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ABSTRACT At present, there is no standard or research to define the specific length of the entrance and exit
sections of an undersea tunnel. In combination with the unique longitudinal slope of the undersea tunnel and
the change in the illumination difference, the lengths of the lane change, transition and adaptation sections
of the entrance and exit sections of the undersea tunnel were theoretically deduced, and a model for the
entrance and exit sections lengths was established. Considering the Qingdao Jiaozhou Bay undersea tunnel
as an experimental subject, the accuracy of the model of the entrance and exit section lengths was verified
using twomethods. The results indicated that the lengths of the entrance and exit sections of undersea tunnels
change with changes in the factors such as the illumination, vehicle speed, and slope. In the case of the
Qingdao Jiaozhou Bay undersea tunnel, when the vehicle passes the undersea tunnel at a speed of 70 km/h on
a sunny day, according to the studied model, the entrance and exit sections of the undersea tunnel are 146.7 m
and 157.1m long, respectively. The entrance and exit section lengths of the undersea tunnel, determined using
test method 1 and test method 2 are 151.0m, 153.6m and 161.0m, 148.9m, respectively. The absolute errors
between the results of the model and test method 1 and 2 are less than 10%. These findings indicate that the
model for the entrance and exit section lengths of undersea tunnels is reasonably accurate.

INDEX TERMS Undersea tunnel, length of the entrance and exit sections, illumination, percentage of eyelid
closure, longitudinal slope.

I. INTRODUCTION
An undersea tunnel is a large scale artificial transportation
facility for vehicles that is built under the seabed to solve
the traffic problems between straits and bays [1]. Undersea
tunnels can change the traffic pattern and promote the social
and economic development on both sides of the tunnel. Such
tunnels can alleviate the problem of land occupation, do not
obstruct sea navigation, can facilitate all weather traffic flow,
and exhibit a large traffic capacity [2].

In contrast to road tunnels, the submarine section of an
undersea tunnel is below sea level, with a limited height, large
length, and relatively closed regions. There is not enough
natural lighting, and the necessary illumination for driving
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is provided through artificial lighting [3], [4]. Consequently,
the driver undergoes a ‘‘bright-dark-bright’’ visual change
process when driving the vehicle through the tunnel during
the day [5], [6]. The difference in the illumination inside
and outside the tunnel may lead to the ‘‘black hole effect’’
and ‘‘white hole effect’’ in the entrance and exit sections of
the undersea tunnel, respectively, and drivers may experience
a lag in the visual adaptation, which may affect drivers’
driving ability and behavior [7], [8]. Moreover, the road
alignment at the entrance and exit of the undersea tunnel is
more complicated than that within the tunnel. This unique
alignment of the longitudinal slope makes it challenging for
drivers to obtain traffic information at the entrance and exit
of the undersea tunnel [9], [10]. Under the combined effect
of the illumination and longitudinal slope, the driver many
exhibit a reduced control of the vehicle, leading to physical
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FIGURE 1. Schematic of undersea tunnel section.

and psychological stress, which poses a considerable hidden
risk to driving safety [11]-[13]. Because undersea tunnels
are strategic transportation facilities, they play a vital role in
facilitating urban traffic. The occurrence of a traffic accident
may impede the functionality of the undersea tunnel, thereby
causing local large scale regional traffic congestion at both
ends of the tunnel, which threatens the productivity and
daily lives of the residents and the safety of life and prop-
erty [14], [15]. The rate of and losses associated with traffic
accidents in a road tunnel are considerably larger than those
for an ordinary road, and accidents more frequently occur
at the entrance and exit sections of road tunnels [16]-[18].
As undersea tunnels have been developed only recently and
are few in number, research on the entrance and exit sections
of the undersea tunnel is lacking. The length of the entrance
and exit sections of undersea tunnels is of significance for
the operation and management of the undersea tunnels and
the related theoretical research. Therefore, this article reports
on the verification of the length of the entrance and exit
sections of a road tunnel, along with the actual situation of an
undersea tunnel. Moreover, the characteristics of the driving
environment and traffic participants in the undersea tunnel
were examined to verify the length of the entrance and exit
sections of the undersea tunnel and establish a model.

II. DIVISION OF ENTRANCE AND EXIT SECTIONS OF THE
UNDERSEA TUNNEL
An undersea tunnel is a key branch of road tunnels [19].
However, due to the unique structure of the undersea tunnels,
in contrast to that of an ordinary road tunnel, the driving
environment is slightly different in terms of the complex
longitudinal slope present in undersea tunnels [20]. The path
of undersea tunnels enters the seabed from the land, passes
under the seabed, and moves outward to the land. Owing
to this physical structure, undersea tunnels have an ‘‘U’’
shape [21]–[24]. Therefore, ordinary road tunnels do not have
complicated longitudinal slope changes. Due to this physical
structure, the road alignment of an ordinary road tunnels
appears as a ‘‘horizontal line segment’’ [25]–[28].

In this research, a complete undersea tunnel is divided
into the approach section, entrance section, middle section,

exit section, and departure section [29], [30]. The exit and
entrance sections are divided into lane change, transition and
adaptation sections [31]. A schematic of the undersea tunnel
division is shown in Figure 1.

III. VERIFICATION AND MODELING OF THE ENTRANCE
AND EXIT SECTION LENGTHS
A. VERIFICATION AND MODELING OF THE LANE CHANGE
SECTION LENGTH
Because the entrance and exit lane change sections are located
outside and inside the undersea tunnel shelters, respec-
tively, the difference in the illuminance before and after
the entrance and exit lane change sections is small. Fur-
thermore, because the lane change section is located in the
transitional area between the land and coast, the slope of the
lane change section changes considerably. Therefore, when
verifying the length of the lane change section, the influence
of the road slope on the lane changing behavior must be
examined.

The purpose of driving on the lane change section is
to move from the original lane to a target lane. The pro-
cess of changing lanes can be divided into the lane change
decision making section, execution section and completion
section [32]. The process of a vehicle changing lanes is
illustrated in Figure 2.

Figure 2 shows that the driving track of the vehicle in the
lane change decision making and completion sections is a
straight line, while that in the lane change execution section
exhibits an ‘‘S’’ shape, connected by two curves with a con-
tinuously changing curvature. The running track is shown
in Figure 3.

As shown in Figure 3, the lane change execution section
can be divided into stages I and II. In stage I, the driver
controls the steering wheel such that the vehicle deviates from
the straight state and moves to the boundary between lanes
A and B. In stage II, the vehicle moves from the boundary
between lanes A and B into lane B, and re-enters the straight
state. Stages of I and II can be connected by two opposite
curves of equal length. Based on the characteristics of the
vehicle’s driving track, the transition curve coincides with the
track of the vehicle’s centroid, and the minimum radius of
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FIGURE 2. Schematic of a vehicle change lanes.

FIGURE 3. Schematic of the vehicle lane changing track.

the curve at the connection is the minimum turning radius of
the vehicle at the given speed [33].

The minimum turning radius refers to the minimum radius
that can ensure the safe passage of a vehicle through the curve
of the road. Specifically, when the vehicle passes through
a curve, the friction force (i.e., centripetal force) generated
by the vehicle tire and the ground is equal to the centrifugal
force. Therefore, the corresponding calculation formula can
be obtained through the force analysis of the vehicle at the
curve:

R =
v2

127 (µ+ ih)
(1)

where R is the radius of the cur (m); v is the vehicle speed
(km/h); µ is the sideways force coefficient; and ih is the
superelevation.

Furthermore, when vehicles change lanes, they exhibit not
only lateral displacement but also longitudinal displacement.
As shown in Figure 3, suppose L2 and 1y represent the
longitudinal and lateral displacement of the vehicle in the lane
change execution section, respectively, according to the geo-
metric relationship, the following formulas can be obtained.

L2 = 2T (1+ cosα) (2)

1y = w (3)

T = (R+ p) tan
α

2
+ q (4)

p =
L2s
24R

(5)

q =
LS
2
−

L3S
240

(6)

β =
α

2
=
LS
2R

(7)

l = 4Ls = vt (8)

where T is the tangent length (m); w is the lane width (m); q
is the tangent increment (m); p is the inward extension (m);
Ls is the transition curve length (m); β is the transition curve
angle; α, l, and t represent the tangent angle of the center
point, driving track length, and vehicle driving time (s) for
the lane change execution section, respectively.

The length of the lane change execution section can
be derived using the aforementioned calculation formula,
as shown in formula (9), as shown at the bottom of the next
page:

The total length of the lane changing section is

D1 = L1 + L2 + L3 (10)
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TABLE 1. Luminance reduction coefficient.

L1 = vt1 (11)

L3 = vt3 (12)

where L1 and t1 denote the lane change decision making
section length (m) and reaction time (s), respectively; L3 and
t3 denote the lane change completion section length (m) and
reaction time (s), respectively.

B. VERIFICATION AND MODELING OF THE TRANSITION
AND ADAPTATION SECTION LENGTH
According to the design specification of highway tunnels
(JTG D70/2-2014, in China) [34], the luminance at the
entrance of an ordinary road tunnel is

Lth1 = k × Lw (13)

Lth2 = 0.5k × Lw (14)

where Lth1 and Lth2 represent the luminance of the tran-
sition and adaptation sections (cd·m−2), respectively; k is
the luminance reduction coefficient, and its values are listed
in Table 1. Lw is the luminance outside the hole (cd·m−2); if
no measured data are available, the value of this parameter
can be considered according to Table 2.

Considering the effect of the longitudinal slope at the
entrance and exit of the undersea tunnel on the driver,
the luminance of the entrance and exit sections of the under-
sea tunnel can be defined as

Lth1 = k × Lw × η (15)

Lth2 = 0.5 k × Lw × η (16)

L = E × r (17)

where η is the longitudinal slope correction coefficient; L is
the luminance (cd·m−2); E is the illumination (lux); r is the
reflection coefficient.

According to the reference [34], under ordinary circum-
stances, the maximum allowable longitudinal slope of a
road tunnel is 3%. Because undersea tunnels must cross
the seabed, the associated longitudinal slope is generally

larger than 3%. Considering the actual longitudinal slopes of
the Qingdao Jiaozhou Bay undersea tunnel and Tokyo Bay
undersea tunnel, which are in operation, to facilitate practi-
cal operation, the maximum allowable longitudinal slope of
the undersea tunnel was set as 4%. Consequently, η can be
calculated using formula (18).

η =


1+

i
4%

, entrance section

1+
0.5i
4%

, exit section
(18)

where i is the longitudinal slope (%).
Considering the driver’s visual characteristics at the

entrance and exit sections, the calculation formula for the
length of the transition and adaptation sections is as shown
in formulas (18) and (19), respectively:

D2 =
1
2

(
1.154Ds −

h− 1.5
tan 10◦

)
× η (19)

D3 =
1
2
(1.154Ds −

h− 1.5
tan 10◦

)× η + Ts × 3.6v0 (20)

DS = d1 + d2 + d0 =
v1 × t0
3.6

+
v21

254µ1
+ d0 (21)

where D2 is the transition section length (m); Ds is the stop-
ping sight distance (m); D3 is the adaptation section length
(m); TS is the visual adaptation time (s); v0 is the design speed
of the undersea tunnel (m/s); d1 is the reaction distance (m);
d2 is the braking distance (m); d0 is the safety distance (m);
v1 is the driving speed (km·h−1); t0 is the driver’s reaction
time (s); µ1 is the longitudinal friction coefficient between
the road surface and tire.

When a driver drives the vehicle through the entrance and
exit sections of the undersea tunnel, due to the difference in
the illumination inside and outside the undersea tunnel, a cer-
tain amount of time is required for the driver’s vision to be
restored, which is termed as the visual adaptation time [35].

In this research, a real vehicle experiment was performed
at the Qingdao Jiaozhou Bay undersea tunnel. An eye tracker

L2 = 2
{[

v2

127(µ+ ih)
+

127(µ+ ih)
384

]
tan

127(µ+ ih)
8

+
vt
8
−

16129(µ+ ih)2t3

15360v

}
(1+ cos

127t(µ+ ih)
4v

) (9)
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TABLE 2. Luminance outside the hole (cd·m−2).

FIGURE 4. Curve of the drivers’ visual adaptation time at the entrance of
the undersea tunnel.

was used to measure the percentage of eyelid closure for
the driver, and an illuminometer was used to measure the
difference in the illuminance at the entrance and exit. Con-
sidering the percentage of eyelid closure as the characteristic
indicator of the visual adaptation time, the time period from
the relatively large fluctuation of the percentage of eyelid
closure to the restoration of a stable state was deemed as the
visual adaptation time.

Through the statistical analysis of the relevant data
obtained from the experiment, the fitting curve between
the driver’s visual adaptation time and the difference in
the illumination inside and outside the tunnel is shown in
Figure 4 and Figure 5.

According to Figure 4 and Figure 5, the calculation for-
mula for the fitting curve of the visual adaptation time and
illuminance difference of the driver at the entrance and exit
of the undersea tunnel can be expressed as in formulas (22)

FIGURE 5. Curve of the drivers’ visual adaptation time at the exit of the
undersea tunnel.

and (23), respectively:

Tr = 9.3945ln (1Lr )− 90.175 (22)

Tc = 8.5101ln (1Lc)− 80.918 (23)

where Tr and Tc represent the visual adaptation time for the
entrance and exit sections (s), respectively; 1Lr and 1Lc
denote the illumination difference at the entrance and exit
sections (lux), respectively.

According to these calculation formulas, the model to
calculate the length of the entrance and exit sections of the
undersea tunnel can be obtained, as shown in formulas (24)
and (25), respectively:

Dr = λD1 + D2 + D3, λ ∈ {0, 1} (24)

Dc = λD1 + D2 + D3, λ ∈ {0, 1} (25)
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FIGURE 6. Illumination and percentage of eyelid closure in the undersea tunnel sections.

where Dr and Dc denote the length of the entrance and exit
sections of the undersea tunnel (m), respectively; λ represent
the lane changing coefficient, with a value of 0 or 1. When
λ = 0, the driver enters the entrance or exit without changing
the lane, and when λ = 1, the driver changes lanes at the
entrance or exit.

IV. MODEL VALIDATION
To verify the rationality and accuracy of the calculationmodel
of the entrance and exit section lengths of the undersea tunnel,
the Qingdao Jiaozhou Bay undersea tunnel was used as an
experimental site, and the model was verified using two
methods. Qingdao Jiaozhou Bay undersea tunnel has a total
length of 7.8 km, of which the cross-sea section is 4.1 km, and
the deepest section is 82.8 m below sea level. It has 3 lanes
in each direction, and the design speed and maximum speed
limit for each area of the undersea tunnel is 80 km/h [36].

A. TEST METHOD 1
The length of the entrance and exit sections of the undersea
tunnel was verified considering the change in the visual char-
acteristics of the driver, in terms of the percentage of eyelid
closure. In general, the percentage of eyelid closure refers to
the iris coverage when the upper and lower eyelids are closed,
and its value is between 0 and 1. A value of 0 means that the
upper and lower eyelids do not cover the iris, and a value of 1
means that the iris is completely covered by the upper and
lower eyelids. The closure degree of the eyelid can reflect the
attention and tension states of the driver.

During a sunny daytime period, the driver passed the
Jiaozhou Bay undersea tunnel at a usual speed of 70 km/h.
The percentage of eyelid closure and illumination of the
undersea tunnel were recorded when the driver passed
through the undersea tunnel, and the results were analyzed.
The corresponding results are shown in Figure 6.

In Figure 6, points A and B are the start and end points of
the undersea tunnel entrance and exit sections, respectively.
In section A-B, the percentage of eyelid closure of the left
and right eyes is low, and its value first decreases and later
increases, indicating that the driver is focused and nervous
when entering the entrance section of the undersea tunnel.
After a brief period of adaptation, the driver’s nervousness
gradually decreases and returns to the normal state at point
B. Thus, point B can be regarded as the end point of the
entrance section of the undersea tunnel. Similarly, point C is
the starting point of the exit section of the undersea tunnel.
Through actual measurement, the length lA−B is 161.0 m, and
lC−D is 151.0 m.
When the parameters in the model to verify the length of

the entrance and exit sections of the undersea tunnel change,
the length of the entrance and exit sections of the undersea
tunnel vary accordingly. Specifically, in the direction from
the Huangdao District to the Shibei District, the entrance
and exit of the Qingdao Jiaozhou Bay undersea tunnel are
south and north facing holes, respectively, with the average
longitudinal slope of the entrance and exit sections being
3.9% and 3.4%, respectively. Therefore, ηc = 1.44, and
ηr = 1.98. We assume that the driver enters the undersea
tunnel transition section in the same lane and keeps driving in
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TABLE 3. Basic information of the drivers.

the original lane through the undersea tunnel entrance and exit
sections, i.e., λ = 0; the driver’s reaction time is t = 2.0 s; the
driving speed s = 70 km/h; the friction coefficient µ1 = 0.5;
the illuminance difference at the entrance and exit of the
undersea tunnel 1Lc = 1Lr = 40000 lux; the design speed
of the undersea tunnel v = 80 km/h. According to calculation
formulas (24) and (25), the length of the entrance and exit
sections of the Qingdao Jiaozhou Bay undersea tunnel is
146.7 m and 157.1 m, respectively.

Considering the result obtained using test method 1 as the
true value, the relative error of the result obtained using the
model is

∂ =
100%1

L
(26)

where1 is the absolute error, i.e., the difference in the results
obtained using test method 1 and the model. L is the result
of test method 1. According to formula (26), the relative
error in the length of the entrance and exit sections of the
undersea tunnel, obtained by the model, is 2.4% and 2.8%,
respectively. The relative error in the length of the entrance
and exit sections of the undersea tunnel is less than 5%, which
demonstrates that the model is accurate.

B. TEST METHOD 2
We used the driver’s perception of the length of the entrance
and exit of the undersea tunnel to verify the accuracy of
the model of the entrance and exit section lengths of the
undersea tunnel. The experiment involved 26 drivers, includ-
ing 21 males and 5 female drivers. The basic information is
presented in Table 3.

Before the start of the experiment, the drivers were trained
to clarify the meaning of the ‘‘exit’’ and ‘‘entrance’’ sections
of the undersea tunnel and to familiarize them with the exper-
iment process and purpose. From the traffic accident statistics
of the whole undersea tunnel, there are more traffic accidents
at the entrance and exit sections. One of the main reasons
is that the illumination inside and outside the tunnel is quite
different, and the ‘‘black hole effect’’ at the entrance and the
‘‘white hole effect’’ at the exit are more serious. The undersea

tunnel has 24-hour artificial lighting and the illumination of
the tunnel is stable at 80-100 lux. The illumination outside
the tunnel can reach 45000-50000 lux on sunny days. The
greater the illumination outside the tunnel, the more serious
the ‘‘black hole effect’’ at the entrance and the ‘‘white hole
effect’’ at the exit of the undersea tunnel, and the greater
the threat to traffic safety. In fact, for the entrance and exit
of the undersea tunnel, the harsh environment is a sunny
day with high illumination. Therefore, in order to ensure
the practicability of this study, the sunny day with better
weather was selected for the experiment. During the exper-
iment, the driver passed through the Jiaozhou Bay undersea
tunnel at an ordinary speed of 70 km/hwithout changing lanes
within the undersea tunnel [37]. When the driver sensed the
critical points between the entrance and middle sections of
the undersea tunnel and those between the middle and exit
sections of the undersea tunnel, he/she reported them to the
assistant experimenter, whowas the copassenger, in real time.
The assistant experimenter used a stopwatch to record the
time and general position of the participant at the critical
point. After the experiment, according to the time recorded by
the stopwatch, the video of the driving recorder was viewed
frame by frame and matched with the actual positions in the
undersea tunnel to obtain the length of the entrance and exit of
the undersea tunnel, verified by perception. The experimental
results are shown in Table 4.

It can be seen from Table 4 that among the 26 drivers,
the 3rd, 4th, 9th, 16th and 25th are female drivers. The results
show that in the group of ‘‘length of entrance of undersea
tunnel’’, the P value between male and female drivers is
0.58, so there is no significant difference between male and
female drivers. The results show that in the group of ‘‘Length
of exit of undersea tunnel entrance’’, the P value between
male and female drivers is 0.18, so there is no significant
difference between male and female drivers, and gender has
no effect on the results. In addition, the number of male
drivers with driver’s license in China is about 2.7 times that
of female drivers with driver’s license [38]. In fact, in China,
male drivers are more active than female drivers, that is
to say, male drivers actually drive more cars. According to
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TABLE 4. Results of the length of the entrance and exit of the undersea tunnel, as perceived by the drivers.

TABLE 5. Statistics of the length of the entrance and exit of the undersea tunnel, as perceived by the drivers.

statistics, the number of male drivers passing through the
Qingdao Jiaozhou Bay undersea tunnel is about 4.3 times
that of female drivers. The proportion of male and female
drivers in this study is basically consistent with this statistical
proportion.

To reduce the error and improve the accuracy of the exper-
imental results, the maximum and minimum values in each
set of data were removed, and the experimental data after the
removal were analyzed. The results are shown in Table 5.

Table 5 indicates that the lengths of the entrance and exit
sections of the undersea tunnel obtained using the model are
within the 95% confidence interval of the values measured
using the perception method, thereby demonstrating the high
accuracy of the model to verify the entrance and exit section
lengths of the undersea tunnel. Considering the average value
of test method 2 as the true value, calculation formula (26)
can be used to indicate that the relative errors in the length
of the entrance and exit sections calculated using the model
are -5.5% and 4.5%, respectively. The absolute value of the
relative error of the length of the entrance and exit sections of
the undersea tunnel is less than 10%, thereby demonstrating
the accuracy of the model.

V. CONCLUSION AND DISCUSSION
This research considered factors such as the longitudinal
slope and illumination of an undersea tunnel. Through the
derivation and calculation of the entrance and exit section
length of the undersea tunnel, as well as experimental veri-
fication, the following conclusions were obtained:

(1) Amodel for the lengths of the entrance and exit sections
of the undersea tunnel was established.

(2) The accuracy of the model was verified experimentally.
(3) On a sunny day, the length of the entrance and exit

sections of the Qingdao Jiaozhou Bay undersea tunnel could
be considered as 150 m.

From a theoretical viewpoint, the length of the entrance
and exit sections of undersea tunnels changes dynamically,
and the specific value changes with the change in the slope,
speed and illumination. Therefore, based on the distribution
range of velocity and illuminance, researchers must examine
the range of the entrance and exit section lengths of undersea
tunnels considering a given slope.

In order to get a more scientific length of the entrance and
exit sections of an undersea tunnel, the following issues need
to be further studied:

(1) The studied length model for the entrance and
exit sections of an undersea tunnel is only suitable for
large-depth underpass tunnels like undersea tunnels, and is
not suitable for horizontal tunnels without longitudinal slope
changes.

(2) In the transition and adaptation section, the study only
considers the impact of longitudinal slope on the driver, not
the cross slope.

(3) There is no distinction between experimental drivers in
the study. Drivers of different professions, ages and driving
ages may have different perception of longitudinal slope
and illumination changes. Therefore, it is necessary to make
further research on different driving groups.
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(4) Vehicle speed is one of the important factors that
determine the length of the entrance and exit sections of an
undersea tunnel. The ‘‘vehicle speed’’ in this study refers
to the average speed of all vehicles passing through the
entrance and exit sections of an undersea tunnel. Themanage-
ment department can calculate the corresponding length of
the entrance and exit sections of an undersea tunnel based on
the calculation model of this study and the average speed of
the entrance and exit sections of an undersea tunnel. It should
be noted that the length of the entrance and exit sections of an
undersea tunnel obtained in this study is based on the normal
driving behavior and driving physiology of most drivers, and
the abnormal conditions are not considered, such as speeding,
visual impairment, etc.

(5) Gender is one of the factors that affect the results of the
experiment. Limited by time and economic cost, this study
only uses a small number of experimental drivers to verify the
length of the entrance and exit sections of an undersea tunnel.
In addition, due to the limitation of the total sample size and
the proportion of male and female drivers passing through the
Jiaozhou Bay undersea tunnel, the number of female drivers
in this study is relatively small. Therefore, it is necessary to
use a larger sample size to verify the length of the entrance
and exit sections of an undersea tunnel.
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