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ABSTRACT

To ascertain tunnel effects upon road efficiency and travel time of ring road traffic, a mathematical model
accounting of three lanes is investigated. The model uses traffic pressure and sound speed in algebraic form,
and a single traffic speed to describe the vehicular motions on the three lane instantaneously to simplify
mathematical modeling of traffic flow. The ring road with a total length 100km has a tunnel with a length
of 8km and a speed limit of 80 km/h. The free flow speeds on lane I, II and III are assumed to be 110, 100,
and 90 km/h. Using the model, a code is elaborated for numerical simulations on the three lane ring road. For
validating the model the tunnel length is reset as 1.5km, so that the conformity between the predicted time
averaged speed and the recorded speed near the Kobotoke tunnel in Japan can be seen clearly. It is found
that the threshold of traffic shock formation near the tunnel can be determined by observing spatiotemporal
pattern of traffic flow. When and where traffic shock appears relies on the free flow speed on lane III. Road
efficiency and travel time for the ring road traffic are predicted and discussed. The numerical findings in this

paper deepen the understanding of tunnel effects.

1. Introduction

Many investigations for bottleneck effects of sags and freeway tun-
nels have been carried out as reported briefly (Zhang, et al. 2021a),
some conclusions can be found in Refs (Goii-Ros et al. 2014, 2016;
Jin, 2018).

A review of the studies of multi-lane vehicular flow indicates
that some very general model involving vehicular flow on a two
lane homogeneous road in statistical equilibrium was introduced by
Haight (1963), it was found only when the assumptions are most
stringent is it possible to solve a few problems, and even then the
formulas are rather formidable. After considerations for multilane
traffic flow dynamics reported by Michalopoulos et al.(1984), a multi-
lane model was developed by Chang and Zhu (2006) for analyzing the
dynamic traffic properties of a highway segment under a lane-closure
operation that often incurs complex interactions between mandatory
lane-changing vehicles and traffic at unblocked lanes. For homogeneous
multi-lane freeways, a macroscopic behavior theory of traffic dynamics
was proposed by Daganzo (2002a), the theory was described in its
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fully complexity without calculus, shown to be qualitatively consistent
with experimental observations, including puzzling. 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 further examined (Daganzo, 2002b). A multi-Lane traffic model
was proposed by Smirnova et al.(2014b), where an expression of the
parameter for describing the acceleration component in the orthogonal
direction in relation to lane changing.

The objective of this paper is to numerically ascertain the tunnel
effects on road efficiency and travel time through a ring freeway with a
total length of 100 km. As freeway segment with three lanes is common
in the real world, a three lane traffic model (TLM) is developed. For in-
stance, the paper assumes that the freeway has three lanes (I, II and III)
whose free flow speeds are 110, 100, and 90 km/h, and a tunnel with
a length of 8 km and a tunnel speed limit of 80 km/h. TLM assumes
that the free flow speed in the tunnel is just the tunnel speed limit,
which is used to determine the fundamental diagram (FD) with second
critical speed and relevant braking distance (Kiselev, et al. 2000), as
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Fig. 1. Fundamental diagram (FD) for three lane traffic flows. Note that p is in the unit
of p,,, ¢” is measured by g, (= p,v,), and g = crife - [p.jvr/ Pt j=1,2,3 and
4 respectively for equilibrium flow rates on the three lanes in normal road segment,

and equilibrium flow rate on any lane in the tunnel.

shown in Fig. 1, and adopts a single traffic speed to describe the
vehicular streams on three lanes, and utilize traffic pressure and sound
speed in algebraic form rather than partial differential equation as
reported (Helbing and Treiber, 1998; Hoogendoorn and Bovy, 2000).

TLM assumes that traffic sound speed remains a constant when
traffic density is above the second critical density, otherwise the sound
speed has a form that can be given by the approach reported previ-
ously (Zhang et al. 2018b). Then, using the definition of sound speed
in classical mechanics at constant entropy, traffic pressure can be
obtained. There are different possible choices for traffic pressure and
it is reasonable to allow flexibility in the description, as reported
previously (Zhang, Wong and Dai, 2009), because traffic flow is a self-
driven, many-particle system that is very complex (Helbing, 2001),
which means that a given choice for the pressure may be suitable in
one situation but not in another. However, TLM has not account for
the variations of vehicular engine types, and the effects of lane width,
shoulder width, and traffic accidents.

In this paper, road efficiency and travel time are selected as in-
dicators to reflect the operational performance of the ring freeway
with a tunnel. Road efficiency is predicted using the definition re-
ported (Chen, et al. 2001; Morris and Trivedi, 2007). Travel time is
estimated using the grid speed of traffic flow, which is different from
the published work (Chang and Mahmassani, 1988; Wang et al. 2016).
Chang and Mahmassani (1988) proposed the rules for describing urban
commuters’ predictions of travel time as well as the adjustments of
departure time in response to unacceptable arrivals in their daily com-
mute under limited information, while Wang, et al.(2016) predicted
travel time with a regression model.

Indeed, TLM is not a full multilane macroscopic model as there
is only an effective speed instead of different traffic speed on each
lane, but can be seen as an extension of the double lane traffic model
reported recently (Zhang, et al. 2021a). The model complexity of TLM
is lower than that developed by Helbing and Greiner (1997). It is
noted that the TLM application to other real-world tunnels requires a
change of simulation conditions. The needs such as to model different
lane configurations, the influences of lane widths and shoulder widths
indicate that there are more investigations to be done in the future.

To solve TLM equations numerically, RK3 (a 3rd-order Runge-Kutta
scheme) (Shu, 1988; Shu and Osher, 1989) is used to resolve the terms
with time derivatives, and WENOS5 (a 5th-order weighted essentially
non-oscillatory scheme) (Jiang and Shu, 1996; Henrick, et al. 2005) is
used to predict numerical flux. To compare the reliability and feasibility
of TLM, the Navier-Stokes like model (Zhang, 2003) called as Extended
Zhang’s Model (EZM) (see Section 5.2) is used to provide counterpart
results. The reason of selecting EZM is that the viscous model of
Zhang (2003) contains practically every well-known continuum model,
has a stable wave structure of first- and second-order waves, and
controls the extent of non-anisotropic and diffusive influences through
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a dimensionless parameter. For validating the model, the tunnel length
is reset as 1.5 km so that the conformity between the predicted time
averaged speed and the recorded speed near the Kobotoke tunnel in
Japan (Koshi, et al. 1992) can be observed clearly. Note that this
resetting of tunnel length is made similar to the work of Jin (2018).

In order to simulate vehicular flows on ring freeway with a tunnel,
the equations of TLM are solved with the reliable WENO5-RK3 scheme,
numerical results reveal that the threshold of traffic shock formation
at the tunnel entrance can be determined by observing spatiotemporal
pattern of traffic flow. Such a threshold depends on the free flow speed
on lane III. The distributions of mean road efficiency and its root mean
square value rely intimately on the spatiotemporal evolution of traffic
flow. The tunnel with a length of 8 km provides a smooth downstream
segment close to tunnel exit when there is a traffic shock occurs at
tunnel entrance. Using linear regression after logarithmic processing,
the mean travel time through the ring freeway with the tunnel having
a length of 8 km can be fitted in a power law form.

This paper is organized as follows. In Section 2, TLM equations are
presented. In Section 3, the numerical method for the solution of TLM
equations is given, with the approach of estimation for travel time and
road efficiency in Section 4. In Section 5, extensive numerical results
are discussed. Finally, some conclusions are provided in Section 6.

2. Equations for a three lane traffic model

In the three lane traffic model, to avoid some complexity in math-
ematical modeling, we use a single traffic speed, traffic pressure and
sound speed in algebraic form, similar to the work of Zhang et al.(2021a).

As shown in Fig. 2(a), three-lanes are labeled by I, II and III, cor-
responding to traffic densities denoted by p,, p, and p;. Lane changing
of vehicles is permitted, appears spontaneously to keep the local road
homogeneity of traffic density. Generally vehicles on lane I have a
higher free flow speed, those on lane III have a lower free flow speed,
with the free flow speed of vehicles on lane II is somewhere in between.
But if the vehicles are in the tunnel, the free flow speed on any lane
must be equal to a tunnel speed limit. As shown in Fig. 2(b), the ring
road has five initial jams at X;, I = A, B, C, D, E, and a tunnel located
between X, and Xg. Vehicles on ramp runs into the ring road at three
intersections Xpg;, Xpo, and Xg3. Any vehicle attempts to run off the
ring road should at first make lane changes and shift onto the lane III,
and then leaves through the ramp.

As the description of the three lane traffic flow is similar to that
of a double-lane traffic model (Zhang, et al. 2021a), using the ramp
parameter ¢ and the traffic elasticity y (= 0.68vzr), we can write the
TLM equations in the form

i+ 4y =0q/ly.
p(u, + uu) =R, (@)
)+ (o) =(p—p)/(zhy), fork=12.

where p = (p,+p,+p3)/3, the traffic density on lane III p; = 3p—(p; +p»),
and R satisfies (Zhu and Yang, 2013; Bogdanova, et al. 2015; Ma,
et al. 2018)

R+1[pr(R/p)y)x = (g, — @)/7 — py + [p(v + vu, ], (2)

Iy is the length scale of traffic flow, v; = 3yu, is the viscosity depending
on the product of elasticity and speed gradient (Zhu and Yang, 2013),
p is traffic pressure, g, is equilibrium traffic flow rate that can be
calculated with respect to the fundamental diagrams in Fig. 1, R/p
is the vehicular acceleration, v is the kinematic viscosity of traffic
flows, 7 is the relaxation time of traffic flow, and o is the ramp
parameter predicted by random number generator with Gaussian normal
distribution.

As there is different density on each lane, indicating that the equilib-
rium traffic flow rates g¢,, are lane dependent, as shown in Fig. 1. Using
the density fractions s; = p; /(3p) and s, = p,/(3p), ¢, is calculated by

de = 4151 + 4252 + 431 — 51 — 57). 3
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Fig. 2. (a)Three lane traffic flow, (b) Schematic of ring traffic flow with a freeway tunnel and five initial jams at X,;({ = A, B, C, D, E). The tunnel entrance and exit are located

at X, and X,,, tunnel length L, = X, — X,;.

Table 1
Parameters of traffic flow on ring road.
vy (km/h) 110 Pl 0.0746 X¢ (km) 50
v, (km/h) 100 P2 0.0819 Xy, (km) 70
vy3 (km/h) 90 P 0.0909 Xg (km) 90
vy, (km/h) 80 Pt 0.1021 X (km) 20
Xppy (m) 72 Pent 0.6538 X (km) 28
X, (m) 65 Pers 0.6374 L,, (km) 8
X5 (m) 58 Pers 0.6190 p,, (veh/km) 172
Xip (m) 51 Pea® 0.5984 u,, (km/h) 18
¢y (vy) 5.172 X, (km) 12 1(m) 5.8
¢,y (V) 4.879 Xgo (km) 45 1y(m) 100
c.5 (0y) 4.582 Xgs (km) 78 Uy = pyaUy, (M/5) 2.2756
¢4 (V) 4.280 Olay 0.05 to = 1o/, (8) 43.9448
A, 2.354 o [-0.2,-0.1] L (km) 100
A, 2.220 Cray 0.05 Re = vy /v 64
A 2.085 X, (km) 10 B, 3
A, 1.948 X (km) 30

2 p,,; and p,; for j=1,2,3,4 are measured by p,,.

In the normal segment excluding the tunnel x ¢ [X,,, X, ! €
{1,2,3}, let jam density be p,,, equilibrium traffic flow rates can be
written as (Zhang et al. 2018a)

PiVsrs for P < Pyl
—Cop 0(p;/py)s fOT py < py < poay's (C))

Byp{1 = sech(A; In(p;/p, )1}, fOr pooy < py < pyy -

el =

While in the tunnel x € [X,,;, X;»], as the free flow speed is just the
same as tunnel speed limit v 14 (see Table 1), equilibrium traffic flow
rates are

PiVra, for P <P
—co4p 0(p;/py), fOT py < py < poyys ©)

Byp {1 —sech(A;In(p,/p,)1}, for pooy < py < pyy -

el =

For j € {1,2,3,4}, in the definition of the equilibrium traffic speed at
saturation state c,;, the average length of vehicles /., has to be used.
In the definition of B;, the second critical speed u,,, and the speed ratio
Aj(=c;;/uc,) is used, as reported by Zhang et al.(2021a).

Similar to the work of Zhang et al.(2018b), TLM employs the defini-
tion of sound speed in classical mechanics, so that traffic pressure can
be expressed as p = c?p, assumes that the sound speed c is equal to the
equilibrium traffic speed at saturation c, at the second critical density
pe> and is inversely proportional to the relaxation time of vehicular
flow. However, the vehicular types, such as electric, hybrid and fuel
burning, has not been considered as an influence feature. Also, TLM
has not taken the account for the variations of vehicular engine types.

The sound speed denotes velocity of weak disturbances counter
flow propagation. It is determined by the signal transmission from the
vehicle in front to the vehicle following behind. Imagine, the front
vehicle driver applies brakes. Then the back lights begin shining, the
driver of the second vehicle sees the lights (signal transmission can be
considered immediate with the light speed), and then the brain and
muscular signal processing and vehicle reaction on pressing the pedal
gives totally the relaxation time, which is in the denominator. While
in the numerator, one has the distance between the back lights of the
first and second vehicles, which is the sum of distance between vehicles
plus average vehicle length. It can be seen from the above analysis,
that the main parameters, characterizing sound speed - the distance
between the vehicles and the reaction time of a human driver - have a
low dependence on the vehicle type. The vehicle characteristics could
affect the vehicle length and pedal pressing response time, which is an
order of magnitude smaller. This may be the scope for further research.

As the expressions of traffic pressure and sound speed are also
similar to the reported (Zhang, et al. 2018b), we will also omit them.
But it is worth noting that we have assumed that when traffic density
is over second critical point, traffic sound speed is exactly equal to
the speed C;j> 88 shown in Figs. 3(a-b) for the case of p, = 0.25,
where traffic sound speed ratio c¢/c, and traffic pressure p in the tunnel
are illustrated with legend tunnel, and normal for those in the normal
segment.



Z. Hu et al

2 ——————— c/c,, tunnel
c/c,, normal
1.5
o
o
o 1 \
05 Nsmmeme™ i
Pe2sl | Pe2
0 : : y '
0 0.2 0.4 0.6 0.8 1
(a) p

Transportation Research Interdisciplinary Perspectives 14 (2022) 100573

0.15
—————— p, tunnel
p, normal
04}

o T

0.05 P
0 02 04 . 06 08 1

(b) . a0 .

Fig. 3. Sound speed ratio c¢/c, (a) and traffic pressure p (b) versus density p for p, = 0.25, where p is measured by jam density p,,, with p measured by pmuzfr

3. Numerical method

Using definition ¢ = dp/dp, the pressure gradient p, may be written
as

Py =y,

then taking R; = R + p, + oqu/l instead of R, the governing Egs. be-
come

oU | oF(U)
o T Tox =8, ©®

where U = (p, q. p1. )", FU) = (q. ¢*/p + p. p1a/p. p2a/0)", S =
loq/lo: Ry, (p = p1)/ (B, (p — p2)/(xB)]T, superscript ‘T’ represents
vector transpose.

The eigenvalues of Eq. (6)a,, (k =1, 2, 3,4) are a; =u—c, a, =u+c,
and a3 = a4 = u, and the Jacobian matrix is

0 1 0 0
242 24 0 O
A=| _ws  u : @
Ll/} 5] u 0
_ U Z4
o 0, 0 u

To solve TLM equation (6), RK3 (Shu, 1988; Shu and Osher, 1989)
is used to resolve the time derivative term, and WENO5 (Jiang and
Shu, 1996; Henrick, et al. 2005) is used to calculate numerical flux
terms. As some detail of the numerical method has been given else-
where (Zhang, et al. 2021a), we will not repeat it. But it is worth noting
that the Courant number CFL for the Courant-Friedrichs-Lewy (CFL)
condition (Shui, 1998) is assigned as 0.6 to ensure numerical stability
in the numerical simulations of this paper.

4. Approaches for travel time and road efficiency
4.1. Approach for travel time

Using the approach presented by Zhang et al.(2018a), we can es-
timate the local average speed u;(f) at x;, with i depending on the
segment index k: if k = 4, the grid x,,i € [ny,,my,] is in the tunnel,
else if k = 3, the grid is in the normal road segment. The total length
of ring road is

4
L= 2 L ®
k=3

The instantaneous travel times through the road and tunnel may be
written as

Iinax N2
T() = Y, A, /6, Ty, () =Y Ax,/u,(1). )
i=0 Meul

Using time averaging, labeling the time of simulation start by 7, and

the time of simulation end by ¢4, the mean travel time through the

road, and the tunnel mean travel time T, are

tu,av
1 Tend
Tia = —/ T (©)d¢,
1,

t — 1
end 1 st Jig - (10)
Ttu,av = / Ttu,t(é)d§ .
Tend — st g
with the rms values T and T,,’ given by
, 1 Tend 5 12
=4 = [Tme-n.ea
Tend — Tt 1y
an

172
1 Tend
Ttu, = { ﬁ / [Ttu,t(g) - T;u,av]zdg} .
end st Jt

st
4.2. Approach for road efficiency

Road efficiency is also a crucial indicator for traffic flow dynamics,
as traffic congestion is not caused by demand exceeding capacity
but because of inefficient operation of highways during periods of
peak demand (Chen, et al. 2001). With the definition of efficiency in
Ref. (Morris and Trivedi, 2007), using k to represent the segment index,
¢;(1) in a unit of ¢, = p,,v, to denote traffic flow rate at x;, and u;(¢) in
unit of v, to denote traffic speed at x;, the road efficiency at a given
time ¢ and grid x;, can be written as

Flow(¢) X Speed(t) _ q;(t) - u;(1)

n(t, x;) = Y 2
" FloWpga, X Speedygay e (k)/e

where ¢, (k) is measured by Vo (= pialy;), e = 2.71828. Labeling s, ; =
Pl(ﬁ xi)/[?’/’(t» x,‘)], Sy = Pz(h Xi)/[3p(l, xi)], and $3; = 1- S1,i T 82, Cf(k)
can be written as

~ S1:Cr1 + 89;Cr + S3.C.3, for/l€=3,
Cr(k) _ { 1Litrl 2: 72 3,i%3 (13)
¢4, for k=4.

The values for c, »J = 1,234, used in the numerical simulations
have been shown in the second column of Table 1. Therefore, the

time-averaged road efficiency at grid x; is

Tend
My () = ——— / n(E.xpde. a4
tend - tst 1,

st

with the rms of efficiency given by

172
’end
o) ={ —— / (&, %)) — gy (epIPdE & as)
Z‘end_tsl 1,

st

It is noted that the grid speed u;(r) can also be predicted using
more simple traffic model, such as LWR (Lighthill and Whitham, 1955;
Richards, 1956). The numerical findings may be not fully the same as
that based on the Navier-Stokes like TLM and EZM (see Section 5.2).
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Table 2
po—dependencies of T, Ty, T, and T in the case without ramp flow effects for v ; = 40km/h.
TLM EZM

P9 T () T () T, (h) Ty, (h) T, () T (h) T' (h) T/ (h)
0.1 1.3126 0.1031 0.0049 0.0012 1.3126 0.1032 0.0049 0.0012
0.15 1.5326 0.1230 0.0038 0.0019 1.5328 0.1230 0.0038 0.0017
0.2 1.7686 0.1475 0.0064 0.0037 1.7691 0.1477 0.0065 0.0034
0.25 2.0412 0.1762 0.0058 0.0034 2.0421 0.1763 0.0060 0.0031
0.26 2.1001 0.1832 0.0057 0.0033 2.1010 0.1834 0.0059 0.0034
0.27 2.1600 0.1907 0.0057 0.0041 2.1607 0.1906 0.0058 0.0042
0.28 2.2235 0.2075 0.0070 0.0154 2.2218 0.1983 0.0055 0.0048
0.29 2.2865 0.2156 0.0073 0.0182 2.2880 0.2202 0.0083 0.0220
0.3 2.3558 0.2185 0.0100 0.0183 2.3530 0.2230 0.0089 0.0213
0.368 2.8591 0.2856 0.0253 0.0242 2.8678 0.2853 0.0274 0.0241
0.4 3.1543 0.2849 0.0219 0.0133 3.1451 0.2867 0.0210 0.0152
0.5 4.0651 0.3136 0.0059 0.0059 4.0651 0.3136 0.0059 0.0059

5. Results and discussion
5.1. Simulation parameters

In the numerical simulations of this paper, it is assumed that the
tunnel speed limit is v 3(=80km/h), the free flow speed on lane I, II
are respectively v, =110 km/h, v;, =100 km/h, while the free flow
speed on lane III v; is selected as 90 km/h, unless the effect of the
free flow speed such as v, is studied, as shown in Table 1. From the
second column of Table 1, it can be seen that the positions of three
ramp intersections are respectively Xi, = 12 km, Xy, = 45 km, and
Xgr3 =78 km. The 3rd column shows that the tunnel entrance is located
at X,,; = 20 km, the tunnel length is L,, = 8 km, indicating that
the tunnel exit is at X,,, = 28 km. The ring road has a total length
L =100 km, the second critical speed u,, is 18 km/h, and the relevant
Reynolds number Re = /v, /v is 64. The parameter to describe the lane
changing time is g, = 3.

To seek tunnel effects on traffic flow on the three lane ring road, as
schematically shown in Fig. 2(b), numerical simulations are conducted
by solving the equations of TLM, with the FD as shown in Fig. 1. Five
initial jams assumed artificially are located at X;, (I = A, B, C, D, E),
other traffic flow parameters, such as the first and second critical
densities p, j and Peajs J=1,2,3,4, are also given in Table 1.

The distribution of initial densities are assumed to be

{1, for x =€ [x; — 1/2,x; +1/21,
p1(0,x) = .
(1.25 + g1)p,. otherwise.
for x € [x; — 1/2,x; +1/2],

1,
0,x) = (16)
p20,) {(1.25 — g1)po, otherwise.

1+1 3,
2(0.x) = {( +1+4p9)/

Pos otherwise.

for x € [x; — 1/2,x; +1/2],

with ¢(0,x) = ¢,(p(0,x)), g is a random number produced by cor-
responding generator with Gaussian normal distribution, its average
value is 0, and its root mean square (rms) value is set as 0.025. It
implies that the initial traffic density on lane III is

po, for x =€ [x; —1/2,x; +1/2],
p3(0,x) = i
po/2, otherwise.

The propagation of initial jams is extremely dependent on the value of
initial density p,, tunnel effects, ramp flow effects and the value of y
(Smirnova,et al. 2016, 2017).

5.2. Model comparison

To validate the reliability of TLM, the traffic flow model of Zhang
(2003) is employed. The extended Zhang’s model (EZM) has the equa-
tions written as

prt+ac=0q/ly,

g +{4d*/p}, =R, a7
(i) + (o) = (p = pp)/(zf,), for k=1,2.
with

R=(q, — @)/t = px = [2Pcy) - (c/co)luy + [(2fcy) - (c/co)pluy-

These equations are also solved by the WENO5-RK3 scheme as that for
the equations of TLM. By making use of the same formulae for traffic
pressure and sound speed in TLM, the EZM is also used to estimate
the mean travel time and its root mean square (rms) value to provide
the counterpart results for comparison. As shown in Table 2, TLM
can predicts practically similar travel time as those estimated by the
EZM. For instance, in the case of p, = 0.3, as seen in the 4th to last
line of Table 2, in comparison with the values predicted by EZM, the
deviations of T, ,, and T, ,, are 0.28% and —0.45% h respectively, the
deviation of 7/ is 0.11% h, with the deviation of T}, equal to —0.3% h.
The absolute values of the four mentioned deviations are all less than
0.5% h, or 18 s. This allows us to conclude that TLM is reliable.

5.3. Spatiotemporal evolution of traffic density

Detailed behavior of a system is generally not reproducible in
analyzing queues in transportation systems (Daganzo, 1997). In this
study, to produce the queues on the ring road, it is assumed that there
are five initial jams, with the tunnel located between the jams initially
located at X, and Xy, as shown in Fig. 2.

Traffic flow pattern illustrated by spatiotemporal evolution of p in
the case of completely ignoring ramp flow effects, is helpful to judge
whether there exists a traffic shock near the tunnel so that tunnel
bottleneck effects become more obvious.

In Figs. 4(a—c), the traffic flow patterns for the free flow speed on
lane III v 3 = 40, 50, 60 km/h are shown. In the left part of Fig. 4(a),
when initial density p, = 0.27, from the point view of time averaging,
p in the tunnel is higher than that in normal road segment. Initial
and spontaneously generated jams propagate forward. Traffic shock has
not occurred near the tunnel. However as shown in the right part of
Fig. 4(a), when p, = 0.28, a traffic shock appears at the tunnel exit when
t ~ 2.4 h, propagates backward causing an obvious traffic congestion in
the tunnel, suggesting that the threshold of shock formation normalized
by jam density p,, ~ 0.28 when v; = 40 km/h. As shown in Fig. 4(b),
when v,3 = 50 km/h, one traffic shock originates at the tunnel exit at
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Fig. 4. Spatiotemporal evolution of traffic density p on the ring road in the case without ramp flow effects, (a) v, = 40km/h, p, = 0.27 and 0.28, (b) v,; = 50km/h, p, = 0.26

and 0.27, (¢) vy; = 60km/h, py = 0.24 and 0.25.

a time of ¢ ~ 2.5 h, another shock at the tunnel entrance appears when
t ~ 0.15 h, the normalized threshold of shock formation p,;, ~ 0.27.

However, when v 3 = 60 km/h, there is a traffic shock at tunnel
entrance at a time of 7 ~ 0.15 h, p;, = 0.25, as can be seen in Fig. 4(c).
These traffic flow patterns indicate that the free flow speed on lane III
(vr3) has a significant effect where and when the tunnel-related traffic
shock appears.

Under the conditions ramp flow effects being taken into account,
when the mean off-ramp parameter o,,, = —0.1, traffic flow patterns for
po = 0.18 and 0.19 are shown in Fig. 5(a), where the left part indicates
the life time of traffic shock at the tunnel entrance is lower than 0.5 h,
while the life time is about 1 h as can be seen in the right part,
suggesting that the normalized threshold of shock formation is about
0.19. While the traffic flow patterns shown in Fig. 5(b) indicate the
normalized threshold is around 0.2 when the mean off-ramp parameter
05,y = —0.2, suggesting that on-ramp flow has an effect on the value of
Pth-

The effects of v,; and the mean off-ramp parameter o,,, on the
threshold of traffic shock formation p;, can be seen clearly in Table 3. In
real freeway networks, the ramp intersections depends on distributions
of traffic demands, certainly causing the threshold of traffic shock for-
mation difficult to be measured. Indeed, tunnel bottleneck phenomena
are concerned as reported. However, TLM-based numerical finding for
threshold p;, has an academic significance in understanding the tunnel
bottleneck problem.

Note that the traffic flow pattern depends intimately on the evolu-
tion of traffic jams and deflation waves and the FD used in numerical

Table 3
Threshold of traffic shock formation.

Without ramp flow effects, 6, =0, k €[1,2,3]

v 5 (km/h) 40 50 60 70 80

Pin 0.275 0.265 0.245 0.235 0.225
With ramp flow effects, v,; = 90km/h

Oy -0.1 -0.15 -0.175 -0.2

Pin 0.185 0.195 0.195 0.195

simulations, as can be seen in Refs. (Daganzo (1997, Zhang, Wong and
Dai, 2009; Lebacque and Khoshyaran 2013; Smirnova, et al. 2017).
TLM has adopted a dynamic FD, as the 1st and 2nd critical densities
of the three lane traffic flow are instantaneously determined.

5.4. Variable distributions

5.4.1. Instantaneous distributions

The propagation of initial and spontaneously generated jams
(Kerner, 1998) can bring about the oscillations of density and speed
of traffic flow, depending on the initial density. This explains why the
distributions of traffic density and speed at the time of + = 1 h occur
oscillations, as shown in Fig. 6(a), where the tunnel with a width 8 km
is shown by the solid square. In the segment close to tunnel entrance,
the traffic density p is larger, and traffic speed u is lower inversely as a
result of traffic shock formation at tunnel entrance. When p, = 0.25, at
the time of + = 1 h, in the downstream segment close to tunnel exit, p
drops rapidly at first from 0.3 to a value about 0.2 and then gradually
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Fig. 6. Distributions of traffic density p and traffic speed u (a) and density fraction s, [= p,/(3p)] (b) at t=1 h on the ring road for p, = 0.25, ¢,,, = 0.2, and o,,; = 0,3 = 0.05.

decreases to a value of about 0.175 within a distance of about 11 km,
indicating that the tunnel provides a smooth downstream segment close
to tunnel exit when a traffic shock appears at tunnel entrance.

In Fig. 6(b), the density fraction on lane I s, is illustrated. From Eq. ,
one can derive the equation of s,
ds; as

e +uax1 = (1/3 = 5))/(zp,) — sou/l;.

It can be seen that the propagation speed of any disturbance of s, is
just traffic speed u, the desired value of s, is 1/3. From the source term
—s,ou/ly, it is seen that the on-ramp flows cause two negative pulses
at Xy, and Xp,, and the off-ramp flow leads to a positive pulse at Xg,.
The ramp shunting at Xy, =45 km plays the role of smoothing segment
downstream the ramp intersection.

5.4.2. Time-averaged distributions

For p, = 0.2 and 0.368, the distributions of #,, and »’ on the whole
ring road in the case accounting for ramp flow effects are presented in
Figs. 7(a-b). According to the discussion in sub Section 5.3, when there
is ramp flow effects, the threshold for shock formation is about 0.19,
implying that for p, = 0.2, and 0.368, there is a traffic shock originated
at tunnel entrance. From Figs. 7(a-b), it is seen that in the segment from
tunnel exit to the intersection at Xy, = 45 km, the distributions for #,,
and ' are almost insensitive to o,,,. Furthermore, for p, = 0.368, due
to the influence of the propagation of traffic shock, in the segment from
the periodic boundary (x = 0) to the ramp intersection (x = Xg,), the

distributions of 7,, and »’ are also almost insensitive to the mean ramp
parameter o,,,. The time-averaged road efficiency #,, and its rms value
' distribute in a way intimately relying on the choice of p,. Indeed,
the distributions of 7,, and " rely on the evolution traffic flow, such as
shown in Fig. 5.

5.5. Comparison of results with experimental measurements

For validating TLM, obtained by re-setting the tunnel length as
L, = 1.5km, the predicted time averaged speed u,, near the tunnel and
the corresponding root mean square (rms) u’ for p, = 0.3, 0.368, or 0.4
in the case for the absence of ramp flow effects are shown in Figs. 8(a—
b), with the recorded speed at the Kobotoke tunnel in Japan (Koshi,
et al. 1992) and the calculated speed on the basis of a behavioral
kinematic wave model (Jin 2018) also illustrated in Fig. 8(a). It can
be seen that there is a conformity between u,, and the recorded speed
as well as the calculated speed. As the mean travel times through the
tunnel with a length of 1.5 km for p, = 0.3, 0.368, and 0.4 are 0.0541,
0.0545, and 0.0573 h, indicating that the mean traffic speeds through
the tunnel are 27.72, 27.52, and 26.178 km/h respectively, which are
all in a good agreement with the mean speed 28.9 km/h estimated from
the work of Koshi et al.(1992) and the mean speed 33.8 km/h from the
work of Jin (2018).

Indeed, this comparison is used just to indicate TLM has its practical
reasonability. As reported (Zhang, et al. 2021b), as the traffic flow
conditions are naturally different, how much is the uncertainty of the
time averaged speed is not crucial.
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5.6. Travel time

Different from the work of Chang and Mahmassani (1988) and
Wang et al.(2016), in this paper travel time is calculated using the grid
traffic speed u;(r) as described in Section 4.1.

Under the conditions ramp flow effects not being taken into account,
the py— dependencies of the mean travel time 7, ,,, its rms 7/, the tunnel
mean travel time T,,,,, and its rms T}, at different values of v/, are
shown in Figs. 9(a—d). The braking distances for these values of v 3
given in Table 4 are determined by observing whether the FD of traffic
on lane III is sufficiently continuous. The data based on TLM labeled by
thin solid line with unfilled circles are consistent with the data based on
the EZM labeled by red-filled squares excellently. As shown in Fig. 9(a),
T, ,, at a given density p is shorter when the free flow speed at lane
I (v f3) is higher. As can be seen in Table 2 and Fig. 9(b), When p,
is below py, T/ is generally below 0.055. 7T/ is below 0.1 if the initial
density is below 0.5 (see Table 4).

The variation of tunnel mean travel time T, ,, with p, is illustrated
by Fig. 9(c). There exists a turning point on the variation curve of T, ,, .
This point is just at p,,. As shown by the curve with green filled circles
for vz = 80 km/h, the turning point is at p, = 0.23 [see Fig. 5(b)].
The tunnel mean travel time T, increases with the increase of p,

tu,av
when p, varies from 0.1 to 0.22. But as soon as the turning point

Table 4

Braking distances X, at different values of v;.
v 5 (km/h) 40 50 60 70 80
Xpp3 (m) 22.6 29.8 37 44 51

is passed through, T, ,, quickly approaches to a constant value and
shows a plateau in the range from the turning point to the saturation
point (py = 1/e). As seen in Fig. 5, p, relies the value of v,3, the
variation of T, ,, with p, depends on the free flow speed on lane III
U3 significantly.

As shown in Fig. 9(d), the dependence of rms T[’u on p, has a
characteristics that when the density reaches to the turning point, the
variation curve of 7 has a local peak.

Under the conditions ramp flow effects being taken into account,
for the ramp parameters assigned in this study, Zi:] Oray <0, if
the sum of o, is negative, ramp flow effects play an overall role
of vehicle grooming. Therefore, with the increase of ramp shunting
at the intersection Xy,, the mean travel time becomes lower for a
given density p,, as seen in Fig. 10(a). In this work, merely four
assignments are tested, by using the linear regression after logarithmic
processing (Wang, et al. 1979), an expression for the fitted mean travel
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in the case with ramp flow effects. Note that in part (a) of this figure A =9.1060 h, m = 1.5670, b = 0.8532 h.

time T, is obtained, its form is

Tyt = Apg +b 18)

where A = 9.1060 h, m = 1.5670, b = 0.8532 h, p, ranges from
0.1 to 0.625. The regression of log;y A and m has a linear correlation
coefficient of 0.9998, with a residual standard deviation of about
0.63%.

As shown in Fig. 10(b), the variation of rms Tl’ with p, is rather
sensitive to the choice of o,,,. In particular, when p, is assigned below
the threshold 0.19, T/ is lower, generally below 0.055.

6. Conclusions

To ascertain tunnel effects on ring road traffic flow from the view
of macroscopic model, a three lane traffic model is proposed. Using the
equations of the macroscopic model, a code is elaborated, which allows
us to conduct numerical simulations of ring road traffic flow. Numerical
results show the following conclusions:

1. The three lane traffic model proposed in this paper can be used
in the numerical exploration of tunnel effects upon traffic flow,
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which is helpful for deep understanding of the performances of
tunnel bottlenecks.

2. Under the conditions of ramp flow effects being taken into
account, the tunnel generates a shock wave as soon as initial
density on the ring road arrives at a threshold. Numerical results
from the platform of simulation indicates that the threshold
depends on the free flow speed on lane III. When the free flow
speed on lane I is 110 km/h, the free flow speed on lane II is
100 km/h, and the tunnel speed limit is 80 km/h, when the
free flow speed on lane III is 40 km/h, the threshold in the unit
of jam density equals to 0.275, the traffic shock is originated
at the tunnel exit; when the free flow speed is 50 km/h, there
are two traffic shocks generated by the tunnel, one originates at
the tunnel exit, another at the tunnel entrance, the threshold is
0.265; when the free flow speed is 60, 70, or 80 km/h, the traffic
shock appears at the tunnel entrance.

3. Tunnel provides a smooth downstream segment close to tunnel
exit when there is a traffic shock occurs at tunnel entrance.
The distributions of mean road efficiency and its root mean
square value rely intimately on the spatiotemporal evolution of
traffic flow. For instance, when the initial density is equal to the
saturation density, a traffic shock originates at tunnel entrance
and propagates backward, the interaction and propagation of
traffic waves make the distributions of #,, and #’ in the segment
from the periodic boundary (x = 0) to the off-ramp intersection
almost insensitive to the mean off-ramp parameter.

4. In the case with ramp flow effects, the free flow speed on lane III
is set as 90 km/h, due to the on-ramp allows vehicles run into
the segment upstream the tunnel, the threshold becomes 0.19.
The threshold is just the turning point for the variation of tunnel
mean travel time with initial density. The tunnel mean travel
time increases with the increase of initial density, but when the
turning point is passed through, the travel time approaches to a
constant quickly and the variation curve show a plateau in the
range from the turning point to the saturation point, at which
the initial density in the unit of jam density is 1/e. Using linear
regression after logarithmic processing, the fitted mean travel
time has the form

oy = Apy +b

where A = 9.1060 h, m = 1.5670, b = 0.8532 h, p, is the initial
density in the unit of jam density, has a range from 0.1 to 0.625.

Nomenclature

A Jacobian matrix

B, =u,/{1- sech[Aj In(peo;/ppl}s @ speed, (km/h)

¢ traffic sound speed, (m/s)

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

¢,; equilibrium traffic speed at saturation, v,

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

I, average vehicle length, (m)

Iy length scale being taken as grid step, (m)

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

R/ ptraffic flow acceleration, (m/s?)

X, position of tunnel entrance (km)

X, position of tunnel exit (km)

X,jbraking distance on lane j for j = 1,2,3, in the tunnel
for j =4 (m)

Xgikth ramp intersection

X; I =A, B,C, D, E, positions of initial traffic jams (km)

vy free flow speed on lane I, (km/h)

Vs free flow speed on lane II, (km/h)

v 3 free flow speed on lane III, (km/h)

€

10
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Nomenclature

vsy speed limit of freeway tunnel, (m/s)

u traffic speed, (v fz)

u, equilibrium speed, (v 2)

vy speed scale, (m/s)

L total length of ring road, (km)

L, tunnel length, (m)

a =1py

p, ratio of lane-changing time to relaxation time
y traffic flow elasticity, (m?)

p  traffic density, (veh/km)

pn traffic jam density, (veh/km)

o random parameter for ramp flow

T, ,, mean travel time, (h)

T, .ytunnel mean travel time, (h)

Tt’ root mean square of travel time, (h)
Tl’u root mean square of tunnel travel time, (h)
t  relaxation time, (s)
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