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A real-world driving experiment was performed in the Wen-Ma section of the G4217 Rong-Chang Freeway situated in the
Sichuan Province to investigate the impact law of the pupil diameter of drivers in tunnel groups on the mountainous freeway./e
eye-movement data of drivers were collected, and the percentage of pupil diameter variable (PPDV) was used as a visual
characteristic index. /e analysis of the overall change in the PPDV of drivers in the experimental sections demonstrated that the
PPDV in tunnel groups differed significantly between the nontunnel sections and single tunnel sections. Subsequently, a related
model for the PPDV of drivers and the length of the connecting zone between tunnels was established, its reliability evaluated, and
the smooth mutation value obtained on the basis of the mutation theory. /ereafter, a tunnel group definition standard based on
the visual effect of drivers was developed. A six-zone approach was devised for the analysis of tunnel groups, and the result
revealed that the different zones in the tunnel group have different impact on PPDV of drivers. /e results revealed that the
different zones of tunnel group have different impact on PPDV of drivers. Furthermore, lighting transition facilities should be set
in the exit section of tunnel. /e PPDV of drivers was negatively correlated with the length of the connecting zone of tunnel
groups, and 100 m is the recommended safety length threshold for the connecting zone of tunnel groups.

1. Introduction

With the expansion of Chinese freeways to remote moun-
tainous areas, the extent of mountainous freeways has
considerably increased. Moreover, the proportion of tunnel
sections on mountainous freeways has been increasing,
which has led to the emergence of dangerous sections such as
continuous tunnels or even multitunnel group sections [1].
/e extreme climate, unsatisfactory safety facilities, and
numerous tunnel sections make traffic safety in moun-
tainous areas much more dangerous. In tunnel groups,
drivers enter and exit tunnels several times in a short time,
and the frequent changes in the illumination intensity lead to
a repeated visual adaptation process between light and dark
illuminations for drivers. It results in “black and white hole”
effects and the deterioration of drivers’ visibility. /is

seriously interferes with the visibility of drivers to obtain
information in the driving task, thereby having seriously
adverse effects on the safe operation of vehicles [2].

Repeated and rapid changes in the light environment
require drivers to have extensive adaptability to the driving
environment, which brings about more challenging driving
conditions in tunnel groups [3]. Moreover, a long period of
closed and narrow driving environment leads to safety risks
owing to the uncertain driving behavior under the con-
tinuous psychological and physiological stresses of drivers
[4, 5]. Zhao et al. [3, 6] found that the visibility and vehicle
speeds inside a tunnel were significantly different from those
of single tunnel and tunnel group sections.

Previous studies have demonstrated that the connection
segments within a tunnel group have a significant impact on
the drivability [7]. Moreover, the risk degree of tunnel

Hindawi
Journal of Advanced Transportation
Volume 2021, Article ID 5629536, 14 pages
https://doi.org/10.1155/2021/5629536

mailto:jianping-gao@163.com
mailto:897040253@qq.com
https://orcid.org/0000-0001-5489-7333
https://orcid.org/0000-0002-9858-7959
https://orcid.org/0000-0002-3569-591X
https://orcid.org/0000-0002-6888-1778
https://orcid.org/0000-0001-7575-530X
https://orcid.org/0000-0001-5719-0894
https://orcid.org/0000-0001-8037-4974
https://orcid.org/0000-0003-1348-8482
https://orcid.org/0000-0002-8631-1832
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5629536


groups is higher than that of single tunnels, and the average
crash rate of tunnel groups (1.72 per million VKT) [8] is
greater than that of single tunnels (0.51 per million VKT) [9],
which indicates that tunnel groups are riskier than single
tunnels. Wang et al. [8] used the classification and regression
tree (CART) model to study the influence of four factors,
namely, the freeway alignment, driving behavior, vehicle
characteristics, and environment, on the injury severity of
crashes. /ey found that the driving behavior (i.e., human
factor) was the most critical determinant of the injury se-
verity of crashes onmountainous freeways. Since there exists
a significant difference among the driving environment of
the single and group tunnels; therefore, it is essential to
conduct an in-depth research on how group tunnels sections
affect drivers’ behavior.

Firstly, the definition of tunnel groups should be clari-
fied. At present, no specific definition standard for tunnel
groups is available [10], although relevant research has been
carried out in the industry./e studies have been focused on
tunnel ventilation and lighting [7], traffic safety [10], fire
safety [11], lane retention length and alignment, and the
lighting adaptation process [12], etc. Yang and Guo [13]
defined a tunnel group as two ormore tunnels whose space is
shorter than 1000m./ere remains a lack of research on the
definition of tunnel groups from the perspective of the
physiological characteristics of drivers. /erefore, this study
proposes a new definition of a tunnel group based on the
pupil diameter of drivers.

Secondly, there were not many tunnel groups in the past
due to the immature tunnel construction technologies. Since
the recent decade, many tunnel groups have emerged in
mountainous areas owing to the developed construction
technologies. In the past, research on drivers' visual char-
acteristics more focused on the extra-long tunnel [14] and
other tunnel special sections such as entrance and exit
sections [15]. Wang et al. [16] investigated drivers’ visual
characteristics under different radii and turning conditions
in small-radius optically long tunnels, and they found that
the smaller the tunnel radius, the more focused the gaze
points on inside of the curves. Apart from this, some studies
have been conducted to investigate the tunnels’ traffic safety
[17–19]. Pervez et al. [20] used seven-zone analysis method
to analyze the accident safety of expressway long tunnel, and
the results show that the crash rate increases firstly for the
entrance area, then decreases in the mid zone, and increases
again in the exit zone, and there are obvious differences in
the causes of accidents in the above three zones. Similarly,
Pervez et al. [21] also adopted a six-zone analysis approach to
analyze the accident characteristics of freeway single tunnels
of different lengths. Jung and Qin [22] have confirmed the
strategies recommended quantitatively by KMOLIT through
the random forest-based binomial regression with a data
driven approach. Still, only a few studies have been done
concentrating on driver visual characteristics in tunnel
groups. /ese studies on tunnel groups have mainly focused
on the crash distribution characteristics of different tunnel
group sections [23], morphological statistics [8], exit and
entrance safety [3, 24, 25], and the safety evaluation of tunnel
group sections [7]. As can be seen from the above, only a few

studies have been conducted on the influence of human
factors on truck drivers, and most of the research objects
have been single tunnel groups. A single tunnel group is
defined as only one tunnel group consisting of several single
tunnels on the road section instead of several different
tunnel groups like in the experimental road section.

In this study, to narrow the above research gaps and to
consider the importance of drivers in driving safety, the
Wen-Ma section of the G4217 Rong-Chang Freeway (Wen-
Ma Freeway), which has multiple tunnel groups, was used as
the basis for a real-road experiment, and a mathematical
statistical method was adopted for data analysis and com-
parison. /is study proposes a definition of a tunnel group
based on driving behavior and investigates the impact law of
the tunnel group on driver’s visibility using several
mountainous freeways to provide a reference for the es-
tablishment of traffic safety facilities and the traffic man-
agement of tunnel group sections.

2. Materials and Methods

2.1. Experimental Road Section. /e real-world driving ex-
periments were performed during the daytime from No-
vember 12 to 14, 2020. /e road section selected for this
study is a part of the Wen-Ma Freeway with a 69.97 km
length situated in the Sichuan Province, China. /e ex-
perimental road section has a four-lane dual carriageway,
and the design speed is 80 km/h. According to Specifications
for Design of Highway Tunnels Section (JTG/T D70/2-2014)
[26] of China, road tunnels can be divided into the following
four categories: short tunnels (L< 500m), medium tunnels
(500m≤ L< 1000m), long tunnels (1000m≤ L< 3000m),
and extra-long tunnels (L> 3000m). /ere are 18 tunnels in
the experimental road section, including four short tunnels,
ten long tunnels, and four extra-long tunnels. /e length of
the tunnels accounted for 54.6% of the experimental road
section. /e distribution of the tunnel spacing is summa-
rized in Table 1, and the tunnel distribution is shown in
Figure 1.

2.2. ExperimentalDrivers andVehicles. /ree healthy drivers
with no driving experience on Wen-Ma Freeway, without
major crash experience, and with more than 10 years of
driving experience were selected for the eye-movement data
collection, as shown in Figure 2. /e participants drove their
vehicles on the experimental section successively under the
same driving conditions, and the drivers did not suffer from
fatigue or drink alcohol during the experiment. A researcher
was assigned to record the road conditions and distribution
of major structures. A four-axle truck was selected for the
experimental model.

2.3. Experimental Instruments. A Smart Eye noncontact eye
tracker with a collection frequency of 60Hz was used as the
main data acquisition device to record the eye-movement
data of the drivers, such as the pupil diameter, eyelid
opening, fixation, saccade, and blinking. Moreover, the
vehicle was equipped with an in-car eye-movement
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capturing camera, and a scene camera was placed outside the
vehicle to record the driving environment along the road.

2.4. Experimental Indicators. /e most notable difference in
the driving environment between a tunnel section and a
nontunnel section concerns the change in the light

environment, whereas that between a tunnel group section
and a single tunnel section concerns the repetition of the
light change. A driver enters and exits tunnels repeatedly
within a short time, and the driver experiences the process of
light and shade adaptation [27]. /e pupil change of the
driver exhibits the most sensitive and intuitive reflection of

Table 1: Distribution of tunnels.

Serial number Name of tunnel Length (m) Tunnel type Spacing distance (m)
1 Pengjiaheba Tunnel 117 Short tunnel —
2 Jianyangping Tunnel No. 2 1636 Long tunnel 2840
3 Jianyangping Tunnel No. 1 1420 Long tunnel 97
4 Putou Tunnel 2348 Extra-long tunnel 125
5 Lixian Tunnel 5500 Extra-long tunnel 6272
6 Weiguan Tunnel 1159 Long tunnel 306
7 Ganbao Tunnel 4582 Extra-long tunnel 622
8 Mudui Tunnel 2342 Long tunnel 1929
9 Puxigou Tunnel 394 Short tunnel 80
10 Xindianzi Tunnel 1871 Long tunnel 305
11 Xuecheng Tunnel No. 2 185 Short tunnel 3112
12 Xuecheng Tunnel No. 1 3463 Extra-long tunnel 216
13 Gucheng Tunnel 2911 Long tunnel 342
14 Tonghua Tunnel No. 2 3025 Extra-long tunnel 152
15 Tonghua Tunnel No. 1 2475 Long tunnel 105
16 Taoping Tunnel 2374 Long tunnel 818
17 Xiazhuang Tunnel 215 Short tunnel 6388
18 Sangping Tunnel 2181 Long tunnel 1656

Short tunnel
Long tunnel
Extra-long tunnel

Pengjiaheba
tunnel
117 m

Jianyangping
tunnel No.2

1636 m

Jianyangping
tunnel No.1

1420 m

Putou tunnel
2348 m Lixian tunnel

5500m

Weiguan tunnel
1159 m

Ganbao tunnel
4582m

Mudui tunnel
2342 m

Puxigou tunnel
374 m

Xindianzi
tunnel
2871 m

Xuecheng
tunnel No.2

185 m
Xuecheng

tunnel No.1
3463 m Gucheng tunnel

2911 m

Tonghua
tunnel No.2

3025 m Tonghua tunnel No.1
2475 m

Sangping tunnel
2181 m

Xiazhuang tunnel
215 m

Taoping tunnel
2374 m

Starting
(Guergou) Ending

(Keku)

Figure 1: Tunnel distribution in the experimental section.
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the repeatedly changing driving environment between
tunnels. Because of the differences among drivers, pupil
diameter was used as the experimental indicator in this
study. On the basis of a relevant prior study [28], the pupil
diameter of the driver in the static state was used as the
reference value while the percentage of pupil diameter
variable (PPDV) was used as the pupil change indicator. /e
PPDV was calculated as shown in the following equation:

PPDV �
di − d0( /d0( 

△t
× 100%




, (1)

where d0 is the baseline value of the pupil diameter of the
driver (mm), di is the pupil diameter of the driver when
driving at time i (mm), and △t is the time interval (s).

Because the driving environment in the experiment was
generally the same, the percentage weighted average of the
pupil diameter variable of the three drivers was used for
analysis.

PPDVm �


n
i�1 PPDVi

n
, (2)

where PPDVm is the percentage weighted mean of the driver
pupil diameter variable (mm), PPDVi is the PPDV at time i

(mm), and n is the number of drivers.

3. Results

3.1. Data. /e pupil diameters of the three drivers in the
static state were measured, and the arithmetic mean value
was used as the reference value for the pupil diameter. /e
PPDVwas calculated according to equations (1) and (2), and
the mean value was taken as the feature point every 1 s. To
ensure the validity of the data, pupil diameter tracking
quality data, which were provided by the eye tracker, with
values of less than 0.5, were removed [28, 29].

On the basis of previously reported findings [30], the
experimental sections were preliminarily divided into three
categories based on the different tunnel spacing as follows:
(1) the continuous tunnel section, which included two or

more tunnels with an interval of less than 1000m; (2) the
single tunnel section, which consisted of an independent
tunnel with an interval of more than 1000m from other
tunnels; (3) the nontunnel section, which included the re-
mainder of the experimental road section. /e Kolmogor-
ov–Smirnov test results of the PPDV of the drivers in the
three road sections are presented in Table 2.

/e test results demonstrated that the PPDV in the
nontunnel and continuous tunnel sections approximately
conformed to a normal distribution, whereas the PPDV in
the single tunnel section conformed to a normal distribution
at α � 0.05 . /e Grubbs test method was used to screen and
eliminate the outliers of the PPDV in the three sections; the
results for the nontunnel sections are shown in Figure 3./is
test method is suitable for upper, lower, and bilateral cases.
As the sample data were processed by absolute values, the
Grubbs upper situation test was adopted to eliminate the
outliers in this study.

As the experiment lasted for more than 60 min, to
demonstrate the overall change in the PPDV, the average
value was used as the feature point every 10 s to obtain the
overall distribution of the PPDV in the test section for
analysis, as illustrated in Figure 4.

One-way analysis of variance (ANOVA) was performed
on the PPDV in the three sections. /e continuous tunnel
section exhibited a significant difference from the nontunnel
and single tunnel sections, as indicated in Figure 5.

It can be observed from Figures 4 and 5 that the PPDV
exhibited different characteristics in different sections, as
follows: (1) In the nontunnel section, the mean PPDV was
16.70%, whereas the standard deviation was 15.56%, which
was the smallest among the three sections, indicating that the
percentage distribution was the most stable when the drivers
were driving in the nontunnel section. (2) In the continuous
tunnel section, the average PPDV of the drivers reached
40.69%, whereas the standard deviation was 24.66%, which
was the largest among the three different sections, indicating
that when the drivers were driving in the continuous tunnel
section, the percentage distribution was uneven and fluc-
tuated significantly. (3) In the single tunnel section, the

Figure 2: Experimental drivers and vehicles.
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average PPDV was 28.57%, whereas the standard deviation
was 18.38%, indicating that although the driver pupil di-
ameter fluctuated compared with that of the nontunnel
section when driving in the single tunnel section, it was more
stable compared with that of the continuous tunnel section.

/e reasons for the different variation characteristics are
as follows: (1) /e nontunnel section was in a naturalistic
driving environment with high and continuous illuminance,
and it had low psychological pressure and stable percentage
distribution of the pupil diameter variable [4]. (2) In the
continuous tunnel section, the sudden change in illumi-
nation at the entrance and exit of the tunnel as well as the
repeated occurrence of different tunnels directly affected the
physiological changes of the driver [31, 32]; thus, the psy-
chological pressure of the driver increased, resulting in an
unstable and large fluctuation in the distribution of the
PPDV. (3) In the single tunnel section, although there was a
sudden change in illumination at the entrance and exit of the
tunnel, there was no repeated change in illumination [32].
/erefore, although the distribution of the PPDV in this
section was not stable, the fluctuation level of the corre-
sponding indicator was lower than that of the continuous
tunnel section.

3.2.Classificationand InfluenceRange ofTunnelGroupsBased
on Driver Vision

3.2.1. Classification of Tunnel Groups Based on Driver Vision.
As illustrated in Figure 4, when the distance between two
tunnels was comparatively short, the PPDV of the drivers
between the two tunnels always remained at the level of the

tunnel driving environment. When the distance between the
two tunnels was comparatively long, the PPDV of the drivers
gradually decreased and no longer exhibited tunnel section
characteristics.

To describe the relationship between the PPDV and
tunnel spacing objectively, a nonlinear curve fitting analysis
was conducted for both, as depicted in Figure 6. /e results
of the variance analysis are presented in Table 3.

/e evaluation coefficient of the fitting curve between the
PPDV and distance between tunnels was R2 � 0.9656,
p≤ 0.001, which exhibited a good degree of fitting and high
reliability. /e relationship between the two can be
expressed as follows:

PPDVm � 0.1641 + 0.3452 exp(− x/394)
, (3)

where PPDVm is the percentage weightedmean of the PPDV
(mm) and x is the tunnel spacing (m).

According to the aforementioned analysis, there were
evident differences among the nontunnel, continuous tun-
nel, and single tunnel sections, which could represent the
change in the PPDV under normal driving conditions when
driving in the nontunnel section. To determine the threshold
of tunnel spacing as the standard for the tunnel group
classification, it was necessary to select a sudden charac-
teristic value [33] from the nontunnel section as the critical
value of the three sections. In other words, this value was
used to distinguish whether the driver was in a continuous or
single tunnel section when driving on the test section. If the
PPDV was higher than the sudden change value, the driver
could be considered to be in a continuous or single tunnel
section; otherwise, the driver could be considered to be in a
nontunnel section. According to Figure 6 and equation (3),
the relational model function was a monotone function, and
the corresponding value of the inflection point could not be
obtained. Considering the behavior adaptation of dangerous
sections when driving in nontunnel sections, drivers react to
the outside world because of the changes in the roadside
environment or alignment, which leads to a sudden change
in the PPDV. /erefore, the cumulative frequency statistics
of the pupil mass percentage of the driver driving in the
nontunnel section were determined, and in combination
with the catastrophe theory, the eigenvalues were calculated.
/e percentile distribution of the PPDV in the nontunnel
section is depicted in Figure 7.

Based on the work of Liu et al. [29], Figure 7 was an-
alyzed using the Zeeman heartbeat model. As shown in
Figure 7, there was a smooth mutation point. /e corre-
sponding value of the mutation point was 22.27%, which was
the eigenvalue of the driver in the nontunnel section. /is
value reflected the critical value of the percentage fluctuation
in the PPDV from the nontunnel section to the continuous

Table 2: Kolmogorov–Smirnov test results for three types of road sections.

Road section Kolmogorov–Smirnov Z P (concomitant probability) μ (mean)
Continuous tunnel 0.12 0.04598 0.4325
Single tunnel 0.12 0.09486 0.2857
Nontunnel 0.11 0.04972 0.2253

PPDV
Suspected outlier

Mean
Upper limit

0

20

40

60

80

100

PP
D

V
 (%

)

200 400 600 800 1000 1200 14000

Figure 3: Results of Grubbs test (nontunnel section).
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tunnel section, which could be used as the reference value of
the general road section. /e value 22.27% was substituted
into the relational model for regression. /e corresponding
critical value of the tunnel spacing was 697.14m, which was
rounded off to 700m.

/erefore, the tunnel group definition standard based on
the pupil change of the driver is that three or more adjacent
tunnels should be treated as a group of tunnels when the
spacing between these is less than 700m.

In the experiments performed in this study, tunnels were
divided into groups according to the criteria specified in the
earlier definition, and the results are presented in Table 4.

3.2.2. Analysis of Influence Range of Tunnel Groups. /e
tunnel has an impact on visibility indicators of the driver
before entering the tunnel, and it lasted some distance from

the exit of the tunnel [14, 34]. /erefore, it is necessary to
determine the influence range of tunnel groups in this study.

Figure 8 shows the PPDV distributions of the drivers at
the first tunnel entrance section and the final tunnel-exit
section of the four tunnel groups.

Figure 8 demonstrates the following:

(1) Before driving into the tunnel group, the PPDV of
the driver started to exceed the smooth mutation
value and exhibited a slow growth trend until driving
into the tunnel group, when the PPDV increased
sharply. /ereafter, the growth range was relatively
stable and remained at a high level for a period after
entering the tunnel group. /e analysis results in-
dicate that the psychological pressure of the driver
increased when they saw the tunnel group signs and
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structures ahead. /erefore, the PPDV of the driver
increased slowly when the driver did not drive into
the tunnel group. When driving into the tunnel
group, the difference in the tunnel environment led
to a sudden increase in the PPDV. After driving into
the tunnel group for seconds, the driver adapted to
the driving environment, and the PPDV exhibited a
relatively stable state, which was higher than the
smooth mutation value.

(2) Approximately 10 seconds (JianyangpingTunnel group:
10 seconds; Lixian Tunnel group:10 seconds; Mudui
Tunnel group: 9 seconds; Xuecheng Tunnel group: 9
seconds) before entering the tunnel group, the PPDV of
the driver fluctuated significantly between 15% and
23%. /e PPDV of the driver suddenly changed when
driving out of the tunnel group, and it gradually de-
creased to the average level for the general road section
for seconds thereafter. /is is because there was no

Table 3: Model variance analysis results of the relationship between PPDV and tunnel spacing.

Source of variance Degree of freedom Quadratic sum Mean square F P
Regression 2 0.1900 0.0950 178.260 ≤0.001
Residuals 14 0.0075 0.0005
Unmodified total 17 1.5465
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Figure 7: Percentage distribution of PPDV in nontunnel section.

Table 4: Tunnel group division.

Serial number Tunnel group Name Length
(m)

Spacing with
upstream tunnel (m)

1 Jianyangping Tunnel group (ZK113 + 398∼ZK119 + 024)
Jianyangping Tunnel No. 2 1636 —
Jianyangping Tunnel No. 1 1420 97

Putou Tunnel 2348 125

2 Lixian-Gambao Tunnel group (ZK94 + 861∼ZK107 + 126)
Lixian Tunnel 5500 —

Weiguan Tunnel 1159 306
Ganbao Tunnel 4582 622

3 Mudui-Xindianzi Tunnel group (ZK86 + 940∼ZK92 + 932)
Mudui Tunnel 2342 —
Puxitgou Tunnel 394 80
Xindianzi Tunnel 1871 305

4 Xuecheng-Tonghua tunnel group (ZK70 + 100∼ZK83 + 828)

Xuecheng Tunnel No. 2 185 —
Xuecheng Tunnel No. 1 3463 216

Gucheng Tunnel 2911 342
Tonghua Tunnel No. 2 3025 332
Tonghua Tunnel No. 1 2475 105
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lighting transition section at the exit of the tunnel, and
the white hole effect was evident, leading to a large
fluctuation in the PPDV.

(3) Fifteen seconds (Jianyangping Tunnel group: 13
seconds; Lixian tunnel group: 15 seconds; Mudui
tunnel group: 14 seconds; Xuecheng tunnel group:
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V
 (%
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Jianyangping tunnel
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Mudui-Xindianzi
tunnel group
Xuecheng-Tonghua
tunnel group

Smooth mutation
value

0

10

20

30

40

50

60

70

-10 -5 0 5 10 15-15
Time of entering tunnel group (s)

(a)

PP
D

V
 (%

)

Jianyangping tunnel
group
Lixian-tunnel group

Mudui-Xindianzi
tunnel group
Xuecheng-Tonghua
tunnel group

Smooth mutation
value

0

10

20

30

40

50

60

70

-10 -5 0 5 10 15 20 25-15
Time of exiting tunnel group (s)

(b)

Figure 8: Analysis of influence range of tunnel groups. (a) Entrances of different tunnel groups. (b) Exits of different tunnel groups.
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14 seconds) after exiting the tunnel group, the
PPDV of the driver gradually decreased to the
average level for the general section. /is is be-
cause the driver had to complete the adaptive
process within 3–5 seconds after driving out of the
tunnel group. Following the Ming adaptation, the
driver adjusted the driver’s own state and stabi-
lized the mood, and the PPDV gradually decreased
and fell below the smooth mutation value.

/e results of the above analysis reveal that the tunnel
group affects the PPDV of drivers 10 seconds before entering
and 15 seconds after exiting the tunnel group.

/erefore, the driving distance of 225m before entering
the tunnel group till 335m after exiting the tunnel group,
with a tunnel speed limit of 80 km/h, was determined as the
influence range of the tunnel group on the PPDV of drivers.

3.3. Pupil Diameter Distribution of Drivers in Tunnel Groups

3.3.1. Analysis of Different Sections of Tunnel Groups.
/e Chinese Specifications for Design of Highway Tun-
nels Section (JTG/T D70/2-2014) [26] claimed that the
single tunnel can be divided into entrance zone, transi-
tion zone, and exit zone base on different lighting re-
quirements. Considering specific characteristics of tunnel
group and combining with the zone division of a single
tunnel and the aforementioned analysis results of Section
3.2.2, the access zone, the removed zone, and the con-
necting zone should be regarded as the zones of the
tunnel group. As illustrated in Figure 9, the tunnel group
is divided into six zones.

Six zones are defined as follows:

(i) Access zone: this part is the nontunnel road section
in front of the first tunnel portal in the tunnel group.
/e analysis results of Section 3.2.2 show that the
driver’s PPDV has been impacted by the tunnel
group 225m before entering the first tunnel portal
of the tunnel group; the length of access zone is
identified as 225m in this study.

(ii) Removed zone: this part includes the nontunnel
section starting from the exit of the last tunnel in the
tunnel group. Similarly, according to the results of
tunnel group influence zone analysis, the length of
this zone is identified as 335m.

(iii) Entrance zone: this zone starts at the portal of the
tunnel. According to the design data and experi-
mental video of Wen-Ma Freeway, the tunnel en-
trance zone of the experimental zone is equipped
with a 200m lighting transition section to reduce
the white hole effect. /us, the length of this zone is
identified as 200m.

(iv) Exit zone: for the sake of analysis, the length of this
zone is the same as that of the entrance zone, in-
cluding 200m in front of the tunnel exit.

(v) Connecting zone: this zone includes the part be-
tween two adjacent tunnels in the tunnel group.

(vi) Adaptive zone: this zone constitutes the remainder
of the tunnel.

/e PPDV of the drivers in the six zones of the tunnel
groups is presented in Figures 10–13.

/e general law of the pupil changes of the driver when
driving within the various zones of the tunnel group could be
obtained based on the analysis results of the tunnel group
zones./e PPDV increased in the entrance zone; then, in the
adaptive zone, the PPDV was steady and had a slow growth
state. It subsequently decreased in the exit zone and then
decreased in the connecting zone. After entering the
downstream tunnel, this process was repeated until exiting
from the final tunnel of the tunnel group.

/e PPDV of the driver increased closer to the level of
the tunnel entrance section when driving into the access
zone. In addition to the difficulty of the driver to obtain
accurate driving information in the tunnel through vision
prior to entering the tunnel, the driver will also see the
relevant signs of the tunnel groups before entering them,
resulting in psychological pressure on the driver. In the
entrance zone, the PPDV increased gradually with the in-
crease in the distance into the tunnels; and there was a
lighting transition section at the entrance of the tunnels.
/erefore, the growth rate was relatively slow. In the
adaptive zone, the PPDV increased gradually from the
entrance zone to the maximum value. In the exit zone, the
drivers experienced repeated environmental light and shade
changes, resulting in repeated visual fatigue and reduced
visual acuity, which led to visual retardation when driving in
the exit zone. It is found that there was no lighting transition
section at the exit zones of the tunnel groups and the average
level (31.44%) of the exit zones of the tunnel groups was
higher than that (34.30%) of the entrance zones, which
indicates that the lighting transition section should also be
set at the exit of the tunnel to effectively control the fluc-
tuation range of the pupil diameter of drivers at tunnel exits.
In the removed zone of the tunnel groups, the driver had
passed through three or more tunnels consecutively and had
adapted physically and mentally to the continuous changes
in the driving environment. /us, the PPDV was reduced in
the removed zone.

Moreover, according to the identification of the length of
the connecting zone, the law of changes in the pupil diameter
of the driver when driving in the connecting zone was
significantly affected by the length of the connecting zone;
the specific influence law will be analyzed further later.

3.3.2. Analysis of PPDV of Tunnel Group Connecting Zone.
A correlation analysis was conducted between the PPDV and
the length of the connecting zone between tunnels. /e
analysis results are presented in Table 5.

At a significance level of α � 0.05 , the correlation
analysis results demonstrated that the statistical significance
was P � 0.010< 0.050 , and the coefficient was 0.764, in-
dicating that the connecting zone length was strongly cor-
related with the PPDV. Further analysis was performed on
the influence rule of the PPDV of the drivers with the length
of the connecting zone, as illustrated in Figure 14.
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As can be observed from Figure 14, the PPDV of the
drivers was negatively correlated with the connecting zone
lengths. A shorter connecting zone resulted in a higher
PPDV and vice versa. /is demonstrated that shorter
connecting zones led to a shorter adaptive distance that
remained for the driver. If the distance was too short, the
driver would not have sufficient adaptive time to complete
the adaptation prior to entering the next tunnel; thus, the
PPDV remained the same or even increased compared with
the level of pupil change in the tunnel.

To improve the driver adaptability to the driving envi-
ronment in a short connecting zone, it is necessary to de-
termine the safety critical length of the connecting zone of
tunnel groups and propose safety guarantee suggestions
accordingly.

/e percentile distribution statistics of the PPDV of
drivers in the connecting zones of four tunnel groups were
determined, and 85% quantiles [27, 28] were selected as
eigenvalues to be substituted into equation (3) for calcula-
tion. /e PPDV was determined as 43.30%, which was
substituted into the model to calculate the corresponding
value of 98.21m that was rounded to 100m. /erefore,
100m was considered as the safety critical value to guide the
establishment of safety facilities for tunnel groups.

To ensure the continuity of the driving environment,
according to the critical value of the safety length of the
connecting zones of the tunnel groups, it is suggested to
establish environmental improvement facilities in the entire
connecting zones when the length (LC) of the connecting
zone is less than or equal to 100m. When LC> 100m, it is

Tunnel 1 Tunnel 2 Tunnel n

225 m 335 m

·

200 m

Connecting
zone 1

Connecting
zone (n-1)
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Zones of tunnel group

Removed
zone

Direction of traffic

200 m

Figure 9: Section divisions of tunnel groups.
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recommended to establish environmental improvement
facilities 50m before the tunnel entrances and 50m after the
tunnel exits.

4. Conclusions

Based on the analysis of the impact laws of freeway tunnel
groups in mountainous areas on the pupil diameter varia-
tions of drivers, the following conclusions are drawn, and
suggestions are proposed:

(1) /e analysis results of the nontunnel segment,
continuous tunnel segment, and single tunnel seg-
ment demonstrate that the continuous tunnel seg-
ment had the greatest impact on the PPDV of
drivers. /e mean and standard deviation of the

PPDV of the drivers in the continuous tunnel section
were greater than those in the single tunnel section
and nontunnel section. Additionally, the fluctuation
of the corresponding indicators was the largest and
remained at a high level in that section; this should be
considered in the design, construction, and opera-
tion management of tunnel groups.

(2) Based on the impact of tunnel groups on the change
in the pupil diameter of drivers, a tunnel group can
be defined as a continuous tunnel section with three
or more tunnels and tunnel spacing of no more than
700m. /e impact range of tunnel groups on the
pupil diameter of drivers was determined as 225m
before entering the tunnel group to 350m after
exiting the tunnel group.
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Table 5: Percentage correlation analysis of connecting zone length (LC) and PPDV.
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Figure 14: Change analysis of PPDV and different connecting zone lengths.
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(3) Lighting transition zones should also be established
at the exit zones of tunnels to improve the continuity
of the driving environment.

(4) /ere was a negative correlation between the PPDV
and the lengths of the connecting zones in the tunnel
groups. Shorter connecting zones resulted in a higher
PPDV and vice versa. /e critical safety length of the
connecting zone in the tunnel groups was deter-
mined as LC � 100m. When LC≤ 100m, it is rec-
ommended that environmental improvement
facilities be established for all the connecting zones.
When LC> 100m, it is recommended to establish
environmental improvement facilities 50m before
the tunnel entrances and 50m after the tunnel exits.

In this study, theWen-Ma section of G4217 Rong-Chang
Freeway was used as the experimental scene to obtain rel-
evant data, and the impact of tunnel groups on the pupil
changes of drivers was analyzed. However, there are some
limitations to this study. Firstly, this experiment is per-
formed during the daytime and the corresponding data are
obtained. Different research results may be obtained if the
same experiment is repeated at nighttime. Secondly, it must
be noted that in an actual driving behavior adaptation
process, the tunnel group environment may also affect other
psychological and physiological indicators of drivers, such as
the heart rate and fixation. /erefore, the nighttime ex-
periment and the effects of tunnel groups on other factors of
drivers should be further investigated.
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