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that the cars on both lanes of the tunnel have the same equilibrium speed, but the speeds
on both lanes of normal section are different. It is assumed that the road length is 100 km,
and the tunnel length is 7.5 km except for the case of seeking tunnel length effects. The
model is used to build a simulation platform. Numerical results indicated that when the
initial road density normalized by jam density is above 0.2, the tunnel causes a congestion
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Travel time region just upstream the tunnel inlet, provides a smooth region just downstream the tun-
Weighted essentially non-oscillatory nel outlet, can affect the traffic flow pattern significantly. But the tunnel effect of travel
scheme time is small, as the tunnel can merely slightly increase the mean travel time. The on/off

ramp flows play a crucial role in the formation of traffic flow pattern.

© 2021 Tongji University and Tongji University Press. Publishing Services by Elsevier B.V.
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1. Introduction

Since traffic flow has significant influences on the life and work of human beings, many macroscopic traffic flow models
have been developed, among which are the well-known model LWR (Lighthill and Whitham, 1955; Richards, 1956), the Euler
model (Payne, 1971), the gas-kinetic-based model (Helbing and Treiber, 1998; Hoogendoorn and Bovy, 2000), the Navier—
Stokes like model (Kerner and Konhduser, 1993), the conserved anisotropic model (Zhang et al., 2009), and the generic model
(Lebacque and Mammar, 2013; Lebacque and Khoshyaran, 2013), even though the model developers have to face the crit-
icism of Daganzo (1995).

A literature review for the development of macroscopic traffic flow model and the background for travel time prediction
were given in the work about urgent-gentle class traffic flow model (Zhang et al., 2018a). To estimate freeway traffic time, a
generic approach was proposed by Li and Souleyrette (2016). More recently, an analytical model, named vehicular malicious
information propagation (VMIP), has been proposed (Wang et al., 2019). The model is designated for platooned traffic (one-
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Nomenclature

A Jacobian matrix

By a parameter defined by Eq. (8)

B.k a parameter used to in traffic pressure definition (10)
Bok a parameter used to in traffic pressure definition (10)
c traffic sound speed, (m/s)

Co sound speed at second critical density, (m/s)

Cek traffic saturation speed defined by Eq. (9),

G modulus of vehicular fluid elasticity, (veh - m/s?)

Ky, a parameter used to in traffic pressure definition (10)
l average vehicle length, (m)

Iy length scale, (m)

p traffic pressure, (veh - m/s?)

R/p traffic flow acceleration

X1 position of tunnel inlet (km)

X2 position of tunnel exit (km)

Xpr braking distance on lane j for j = 1,2, in the tunnel for j = 3 (m)
Xrk kth ramp intersection

X I=A, B, C, D, E positions of initial traffic jams (km)
vp free flow speed on lane I in the normal section, (m/s)
Vf) free flow speed on lane II in the normal section, (m/s)
vf3 speed limit of freeway tunnel, (m/s)

u traffic speed, (m/s)

Ue equilibrium speed, (m/s)

2 speed scale, (m/s)

L total length of ring road, (km)

Ly tunnel length, (m)

o = lpm

B ratio of lane-changing time to relaxation time

Y traffic flow elasticity, (m?)

p traffic density, (veh/km)

Pm traffic jam density, (veh/km)

4 random parameter to describe ramp flow

0%, normalized mean travel time defined by Eq. (43)

T relaxation time, (s)

Abbreviation

DLM double lane traffic model

EZM extended Zhang's model (EZM) (Zhang, 2003)

MFD macroscopic fundamental diagrams

WENO5 fifth-order weighted essentially non-oscillatory scheme

lane, particularly). It was numerically confirmed that the model can efficiently describe the interactions between traffic
dynamics and malicious information spreading; and the information propagation highly depends on traffic flow patterns.

For road condition studies, Zhang et al. (1996) considered the ramp control problem as a dynamic optimal process to min-
imize the total time spent in a freeway system, which is comprised of a freeway section and its on/off ramps. Under the
restriction that the controlled freeway has to serve all of its ramp demand, and the traffic flow adheres the rules prescribed
by the LWR theory with a triangular flow-density fundamental diagram, when ramp metering is beneficial to the system in
terms of total time savings, or otherwise, some solution techniques to the problem were provided, with some preliminary
numerical results and empirical validation.

Considering congested condition downstream from off-ramps often propagate upstream blocking all freeway lanes and
affecting traffic that does not cause the bottleneck, Giinther et al. (2012) proposed a methodology to determine the flow
of competing cars to be detoured to under-utilized roads in the local network in order to improve the systems capacity
and reduce total delays under stationary condition.

As sags and tunnels can cause capacity reduction, capacity drop, and extreme low acceleration rates when cars accelerate
away from the upstream queue, to explain the three bottleneck effects, Jin (2018) presented a behavioral kinematic wave
model which is helpful to develop better design and control strategies to improve the performance of a sag or tunnel
bottleneck.
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For mutlti-lane traffic, some very general model relating to vehicular flow on a two lane homogeneous road in statistical
equilibrium was introduced by Haight (1963), who pointed out only when the assumptions are most stringent is it possible
to solve a few problems, and even then the formulas are rather formidable. Macroscopic modelling and analysis were dis-
cussed by Michalopoulos et al. (1984), and a gas-kinetic model was proposed by Nagatani (2002). A multi-lane model
was proposed (Chang and Zhu, 2006) to analyze the dynamic traffic properties of a freeway segment under a lane-closure
operation that often incurs complex interactions between mandatory lane-changing cars and traffic at unblocked lanes.
For homogeneous multi-lane freeways, a macroscopic behavior theory of traffic dynamics was proposed (Daganzo, 2002),
the theory was described in its fully complexity without calculus, shown to be qualitatively consistent with experimental
observations, including puzzling. While recognizing the traffic stream is usually composed of aggressive and timid (or,
urgent and gentle) drivers, predictions for separate groups of lanes were made. Building on the continuum macroscopic
behavior theory and focusing on the onset of congestion, the behavior of multi-lane freeway traffic past on ramps was fur-
ther examined (Daganzo, 2002). A two lane model was proposed (Tang et al., 2008), in which the lane-changing model is
consistent with car-following behavior on a two-lane freeway; another multi-lane traffic flow model accounting for lane
width, lane-changing and the number of lanes was reported late (Tang et al., 2014).

In addition, some investigations relating to microscopic multi-lane traffic modelling can be seen in Davis (2004), Li and
Chen (2017) and Liu et al. (2018). A study for the vehicle lane-changing behavior under rainfall conditions using cellular
automata was reported by Zhang et al. (2016), they found in the medium and high densities, the rain causes more traffic
congestion, and the frequency and duration of traffic congestion in space-time diagram increase accordingly.

A literature review for lane changing was given by Zheng (2014), who reported that there are some modules of lane-
changing, such as the multi-lane kinematic wave module (Laval and Daganzo, 2006), and the approach to extend kinematic
wave theory (Jin, 2010, 2013).

A numerical approach for the approximation of several widely applied macroscopic traffic flow models was reported
(Papageorgiou, 2014), where the family of spatial discretizations includes a second-order monotone upstream-centered
scheme for conservation laws (MUSCL) scheme and a fifth-order weighted essentially non-oscillatory scheme (WENO5)
improved by Borges et al. (2008).

In this paper, to explore freeway tunnel effect of travel time, a double lane traffic model (DLM) is put forward, and a com-
pensative function of mean travel time is simply introduced. Cars on lane I are named urgent (aggressive) as they have a
higher free flow speed, with those on lane Il named gentle (timid) due to a lower free flow speed. But all cars in freeway
tunnel must adhere to the tunnel speed limit. DLM adopts a single instantaneous traffic speed for cars on both lanes, with
the net lane change rate expressed by a source term reflecting local traffic inhomogeneity, although from microscopic points
of view, overtaking of cars has zero probability if cars on both lanes have the same speed. Such a choice of traffic modeling is
in some sense a result of recalling the criticism of Daganzo (1995), as we expect to minimize the number of parameters in the
model. DLM uses some parameters such as second critical speed, free flow speed and braking distance to determine the
macroscopic fundamental diagrams (MFD) (Kiselev et al., 200). Note that all cars in freeway tunnel must adhere to a same
fundamental diagram labeled by tunnel as shown in Fig. 1.

Based on the DLM, a simulation platform is built that can provide grid speed of traffic flow for calculating travel time.
Another approach is possibly the simplest from a technological point of view, it uses equilibrium speeds in freeway tunnel
and in the normal road segment at uniform initial density to estimate mean travel time through the road, then to improve
accuracy of estimation a compensative function is introduced that can be determined by the mean travel time predicted
numerically. In the simulation platform, a third-order Runge-Kutta method (Shu, 1988; Shu and Osher, 1989) is adopted
to handle time derivative term, a WENO5 scheme (Jiang and Shu, 1996; Henrick et al., 2005) is used to calculate numerical
flux.

The paper is organized as below. We will introduce the equations of the DLM in Section 2, describe numerical method in
Section 3, report the approaches for travel time in Section 4, discuss the numerical results in Section 5, and finally present the
conclusions.
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Fig. 1. Fundamental diagram for traffic flows on a double lane road with a freeway tunnel. p is measured by jam density p,,, the unit of tunnel speed limit
vr3 is km/h, the flow rate q, has a unit of g, = p,, v, and qé's‘) =Cw/e- [ka v,k/qo} .k =1, 2, and 3 respectively for the first lane I, the second lane II, and the
tunnel.

362



Y. Zhang, M.N. Smirnova, J. Ma et al. International Journal of Transportation Science and Technology 11 (2022) 360-380
2. Equations for a double lane traffic model

Different from the previous multi-lane traffic modelling mentioned in the foregoing section, to avoid mathematical com-
plexity of modelling vehicular flow on a two lane road, the double lane traffic model adopts a single instantaneous traffic
speed, and an algebraic expression for traffic pressure. Otherwise, if the model uses two instantaneous traffic speeds, a fur-
ther parameter has to be adopted to describe the momentum exchange between the two lanes as a result of vehicular lane
changing; if the model uses a governing equation for traffic pressure such as in Hoogendoorn and Bovy (2000), the model
complexity is largely increased, which does not benefit to the model application.

As shown in Fig. 2, lane I is fast for the running of urgent cars, lane II is slow for the gentle cars. Naturally, the double lane
road is similar to the freeway in reality. The phenomenon of lane changing occurs spontaneously to maintain the local homo-
geneity of car distribution. To describe the double lane traffic flow, the traffic density on lane I and II are labeled by p, and p,
respectively, lane number averaged traffic density is denoted by p [= (p; + p,)/2], with the urgent density fraction given by
s[= p;/(2p)] and lane averaged traffic flow rate represented by g = pu. As the agency of transportation management natu-
rally stipulates the slow lane in the outer side so that on-ramp cars can get into the road at first on lane II as observed in real
freeways, hence the variation rate of p; should not include any ramp-flow dependent parameter explicitly, lane changing
becomes the only reason of source term generation. For the gentle cars on lane II having the attempt of lane changing to
become urgent class, in a length of 1km, its number should be (p — p,). If the traffic relaxation time is 7, and the total lane
changing time of cars is (7, ), the net lane-changing rate for lane I should be -(p; — p)/(tf, ). Therefore, using the randomly
generated ramp parameter ¢ as reported (Zhang et al,, 2018a), and defining the traffic elasticity by y = 0.68vt, the DLM
equations are

P+ a4y =0q/lo,
p(u; + utly) = R, (1)
(P + (P1U)y = —(P1 — P)/(Thx)-

Note that it is easier for understanding when the source term in the governing equation of p, is written in the form of
(py — p1)/(tB,)/2. The reason of taking the present form is traffic density on lane II p, has not been chosen as a mandatory
variable, alternatively, we have selected the lane number averaged density p to describe the source term. Where 8., is the
ratio of characteristic lane changing time to traffic relaxation time (7), [, is the length scale of traffic flow, it is assumed to be
the product of sound speed c and traffic relaxation time 7

lh=c-T1, (2)

according to the classical mechanics, the traffic sound speed is defined by

¢ = \/ap/op. 3

The lane number averaged density p is the locally balanced variable at which the lane changing caused source term, i.e.,
[=(p; — p)/(tBs)], should vanish. R satisfies the equation (Zhu and Yang, 2013; Ma et al., 2018)

R+ [py(R/p),], = (@e — @)/T — Py + [2GT + pVv1)t,, (4)

where traffic elasticity is denoted by 7 to distinguish o, pv; = 3pyu,,p is traffic pressure, g, is the equilibrium traffic flow
obtained by macroscopic fundamental diagram as shown in Fig. 1, R/p is traffic flow acceleration, v = 2Gt/p is vehicular
fluid kinematic viscosity, with G denoting modulus of vehicular fluid elasticity. The use of Eq. (4) means that we have rec-
ognized that the self-organization of traffic flow can be described simply by introducing the viscosity (2Gt + pv;) and the
elasticity 7.

Here to describe ramp flow effects, the dimensionless ramp parameter ¢ is adopted, which can be estimated by random
number generator with Gaussian normal distribution. When local traffic flow q is zero, the source term caused by the ramps
should vanish, that is naturally true at off-ramp intersections.

On normal section, urgent and gentle classes cars have different free flow speed and braking distance, the equilibrium
speeds of traffic flow for the urgent and gentle classes are also different, as shown in the MFD given by Fig. 1. Let the jam
density be p,,, the equilibrium speed can be written as

P1 Urgent Lane I Lane changing

= —

P2 Gentle Lane changing Lane IT

Ty, e

on-ramp off-ramp off-ramp

Fig. 2. Illustration of a double lane traffic flow.
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PUp; for p < pus
) = —capIn(p/py), for p.y < p < pPeyi (5)
Bep{1 —sech[AcIn(p/p,)]},  for po < p < pp-
Where the subscript k and superscript (k) is road condition (schematically shown in Fig. 3) dependent: in the normal sec-
tion, k = 1 and 2, represents the corresponding variables of the urgent and gentle cars respectively; in the freeway tunnel,

k = 3, denotes the relevant variables of all cars that must adherence to the traffic regulation of tunnel speed limit. Therefore,
in the normal section, using the average with respect to the urgent density fraction s, q, can be calculated by

Qe =G + (qe] - qez)sa (6)
but in the tunnel, it has the form
e = (e3- (7)

At the second critical density p,, traffic flow has an equilibrium speed u,. Defining a speed ratio Ay = C/Uc,, the param-
eter B, can be written as

B = ez /{1 — sech[ A In(peye/py)] - (8)
C+ is the traffic saturation speed at the saturation density (p/p,, = 1/e), it is calculated by
Cep = Ujk/ ll’l[] +Xbrk/l], (9)

where [ is the length of vehicle, X is the braking distance. In fact, cars in the tunnel have the demand to follow the tunnel
speed limit, suggesting that in the tunnel the MFD for the urgent and gentle cars should be the same. Hence, it is natural and
practical to assume that in the tunnel the free flow speed vy is just the same as the tunnel speed limit, and so are the critical
densities p 5, Peo3-

According to the previous work (Zhang et al., 2018b), by assuming that on empty road traffic sound speed is exactly equal
to the free flow speed, using pressure model parameter obtained by postulating that the sound speed at the second critical
point is exactly equal to the saturation speed c;, and defining

Ki = {call = 2p e/ P}

ka = Kk/(l - ap*l(/pm)zv

Bac= (% - ) /Pt

BO/< = kap*k + B*kpfk/s - Kk : {p*k/[l - a(p*k/pm)}}! Cok = Crk,

then the traffic pressure p, has the form

2 1 15 _ 5 .
- {C*kp+58*k [P+ (0 =pa)]. forp<pu w0

Ki-{p/1 —a(p/pm)]} +Bok,  Otherwise.

the corresponding sound speed ¢, has the form

/2 _ 4 .
Ck = { C*k—"_B*k(p pxk) ’ fOr ,0 < p*k7 (11)

K\*/[1 —o(p/p,)),  Otherwise.

Lane |
Lane ll

off ram
Xgr3 P

Fig. 3. Schematic diagram of ring traffic flow with a freeway tunnel and five initial jams at X;(I = A, B, C,D, E). The tunnel inlet is at X;; with the tunnel exit
positioned at Xy,, hence the tunnel length is L = X, — X¢1.
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The MFD in Fig. 1 labeled by lane I, lane II and tunnel are obtained using the free flow speeds vy, vf,, vf3, and braking
distances Xp1, Xpr2, Xpr3, Whose values can be seen in Table 1.
The governing equations of the extended Zhang’s model (EZM) (Zhang, 2003) can be written as

P+ a4y =0q/lo,
q.+{d*/p}, =R, (12)
(1) + (P1W), = (p — p1)/(TBx)

with
R=1(q. —q)/7 —py — [(2Bco) - (c/co)lux + [(2Bc0) - (¢/Co) PlUixx,

where equilibrium flow g, = pu, is calculated by Egs. (5), traffic pressure p and sound speed ratio c/co = 7o/7 are predicted
by using the average with respect to s, i.e., the same approach as that used in the DLM. The dimensionless parameter f is
given by

v

P (13)

The numerical method for Eq. (12) is the same as described in Section 3, but the primary differences from the DLM occurs
in the form of g- equation. It is noted that the discretization of —[(2fc) - (c/co)p](q/p), is implemented by a second order
upwind scheme (Tao, 2001).

The DLM and ELZ have adopted traffic pressure gradient p, in describing traffic acceleration R/p, indicating that negative
speeds in the solutions can possibly occur, as reported by Aw and Rascle (2000). This promotes the development of aniso-
tropic higher-order traffic flow models (Rascle, 2002; Xu et al., 2007; Zheng et al., 2017).

The DLM is characterized by using the same instantaneous speed for both lanes cars to avoid the use of more parameters,
and the time ratio g, to describe the net lane changing rate. In comparison with existing lane-changing modules, the module
of lane-changing in the DLM is possibly the simplest. The DLM can be used to determine the compensative function of mean
travel time estimated by another approach based-on equilibrium speed at uniform initial density. In the DLM reported in
Tang et al. (2008), an acceleration equation is derived by analyzing the car-following behavior when lane-changing is
allowed. Such equation has not adopted traffic pressure and viscous-elastic term reflecting self-organization of cars; the lane
averaged traffic density and flow rate are used, but the ramp effect has not been mentioned. An advantage of the DLM pro-
posed in this paper is the eigenvalues of Jacobian matrix A in Eq. (15) can be derived much easier than the multi-class traffic
model discussed elsewhere (Zhu et al., 2004; Xie et al.,, 2006). In particular, the assumption of c|,_, = vy in the DLM should be
a favourable strategy for modeling the traffic stoppage problem discussed in Daganzo (1995), as it allows all the elements in
the first column of the matrix A to be zero, thus makes the traffic flow being described totally not sensitive to the non-
uniformity of traffic density.

3. Numerical method

The numerical method for solving the equations of DLM is based on the fifth-order weighted essentially non-oscillatory
scheme (WENO5) (Jiang and Shu, 1996; Henrick et al., 2005) and the 3rd order Runge-Kutta scheme (Shu, 1988; Shu and
Osher, 1989). The former is adopted to calculate numerical flux, and the latter is used to handle time derivative term.

Using the definition ¢? = dp/dp, p, can be written as

Table 1

Parameters of traffic flow on ring road.
vy (km/h) 120 C3! 4.280 Xg (km) 30
vy, (km/h) 100 P 0.0676 Xc (km) 50
vr3 (km/h) 80 P2 0.0819 Xp (km) 70
Xpr (M) 80 D3 0.1021 Xe (km) 90
Xprz (M) 65 Pe21 0.6676 Xy (km) 20
Xprs (M) 51 P22 0.6374 L (km) 7.5
To1 (s) 6.735 Pers® 0.5985 P (veh/km) 172
Toz (S) 9.007 Xgr1 (km) 17 I (m) 5.8
To3 (S) 12.834 Xr2 (km) 50 lo(m) 100
A 2.474 Xgs (km) 83 Vo=, vy (M) 2.2756
As 2.220 O1av 0.1 to=lo/vo (5) 43.9445
As 1.948 Gaav [-0.2,0] L (km) 100
[ 5.437 O3ay -0.1 max = L/lo 1000
Cor 4.849 Xa (km) 10 Ba 1

T Ce1, Cr2, Co3, A1, Az, andAs are in the unit of vg;
% pats Pezs P Purs Py and py are measured by py,;
3 Freeway tunnel length L; = X, — Xy, and tunnel exit X, = X¢1 + Le.
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Dx = Csz7
then by taking Ry = R + p, + oqu/lpinstead of R, the DLM Egs. (1) and (4) become
ou oFU)
T (14)

where U= (p,q,p,)".F(U) = (q.4°/p +p.p; -q/p)". and S = [6q/lo, Ry, (p — p)/ ()], with superscript /T representing
vector transpose.

The eigenvalues of Eq. (14) ai, (k= 1,2,3) may be expressed as a; =u —c, a; = u + ¢, and as = u, where the Jacobian
matrix is

OFL OF OFy

U, U, aUs 0 1 0
o om om | | 2y
A= U, U, au; | T uU+C LZJu 0]. (15)
, 5 __uJs 23
OFs OF  OFy > 7 ou

a0, U, oUs

Label the eigenvalues, the left and right eigenvectors by

Ui, lk(U)/ rk(”)v k: ]72737 (16)
then the matrix A can be written as
A=RalL, L=R, (17)

where a = diag(a,, ay, as) is a diagonal matrix composed of eigenvalues; R, L are respectively the left and right characteristic
matrix being composed of relevant eigenvectors,

L
R:[l'l,l'z,l'3], L= lz . (18)
13
Hence, using flux splitting (Shui, 1998), the splitting form of F(U) can be written as
F*(U)=A"U, A" =Ra‘L, (19)

where
a* =diag(af, a3, a3),
a; =3 (@ +la), k=1,2,3.
The approach of deriving the elements of R is similar to what described in Ref. (Zhu and Wu, 2003). It is characterized by

assuming the k-th element of vector r, equals unity, i.e. ry = 1, for k = 1, 2, 3. As the Jacobian matrix A has a special struc-
ture with thirteen zero elements, using the assumption r, = 1, one obtains

m r2 0 i I O
R=|r m2 0], L=|1lxn L 0]. (20)
r3; I3 1 Iy I 1

From Eq. (15), it is seen that a; = 0, for i = 1,2, and k = 3, hence we have

' 1 12 *%
r=\1rm|= _% , = | =1 . (21)
and
<ln 112) 1 {1 _r12:|
by bLy) oy 1 7 (22)
(31 Ip) =[—=(rsihi +132k1)  —(rsihiz +13202) ]

These explicit expressions of elements for characteristic matrices R and L, i.e., Egs. (20)-(22) can largely decrease the
complexity in building simulation platform with the four lane traffic model DLM.
Label the I-th ideal weight by @;,[ = 0, 1, 2, their values are given by Henrick et al. (2005)

@o = 1/10, @, = 6/10andw, = 3/10. (23)

using the indicators of smoothness
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Bo =1 (b2 —2¢i1+¢)" +1(di2—4di 1 +3¢)°
B =8 (di1 =20+ dia)” +3 (911 — bi1)”, (24)
B =1 (dira — 20111 + ¢i)2 + 5 (di2 — 4y + 3¢1)2-

being relevant to variable ¢, the non-oscillatory weights are (Jiang and Shu, 1996)

I
Zar (GJFﬂl)z.

where € is a very small number adopted to ensure that the denominator does not vanish and is set to € = 10~*’ in our numer-
ical tests.

For ¢ =F},k=1,2,3, according to Egs. 24,25, one obtains wj , and wj ,. It is necessary to remind that when
¢ =F,,k=1,2,3, due to the existence of non-positive eigenvalues, 8, and , should be mutually alternated, that means
we should use

) = (25)

B =1(di2 = 2011+ ) +5 (B2 — 491 +301)",
B = % (‘/’171 —2¢; + (/’m) +31 (¢i+1 - ¢i71)27 (26)
Bo =1 (dis2 — 201 + 81)” + 1 (D122 — 4biy +30)".
and Eq. (25) to predict the non-oscillatory weights w, , and w ,.
Labeling

0 i = diag (5 1. 5 5. 0 5),
(27)

W3 = diag(‘“iu W3 5, W3, 3>~
and further denoting the time step and spatial node size respectively by At and Ax, the WENOS5 discretizes oF(U)/0x by

OF(U 1 /4 =
8()( ) =2 (Fm/z - Fi—1/2>7 (28)

where numerical flux at mesh face i+ 1/2 is

Fip = ﬁﬁl/z + ﬁ1‘11/2-
Abbreviating F*(U;) as F;, the WENO5 gives the numerical flux as follows Henrick et al. (2005)
1)+ 5t (R~ 3F 3K )

+3(0f  —05)(F, - 3F + 3F,+1 Fis),
Flip= &(-F +7F +7F; —F ) + 5% (F; -
+4 (03— 05) (F, —3F,, +3F —F.,).

Fit—l/z = 1]_2( Ffl + 7F+ + 7F1+1 F;
1
6

3, +3F., —F,)

Note that what WENO5 scheme introduced above is as detailed as possible to implement.

To handle time derivative term, different from source term linearization used previously (Zhang et al., 2018a,b), here we
adopt a 3rd order Runge-Kutta scheme which also maintains the TVD property (Shu, 1988; Shu and Osher, 1989). For the
convenience of scheme description, defining

_ OF)
L(U) =— X +8S, (30)
to seek the numerical solution of
ou
5t = £U), (31

the 3rd order Runge-Kutta scheme has the form

Ul = U+ AtL(un),

U = (307 + ") /4 + Acc(U™) /4, (32)
Ul = (U{' +2u%? ) /3 +2AtL (U<2>) /3,
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where the superscript n denotes the time level.
Using w = At/Ax, the Courant-Friedrichs-Lewy (CFL) condition of the numerical method is

C():CFL/maka‘i‘, k:172,3;

33
i=0,1,2 - I — 1, (33)

where a,; represents the kth eigenvalue for A at x;, I, is the maximum number of mesh, and the Courant number Cg (Shui,
1998) is fixed at 0.6 to avoid distortion of numerical results.

As shown in Fig. 4, the density dependence of traffic pressure p and sound speed ratio c/c, for p,=0.368 [in the unit of jam
density p,, ] is calculated with respect to the road condition. In the numerical tests, depending on whether cars are running in
the tunnel or in the normal section, we use the black-dashed and blue-dash-dotted curves labeled by Tunnel, or adopt the
black-solid and blue-solid curves labeled by Lane II. These curves are closely related to the free flow speed vy and braking
distance Xy« [see in Eqgs. 10,11], but slightly depend on the density fraction s on lane L.

4. Approaches for travel time
4.1. Based-on grid speed of traffic flow

The numerical tests on the basis of the DLM can output the grid speed of traffic flow, i.e., u;(t),i € [0,Imax], i denotes the
grid number. In the numerical tests, we have assumed that the spatial grids are uniform, the grid length Ax, is just the same
as the length scale I, of traffic flow used in the non-dimensionalization of the DLM equations.

Following the previous work (Zhang et al., 2018a), using a pre-assigned time period Ay, the local average speed u;(t) at the
grid x; is

() - Alo / (6)de, (34)

t—Ag

the grid number i depends on the section index k, as k = 3, the grid is located in the tunnel, otherwise when k = 2 it should
be in the normal section. As the road total length is expressed by

3
L=>"1%. (35)
k=2
the instantaneous travel time T(t) through the road is
3
Ti(t) = Y _T(8). (36)
k=2

where

() = > [ax o). (37)

Ax?k) = lp, and Ay is assumed to be 7.5 min. As the propagation and interaction of traffic wave causes evident time depen-
dent properties of traffic speed and density, we have to predict the mean travel time by time averaging of T.(t), which allows
us to calculate the relevant root mean square. The mean travel time T, and T can be expressed by

tav

10°——
Foi : clc,, Lane ll
10 R c/c,, Tunnel
Eo p, Lane Il
o 10k : —-—-— p, Tunnel

08 1

Fig. 4. Sound speed ratio c/co and traffic pressure p versus density p. p is measured by jam density p,,, with p measured by p,, vfzz.
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j—— 17 Lend T (é)d@
0 e e 38)
Ttav T Tena—fst Jtst Tt (g)dg
The root mean square T, and Tﬁk)’ can be predicted by
2 P
[Tﬂ = tendlftst ftt;nd [Te(&) - Ttav}zdgy
(39)

1] = i i 1900 - 1) e

tend—tst J st

Where t is the simulation start time, in general t = 0, and teyq is the simulation end time. Measuring by the time L/ vy,
we can define

{ Ot = Tt/ (L/Uf2)7 Otav = Ttav/<L/Uf2)~, O-é = T;/(L/Uf2)7

/ , (40)
0 =T/ (L/vp), o =Th/(L/vp), ol =T /(L/vp).

4.2. Based-on equilibrium speed

From a technological point of view, the approach based on equilibrium speed at uniform initial density would be the sim-
plest, as it ignores traffic inhomogeneity completely. This approach assumes initial traffic density on the road is uniform, and
traffic speed is just equal to the equilibrium speed, which can be determined by the macroscopic fundamental diagram. In

the normal segment with length (L®), the equilibrium speed can be approximated by (u; -+ Ue;)/2, while in the freeway tun-
nel with length L® it is u.s. Therefore, the mean travel times through the tunnel and the road can be written as

=B3) _LO p

Gav - E L 41

.o =gt L? Yra “1)
av = Oay + (Ue1+Ue)/2 T

In practice, the mean travel time should have obvious deviation when this is traffic shock generation and propagation.
Hence, for the improvement of o,,, a compensative function Comp(p,) is needed. Suppose the function has a polynomial
form

Comp(po) = do + d1py + d2p5 + d3p3, (42)
where p, is initial traffic density normalized by jam density, to estimate mean travel time more accurately, it’s better to use
0%, = Ga + Comp(py) (43)

The polynomial coefficients d;, j € [0, 1,2, 3] can be determined by the case averaged mean travel time obtained on the
basis of grid speed of traffic flow.

5. Results and discussion
5.1. Simulation parameters

To predict freeway tunnel effect of travel time, numerical tests of ring traffic flows (Fig. 3) are conducted by the DLM, with
the MFD shown in Fig. 1. The 100km length ring has a tunnel with a length generally assumed to 7.5 km, but the length has
been chosen to be 5.0km, 2.5km, 1km, and O just for comparison. In the tests, the ratio of characteristic lane changing time
to relaxation time represented by ., the three ramp intersections at Xgy, Xg2, Xgs3, the five initial jams at X;, (I = A, B, C, D, E),
and other traffic flow parameters are shown in Table 1. For instance, it can be seen that g,, = 1, the traffic length scale [, is
100 m, the relevant relaxation times are To; (= lo/Cr1 &~ 6.735's), To2 (= lo/Cr2 &~ 9.007 s), and To3(= lp/cr3 ~ 12.834 5). The nor-
malized elasticity in the DLM 7 [: %EOG“D)] is 2.178x1073, relevant to 28 = 3.023 x 1072 in the EZM.

The initial density is assumed to be
1, forx=ex—1/2,x+1/2],

Po. Otherwise.
1, forxex—1/2,x+1/2],
(8/9) - py, Otherwise.

p(0.0 = {
(44)

pi(00 = {

with q(0,x)=q,(p(0,x)). The initial jams are strictly assumed to be positioned at X;, (I = A, B, C, D, E)[see, in Fig. 2]. These
jams’ propagation is extremely dependent on the value of p,, the tunnel and ramps, in addition to the traffic sensitivities
to the visco-elasticity y as reported (Smirnova et al., 2017).
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5.2. Comparison with EZM

Travel time through the road is an important performance factor of traffic flow evolution. Table 2 listed the mean travel
times G,, and G4 that are estimated by Eq. (41)with the approach based-on equilibrium speed at uniform initial density.
Obviously, when there exist traffic shocks on the road, the mean travel time is under-predicted, when off-ramp flow plays
an overwhelming role of the dynamic traffic than the on-ramp flow, the mean travel time is over-predicted. However, the
values in Table 2 provide a sample of reference, and can be further improved by a compensative function Comp(p,) defined
by Eq. (42).

Using the same traffic pressure and sound speed expressions, the EZM has been adopted to predict the spatiotemporal
density evolution on the ring for the case without ramp effects: o4,y = 0, k € [1, 2, 3]. With respect to the grid speed of traffic
flow, for the tunnel length L; = 7.5km the mean travel time through the road oy, its root mean square o}, the mean travel
time through the tunnel ¢i2), and the corresponding root mean square ¢\>" are predicted, as shown in Table 3. It is seen that
for the 13 cases distinguished by p, in the range from 0.1 to 0.625, the DLM can predict almost certainly the same mean
travel times in comparison with the values from the EZM, indicating that the DLM is fairly reliable and reasonable.

The corresponding temporal evolutions of traffic density p and acceleration R/p are shown in Figs. 5(a-d) for the four
cases distinguished by p,. Closely depending on p,, the temporal evolutions of p and R/p at the ring mid point x = 50km
is determined by spatiotemporal evolution of traffic flow. Each peak of density represents the time of a traffic track occurred
at the mid point. The recurrent occurrence of traffic track implies the traffic flow has stop-going waves. The curves labeled
by EZM and DLM have high similarity, providing the evidence for explaining why the values of mean travel times in Tabel 3
are almost the same.

5.3. Traffic flow patterns

In Figs. 6(a-d), the left and right patterns of traffic flow are corresponding to tunnel length L = X; — Xy = 1 km and
7.5km respectively. For p, = 0.15, as shown in Fig. 6(a), the initial traffic jams propagate forward, and so are the jams spon-
taneously generated between them. These jams are just the traffic tracks used in explaining the temporal evolutions of p and
R/p in Fig. 5(a).

For p, = 0.2, Fig. 6(b) shows that just upstream the tunnel inlet X;; = 20km cars begin to aggregate and form a traffic
shock propagating backward. The shock interacts with the forward spreading jams, causing the congested region being
restricted in several kilometers, with the region length depending on the tunnel length to some extent.

For p, = 0.368, as shown in Fig. 6(c), the initial flow is just at the saturation point, the initial jams propagate backward
and terminated on the left side of the light blue colored triangle region in the t-x plane, whose bottom is just the tunnel
outlet. The tunnel inlet becomes the origin of a congested region spreading backward. Just near the downstream of tunnel
outlet, there exists a smooth light blue colored region, in which the density is below 0.2. The smooth region length also
depends on the tunnel length to some extent.

For p, = 0.5, initial flow is supersaturated as can be seen in Fig. 6(d), the tunnel effect together with the traffic wave prop-
agation and interaction makes the light blue colored triangle area become smaller. There are some cyan colored oblique lines
in the triangle area, these lines represent the traces of spontaneously formed jams or tracks. The light blue color of the tri-
angle area indicates the relevant traffic density is usually below 0.2. As all cars must follow the tunnel speed limit, i.e. 80km/
h, the tunnel has changed the traffic flow patterns and adjusted the propagation and interactions of traffic waves
significantly.

Extremely, traffic flow pattern depends on p,. However, Fig. 6 shows that the tunnel length impact on the traffic flow
patterns is not quite obvious, to some extent almost negligible.

Table 2
G, and 6 estimated by Eq. (41) in the case without ramp effects for L = 7.5, 5and 1 km.
Ly =7.5km L = 5km L = 1km

Po Gav a_g%/) Gav 63) Gav 6;?1)
0.1 1.049 0.094 1.044 0.062 1.035 0.013
0.125 1.161 0.103 1.156 0.069 1.146 0.014
0.15 1.273 0.113 1.267 0.075 1.256 0.015
0.2 1.501 0.133 1.493 0.089 1.481 0.018
0.25 1.742 0.155 1.733 0.103 1.719 0.021
03 2.006 0.178 1.996 0.119 1.980 0.024
0.368 2416 0.215 2.404 0.143 2.384 0.029
0.4 2.636 0.234 2.622 0.156 2.601 0.031
0.45 3.024 0.269 3.009 0.179 2.985 0.036
0.5 3.484 0.309 3.467 0.206 3.439 0.041
0.55 4.040 0.359 4.019 0.239 3.987 0.048
0.6 4.728 0.421 4.705 0.281 4.666 0.056
0.625 5.156 0.474 5.125 0316 5.074 0.063
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Table 3
Density dependence of oy, 07, o'g\’,, and JS‘J,/ in the case without ramp effects for L; = 7.5km.
DLM EZM

Po Ty o T T Ty o T T
0.1 1.0749 0.0021 0.1064 0.0041 1.0748 0.0019 0.1066 0.0036
0.125 1.1817 0.0018 0.1210 0.0054 1.1817 0.0015 0.1211 0.0049
0.15 1.2962 0.0021 0.1387 0.0066 1.2974 0.0024 0.1393 0.0069
0.2 1.5548 0.0099 0.2083 0.0189 1.5547 0.0097 0.2074 0.0188
0.25 1.8794 0.0547 0.2099 0.0148 1.8783 0.0528 02124 0.0163
03 2.2023 0.0852 02118 0.0102 2.2018 0.0843 02144 0.0119
0.368 2.6621 0.1087 0.2214 0.0026 2.6579 0.1097 0.2236 0.0018
04 2.9344 0.1432 0.2498 0.0044 2.9267 0.1451 0.2406 0.0029
0.45 3.3148 0.1314 0.2768 0.0019 3.3200 0.1317 0.2665 0.0057
0.5 3.7520 0.1467 0.2447 0.0298 3.7476 0.1428 0.2416 0.0308
0.55 4.2544 0.1072 0.2505 0.0376 4.2498 0.1031 0.2472 0.0385
0.6 4.8364 0.0308 0.2560 0.0471 4.8335 0.0286 0.2531 0.0483
0.625 5.2070 0.0188 03278 0.0319 5.2070 0.0188 03277 0.0319

When ramp effects are further included, for the the cases of p, = 0.15, 0.2, 0.368, and 0.5, the flow patterns are shown in
Figs. 7(a-d), where the left and right parts correspond to ¢,,, = —0.05, and — 0.2 at Xy, respectively, with ¢1,, = 0.1 and
03y = —0.1 fixed at Xg; and Xgs respectively.

For p, = 0.15, the road is initially unsaturated, see in Fig. 7(a), the on-ramp at Xg; = 17km induces the traffic flow in the
region near the tunnel inlet X;; = 20km occurs temporary supersaturation, as can be seen in the time period t € [0,5,1]h. In
the right pattern, the traffic ramp discharging at Xz, = 50km is larger, when the time is over 0.5 h, the flow downstream the
ramp intersection Xg, gradually changes to the regime at which the density is below 0.1. While for the off-ramp parameter
022y = —0.05, the right pattern is largely different from the right. The ramp input and diversion play a crucial role in the pat-
tern formation of traffic flow.

For p, = 0.2, the road is initially unsaturated, see in Fig. 7(b), and similar to the flow pattern given by Fig. 6(b), a con-
gested region occurs just upstream the tunnel inlet, but the region disappears at the instant of t ~ 3h in the right part of
Fig. 7(b), suggesting that ramp discharging is crucial in the flow pattern formation. This can be further confirmed by the
spatiotemporal evolutions of traffic density in the cases of p, = 0.368 and 0.5.

For p, = 0.368, the road is initially just at the saturation point, see in Fig. 7(c), the right pattern for ,,, = —0.2 shows that
such a larger ramp discharging can result in a larger smooth region just downstream the off-ramp intersection Xy,, in which
unless in the spontaneous traffic tracks, the density is below 0.2. In comparison with the left part for g,,y = —0.05, it is seen
that the larger ramp discharging changed the structures of density evolution obviously.

However, when the ring road is initially supersaturated such as for p, = 0.5, as shown in Fig. 7(d), the right pattern indi-
cates that a larger ramp discharging certainly generates the unsaturated region just downstream the off-ramp intersection
Xg2, similar to the region formed just downstream the tunnel outlet. The right pattern of Fig. 7(d) shows that a further
increase of ramp discharging can not only make the traffic flow downstream the ramp intersection from supersaturated
to unsaturated regime, but also decrease the traffic density in the near region just upstream the intersection.

The propagation speeds of traffic jams closely depends on the interaction of traffic waves and the MFD used in numerical
tests (Daganzo and Daganzo, 1997; Lebacque and Mammar, 2013; Lebacque and Khoshyaran, 2013). As the traffic flow pat-
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Fig. 5. Temporal evolutions of p and R/p at x = 50km in the case without ramp effects, (a) p, = 0.15, (b) p, = 0.2, (c) p, = 0.368, (d) p, = 0.5. Note that the
legend of part (b), (c) or (d) is the same as shown in part (a) of this figure.
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Fig. 6. Spatiotemporal evolutions of traffic density on the ring road for the case without ramp effects , (a)p, = 0.15, (b) p, = 0.2, (c) p, = 0.368, (d) p, = 0.5,
with L, = 1km, and 7.5km respectively for the left and right patterns.

terns suffer the impacts of road condition significantly, travel time is predicted by the grid speed of traffic flow, suggesting
that the road condition effects of travel time should be obvious.

5.4. Instantaneous distributions

For the saturation case, p, = p, = 0.368, being consistent with the flow patterns in Fig. 7(d) and the right part flow pat-
tern in Fig. 7(c), for the tunnel length L, = 5km and three ramp flow cases labeled by ¢; = 6, = 63 = 0,62, = —0.05, and
022y = —0.2, the instantaneous distributions of urgent density fraction s on lane I at t = 0.25, 0.75h are shown in Figs. 8(-
a-b). From Eq. (1), the equation of s should be

%4— ug =(1/2 -5s)/(tp,) — sou/ly
the propagation speed of any density fraction disturbance is just the local traffic speed u, but the source term (1/2 —s)/(tf,)
indicates that the expected density fraction is 1/2, with the source term —sou representing the ramp-flow effects.

In Fig. 8(a), for the case without ramp effects, the black solid line shows the s-distribution at t = 0.25 h. In the five initial
jams, the initial value of s is set as 0.5, otherwise the initial value of s is given by 4/9, according to Eq. (44). But experiencing
the flow evolution of 0.25 h, s-distribution at t = 0.25h becomes a curve around the line given by s = 1/2. This is also true for
the cases with ramp effects, the s-distribution to some extent depends on the ramp parameter ¢,,. Even by further
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experiencing the flow evolution of 0.25 h, as can be see in Fig. 8(b), the property of the s-distribution maintains, with the
absolute maximum deviation to 1/2 below 0.08.

On the other hand, the tunnel and ramp effects on the distributions of traffic density and speed are shown in Figs. 9(a-b)
and 10(a-b). In Figs. 9(a-b), the tunnel is labeled by L; and the maroon dash-dotted square with a width 7.5 km, the density in
the tunnel is generally maintain a value approximately identical to p, = 0.368, upstream the tunnel inlet the traffic flow is
crowded due to the cars queuing caused by the tunnel speed limit, downstream the tunnel outlet, the traffic flow is smooth
and unsaturated, with the smooth length depending on the road operation time. In particular, for the case without ramp
effects, the black solid curve shows that the crowded length upstream the tunnel inlet X;; = 20km increases with the oper-
ation time period as a results of backward propagation of traffic shock originated at the tunnel inlet. It is seen that the tunnel
certainly provides a mechanism of traffic shock generation, and a smooth region just downstream the the tunnel exit
X =27.5km.

100
80
£ 60

¥ 40

DR 2
0,,~0.2, p,=0.15  t(h)

100 pz

100

1 2
0,,,=-0.2, p,=0.368 t(h)

' 1 2 3 ' 1 2
(d) 024,7~-0.05, p;=0.5 t(h) 0,,=-0.2, p,=0.5 t(h)

v

Fig. 7. Spatiotemporal evolutions of traffic density on the ring road for L =7.5,km (a) p, =0.15, (b)p, =0.2, (c) p, =0.368, (d) p, = 0.5, with
02y = —0.05and — 0.2 respectively for the left and right patterns.
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The on-ramp at Xg; = 17 km increases the degree of road congestion, generate stop—go wave upstream Xg; for the case of
po = 0.368, in particular as can be seen from the distributions for the cases of 0,,y = —0.05, —0.2, in the region with several
kilometers just upstream the tunnel inlet X;; = 20km. Such a special feature of density distribution doesn’t occur at the off-
ramp intersection Xg; = 83 km, as upstream the off-ramp intersection the density emerges stop-and-going regime, and oscil-
lates around a value 0.6 with a magnitude of about 0.2.

The ramp discharging at Xz, = 60km plays a role of providing a smooth region just downstream the intersection. How-
ever, for the case of 6,,, = —0.2, the density distributions at the two instants t = 0.25h and 0.75h show that upstream the
intersection Xg, the traffic flow is supersaturated, with a density value around 0.66.

Completely consistent with the density distributions in Figs. 9(a-b), the relevant instantaneous speed distributions for the
three cases can be seen in Figs. 10(a-b). A lower density corresponds to a higher speed. The distributions by black solid curves
reflect the impact of tunnel on the traffic flow in the case without ramp effects, i.e., 6y.,=0, k = 1,2 and 3, the green dashed
curves and the blue dash-dotted curves reveal the influences from the ramp input and diversion together with tunnel effects
on traffic flow on the rind road.

5.5. Comparison with measured data

As shown in Figs. 11(a-d), for the cases of ., = —0.05, —0.2, and tunnel length L, = 7.5 km, the the instantaneous speed
(u) and equilibrium speed (u.) at x = 50km are plotted as a function of p for p, = 0.15, 0.2, 0.368, and 0.5. The u, at
x=50km are determined by u, =q,/p, with g, calculated by Eqgs. (5), where some observation data extracted from
McShane and Roess (1998) are labeled by symbol ‘+'.

For p, = 0.15, as can be seen in Fig. 11(a), the left part shows that most traffic state points are scattered in the density
range from 0.07 to 0.27, with the right part indicating that most points are scattered in the density range from 0.06 to
0.20. This is consistent with the left and right traffic flow patterns given by Fig. 7(a).

As shown in Fig. 11(b), when p, = 0.2, the left part depicts most traffic state points are scattered in the density range from
0.07 to 0.30, while the right part indicates that most points are scattered in the density range from 0.06 to 0.24, being con-
sistent with the flow patterns in Fig. 7(b).

In Fig. 11(c), it is seen that for p, = 0.368, the ramp discharging ¢,,, = —0.05 has induced much flow points located in
unsaturated region (p < 0.368). But the larger ramp discharging ¢,., = —0.2 has caused much more unsaturated traffic flow
points. Such observation is also valid for p, = 0.5 as shown in Fig. 11(d). The corresponding evidences can be viewed in
Fig. 7(c-d).

Fig. 11 shows that the predicted density dependence of traffic speed usually agrees well with the measured data. Further-
more, re-assigning the tunnel length as L; = 1.5km instead of 7.5km, and the time-averaged speed u,, and its rms u’ for
po = 0.368 near the tunnel in the case without ramp effects are predicted and shown in the left and right parts of Fig. 12.
In part (a) of Fig. 12, the observed speed data (Koshi et al., 1992) and the calculated speed on the basis of a behavioral kine-
matic wave model developed by Jin (2018) are illustrated just for comparison. The predicted speeds agree with the published
data rather well, indicating that the DLM is fairly reliable.

5.6. Travel time

Being different from the study of Chang and Mahmassani (1988), in which two heuristic rules are examined, the rules are
proposed for describing urban commuters’ predictions of travel time as well as the adjustments of departure time in
response to unacceptable arrivals in their daily commute under limited information, here we discuss the tunnel effect of
the travel time through the ring predicted on the basis of equilibrium speed and grid speed of traffic flow obtained
numerically.

As discussed in subSection 5.2, the mean travel times estimated on the basis of equilibrium speed can be found in Table 2.
These times have a value of reference, but needs to be further improved by a compensative function Comp(p,) for more accu-

. t=0.5h 06 t=1h
el 6,=0,=6,=0 =
i T . G”Vf-g'gs L~ i
055} e s 055} =
” ) ;
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Fig. 8. Distribution of urgent density fraction s for p, = 0.368 at (a) t = 0.5h, (b) t = 1h. Note that the legend of part (b) is the same as shown in part (a) of
this figure.
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Fig. 9. Distribution of traffic density p for p, = 0.368 at (a) t = 0.5h, (b) t = 1h. Note that the legend of part (b) is the same as shown in part (a) of this
figure.
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Fig. 10. Distribution of traffic speed u for p, = 0.368 at (a) t = 0.5h, (b) t = 1h. Note that the legend of part (b) is the same as shown in part (a) of this figure.

rate prediction. Hence, we show the travel time predicted by using grid speed at first and then discuss how to build
Comp(p,).

Affected merely by the tunnel in the case without ramp effects, as a response to almost the same flow patterns given by
Figs. 6(a-d), the mean travel time &, should be almost completely identical to the values predicted for L; = 7.5km as shown
in Table 3, and the mean travel time and its rms for Ly = 5km and 1km are shown in Table 4. As shown in Figs. 13(a-d), the
predicted 6y, 6/, 6), 6, for L = 5km and 1km are almost the same as the values for L, = 7.5 km, suggesting that the tun-
nel length effect of travel time is almost negligible. The tunnel plays a role of enlarging the travel time in comparison with
the black line with purple color filled circles for the case of zero tunnel length, this role becomes more evident for the cases of
initial density near the saturation point, i.e., p, ~ p,. According to the numerically predicted oy,y, to get the fitted travel time
oy by linear regression analysis after logarithm processing (Wang et al., 1979), for the case without ramp effects we have

oy =Apy +b (45)

where A = 8.5305,m = 1.5418,b = 0.8230, p, has the unit of p,. In the regression analysis, b is calculated with the test-
repeating number (= 6) averaged values of oy, at the three points: p,, = 0.1, pp, = 0.25, and p,; = 0.625, since the root
of the product (pg, - pgs) i just equal to p,,. The linear regression after logarithm processing has a linear correlation coef-
ficient of 0.9998, with a residual standard deviation of 0.91%. Here the so-called test refers to the numerical tests with var-
ious initial densities from 0.1 to 0.625, as given by Table 3. In Fig. 13(a), the fitted expression is illustrated by the light green
solid curve.

Fig. 13(b) shows that the root mean square of travel time o is in general below 0.17, but can be as low as 0.01 for
po < 0.15. As can be seen in Fig. 13(c), for L < 2.5km, if p, is over 0.2, the mean time through the tunnel ¢} is to a large
extent insensitive to the variation of p,, otherwise it grows almost linearly with the increase of p,. Being consistent with the
root mean square values given in Tables 2,3, Fig. 13(d) indicates that ¢{*” is usually below 0.055.

The ramp effects can be seen more clearly in Figs. 14(a-d), where the initial density dependencies on 61y, 7}, 62, and o)/
for Ly = 7.5km are illustrated. The ramp discharging shortens the mean travel time o, [Fig. 14(a)], adjusts the root mean
square value o} [Fig. 14(b)]. However, the ramp discharging has less effects on the mean travel time through the tunnel
[Fig. 14(c)], and so is ¢3) [Fig. 14(d)], since the tunnel inlet has become the origin of a traffic congestion region propagating
backward when the initial density is over 0.2 as illustrated in Figs. 7(c-d).

Using 2,y to distinguish the numerical test for the prediction of oy,y, the test repeating number (= 4) averaged values of
Oty €an be obtained for a given density p, , these averaged values of ¢,, have been used in the regression analysis after log-
arithm processing (Wang et al., 1979), for the case with ramp effect we have

o =Apl +b° (46)
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Fig. 11. Comparison of traffic speed with existing measured data for L; = 7.5km with ramp effect, (a) p, = 0.15; (b) p, = 0.2; (c) p, = 0.368; (d) p, = 0.5.
The observation data used in parts (a-d) are obtained from McShane and Roess (1998), and the jam density for normalization is assumed to be 200 veh/mile.
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Fig. 12. Comparison of time-averaged speed u,, for p, = 0.368 with that some existing data as shown in the left part of this figure, with the relevant curves
for the rms value u’ given in right part. The two speed trajectories with legend ‘Exp.’ are recorded at the Kobotoke tunnel in Japan (Koshi et al., 1992), the
calculated speed labeled by the blue solid curve are abstracted from Jin (2018). Note that the abstracted data are normalized by vy,.

Table 4
Density dependence of Gy, 0}, 0, and g in the case without ramp effects for L, = 5and 1km.
L = 5km L = 1km

Po Otav o T T Otav o1 T T
0.1 1.0685 0.0020 0.0708 0.0038 1.0586 0.0016 0.0130 0.0012
0.125 1.1736 0.0015 0.0809 0.0045 1.1629 0.0011 0.0150 0.0013
0.15 1.2891 0.0021 0.0935 0.0054 1.2761 0.0016 0.0178 0.0022
0.2 1.5452 0.0091 0.1451 0.0119 1.5259 0.0080 0.0371 0.0032
0.25 1.8694 0.0552 0.1462 0.0096 1.8489 0.0536 0.0382 0.0026
0.3 2.1930 0.0857 0.1470 0.0072 2.1719 0.0815 0.0383 0.0024
0.368 2.6511 0.1067 0.1501 0.0022 2.6316 0.1019 0.0384 0.0020
0.4 2.9256 0.1453 0.1821 0.0085 2.8609 0.1137 0.0397 0.0021
0.45 3.3058 0.1372 0.1880 0.0038 3.2317 0.0990 0.0414 0.0006
0.5 3.7359 0.1495 0.1698 0.0139 3.6458 0.1117 0.0415 0.0002
0.55 4.2290 0.1078 0.1726 0.0185 41273 0.0700 0.0416 0.0002
0.6 4.7975 0.0320 0.1747 0.0235 4.6914 0.0002 0.0423 0.0008
0.625 5.1615 0.0090 0.2165 0.0163 5.0978 0.0004 0.0471 0.0007

where A" = 8.5321,m* = 1.5248,b" = 0.7789, p, is in the unit of p,,. Note that the regression of log,,A" and m* has a linear
correlation coefficient of 0.9999, with a residual standard deviation of about 0.74%. The expression is shown by the light
green solid curve in Fig. 14(a).

In the case without ramp effects, to build the compensative function Comp(p,) in the form of Eq. 42, we at first calculate
the deviation of mean travel time 66,y (= Gy — Gay) for the four cases: Ly = 7.5, 5, 2.5 and 1km, excluding the case of L, = 0;
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Fig. 14. Density dependence of (a) Gy, (b) a7, () o), and (d) ¢ for tunnel length L, = 7.5 km in the case with ramp effect. Note that for the fitted curve in
part (a): A" = 8.5321, m* = 1.5248,b" = 0.7789; the legend of part (b), (c) or (d) is the same as shown in part (a) of this figure.

then calculate the case averaged values of the deviation da.y, fitting the case averaged data of the deviation, one obtains the
polynomial coefficients d;, j € [0, 1,2, 3], as given by in Table 5. The fitted curve represents the compensative function, as can
be seen in Fig. 15(a). On the other hand, in the case with ramp effects, the deviation of mean travel time o, corresponds to
the four cases distinguished by 6., = 0, —0.05, —0.1, and —0.2. The polynomial coefficients for Comp(p,) are also listed in
Table 5, with the fitted curve shown in in Fig. 15(b).

Generally say, after using Comp(p,), the deviation of mean travel time predicted by using equilibrium speed is less than
5 min, in comparison with the mean travel time predicted numerically on the basis of grid speed of traffic flow.
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Table 5
Fitted coefficients of Comp(p,) for p, € [0.1,0.625].

do d; d, d3

Without ramp effects
0.06468 —-1.3675 9.4175 —-11.7735

With ramp effects
0.13200 -2.9177 15.4555 —18.4597

0.4
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Fig. 15. 0., plotted as a function of p, (a) without ramp effects, (b) with ramp effects. Note that 60wy = Gy — T4y, the fitted coefficients for compensative
function Comp(p,) are given in Table 5.

6. Conclusions

To explore freeway tunnel effect of travel time, a double lane traffic model (DLM) is developed, a compensative function
of mean travel time is simply introduced, and a simulation platform is built to predict the spatiotemporal evolution of traffic
flow. The freeway tunnel is assumed to have a length of 7.5km except for the case of seeking the tunnel length effects. The
mean travel time can be predicted either numerically or by another approach based on equilibrium speed at uniform initial
density with the compensative function. From the results discussed in the foregoing section, we can list the conclusions as
below:

1. The DLM provides a simple approach to describe the net lane-changing rate on freeways. It can be used to simulate dou-
ble lane traffic flows, predict the travel time.

2. The freeway tunnel impacts the traffic flow pattern significantly. When the road initial density measured by jam density
is over 0.2, there exists a congestion region just upstream the tunnel inlet. While a smooth section occurs just down-
stream the tunnel exit where the traffic flow is unsaturated.

3. The on/off ramp flows are also crucial in the formation of traffic flow pattern. There is also a smooth section just down-
stream the off-ramp intersection, the larger the ramp discharging, the longer the smooth section.

4. The urgent density fraction has an expected value of 1/2, for instance, its distribution at the time of 0.5 h indicates that the
absolute value of maximum deviation to 1/2 is below 0.08.

5. The tunnel can increase the mean travel time through the road in some extent, but its length effect on the mean travel
time is small and almost negligible. Using the regression analysis after logarithm processing, the fitted expression can be
obtained.

6. The approach for mean travel time based-on equilibrium speed at uniform initial density with a compensative function
would be the simplest from a technological point of view, it can estimate the mean travel time with a deviation generally
less than 5 min, in comparison with the mean travel time predicted numerically.
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