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Abstract: The lighting design of a road tunnel focuses on the setting of pavement luminance. As for
the tunnel sidewall luminance, it simply follows the principle of no less than 60% of the pavement
luminance. In fact, the sidewall is one of the important components of the tunnel lighting environment;
however, the impact of the improvement of sidewall brightness on the LED lighting environment
in a tunnel has not attracted enough attention. In this study, the impact of the improvement of
tunnel sidewall brightness on the lighting environment and visual characteristics of human eyes
were analyzed based on the lighting experiments when the tunnel sidewalls were decorated with
two different types of materials and illuminated by LED lamps with five different color temperatures.
The test results show that the tunnel sidewall luminance will increase if the energy-storage and
luminescent coating with high reflectance is decorated on tunnel sidewalls, and the pavement
luminance increases with the increasing sidewall luminance. After the improvement of the sidewall
and pavement luminance, the visible distance for a small object in the tunnel will increase to a certain
extent. Furthermore, there is no discomfort for drivers during driving, and the changing of eye pupil
diameter is relatively stable, which indicates that the increase in tunnel sidewall luminance has a
positive effect on the visual performance of drivers.

Keywords: tunnel lighting; sidewall brightness; lighting environment; visual characteristics; experiment

1. Introduction

Road tunnel lighting systems consume a lot of energy, and the power consumption of
24 h continuous lighting in tunnels has become a heavy burden during tunnel operation [1–3].
According to the statistics, the power consumption of tunnel lighting accounts for more than
50% of the total energy consumption for a tunnel [4–6]. In China, there were 21,316 road
tunnels with a total length of 21,999 km by the end of 2020, and the total length of road
tunnels still increases at a rate of more than 10% each year [7,8]. With the continuous
growth of total road tunnel length, tunnel lighting faces a serious problem of energy
consumption [9,10].

In recent years, LED lamps have become the first choice for tunnel energy-saving
lighting [11–13]. Fruitful studies have been performed covering the energy-saving effects
and layout optimization of LED lamps in tunnels. Sato and Hagio [14] and Renzler et al. [15]
investigated the influence of lamp layout on lighting energy saving in road tunnels for
the symmetric lighting, counter-beam lighting and pro-beam lighting situations. Fan
and Yang [16] established a parameter optimization model to acquire the most energy-
saving luminaire installation parameters including luminaire installation height and angle,
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longitudinal and transverse installation spacing, and luminaire power in the interior
zone of road tunnels. Shi et al. [17] analyzed the road surface illumination and evenness
obtained from different lighting simulations based on DIALux software to get the best
scheme for tunnel lamp installation. Domenichini et al. [18] revealed the influence of the
lighting system on the driver’s behavior in road tunnels by means of driving simulator
experiments. Zhang et al. [19], Zhao et al. [20] and He et al. [21] studied the effects of the
spatial distribution of lighting environment parameters on drivers’ visual performance.
Li et al. [22] proposed an optimal design model for determining light sources, powers,
layout modes and equipment spacing of lamps in tunnels, which can not only effectively
reduce the overall installation and operation cost, but also ease the complexity of manual
calculations during the design process of tunnel lighting systems.

The use of LED lighting can save energy consumption on the basis of ensuring the
tunnel lighting requirements, and the existing statistical data show that the application
of LED lamps in the tunnel can achieve energy saving of more than 30% compared with
other types of illumination lamps [23–25]. For the LED lighting environment, the lighting
specifications of the “Guide for the Lighting of Road Tunnels and Underpasses (CIE 88 2004)” [26]
and “Guidelines for Design of Lighting of Highway Tunnels (JTG/T D70/2-01-2014)” [27] specify
the road surface luminance in tunnels and demand that the average luminance of the tunnel
sidewalls, up to at least a height of 2 m, must be at least 60% of the average road surface
luminance at the relevant location. In the existing tunnel lighting design, the lighting
calculation and analysis focus on the setting of road surface luminance. As for the sidewall
luminance, it simply follows the principle of no less than 60% of the road luminance. In fact,
the tunnel sidewall is one of the important components in tunnel lighting environment;
however, the impact of the improvement of sidewall brightness on the LED lighting
environment in the tunnel has not attracted enough attention. For example, when the
sidewall luminance is 80% of the road surface luminance, or even greater than the road
luminance, what impact will it have on the lighting environment in the tunnel and the
visual characteristics of human eyes? In this study, experimental research was carried out
in a tunnel when the tunnel sidewalls were decorated with two different types of materials
and illuminated by LED lamps with five different color temperatures, to analyze the impact
of improvement of tunnel sidewall brightness on the lighting environment and visual
characteristics of human eyes.

2. Test Arrangement
2.1. Tunnel and LED Lamps

The test tunnel is 160 m long, with a clear width of 10.4 m, a clear height of 7.5 m
and a wall thickness of 0.25 m. The cross-section dimensions are shown in Figure 1. In
the area of 4.6–5.4 m away from the road surface, five rows of LED lamps were installed,
and the vertical interval between each row was 0.2 m. In each row, the LED lamps were
symmetrically arranged on both sides of the tunnel. The longitudinal interval between
two adjacent LED lamps was 10.5 m, and the distance from the first lamp to the tunnel
entrance is 12.5 m. The color temperatures of the five rows of lamps from low position to
high position are 2500 K, 3500 K, 4500 K, 5500 K and 6500 K, respectively. Two different
decorative materials were decorated on both sides of the tunnel sidewalls within the range
of 3 m, as shown in Figures 1 and 2. Firstly, the energy-storage and luminescent coating
with high reflectance was painted on the tunnel sidewalls, and the indexes of lighting
environment and visual characteristics of human eyes in the tunnel were tested. The
energy-storage and luminescent coating is a modified rare-earth aluminate material and
using energy-storage and luminescent coating for auxiliary lighting in tunnel can increase
the brightness because of its high reflection; moreover, the energy-storage and luminescent
coating can release the stored energy in the form of light for emergency lighting [28,29].
Then, the energy-storage and luminescent coating was covered with gray cloth, and the
same indexes were tested. The appearance and interior decoration of the tunnel decorated
with energy-storage and luminescent coating and gray cloth are shown in Figure 2.
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Figure 2. Tunnel appearance and decoration. (a) Sidewalls with energy-storage and luminescent
coating, (b) sidewalls with gray cloth.

2.2. Lighting Environment Setup

The electric power of LED lamps in the tunnel was taken as the control index, and
two different electric powers were selected. The luminous efficiency of the LED lamps
is 108 lm/W, and the light distribution curve is shown in Figure 3. Combined with the
lighting conditions of the test tunnel, two lighting states were set. For the tunnel in which
the sidewalls were decorated with energy-storage and luminescent coating, the LED lamps
with five different color temperatures were turned on at electric power of 10 W sequentially;
then, the LED lamps with five different color temperatures were turned on at electric power
of 18 W sequentially, i.e., a total of ten lighting environments. For the tunnel in which
the sidewalls were decorated with gray cloth, the power control of LED lamps was the
same as that decorated with energy-storage and luminescent coating, which will not be
repeated here. The luminance, illuminance, spectral distribution, S/P value and human
visual characteristics were tested in the twenty lighting environments to provide a basis for
the analysis in this study.
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Figure 3. Light distribution curve of LED lamps.

2.3. Experimental Scheme

After the energy-storage and luminescent coating and gray cloth were decorated on
the tunnel sidewalls, the material reflectance was measured to be 0.9 and 0.3 for the coating
and cloth, respectively, by the C84-Ш reflectance tester (see Figure 4a). The test was carried
out after 8 p.m. to avoid the influence of natural light on the lighting environment in the
tunnel. The tested indexes of the lighting environment mainly include the illuminance and
luminance in tunnel, and the spectral distribution and S/P value of LED light sources. The
illuminance and luminance in tunnel were measured by the CL-500A illuminance meter
and LM-3 luminance meter, respectively (see Figure 4b,c), and three cross-section positions
of 55 m, 65 m and 75 m away from the tunnel entrance were selected for the measurement.
In each cross-section, the measuring points for the illuminance and luminance of road
surface were the center of the pavement and the left and right sides which are 2 m from
the center (see Figure 1), and there were nine measuring points for the pavement. The
sidewall measuring points were at the height of 1.5 m on the left and right sidewalls (see
Figure 1) with a total of six measuring points of the three cross-sections. In the testing of
sidewall and pavement illuminance, the optical probe of the illuminance meter was along
the vertical direction of the sidewall and pavement, respectively. The spectral distribution
and S/P value of the LED light sources were measured by the OHSP-350Z multifunctional
spectrometer (see Figure 4d), and the measured position was selected at the cross-section
of 65 m away from the tunnel entrance.
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The test for human visual characteristics includes two parts: the visible distance test
for a small object in the tunnel and the dynamic change of the driver’s eye pupil diameter
during driving in the tunnel. When testing the visible distance for the small object, three
observers with normal sight and without color blindness, color weakness, or other eye
diseases stood outside the tunnel with a distance of 38 m away from the tunnel entrance
and observed the small object randomly placed in the tunnel, as shown in Figure 5. The
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small object is a gray cube with a size of 10 cm × 10 cm × 10 cm and a surface reflectivity of
0.2 [19]. The observer firstly stood outside the tunnel and a black cloth was placed in front
of him; then, the black cloth was removed, and the observer was requested to recognize the
small object randomly placed on the pavement of the tunnel for 0.1 s [19,30]. The observer
was asked the following three questions: (1) Is there any object? (2) Where is the position of
the object on the pavement? and (3) What is the shape and color of the object? If the three
questions were answered correctly, it was considered that the observer can recognize the
small object [19]. During the test, the distance between the small object and the observer
was repeatedly adjusted until the observer cannot recognize the small object, and then
recorded the maximum visible distance between the observer and the small object.
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When testing the dynamic change of driver’s eye pupil diameter during driving, one
of the three observers who had the longest driving age and was the most skilled at driving
was selected as the test object. The Tobii Pro Glasses 3 eye tracker (see Figure 6a), which
can realize high-quality eye tracking and ensure accurate and stable eye tracking data, was
used. Before the test, the driver parked the vehicle at the entrance of the tunnel, then wore
the eye tracker and calibrated it, as shown in Figure 6b. Subsequently, the driver started
the vehicle and drove at a constant speed in the tunnel. Driving to the position about 40 m
from the tunnel exit, the driver began to brake until the vehicle stopped. Because the test
tunnel is only 160 m, the constant speed for the driving was determined as 20 km/h and
40 km/h in the test. During the test, a test assistant sat at the co-driver’s position to be
responsible for the data storage of the eye tracker and gave the command to the driver to
brake when the vehicle was about 40 m away from the tunnel exit, so as to ensure driving
safety (see Figure 6b).
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Figure 6. Acquisition of a driver’s pupil diameter data. (a) Eye tracker, (b) the driver wearing eye
tracker.

3. Tunnel Lighting Environment Parameters
3.1. Luminance and Illuminance in Tunnel

The measured luminance and illuminance in tunnel when the sidewalls decorated
with energy-storage and luminescent coating and gray cloth are shown in Tables 1 and 2,
respectively. It can be seen from Table 1 that when the LED lamps turned on at the electric
power of 10 W, in the tunnel decorated with energy-storage and luminescent coating, the
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average luminance values of the nine measuring points on pavement corresponding to
the LED lamps with color temperatures of 2500 K, 3500 K, 4500 K, 5500 K and 6500 K
were 2.7 cd/m2, 2.7 cd/m2, 2.8 cd/m2, 2.7 cd/m2 and 2.9 cd/m2, respectively, and the
average luminance values of the six measuring points on sidewalls corresponding to the
LED lamps with color temperatures of 2500 K, 3500 K, 4500 K, 5500 K and 6500 K were
3.6 cd/m2, 3.6 cd/m2, 3.8 cd/m2, 3.7 cd/m2 and 3.9 cd/m2, respectively. It can be seen
from Table 2 that in the tunnel decorated with gray cloth when the LED lamps turned on at
the same power, the average luminance values of the nine measuring points on pavement
illuminated by the LED lamps with five different color temperatures were 2.1 cd/m2,
2.2 cd/m2, 2.3 cd/m2, 2.1 cd/m2 and 2.2 cd/m2, and the average luminance values of the
six measuring points on sidewalls illuminated by the LED lamps with five different color
temperatures were 1.3 cd/m2, 1.3 cd/m2, 1.4 cd/m2, 1.3 cd/m2 and 1.4 cd/m2. For the
tunnel illuminated by the LED lamps with five different color temperatures, the luminance
and illuminance distribution in the tunnel is basically the same. The luminance and
illuminance distribution in tunnel illuminated by the LED lamps with the electric power of
18 W is similar to the above situation and will not be repeated here. As for the relationship
between illuminance and luminance of pavement in the tunnel, the lighting specification of
“Guidelines for Design of Lighting of Highway Tunnels (JTG/T D70/2-01-2014)” [27] specifies
that the conversion relationships between the illuminance and luminance are 10 and 15
on concrete and asphalt pavements, respectively. The pavement of the test tunnel is concrete
pavement, and the relationships between pavement illuminance and luminance was 8.4–10.3
(see Tables 1 and 2). These values were close to the value specified in the specification, which
verified the rationality of the test.

Table 1. Luminance and illuminance in tunnel decorated with energy-storage and luminescent
coating.

Color
Tempera-

ture
(K)

Single Lamp Power of 10 W Single Lamp Power of 18 W

Sidewall
Lumi-
nance

(cd/m2)

Pavement
Lumi-
nance

(cd/m2)

Pavement
Illumi-
nance

(lx)

Luminance
Ratio of
Sidewall
to Pave-

ment

Ratio of
Illumi-

nance to
Lumi-

nance of
Pave-
ment

Sidewall
Lumi-
nance

(cd/m2)

Pavement
Lumi-
nance

(cd/m2)

Pavement
Illumi-
nance

(lx)

Luminance
Ratio of
Sidewall
to Pave-

ment

Ratio of
Illumi-

nance to
Lumi-

nance of
Pave-
ment

2500 3.6 2.7 23.0 1.3 8.5 6.7 5.0 41.8 1.3 8.4
3500 3.6 2.7 24.3 1.3 9.0 6.6 5.1 43.8 1.3 8.6
4500 3.8 2.8 24.7 1.4 8.8 6.8 5.1 43.8 1.3 8.6
5500 3.7 2.7 24.2 1.4 9.0 6.6 5.0 43.0 1.3 8.6
6500 3.9 2.9 25.6 1.3 8.8 6.9 5.2 47.3 1.3 9.1

Table 2. Luminance and illuminance in tunnel decorated with gray cloth.

Color
Tempera-

ture
(K)

Single Lamp Power of 10 W Single Lamp Power of 18 W

Sidewall
Lumi-
nance

(cd/m2)

Pavement
Lumi-
nance

(cd/m2)

Pavement
Illumi-
nance

(lx)

Luminance
Ratio of
Sidewall
to Pave-

ment

Ratio of
Illumi-

nance to
Lumi-

nance of
Pave-
ment

Sidewall
Lumi-
nance

(cd/m2)

Pavement
Lumi-
nance

(cd/m2)

Pavement
Illumi-
nance

(lx)

Luminance
Ratio of
Sidewall
to Pave-

ment

Ratio of
Illumi-

nance to
Lumi-

nance of
Pave-
ment

2500 1.3 2.1 17.8 0.6 8.5 2.1 3.5 34.3 0.6 9.8
3500 1.3 2.2 20.5 0.6 9.3 2.2 3.4 34.5 0.6 10.1
4500 1.4 2.3 20.8 0.6 9.0 2.3 3.5 34.8 0.7 9.9
5500 1.3 2.1 20.2 0.6 9.6 2.3 3.4 33.2 0.7 9.8
6500 1.4 2.2 22.6 0.6 10.3 2.3 3.7 37.1 0.6 10.0

Brightness is an important index for the evaluation of tunnel lighting quality. The lighting
specifications of “Guide for the Lighting of Road Tunnels and Underpasses (CIE 88 2004)” [26] and
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“Guidelines for Design of Lighting of Highway Tunnels (JTG/T D70/2-01-2014)” [27] specify
that the average luminance of the tunnel sidewalls, up to at least a height of 2 m, must be
at least 60% of the average road surface luminance at the relevant location. The ratios of
sidewall luminance to pavement luminance in the tunnel decorated with energy-storage
and luminescent coating and gray cloth measured in the test were 1.3–1.4 and 0.6–0.7,
respectively (see Tables 1 and 2), which meets the above specification requirements. When
the pavement luminance in the tunnel having the sidewalls with gray cloth was in the range
of 2.1–2.3 cd/m2, the pavement luminance in the tunnel having the sidewalls with energy-
storage and luminescent coating increased by 20–30% on the premise of the electric power
of LED lamps keeps unchanged (see Table 1). On the same premise, when the pavement
luminance in the tunnel with gray cloth was in the range of 3.4–3.7 cd/m2, the pavement
luminance in the tunnel with energy-storage and luminescent coating increased by 40–50%
(see Table 2). The application of energy-storage and luminescent coating for auxiliary
lighting can increase the brightness in tunnel [28,29]. The tunnel sidewall luminance will
increase if the energy-storage and luminescent coating is decorated on tunnel sidewalls,
and the road surface luminance increases with the increasing sidewall luminance; however,
the increase rate of luminance will be different and needs to be analyzed if the tunnel
structural style, lighting system arrangement and other parameters are changed.

3.2. Spectral Distribution of LED Light Sources

The spectral distribution of LED light sources with different color temperatures is
shown in Figure 7. According to the spectral distribution in Figure 7, the spectral irradiance
of the LED light sources increased with the increasing brightness in the tunnel. The spectral
irradiance distribution reflects the radiation energy of light at different wavelengths. When
the electric power of LED lamps was the same, the spectral irradiance of the LED light
sources in the tunnel decorated with energy-storage and luminescent coating was greater
than that decorated with gray cloth. For the LED light sources, the spectrum presented
the bimodal distribution characteristics, and there were obvious differences in the bimodal
distribution characteristics of LED light sources with different color temperatures. The spec-
trum with relatively high peak on the left (about 450 nm, see Figure 7c–e) corresponded to
high color temperature, and that on the right (between 540 nm and 590 nm, see Figure 7a,b)
corresponded to low color temperature. For the LED light sources with low color tempera-
tures of 2500 K and 3500 K, the blue light component with the wavelength of 430–480 nm
was less, while the red and yellow light component with the wavelength of 580–780 nm was
more. As the color temperature increased to more than 4500 K, the blue light in the range
of 430–480 nm gradually increased and the red and yellow light in the range of 580–780 nm
gradually decreased.

3.3. S/P Value

The S/P value is related to the spectral irradiance distribution of the LED light sources.
In general, the S/P value of the LED light sources is ≥1, and the S/P value for LED light
sources with more blue light components can be greater than 2 [31]. The S/P values in
different lighting environment measured in the test are shown in Table 3. Previous study
claimed that in the mesopic vision (between about 0.001 and 3 cd/m2) for human eyes, the
higher the S/P value of the LED light source, the driver can feel the lighting with higher
brightness under the condition of consuming the same electric energy, and it is beneficial to
driving safety in road tunnel lighting [31–33].
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Table 3. S/P value.

Color
Temperature

(K)

Tunnel Sidewalls Decorated with
Energy-Storage and

Luminescent Coating
Tunnel Sidewalls Decorated with Gray Cloth

Single Lamp
Power of 10 W

Single Lamp
Power of 18 W

Single Lamp Power of
10 W

Single Lamp Power of
18 W

2500 0.811 0.808 0.844 0.836
3500 1.539 1.526 1.555 1.535
4500 1.572 1.566 1.584 1.582
5500 1.757 1.774 1.798 1.801
6500 2.034 2.036 2.070 2.058

4. Visual Characteristics of Human Eyes in Tunnel
4.1. Visible Distance for Small Object

Figure 8 shows the comparison of the lighting environment in the tunnel decorated
with different materials (energy-storage and luminescent coating and gray cloth) illumi-
nated by LED lamps with different color temperatures (only the situations for electric
power of LED lamps of 10 W are listed). The color temperatures of the LED light sources
can be divided into warm color (less than 3300 K, and majority of the light is red light),
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intermediate color (between 3300 K and 5300 K) and cold color (greater than 5300 K, and
majority of the light is blue light) [31,32,34]. In general, the tunnel lighting environment was
obviously dim when the color temperature was 2500 K, the light was relatively soft when
the color temperature was 3500–5500 K, and the lighting environment gave the observers a
high cold feeling when the color temperature was 6500 K.
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Figure 9 shows the visible distance for a small object with different color temperatures
of LED light sources and pavement luminance (the data in the figure is the average value
of three observers’ visible distances). As mentioned in Section 3.3, it is beneficial to driving
safety if the S/P value of the LED light source increases in the mesopic vision which is
between about 0.001 and 3 cd/m2; however, the data in Figure 9 illustrates that the increase
in color temperature and S/P value of LED light had no obvious influence on the visible
distance of human eyes. Compared with the color temperature and S/P value, the visibility
of a small object was more sensitive to the brightness. The visible distance increased to a
certain extent after the luminance of the sidewall and road surface in the tunnel improved
by the energy-storage and luminescent coating. For the conditions of single lamp power
of 10 W and 18 W, the visible distance of the small object increased by 6–10% and 3–10%,
respectively.
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4.2. Dynamic Change of Driver’s Pupil Diameter during Driving

Figure 10 shows the change of the driver’s eye pupil diameter at an interval of 0.5 s
while driving in the tunnel with different color temperatures of LED light sources and
pavement luminance. The data in Figure 10 shows that for the tunnel with two different
sidewalls, the pupil diameter of human eye was basically in the range of 3.8–5.0 mm, and
the changing trend was relatively stable when driving in the tunnel at the speed of 20 km/h
and 40 km/h. In addition, there was no discomfort for the driver during driving.
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Figure 11 shows the change rate of the driver’s eye pupil diameter at an interval of
0.5 s while driving in the tunnel with different color temperatures of LED light sources
and pavement luminance. The data shows that for the tunnel with two different sidewalls,
the change rate of pupil diameter in 0.5 s interval was −15–15%. Within the range of
this change rate, there was no discomfort for the driver. Combined with the distribution
characteristics of tunnel luminance in Section 3.1 and the visible distance of the small object
in Section 4.1, it can be seen that for LED light sources with different color temperatures, the
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pavement luminance increased with the increasing sidewall luminance; this improvement
increased the driver’s visible distance to a small object in the tunnel to a certain extent, and
had no effect on the driver’s pupil diameter change, which indicates that the increase in
tunnel sidewall luminance has a positive effect on the visual performance of drivers.
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5. Conclusions

The impact of the improvement of tunnel sidewall brightness on the lighting en-
vironment and visual characteristics of human eyes are analyzed based on the lighting
experiments in a tunnel when the tunnel sidewalls are decorated with two different types of
materials and illuminated by LED lamps with five different color temperatures. According
to the results, the main conclusions are as follows.

The tunnel sidewall luminance increases if the energy-storage and luminescent coating
with high reflectance is decorated on tunnel sidewalls, and the pavement luminance in-
creases with the increasing sidewall luminance. Taking the energy-storage and luminescent
coating applied in this study as an example, the pavement luminance can be increased by
more than 20% compared with the tunnel in which the sidewalls are decorated with gray
cloth and illuminated by the LED lamps with the same electric power. In addition, the ratio
of sidewall to pavement luminance in the tunnel decorated with energy-storage and lumi-
nescent coating is 1.3–1.4, which is far greater than the demand of lighting specifications.

The visibility of human eyes is more sensitive to the brightness than the color tempera-
ture and S/P value of the LED light sources. After the improvement of the tunnel sidewall
and pavement luminance, the visible distance of a small object in the tunnel will increase
to a certain extent. Furthermore, there is no discomfort for drivers during driving, and
the changing of eye pupil diameter is relatively stable, which indicates that the increase
in tunnel sidewall luminance has a positive effect on the visual performance of drivers;
however, the possibility of a glare issue remains to be discussed in a future study.
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