 and the

calculated speed on the basis of a behavioral kinematic

wave model developed by Jin36 are illustrated. It can be

seen that the predicted speeds shown by green and black

coarse lines agree with the published data quite well, sug-

gesting that the TLM is fairly reliable. As reported else-

where,47 indeed, this comparison is used just to indicate

TLM has its practical reasonability. How much is the

uncertainty of the average speed is not crucial as the traffic

flow conditions are naturally different.

4.3. Variable distributions

The distributions of traffic density rl and speed ul,

l 2 f1, 2g are shown in Figure 4(a) and (b), with the tun-

nel illustrated by a solid square. As a result of traffic shock

formation at the tunnel entrance, at time t= 2 h, traffic

density in the segment close to tunnel entrance is higher,

but speed is correspondingly lower. In Figure 4(c), the

density fraction on lane I s1 is illustrated. From Equation

(1), the equation of s1 can be expressed in the form

∂s1

∂t
+

1

r1 + r2

(1� s1)
∂q1

∂x
� s1

∂q2

∂x

� �

=
1=2� s1

tbH

� s1s
q2=l0

r1 + r2

,

showing that time variation of s1 has one source term

(1=2� s1)=(tbH), implying that the desired value of den-

sity fraction is 1/2, while the another source term

�s1sq2=l0=(r1 + r2) indicates ramp-flow effects. It also

depends on the term relating to gradients of flow rates on

the left hand side of s1� equation.

For the case of r0= 0:3, at the time of t = 2 h, it can

be seen that in the freeway tunnel traffic density drops rap-

idly at first from a value about 0.6 at the tunnel entrance

to a value about 0.27 at the tunnel exit. In the downstream

segment close to the tunnel exit, traffic density drops rap-

idly at first from 0.27 to about 0.19 within a distance of

about 1 km and maintains the value within a segment dis-

tance of about 12 km, indicating that the tunnel provides a

smooth downstream segment close to the tunnel exit if

there is a traffic shock at the tunnel entrance.

4.4. Travel time

As every traveler expects to arrive at a destination without

travel delay, travel time is an important factor of consider-

ation. Different from the study of Chang and

Mahmassani,48 in which rules were proposed for describ-

ing urban commuters’ predictions of travel time as well as

adjustments of departure time in response to unacceptable

arrivals in their daily travel under limited information, as

well as different from the method reported by Wang

et al.,49 they estimated the travel time using a regression

model, but in this paper, the mean travel time through the

freeway loop (called as mean travel time) as well as the

mean travel time through the tunnel (called as tunnel mean

travel time) are calculated using grid traffic speed ui(t),
similar to that reported elsewhere by Zhang et al.43

In the case without ramp effects, the r0� dependencies

of mean travel time Tt, av and tunnel mean travel time

Ttu, av are shown in Figure 5(a) and (b). Tt, av through lane

I is lower than that through lane II, as the free flow speed

on lane I is assumed to be 120 km/h, slightly higher than

the free flow speed of 100 km/h on lane II. The freeway

tunnel has brought about a short travel delay when the traf-

fic shock is triggered at the tunnel entrance, as shown in

Table 3 and Figure 5(b). For instance, when r0 = 0:368,
the travel delay on lane I and II are, respectively, 7.314

and 6.96 min. When r0 is below the density threshold of

traffic shock formation (rth’0:2), Ttu manifests a plateau

with a height of about 0.0125 h for r0 2 ½0:2, 0:5�,

(a)

(b)

(c)

Figure 4. Distributions of (a) traffic density, (b) speed, and
(c) density fraction s1 ½= ρ1=(ρ1 + ρ2)� at t= 2 h on the ring
road for ρ0 = 0:3 in the case of RF4.[AQ: 3]
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suggesting that the mean flow speed in the freeway tunnel

is around 24 km/h. Obviously, the tunnel mean travel time

Ttu, av has a turning point, at the density threshold for traf-

fic shock formation rth. However, as soon as the turning

point is crossed, Ttu, av approaches to a constant value.

In the case with ramp effects, when ramp parameters

are assigned in the cases of RF1 and RF4 (see Table 2),

density dependencies of mean travel time Tt, av and tunnel

mean travel time Ttu, av are shown in Figure 6(a) and (b).

Figure 6(a) shows that the travel time deviation due to dif-

ferent assignments of ramp parameters is rather small, as

can be seen in Table 4. When r0 = 0:26, as a result of

increasing mean parameters of on/off ramp flows, the

travel time delay through lane I is about 2.5 s, with a delay

through lane II of 35.3 s, both within 1 min. However,

Figure 6(b) indicates that the turning point of mean tunnel

travel time has increased from rth = 0:2 to rth = 0:23, as
seen in Table 5.

Table 3. Distributions of Tt,av, Ttu,av without ramp effects.[AQ: 4]

Lt = 0:3 Lt = 0

I II I II

ρ0 Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h)

0.1 1.0141 0.0035 1.1332 0.0037 1.0137 0.0000 1.1351 0.0000
0.125 1.1322 0.0042 1.2436 0.0043 1.1312 0.0000 1.2430 0.0000
0.14 1.2037 0.0047 1.3174 0.0047 1.2020 0.0000 1.3159 0.0000
0.15 1.2514 0.0054 1.3684 0.0054 1.2499 0.0000 1.3675 0.0000
0.16 1.2995 0.0064 1.4202 0.0062 1.2975 0.0000 1.4187 0.0000
0.17 1.3484 0.0086 1.4730 0.0083 1.3453 0.0000 1.4702 0.0000
0.18 1.3976 0.0107 1.5270 0.0103 1.3931 0.0000 1.5219 0.0000
0.19 1.4479 0.0121 1.5826 0.0119 1.4410 0.0000 1.5744 0.0000
0.2 1.5052 0.0125 1.6476 0.0124 1.4895 0.0000 1.6276 0.0000
0.21 1.5693 0.0126 1.7180 0.0124 1.5383 0.0000 1.6814 0.0000
0.22 1.6331 0.0126 1.7877 0.0124 1.5876 0.0000 1.7358 0.0000
0.23 1.6972 0.0126 1.8581 0.0124 1.6371 0.0000 1.7911 0.0000
0.24 1.7610 0.0126 1.9279 0.0124 1.6879 0.0000 1.8473 0.0000
0.25 1.8253 0.0126 1.9980 0.0124 1.7396 0.0000 1.9048 0.0000
0.26 1.8896 0.0126 2.0685 0.0124 1.7914 0.0000 1.9627 0.0000
0.27 1.9534 0.0126 2.1384 0.0124 1.8476 0.0000 2.0244 0.0000
0.28 2.0182 0.0126 2.2102 0.0124 1.9102 0.0000 2.0954 0.0000
0.29 2.0847 0.0126 2.2842 0.0124 1.9737 0.0000 2.1673 0.0000
0.3 2.1515 0.0126 2.3586 0.0124 2.0395 0.0000 2.2421 0.0000
0.33 2.3507 0.0126 2.5794 0.0124 2.1993 0.0000 2.4234 0.0000
0.368 2.6155 0.0126 2.8800 0.0124 2.4799 0.0000 2.7490 0.0000
0.4 2.8516 0.0126 3.1372 0.0124 2.7248 0.0000 3.0171 0.0000
0.5 3.6911 0.0126 4.0727 0.0125 3.5654 0.0000 3.9915 0.0000

(a) (b)

Figure 5. Density dependencies of (a) mean travel time Tt,av and (b) tunnel mean travel time Ttu,av in the case without ramp effects.
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4.5. Density threshold of traffic shock formation

To determine whether there is a traffic shock triggered by

the freeway tunnel, our approach is to determine the den-

sity threshold of traffic shock formation by examining the

spatiotemporal evolution of traffic density on the freeway.

From Figure 7(a), traffic flow patterns in the case without

the freeway tunnel effects can be seen. While from Figure

7(b) for the case without ramp effects, one can ascertain

that the structure of vehicular flow patterns and relevant

values of rth are 0.20 in the units of jam density rm.

Spatiotemporal evolutions of traffic density on the ring

road in the case with ramp effects are shown in Figure 8(a)

and (b), and it is seen that the values of rth are 0.21 for

RF2 and 0.23 for RF4, consistent with those given in Table

5. Increasing of the on ramp flow can also trigger a traffic

shock propagating in the upstream direction.

Table 4. Distributions of Tt,av, Ttu,av for Lt = 0:3 km with ramp effects.

RF1 RF4

I II I II

ρ0 Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h) Tt,av (h) Ttu,av (h)

0.1 1.0160 0.0035 1.1339 0.0037 1.0359 0.0034 1.1534 0.0036
0.125 1.1345 0.0041 1.2443 0.0042 1.1569 0.0039 1.2694 0.0040
0.14 1.2055 0.0045 1.3183 0.0046 1.2300 0.0043 1.3457 0.0044
0.15 1.2532 0.0049 1.3696 0.0049 1.2792 0.0046 1.3974 0.0047
0.16 1.3019 0.0056 1.4219 0.0054 1.3279 0.0051 1.4503 0.0051
0.17 1.3506 0.0072 1.4743 0.0070 1.3777 0.0061 1.5039 0.0060
0.18 1.4002 0.0095 1.5275 0.0092 1.4274 0.0077 1.5578 0.0074
0.19 1.4492 0.0115 1.5817 0.0112 1.4773 0.0090 1.6125 0.0087
0.2 1.5007 0.0124 1.6391 0.0122 1.5280 0.0100 1.6684 0.0097
0.21 1.5593 0.0125 1.7048 0.0124 1.5794 0.0111 1.7254 0.0108
0.22 1.6220 0.0126 1.7740 0.0124 1.6307 0.0121 1.7829 0.0120
0.23 1.6852 0.0126 1.8430 0.0124 1.6850 0.0125 1.8446 0.0124
0.24 1.7478 0.0126 1.9116 0.0124 1.7453 0.0126 1.9125 0.0124
0.25 1.8109 0.0126 1.9806 0.0124 1.8066 0.0126 1.9824 0.0124
0.26 1.8737 0.0126 2.0494 0.0124 1.8696 0.0126 2.0505 0.0124
0.27 1.9373 0.0126 2.1191 0.0124 1.9343 0.0126 2.1221 0.0124
0.28 2.0055 0.0126 2.1958 0.0124 2.0061 0.0126 2.2037 0.0124
0.29 2.0724 0.0126 2.2697 0.0124 2.0755 0.0126 2.2816 0.0124
0.3 2.1415 0.0126 2.3467 0.0124 2.1436 0.0126 2.3578 0.0124
0.33 2.3469 0.0126 2.5745 0.0124 2.3391 0.0126 2.5784 0.0124
0.368 2.6108 0.0126 2.8727 0.0124 2.6134 0.0126 2.8892 0.0124
0.4 2.8411 0.0126 3.1254 0.0124 2.8614 0.0126 3.1643 0.0124
0.5 3.6655 0.0126 4.0507 0.0125 3.6833 0.0126 4.0871 0.0125

(a) (b)

Figure 6. Density dependencies of (a) mean travel time Tt,av and (b) tunnel mean travel time Ttu,av for tunnel length Ltu = 0:3 km in
the cases of RF1 and RF4.
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4.6. Vehicle fuel consumption

To estimate vehicle fuel consumption, time-averaged grid

speed of traffic flow is used, together with the car-

performance diagram shown in Figure 9, which is assumed

with respect to the performance diagram of Focus cars.

Obviously, the fuel consumption is gear number depen-

dent. When the car speed is over 0.4 yf 2, i.e., 40 km/h, the

gear number is set as 5. While when the car speed is ran-

ged from 10 to 30 km/h, the gear number is 2, which has a

number of 3 or 4 when the car speed is in the range from

30 to 40 km/h, depending on if the car speed is close to

40 km/h. For a lower car speed, such as below 10 km/h,

the gear number is 1. Therefore, the car-performance

curve has a general property of cars and based on a com-

mon recognition of cars in the real world.

With the mean grid speed by ul, i, making linear interpo-

lation on the basis of the car-performance diagram gives

the grid vehicle fuel consumption fcl, i, the vehicle fuel

consumption of vehicles on lane l through the ring road is

its sum

Ful =
XImax

i= 1

fcl, iDxi ð21Þ

as shown in Figure 10, the presence of tunnel affects Ful

significantly when the initial density exceeds the density

threshold of traffic shock formation. Otherwise, its influ-

ence is rather small, as can be seen in Table 6, where the

data given in the second and third columns correspond to

the thin blue and purple curves of Figure 10, and those

data in the fourth and fifth columns are used to draw the

coarse black and green curves of Figure 10, while the delta

and circle symbols for the case of RF4 in Figure 10 are

illustrated just for the effect of ramp flow. In particular,

for r0 = 0:5, Ful has a lower value for the case without

tunnel Lt = 0. Generally, for r0 . rth, the tunnel cause

Figure 7. Spatiotemporal evolution of ρ1 in the case without ramp effects: (a) Lt = 0, ρ0 = 0:19, 0.20 and (b) RF0, ρ0 = 0:19, 0.20.

Table 5. Density threshold of shock formation when the tunnel speed limit is 80 km/h.

Case RF0 RF1 RF2 RF3 RF4

ρth 0.2 0.2 0.21 0.22 0.23
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more fuel consumption in comparison with that for the

case of Lt = 0, the amount of the more fuel consumption

is r0-dependent, as shown in Table 6.

5. Conclusion

To explore freeway tunnel effects on vehicular flow, a

two-lane traffic model (TLM) is put forward. TLM equa-

tions are used to build a simulation platform, where a

third-order Runge–Kutta scheme is used to handle the time

derivative term and a fifth-order weighted essentially non-

oscillatory scheme (WENO5) to calculate numerical flux.

To validate TLM, two speed trajectories at the Kobotoke

tunnel in Japan35 as well as the simulated speed on the

basis of a behavioral kinematic wave model36 are used.

From extensive numerical tests, the following conclusions

are made:

1. TLM is capable of exploring freeway tunnel

effects on traffic flow, and it can be applied to

Figure 8. Spatiotemporal evolution of ρ1 in the case with ramp effects: (a) RF2, ρ0 = 0:20, 0.21 and (b) RF4, ρ0 = 0:22, 0.23.

Figure 9. Car-performance diagram.
Figure 10. ρ0-dependence of fuel consumption Ful through the
ring road.
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seek numerical results that can deepen the under-

standing of tunnel bottleneck phenomena, having

the potential in simulating freeway traffic flow

with accidents.

2. TLM adopts a lane-changing time to describe the net

lane-changing rate, while assuming that when the

absolute value of density difference between the two

lanes is lower than 1 veh/km, the lane changing time

is infinite, otherwise, it is approximately equal to the

traffic relaxation time. In comparison with existing

modules of lane-changing, the present lane-changing

module is possibly the simplest that can be adopted

to explore freeway tunnel effects.

3. Under conditions of traffic flow simulation in this

paper, when the freeway tunnel length is 0.3 km,

if there is a tunnel triggered traffic shock, and the

initial density normalized by jam density is less

than 0.5, the mean tunnel travel time is approxi-

mately 0.0125 h, suggesting that the mean traffic

flow speed in the tunnel is around 24 km/h.

4. There is a density threshold of shock formation,

which can be determined by examining the spatio-

temporal evolution of traffic density on the free-

way, but depends on the off-ramp flow just

upstream the tunnel.

5. When initial density is above the density threshold

of shock formation, tunnel affects the vehicle fuel

consumption significantly. Generally, vehicles

need more fuel consumption to run through the

ring road in comparison with the case without tun-

nel. But for larger normalized initial density such

as 0.5, the situation is just the opposite.
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Table 6. Distributions of Ful through the ring road without ramp effects.[AQ: 5]

RF0 Lt = 0

ρ0 Fu1 ½1� Fu2 Fu1 Fu2

0.1 6.9695 6.7421 6.9726 6.7397
0.125 6.7467 6.6057 6.7479 6.6064
0.14 6.6508 6.5355 6.6523 6.5365
0.15 6.5979 6.4927 6.5982 6.4926
0.16 6.5524 6.4483 6.5527 6.4479
0.17 6.5143 6.4102 6.5110 6.4062
0.18 6.4836 6.4040 6.4697 6.3966
0.19 6.4509 6.4130 6.4295 6.3966
0.2 6.4666 6.4554 6.3972 6.3966
0.21 6.4867 6.5005 6.3966 6.3966
0.22 6.5162 6.5457 6.3966 6.3928
0.23 6.5482 6.5863 6.3966 6.3657
0.24 6.5831 6.6178 6.3966 6.3465
0.25 6.6203 6.6669 6.3913 6.3321
0.26 6.6594 6.7113 6.3664 6.3185
0.27 6.6961 6.7600 6.3479 6.3095
0.28 6.7395 6.8375 6.3926 6.3928
0.29 6.8335 6.9587 6.4516 6.4891
0.3 6.9236 7.0648 6.5334 6.6293
0.33 7.0821 7.3838 6.3120 6.4938
0.368 7.6154 7.927 7.1472 7.5137
0.4 8.0210 8.3956 7.6040 7.8975
0.5 10.3031 10.2925 10.7657 10.6911

The unit of fuel consumption Ful is liters (l).
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2. Goñi-Ros B, Knoop VL, van Arem B, et al. Mainstream traf-

fic flow control at sags. Transp Res Rec: J Transp Res Board

2014; 2470: 57–64.
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