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EVALUATION OF EFFECTIVENESS OF SPEED
REDUCTION MARKINGS ON DRIVING SPEED
IN HIGHWAY TUNNEL ENTRANCE AND EXIT AREAS

ABSTRACT

Tunnels are critical areas for highway safety because
the severity of crashes in tunnels tends to be more se-
rious. Controlling vehicle speed is regarded as a fea-
sible measure to reduce the accident rate in the tunnel
entrance and exit areas. This paper aims to evaluate the
effectiveness of three types of speed reduction markings
(SRMs) in tunnel entrance and exit zones by conducting a
driving simulation experiment. For this study, 25 drivers
completed the driving tasks in the day and night scenar-
ios. The vehicle speed and acceleration data were col-
lected for analysing and the relative speed contrast, time
mean speed and acceleration were adopted as indices to
evaluate the effectiveness of SRMs. The repeated ANOVA
test results revealed that SRMs have a significant effect
in reducing vehicle speed, especially in the exit zone. Co-
lour Anti-skid Markings (CASMs) produced a more ob-
vious deceleration in the entrance zone. In the entrance
zone, a similar downward trend was performed in the sit-
uation of NSRMs and SRMs, but a lower speed occurred
in case of SRMs. Besides, CASMs work better and cause
an obvious gap of 10 km/h in daytime and 5 km/h at night
compared to the speed without SRMs. In the exit zone, the
present study supports the conclusion that the drivers are
prone to accelerate. Our results showed that the drivers
accelerated in case of NSRMs, while they slowed down
in case of SRMs. Thus, SRMs are necessarily implement-
ed in the highway tunnel entrance and exit zones. Our
study also indicates that though CASMs result in lower

speed at night, the Transverse Speed Reduction Markings
(TSRMs) have a better performance than CASMs in day-
time. The investigation provides essential information for
developing a new marking design criterion and intelli-
gent driver support systems in the highway tunnel zones.
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1. INTRODUCTION

According to the Chinese statistical yearbook
(2013), there were approximately 39 million traffic
accidents in 2013, which resulted in 65,225 deaths
and 254,075 injuries, with a direct economic loss
of just over 930 million RMB [1], with the main
factors resulting in traffic accidents being speeding,
drunk driving and fatigued driving [2]. Tunnels are
significant areas for freeway safety as the conse-
quence of accidents being usually severe, though
the number of crashes inside is lower than of those
outside the tubes [3-5]. The main types of tunnel
accidents are rear-end collisions [6-9], crashes into
the tunnel wall, rolling over [9] and fire disasters
[4, 10, 11]. These accidents could result in signifi-
cant economic losses and negative social influences
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[12, 13]. Furthermore, within a tunnel, the accident
rates in the entrance and exit zones tend to be higher
than in the common segment [7-9, 14]. Reducing
the number of accidents in the tunnel entrance and
exit zones is crucial to improve the traffic safety as-
sociated with tunnels.

For traffic accidents, both the seriousness and
probability of accidents are directly proportional to
the driving speed [15-19], as the degree of kinetic
energy is higher when collision happens. Besides,
De Pauw et al. (2014) reported that speeding causes
drivers to have less time to react when driving, thus
it tends to be unlikely for them to avoid an accident
[16]. Similarly, this phenomenon occurs in tunnels.
Ma et al. (2009) investigated the characteristics of
traffic accidents in Chinese freeway tunnels and
stated that accident severity resulting from speeding
is marginally higher in freeway tunnels than that in
freeway segments [8]. Lu et al. (2014) revealed that
the majority of traffic accidents in tunnels result-
ed from high-speed travel (80 km/h or more) [9].
Therefore, it is vital to control the speed of vehicles
in the entrance and exit zones of the tunnels.

Commonly, Speed Reducing Markings (SRMs)
are installed in the tunnel entrance and exit zones to
reduce vehicle speed. The Chinese National Stan-
dard [20] indicates three types of SRMs, including
Transverse Speed Reducing Markings (TSRMs)
(Figure 1a), Longitudinal Speed Reduction Markings
(LSRMs) (Figure 1b) and Colour Anti-Skid Markings
(CASMSs) (Figure 2a, 2b). The detailed design pat-
terns of TSRMs and LSRMs are shown in Figure 1
(c, d, e). TSRMs and LSRMs are usually paved on
the road, including tunnels, long and steep down-
grade segments, horizontal or vertical curves and
other sections where the vehicles should decelerate
[20], while CASMs are paved in the entrance and
exit zones of tunnels to improve the traffic safety
[21]. Compared to the Chinese National Standard,
the Manual on Uniform Traffic Control Devices in-
troduces some details regarding the design, appli-
cation, placement, guidance, options and support
provisions for SRMs [22] (Figure 2¢). It suggests
that SRMs should be placed along both edges of
the lane, in a pattern of progressively reduced spac-
ing, to create the visual illusion that the drivers are
driving faster than the actual speed, thus prompting
them to decelerate.

¢) Detailed designs of TSRMs [cm]

3,000
d) Gradual change sections of LSRMs [cm]

30,

100 _|

e) Detailed designs of LSRMs [cm]

100 100

Figure 1 — TSRMs and LSRMs in the Chinese National Standard
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Figure 2 — Designs of CASMs in the Chinese National Standard and SRMs in the 2009 MUTCD

The drivers’ speed is susceptible to being influ-
enced by SRMs. For example, according to Denton’s
study (1980), when the distance between adjacent
markings is smaller, the drivers are more prone to
overestimate their driving speed and take measures
to decelerate [23]. Montella et al. (2015) proclaimed
that perceptual treatments are the most effective
methods to control speed because they can produce
significant speed reductions in the approach tangent
as well as inside the curve [24]. Arién et al. (2016)
declared that both the transverse rumble strips and
herringbone patterns can influence the mean speed
and the mean deceleration. Furthermore, transverse
rumble strips could generate a more stable speed re-
duction [25]. Charlton’s study (2007) found that the
herringbone pavement markings would narrow the
effective lane width and promote the deceleration of
vehicles when drivers pass a curve [26].

TRSMs, LSRMs, and CASMs can all produce
the visual illusions that affect the drivers’ speed
perception [27-29], or warn the drivers to reduce
speed, as well as raise the drivers’ vigilance [20].
Through a case study, Ding et al. (2015) reported
that TSRMs are effective in the downhill sections

with three different vertical grades (1.5%, 2%, and
3%), as they can produce the illusion that the ve-
hicle speed is becoming higher than the true speed
[15]. Zhao et al. (2018) claimed that LSRMs can be
most effective in reducing speed when the radius of
the direct connector is 300 m because LSRMs make
the drivers feel that the width of lanes is becom-
ing narrower [30]. In addition, colours can be used
to design SRMs, especially yellow, as this brings a
sense of brightness and vigilance [31-33]. With co-
lour, CASMs are effective in reducing the accident
rate [34], raising the driver’s vigilance [31, 32, 35],
and increasing the luminance at the tunnel entrance
and exit [31]. It could be inferred that SRMs can
help drivers to decelerate and improve the traffic
safety level when they are paved before the entrance
or exit zones of the tunnels.

Although a number of related studies have been
conducted to evaluate the effectiveness of SRMs
under normal road conditions, there is a lack of re-
search evaluating the effectiveness of SRMs partic-
ularly in the entrance and exit zones, as road con-
ditions and sight distance of drivers vary markedly
between the outside and the inside of the tunnels
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[36]. Moreover, the drivers’ perception of sight dif-
fers between the day and night, resulting in driv-
ers having different visibility of SRMs, which may
affect the deceleration effect of SRMs. Therefore,
it is crucial to evaluate the effectiveness of SRMs
in the entrance and exit zones under different light
conditions.

Compared with the implementation of research
in real terms, the simulation research is easier and
cheaper [37]. By using the driving simulators, dif-
ferent variables can be controlled, and interferential
factors may be isolated. Therefore, simulation was
implemented in this study.

This research aims to evaluate the effectiveness
of SRMs through investigating the driver’s speed
with simulators in freeway tunnels under different
light conditions. There are different simulated sce-
narios where LSRMs, TSRMs, and CASMs are set
respectively. The results and data from the simula-
tions will be collected and analysed. According to
the driving behaviours from the data, the effective-
ness of SRMs in the entrance and exit zones will
be evaluated. If SRMs are effective, the results of
this research would show an obvious difference in
the driving speed between SRMs and Non-SRMs
(NSRMs) experiments.

2. METHODOLOGY

The subject drivers were selected from the vol-
unteers with full driver licenses and more than three
years of driving experience. A total of 30 volunteers
recruited from Yan Ta District of Xi’an participated
in these experiments, consisting of 21 males and 9
females. The structure of participants is specially
designed since the ratio between male and female
drivers is 7:3 in China [27]. However, five partic-
ipants, two females and three males included, suf-
fered from 3D vertigo of driving simulator and did
not complete the formal experiments. The rest of
twenty-five participants successfully finished the
experiments, and their age ranged from 23 to 40
(mean=28.6; SD=4.38). All of them had a normal
or corrected-to-normal vision. They allegedly had
a valid driving license with at least three years of
driving experience (mean=8.7; SD=5.26) and drove
at least once a month. In addition, all the drivers
had enough sleep before the experiments and were
experienced in driving in freeway tunnels.

This study launched a driving-simulated exper-
iment by using UC-win/road software to establish
the freeway tunnel models. The driving simulator

(Figure 3) was used to collect the real-time data,
including operation data of vehicles (speed, accel-
eration, etc.) and manoeuver data (gears, clutch,
accelerator, brake, etc.) of subjects. The data acqui-
sition frequency of the driving simulator was 30 Hz.
The visual scenario was projected onto three large
screens, providing a 130° field of vision.

Figure 3 — Driving simulator

In this research, three types of SRMs which are
TSRMs, LSRMs, CASMs, were studied. According
to the Chinese National Standard [20, 21], the de-
tailed designs of the three types of SRMs are shown
in Figure I (c, d, e) and Figure 2 (a, b). Since the drivers
may have different reflections on SRMs in day and
at night, this experiment designed two scenarios for
the day (Scenario I) and night (Scenario II). Each
scenario was composed of two-lane road segments
and four tunnels equipped with lights on the top.
The speed limit was 100 km/h for the freeway seg-
ment, whereas 80 km/h for the tunnel sections with
speed limit signs [38]. These tunnels are examples
taken from the tunnel groups in Shaanxi province,
China. In both scenarios, each type of SRMs was
randomly paved once before the entrance and exit
zones of three tunnels. The left tunnel was used as
the control group in the NSRMs experiment. The
beginning and ending point of SRMs conforms to
the Chinese National Standards [20, 21]. The sim-
ulated scenes are as shown in Figure 4. According
to the Chinese Technical Standard of Highway En-
gineering [39], the freeway roads were built with
two lanes in a single direction, and the design speed
ranged from 60 km/h to 100 km/h. In addition, the
right lane is used for driving, while the left lane pro-
vides the traffic flow. The width of a single lane is
3.75 m. According to the Chinese Guidelines for the
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Figure 4 — Simulated scenes with different SRMs

Design of Highway Tunnels [40], the two directions
of tunnels are separated. The length is 1 km for each
tunnel, and the construction gauge height is 5 m.

Relative speed contrast (), spot speed (v) and
mean acceleration (Ma) were extracted from the
simulation data and employed as the dependent
variables in this study.

Relative speed contrast (J) shows the overall
speed deceleration in the tunnel entrance and exit
zones [15, 30, 41]

5 _ VEV-SVS (1)

where v is the speed when the front end of the car
reaches the start point of the SRMs, v, is the speed
when the front end of the car reaches the end of the
SRMs. Positive d shows an overall trend of accel-
eration in the zone, while negative 6 means the de-
celeration. Spot speed (v) is the vehicles’ spot speed
when they pass a certain spot before the entrance
and the exit. Mean acceleration (Ma) is the average
of the vehicles’ acceleration while they travelled
through the entrance and exit zones.

The participants were required to complete a
questionnaire about their basic information (age,
gender, driving experience) when they arrived at
the driving simulation laboratory. Then they were
introduced to the experiment process. However,
they were not informed of the research objective of
the experiment. In addition, all of them signed up
an informed consent form. Before the experiment,
the participants were guided on how to use the
driving simulator in detail, including the steering

wheel, pedal, brakes, and the gear lever. Moreover,
participants received at least 10 minutes of training
to become familiar with the operation of the driv-
ing simulators. The vehicle speed could be seen
from the speedometer. After a break of three min-
utes, the participants began to conduct the formal
experiments. The participants completed both the
day and night scenarios once each. The computer
randomly selected which of the scenarios to present
first. During the driving procedure, the participants
were required to drive in the right lane, and they
were not allowed to change. The participants were
required to obey the traffic rules during the simula-
tions. After each driving scenario, the participants
had a rest break for three minutes, and the entire
driving experiment took approximately 25 minutes.
The operation data of vehicles and participants were
recorded by the UC-win/road software. The partic-
ipants who completed the experiments successfully
were paid 100 RMB as a reward.

3. RESULTS

In this section, the extracted data were anal-
ysed, adopting the descriptive statistical method
and inferential statistics method. A repeated mea-
sure analysis of variance (ANOVA) was conduct-
ed with a significance level of 0.05 by using SPSS
(version 20). Before performing AVOVA, K-S
(Kolmogorov—Smirnov) test and Levene’s test were
used to verify the normality and homogeneity of
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variances for the data, which showed that all data
were normally distributed and the homogeneity of
variances was satisfied.

3.1 Relative speed contrast

The total speed drop (or speed up) trend can be
reflected by relative speed contrast in the entrance
and exit zones of the tunnels.

For the entrance, the maximum relative speed
contrast (with the mean value of -0.084 in scenario I
and -0.082 in scenario II) appears in the situation of
NSRMs, while the minimum relative speed contrast
(with mean value of -0.110 in scene I and -0.106 in
scene II) appears in CARMs paved section (7uble 1).
Generally, deceleration in the daytime was slight-
ly higher than the one at night. A repeated measure
analysis of variance (ANOVA) was conducted to
examine the overall effect of SRMs on the relative
speed contrast. The non-significant main effect of
SRMs setting conditions was found. Even so, rel-

Table 1 — Relative speed contrast for SRMs

ative speed contrast for SRMs was slightly smaller
than that for NSRMs in both scenarios, which means
that SRMs provide some assistance to decreasing
driving speed in the entrance zone of the tunnel.

In the exit zone, the drivers accelerated only in
cases of NSRMs (with the mean value of 0.027 in
scenario I, and 0.026 in scenario II), and the min-
imum relative speed contrast (with mean value
of -0.026 in scenario I, and -0.019 in scenario II)
occurred in CASMs paved sections (Table I and
Figure 5).

ANOVA was conducted to examine the effec-
tiveness of SRMs. The main effect of SRMs was
significant (F(3'96)=3.035 ; P=0.0329<0.05 in scenar-
io I and F(3.96)=3.040; P=0.0327<0.05 in scenario
II), indicating that the driving speed was decreased
in the SRMs paved sections. However, there is no
significant difference between the two scenarios
for a certain type of SRMs (p>0.05) in the post-hoc
comparisons.

. Scenario I (Daytime) Scenario II (Night)
Section SRMs
Mean S.D. Mean S.D.
-0.110 0.060 -0.106 0.063 LSRMs
) -0.089 0.080 -0.086 0.070 CASMs
Entrance section
-0.097 0.083 -0.091 0.067 TSRMs
-0.084 0.083 -0.082 0.056 NSRMs
-0.013 0.049 -0.015 0.055 LSRMs
. . -0.026 0.054 -0.019 0.064 CASMs
Exit section
-0.013 0.085 -0.014 0.072 TSRMs
0.027 0.069 0.026 0.050 NSRMs
0.03 0.027 0.026
0.02-
0.01F
§ 0.00
3
s
2 001
; -0.013 -0.013 0TS -0.014
§ -0.02}F -0.019
003 -0.026
[ LsRMs | casMs [ TsRMs | NsrMs | Lsrms | casms | TsrMs [ Nsrms
Scenario [ Scenario IT

Figure 5 — Relative speed contrast in the tunnel exit zone
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3.2 Spot speed

The vehicle operation speed before the entrance
and at the exit under the influence of SRMs can be
represented by spot speed.

For the entrance zone, spot speed for NSRMs
decreased from 91.01 km/h (500 m before the en-
trance) to 77.57 km/h (at the entrance) in daytime,
but it was higher than that for SRMs in each ob-
served position before the entrance. For CASMs,

Table 2 — Spot speed in the entrance zone and ANOVA test results

it shows the same decreasing trend, but v was the
smallest among SRMs (Table 2 and Figure 6a). In case
of night, spot speed for NSRMs was higher than that
for SRMs in each observed point, and it decreased
from 89.99 km/h (500 m before the entrance) to
79.14 km/h (at the entrance) gradually. Generally,
spot speed for SRMs was lower than the one for
NSRMs. Spot speed for CASMs was also the small-
est one in the three types of SRMs throughout the
entire entrance section (7able 2 and Figure 6).

Detecting point LSRMs CASMs TSRMs NSRMs ANOVA
(before the entrance) F P-value
500 88.45 81.27 83.36 85.43 2.819 0.043
450 87.42 81.46 82.96 87.42 2.981 0.035
> 400 87.62 84.93 85.37 91.01 3.001 0.034
g 350 85.21 82.92 84.61 89.16 3.611 0.016
§ 300 84.11 82.28 84.05 89.46 3.252 0.025
E 250 82.47 79.18 81.85 85.37 3.426 0.020
g 200 78.41 78.02 78.86 83.44 2.771 0.046
§ 150 77.48 76.22 77.12 81.03 2.867 0.041
7 100 75.14 74.77 76.17 79.89 3.031 0.033
50 73.38 73.44 74.94 78.45 3.401 0.021
0 72.56 72.34 73.32 77.57 3.263 0.025
500 86.60 85.09 86.83 89.99 2.861 0.041
450 86.89 84.24 86.08 89.70 2.884 0.039
400 86.41 84.33 85.77 89.48 2.752 0.047
% 350 86.21 83.15 85.64 88.88 2.816 0.042
£ 300 86.04 83.29 84.86 88.51 2.961 0.036
i 250 84.83 80.57 82.58 86.63 4.118 0.008
lé 200 83.43 79.44 79.81 85.43 3.520 0.018
g 150 80.81 76.28 77.17 83.39 2.750 0.046
100 79.26 75.19 76.72 81.53 4.509 0.005
50 77.68 73.58 74.49 80.46 3.653 0.015
0 75.54 73.48 74.89 79.14 4.449 0.006
95 95
o0t a T
TVy
- o | ey . v
A T
3 3 NA D v
g 80 g 80| ° "\'\k \\‘\. v .
Bl Y- 8 N .
= -y p= \:A ‘l\\
75 oA 751 —=—LSRMs —e— CASMs el - 1
i ;g%: ; Ii‘;;l\l\ﬁz e A 4 TSRMs v NSRMs *— o
7250 500 450 400 350 300 250 200 150 100 50 O 70550 S(I)O 45I0 4(;0 35I0 3(;0 2I50 2;)0 1I50 lIOO SIO E)
a) Scenario 1 b) Scenario 11
Figure 6 — Spot speed before the tunnel entrance
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The ANOVA test for spot speed at each observed
point was conducted to evaluate the effectiveness of
SRM s in the entrance zone (7uble 2). The main effect
of SRMs was significant (<0.05) at each detecting
point.

In the exit zone, the changing trend of spot speed
was different from that in the entrance zone. In case
of daytime, spot speed for NSRMs increased from
72.31 km/h (500 m before the exit) to 79.22 km/h
(at the exit), while for TSRMs there was gradual de-
crease from 75.02 km/h to 73.00 km/h. For LSRMs,
spot speed fluctuated near 74.5 km/h, while for
CASMs it appeared as a decreasing trend. In case
of night, spot speed for NSRMs fluctuated between
74 km/h and 75 km/h in the section from 500 m to
250 m before the exit, but considerable increases
occurred at 250 m before the exit. Spot speed for
CASMs presented an obvious decrease throughout
the observed section. Spot speed for TSRMs was
the lowest among SRMs before the observed point
at 200 m, but for CASMs it becomes the lowest at
the observed point at 150 m.

Table 3 — Spot speed and ANOVA results in the exit zone

Furthermore, the ANOVA test for spot speed at
each observed point was conducted to evaluate the
effectiveness of SRMs in the exit zone (7able 3). The
result indicated that the main effect of SRMs was
significant (<0.05) at each detecting point.

3.3 Mean acceleration

From 7able 4 and Figure Sa, the results for the
entrance zone can be concluded. Generally, mean
acceleration was negative, which means that the
driving speed decreases in two scenarios. This was
accorded with the results drawn from the mean rel-
ative speed contrast. For SRMs, the mean accelera-
tion was lower than -0.1 in scenario II, and the one
for TSRMs was the smallest (-0.1121) in all situa-
tions. For the case of daytime, the mean accelera-
tion for CASMs was smaller (-0.1224) than in other
situations. The most points of the mean acceleration
were below the zero-reference line, and that meant
that the majority of participants had taken a deceler-
ating manipulation, resulting in the reduction of the
driving speed. For NSRMs, the mean acceleration

(Dbzzis‘tfep:;it) LSRMs CASMs TSRMs NSRMs . ANOVAP_Value
500 74.30 77.26 75.02 72.31 3.470 0.019
450 74.46 77.19 74.98 73.38 2.907 0.029
400 75.43 77.00 74.66 74.27 3.056 0.032
g 350 75.09 76.30 74.53 76.33 2.850 0.041
g‘ 300 74.49 76.21 74.00 77.10 2.809 0.044
= 250 74.79 76.29 73.81 77.19 2.908 0.039
'% 200 74.65 76.15 73.70 78.21 3.357 0.022
g 150 75.05 76.05 73.49 78.36 3.357 0.022
100 74.73 75.62 73.40 78.61 3.166 0.028
50 75.46 75.16 73.10 79.06 2.937 0.037
0 74.73 74.58 73.00 79.22 3.456 0.019
500 73.35 74.55 71.48 74.08 3.310 0.023
450 73.88 73.25 71.09 73.85 2.719 0.048
400 73.12 72.77 70.77 74.83 3.056 0.032
= 350 74.26 72.54 71.70 74.53 3.847 0.012
'\%j 300 74.69 72.13 71.82 74.89 3.265 0.025
i 250 74.79 72.05 72.05 74.26 3.552 0.017
'é 200 74.37 71.85 71.52 74.72 2.774 0.046
% 150 74.57 71.57 72.16 75.70 3.449 0.019
100 74.94 71.37 71.81 76.25 4.101 0.009
50 74.69 71.09 71.35 76.62 2.809 0.042
0 73.62 70.75 71.04 76.76 2.731 0.048
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Figure 7 — Spot speed before the tunnel exit

Table 4 — Mean acceleration in the entrance and exit zones

Scenario | Scenario II
Zones SRMs
Mean S.D. Mean S.D.
-0.0984 0.197 -0.1033 0.211 LSRMs
-0.1244 0.198 -0.1087 0.200 CASMs
Entrance zone
-0.0862 0.230 -0.1121 0.166 TSRMs
-0.0761 0.218 -0.0659 0.190 NSRMs
-0.0099 0.152 -0.0080 0.104 LSRMs
. -0.0771 0.138 -0.0767 0.115 CASMs
Exit zone
-0.0145 0.142 -0.0222 0.138 TSRMs
0.0402 0.129 0.0321 0.134 NSRMs
075 | _LSRMs | CASMs | TSRMs NSRMs 04l LSRMs [ CASMs [ TSRMs [ NSRMs
0.50

-0.25

0.50F

Mean acceleration [m/s?]

-0.75

-1.00

Day [Night| Day |Night| Day | Night| Day | Night

a) Mean acceleration in the entrance zone

Mean acceleration [m/s?]

Day |Night[ Day [Night| Day [Night| Day [Night

b) Mean acceleration in the exit zone

Figure 8 — Mean acceleration distribution in the tunnel entrance and exit zones

was the largest in all cases, which meant that the
drivers took a relatively slight decelerating manip-
ulation.

The ANOVA test was applied to evaluate if SRMs
had a significant effect on driver’s deceleration in the
entrance zone of the tunnels. The results showed no
significant difference in two scenarios (F(3.96):0.244;
P=0.865>0.05 in Scenario I and F(3.96)=0.3016;

P=0.824>0.05 in Scenario II). Neither is there any
significant difference between the two scenarios
(p>0.05).

For the exit zone, it was obvious that the mean
acceleration was negative for SRMs. The smallest
value (with the mean value -0.0771 in scenario I
and -0.0767 in scenario I1) was in the CASMs paved
sections, while the mean acceleration for NSRMs is
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positive (0.0402 in scenario I and 0.0321 in scenario
IT). Moreover, the mean acceleration for LSRMs was
slightly bigger than that for TSRMs. For CASMs,
the majority of mean acceleration points were be-
low the zero-reference line, while those for NSRMs
were above the zero-reference line. The mean ac-
celeration for LSRMs and TSRMs presented a sym-
metrical distribution near the zero-reference line.
Then the ANOVA test was conducted to examine
the SRMs effect on the driver’s deceleration. Sig-
nificant effects were found in the exit zone of tun-
nels (F(3_96)=2.927; P=0.0377<0.05 in scenario I and
F(3.96)=3.325; P=0.0229<0.05 in scenario II).

4. DISCUSSION

Previous studies have shown that drivers need
to invest more effort to adapt to the changing light
environment due to “the black hole effect” of tun-
nels. Thus, they are prone to take decelerating ma-
noeuver to achieve a safer feeling, while they ap-
proach the tunnels [36]. The present study confirms
the findings that the drivers took deceleration as a
mitigation strategy in the entrance zones.

In the entrance zones, the driving speed had a
noticeable difference in the situation of NSRMs
and SRMs. Previous studies reported that speeds
were significantly affected by SRMs [27-29]. In
this study, a similar downward trend has performed
in the situation of NSRMs and SRMs, but a low-
er speed occurred in case of SRMs. Our results are
consistent with the perceptual treatment research
that suggests that TRSMs, LSRMs, and CASMs
can raise the drivers’ vigilance [20] and increase the
drivers’ perceptual speed. In this case, the drivers
are more prone to decelerate after overestimation.
Besides, CASMs worked better and caused an ob-
vious gap of 10 km/h in the daytime and 5 km/h at
night, compared to the speed without SRMs. A sim-
ilar finding was reported in the previous literature,
that CASMs are effective in reducing the accident
rate [34], raising the driver’s vigilance [31, 32, 34,
35], and increasing the luminance in the tunnel en-
trance and exit zones [31].

In the exit zone, the present study supports the
conclusion that the drivers are prone to accelerate
[38]. These results suggest support for the driver’s
perception hypothesis, that low illuminance and
semi-closed characteristics of tunnels may depress
the drivers and make them want to leave the tunnel
as soon as possible.

It has also been shown that SRMs have a sig-
nificant effect on speed deceleration in the exit
zone, which had also been proven in the research by
Ding et al. (2015) [15]. Our results showed that the
drivers accelerated in case of NSRMs, while they
slowed down in case of SRMs. Thus, SRMs are
necessarily implemented in the highway tunnel exit
zones. Our study also indicates that though CASMs
result in lower speed at night, TSRMs perform bet-
ter than CASMs in daytime. A possible explanation
is that TSRMs are paved with horizontal bar mark-
ings which get more attention and increase cogni-
tive vigilance better than CASMs as they have no
horizontal bar in the exit zone as shown in Figure 2b.
Future research may provide more evidence to con-
firm this hypothesis.

Although there is rather extensive literature on
the proposed to evaluate the effectiveness of SRMs
in a variety of road conditions, the speed reductions
effect of SRMs is found to be insufficient in the
entrance and exit zones of the tunnels. This study
provides some of the first evidences to examine the
effectiveness of the proposed recommendations for
the engineering applications.

A limitation of this research is the longitudinal
slope of the simulated road in zero degrees. Howev-
er, in reality, the freeway tunnels usually have lon-
gitudinal slopes. Tunnels with longitudinal slopes
need to be simulated in a further study. Another
limitation of the present study is based on the driv-
ing simulator. Future research based on road testing
would provide more evidence to improve the design
criteria and propose the driver support systems.

5. CONCLUSION

The aim of this study is to investigate the effec-
tiveness of SRMs in the tunnel entrance and exit
zones by conducting a driving simulation exper-
iment. It was found that SRMs do have a signifi-
cant effect in speed reduction both in day and night
scenarios. Besides, the Colour Anti-Skid Markings
(CAMs) are recommended for the implementation
in the highway tunnel entrance zones in order to
reduce speeding. The results of the investigation
have enhanced our understanding of the driving be-
haviour and the effectiveness of SRMs in the tunnel
entrance and exit zones. Our findings also provide
important information for the development of new
marking design criteria and the driver support sys-
tems in the tunnel zones.
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