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Abstract 
The tunnel pavement is generally made of asphalt or concrete. Due to the relatively fixed material of pavement, the effect of tunnel
pavement setting on the lighting environment and visual performance of drivers has not received sufficient attention, especially the 
impact on the visual performance of drivers during driving has not been revealed. Therefore, experimental research on the visual recog-
nition performance of an obstacle on asphalt and concrete pavements inside tunnels during dynamic driving was conducted in this study. 
The results indicate that under the same pavement illumination, the luminance on concrete pavement is higher than that on asphalt pave-
ment due to the higher reflectance of concrete. The visible distance of the human eyes for a gray obstacle with a reflectance of 0.2 on the 
concrete pavement is greater than that on the asphalt pavement, and the visible distance of the obstacle on the concrete pavement 
increases by more than 28%. When the color of the obstacle and the pavement are close, it can be challenging for observers to recognize
the obstacle, and the pavement and obstacle need to have a higher level of luminance for the recognition. During dynamic driving, the
visible distance at a speed of 60 km/h is 1.2 to 1.4 times that at a speed of 80 km/h, which means the influence of vehicle speed on the
human eye’s recognition of obstacles on asphalt and concrete pavements should be taken into consideration in the design of road tunnel
lighting. The correlated color temperature and S/P value of LED light have little impact on the visible distance of human eyes to the
obstacle on the asphalt and concrete pavements, but it does create different visual perceptions. As the correlated color temperature
and S/P value increase, the lighting environment of the tunnel gradually gives a brighter feeling to drivers.

Keywords: Road tunnel; LED lighting environment; Pavement background; Driving speed; Correlated color temperature; Visual performance
1 Introduction 

In the relatively enclosed environment of a road tunnel, 
a proper lighting system needs to be set up for both day 
and night to provide a certain level of lumi nance inside
the tunnel, which is essential to ensure the safety of drivers
by enabling them to have sufficient visual information (Sun 
et al., 2019; Chen et al., 2020; Shahrour et al., 2021; Lai
et al., 202 3). Factors affecting the lighting environment 
inside tunnel include luminaires, pavements, sidewalls,
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and ceilings (Shen et al., 20 22a). Since the illuminant of 
the tunnel is generated by the lighting luminaires, the calcu-
lation of pavement luminance and the lighting effects under 
different lighting layouts have been the prima ry focus of
research for scholars. Sato and Hagio (20 14), an d
Renzler et al. (2018) investigated the lighting effects of 
LED lamps under symmetric tunnel lighting, counter-
beam tunnel lighting and pro-beam tunnel lighting, and 
the results showed that pro-beam lighting is more effective 
in terms of illumination compared with symmetric and 
counter-beam li ghting when the luminaire power is the
same. Shen et al. (2022b) proposed the usage of the particle 
swarm optimization algorithm based on the discretization 
of sidewall units and the ideal diffuse reflection assumption
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to optimize design parameters, including single lamp 
power, lighting height, horizontal spacing, longitudinal 
spacing, and installation elevation angle of luminaires, to 
determine the optimal lighting design which can effectively
reduce the energy consumption for tunnel lighting. In addi-
tion, Shen et al. (2022c), and Chiradeja and Yooma k
(2023) discussed the variations in pavement luminance 
and lighting uniformity as the installation height of lumi-
naires changed from higher-side to lower-side.

In recent years, improving the tunnel lighting environ-
ment to guarantee the lighting safety and achieve the 
energy saving effect has been the focus of various research-
ers around the world (Niu et al., 2022, 2024). Therefore, 
except for the influence of lighting luminaires on lighting 
environment, there has been a growing focus on the impact 
of the configuration of tunnel road surfaces, sidewalls, and
ceilings on the lighting environment of tunnels. He et al.
(2017) analyzed the pattern of changes in drivers’ pupil 
diameter as they entered tunnels with increasing sidewall
luminance. Shen et al. (2022a) examined the influence of 
the reflectance of tunnel sidewalls, ceilings, and pavements 
on the lighting environment of tunnel, and the results indi-
cated that the effectiveness of sidewall reflection is influ-
enced by the ceiling’s reflectance. A higher ceiling 
reflectance makes the impact of increasing sidewall reflec-
tance on road luminance more pronounced. Besides, the 
effect of ceiling reflection depends on the reflect ion perfor-
mance of the sidewalls. Namely, if the reflectance of side-
wall is low, a high ceiling reflectance still has a limited
impact on lighting enhancement. Additionally, concrete
road surfaces are brighter than asphalt road surfaces under
the same lighting level. Chen et al. (2022) discussed the 
effects of increasing sidewall luminance on the tunnel pave-
ment luminance, visibility of small obstacles, and changes
in drivers’ pupil diameter during the driving process. Guo 
et al. (2022) designed a panel with a total internal reflection 
prism array, which was installed on the sidewall of the tun-
nel to redirect the light emitted by headlamps and lighting
lamps to the road surface, thereby increasing the luminance
of the tunnel road surface. He et al. (2022a, 2022b) intro-
duced a bidirectional reflection distribution function for 
sidewall materials and developed an illumination calcula-
tion method that considers the reflective enhancement 
mechanism of interior materials within the tunnel. Further-
more, they analyzed the effect of sidewall reflection 
enhancement on road surface luminance. The results
showed that the use of sidewall materials with excellent
reflection performance can effectively increase the lighting
luminance within the tunnel. Liang et al. (2023) analyzed 
the attenuation trend of light in tunnel affected by smoke 
and proposed that the average increase rates in illuminance 
and illuminance uniformity on road surface with highly dif-
fuse reflective sidewalls are 23.21% and 3.65%, respectively,
compared with those with cement sidewalls. Qin et al.
(2023) carried out a driving experiment to study the 
changes in drivers’ pupil diameter and heart rate in
response to variations of road surface and sidewall lumi-
nance within the tunnel. Chiradeja and Yooma k (2023)
analyzed the influence of structure material reflectance 
inside the tunnel on the lighting quality of road tunnel, 
and suggested high-reflectance materials for wall and ceil-
ing surfaces for lighting energy consumption.

Compared with the tunnel sidewalls and ceilings, there 
are limited material options available for the tunnel pave-
ment, typically consisting of concrete or asphalt (Moretti 
et al., 2017). The lighting specification of Guide for the 
Lighting of Road Tunnels and Underpasses (CIE 88: 
2004) has established regulations for pavement luminance
within tunnels based on different traffic volumes and design
speeds (International Commission on Illuminat ion (CIE),
2004). Shen et al. (2022a) proposed that concrete road sur-
faces are brighter than asphalt ro ad surfaces under the
same lighting level. Chiradeja and Yoomak (2023) pro-
posed that the increase in road surface reflectance from 
0.4 to 0.5 can improve the average luminance and overall 
uniformity on road surface. Due to the relatively fixed 
materials of tunnel pavement, the impact of tunnel pave-
ment configurations on the lighting environment and the 
visual performance of drivers has not received sufficient 
attention, especially the impact on the visual performance
of drivers during driving has not been revealed. Further-
more, the luminance value set for tunnel pavements in
the lighting specification (CIE 88: 2004) is developed based
on the theories of steady-state visual adaptation and equiv-
alent veiling luminance (Schreuder, 1964; Adrian, 1990; 
International Commission on Illumination, 2004). How-
ever, these theories are established on the basis of static 
observations by test subjects, which do not take into 
account the dynamic visual cognitive characteristics of 
the human eyes during the process of driving. In reality,
the visual performance of the human eyes during dynamic
driving differs significantly from those in static conditions
(Pins & Bonnet, 1996; Wang et al., 2021), which could 
result in hidden danger to traffic safety.

During the process of driving inside a tunnel, the dri-
ver’s attention primarily focused on t he road surface
(Jiao et al., 2020; Qin et al., 2021). Thus, the luminance 
of the pavement and the setting of the pavement back-
ground are crucial for ensur ing driving safety
(Pachamanov & Pachamanova, 2008; Bommel, 2015). This 
paper investigates the impact of changing the tunnel’s 
pavement background on the visible distance for the 
human eyes when driving at speeds of 60 and 80 km/h by 
setting two different types of pavements (concrete and 
asphalt pavements). Considering the excellent energy-
saving characteristics of LED lighting l uminaires and their
widespread use in tunnel lighting (Domenichini et al., 20 17;
Lu et al., 2 020), LED lamps with five different correlated 
color temperatures (2500, 3500, 4500, 5500, and 6500 K) 
are selected for tunnel lighting in the experiment. Specifi-
cally, the distance required from the moment when the dri-
ver sees an obstacle ahead while driving until safely 
stopping before the obstacle is referred as the ‘‘stopping 
distance”. The stopping distance includes the driver’s reac-
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Fig. 1. Tunnel for experiment. (a) Tunnel appearance and decoration, (b) 
dimensions of tunnel cross-section, and (c) arrangement of LED lamps
inside tunnel. (Unit: mm).
tion time after recognizing the obstacle and the distance the 
vehicle moves within the braking time range (International 
Commission on Illumination, 2004; Ministry of Tran sport
of the People’s Republic of China, 2014). When the visible 
distance of the human eyes to the obstacle is greater than 
the stopping distance, the driver can brake the vehicle in
time before reaching the obstacle, thereby ensuring driving
safety (Mehri et al., 2017; Zhang et al., 2019). Therefore, 
based on the experimental research, this paper compares 
the visible distance of the human eyes to the obstacle with 
the stopping distance specified in lighting specification 
(CIE 88: 2004), and analyzes the effect of the tunnel pave-
ment background on driving safety inside the tunnel.

2 Experimental arrangement 

2.1 Test tunnel and LED lamps

The test site has a total length of 345 m and is divided 
into two parts: the tunnel exterior road and the test tunnel. 
Concretely, the exterior road of the tunnel is 185 m in 
length and made of concrete. The test tunnel is 160 m in
length with a net span of 10.4 m and a net height of
7.5 m. The interior decoration and cross-sectional dimen-
sions of the tunnel are shown in Fig. 1(a) and (b). The tun-
nel consists of two lanes. The left lane has a concrete road 
surface, while the right lane has a black asphalt road sur-
face. The walls on both sides of the tunnel within a height 
range of 3 m are coated with paint, and the top is covered 
with light gray aluminum panels. At vertical heights of 4.6, 
4.8, 5.0, 5.2, and 5.4 m above the road surface, LED lamps
with correlated color temperatures of 2500, 3500, 4500,
5500, and 6500 K are installed respectively. The longitudi-
nal spacing between two LED lamps in each row is 7 m.
The specific arrangement of the LED lamps can be seen
in Fig. 1(c). The power of the LED lamps is adjustable, 
and the lighting power for the five rows of LED lamps is
set at 6 and 12 W in the experiment.

2.2 Test scheme of lighting environmen t parameters

The experiments were conducted after 8:00 PM to avoid 
the impact of external light sources on the tunnel’s interior 
lighting environment. The testing of the lighting environ-
ment inside the tunnel included material reflectance, illumi-
nance, luminan ce, and the spectral distribution of light
sources. The reflectance of tunnel materials was measured
by the BGD 580 reflectance tester (as shown in Fig. 2(a)). 
The measured values of the reflectance for the top alu-
minum panel, sidewall paint, and concrete and asphalt 
pavements inside the test tunnel were 0.36, 0.91, 0.26, 
and 0.07, respectively. Illuminance and luminance testing 
points were placed on the sidewalls and pavements inside
the tunnel. Illuminance and luminance were measured by
the CL-500A illuminance meter (as shown in Fig. 2(b)) 
and the LM-3 luminance meter (as shown in Fig. 2(c)), 
respectively. When testing illuminance and luminance,
three cross-sectional positions were selected at the distances 
of 55, 65, and 75 m from the tunnel entrance. The sidewall 
measurement points were set at a height of 1.5 m on both 
sides of the tunnel, totaling 6 measurement points. The 
pavement measurement points were at the center of each
lane and 1.5 m to the left and right of the center, totaling
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Fig. 2. Equipments for testing parameters of lighting environment. (a) Reflectance tester, (b) illuminance meter, and (c) luminance meter.
18 measurement points. The LED spectrum and S/P (sco-
topic/photopic) value of the light source inside tunn el were
measured by the CL-500A illuminance meter (as shown in
Fig. 2(b)) at a measurement location 65 m from the tunnel
entrance.

2.3 Test scheme of driver v isual performance

According to the lighting specification of Guide for the 
Lighting of Road Tunnels and Underpasses (CIE 88: 
2004), a gray cube with dimensions of 
20 cm × 20 cm × 20 cm and a reflectance of 0.2 was selected
as the obstacle, as shown in Fig. 3. When testing the visibil-
ity of the obstacle inside tunnel, ten observers (five males 
and five females, aged 25–35 years) with normal sight 
and without color blindness and weakness (using an Ishi-
hara color vision test), or other eye diseases were chosen 
to observe the obstacle on the concrete and asphalt pave-
ments within the tunnel. Considering the potential danger 
of having the test subjects drive a vehicle while observing
the obstacle for visibility testing, the observers sat in the
co-driver seat while another driver was provided. To track
the changes in the pupil diameter of the observer’s eyes
during the driving process, one of the ten observers was
equipped with the Tobii Pro Glasses 3 Eye Tracker, as
shown in Fig. 4. An additional experimental assistant 
inside the vehicle was responsible for collecting the data
Fig. 3. Obstacle on tunnel pavement. (a) On conc
related to changes in the pupil diame ter of the observer’s
eyes.

Obstacles were placed on the concrete and asphalt pave-
ments inside the tunnel for testing the distance at which the 
human eyes recognized the obstacle on the road pavement 
when driving at speeds of 80 and 60 km/h, and the distance 
obtained by the test was the visible distance of the human 
eyes to the obstacle. Lighting illuminants with different cor-
related color temperatures (2500, 3500, 4500, 5500, and 
6500 K) and two electric power options (6 and 12 W) were 
considered, resulting in a total of 10 lighting environments 
for testing. Before conducting the tests, a specific row of 
LED lamps with a certain power setting and correlated 
color temperature was activated, and the obstacle was ran-
domly placed on the concrete pavement within the tunnel, 
at a distance of 140 m from the tunnel entrance. Once the 
obstacle was in place, the testing was carried out with ten 
observers at a speed of 80 km/h to determine the visible dis-
tance to the obstacles on the concrete pavement. Then, 
without changing the obstacle position, testing was 
repeated at a speed of 60 km/h with the same ten observers 
to measure the visible distance to the obstacle. After com-
pleting the testing for the obstacle on the concrete pave-
ment, while keeping the electric power and correlated
color temperature of the lighting lamps constant, the obsta-
cle was randomly placed on the asphalt pavement at the
same distance of 140 m from the tunnel entrance. Subse-
rete pavement, and (b) on asphalt pavement.
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Fig. 4. Eye tracker for testing pupil diameter. (a) Eye tracker, and (b) co-driver wearing eye tracker.
quently, the process of testing the visible distance to obsta-
cle was repeat ed to complete the entire testing procedure.

The specific method utilized in this study for the obser-
vers to recognize the obstacle on the two road pavements 
during dynamic driving is as follows. The observers ini-
tially sat inside a stationary vehicle positioned at 170 m
from the tunnel entrance, as shown in Fig. 5. The vehicle 
window at the side of the co-driver was open, and the 
observers held a laser pointer vertically aimed at the 
ground. Subsequently, the driver started the vehicle and 
accelerated to a certain speed (either 60 or 80 km/h). When 
the observers recognized the obstacle, they pressed the but-
ton on the laser pointer, creating a light spot on the ground 
instantly. While recognizing the obstacle, the observers 
informed the driver to start braking to prevent the car from 
colliding with the obstacle, ensuring the safety of the exper-
imental drive. Two experimental assistants stationed on the
pavement were responsible for observing the position of
the light spot. Once the light spot’s location was deter-
mined, they recorded the distance between the light spot
and the obstacle based on the marking on the pavement.
This recorded distance represented the visible distance of
the human eyes to the obstacle.

3 Lighting environment characteristics inside tunnel 

3.1 Illuminance and lum inance distribution

Tables 1 and 2 present the results of the lighting envi-
ronment parameter testing, including the illuminance and 
luminance on the sidewalls, illuminance and luminance
on the pavements, and luminance uniformity.
Fig. 5. Drivin
It can be seen from Tables 1 an d 2, the luminance ratio 
between the sidewall and pavement on the concrete pave-
ment falls within the range of 1.20 to 1.41, whereas it 
ranges from 3.05 to 3.48 on the asphalt pavement. Further-
more, the illuminance uniformities of both the concrete and 
asphalt pavements exceed 0.5, meeting the requirements 
outlined in the lighting specification of Guide for the Light-
ing of Road Tunnels and Underpasses (CIE 88: 2004) 
which recommends a luminance ratio between the sidewall 
and p avement of not less than 0.6, and pavement illumi-
nance uniformity of not less than 0.4 (International 
Commission on Illumination, 2 004). For concrete pave-
ment, the ratio of average illuminance to average lumi-
nance ranged from 6.84 to 7.57, which is close to the 
recommended conversion factor of 10 lx/(cd/m2 ) in the 
lighting specification of Guidelines for Design of Lightin g
of Highway Tunnels (JTG/T D70/2–01—2014) (Ministry 
of Transport of the People’s Republic of China, 2014). 
For asphalt pavement, the ratio of average illuminance to 
average luminance ranged from 16.48 to 18.78, which is 
also close to the recommended conversion factor of 
15 lx/(cd/m2 ) in the lighting specification of Guidelines 
for Design of Lighting of Highway Tunnels (Ministry o f
Transport of the People’s Republic of China, 2014). Under 
the same lighting conditions with similar pavement illumi-
nance, concrete pavement exhibited higher luminance than 
asphalt pavement due to its higher reflectance (concrete 
pavement of 0.26 and asphalt pavement of 0.07). Conse-
quently, the obstacle placed on concrete pavement, facing 
the direction of the viewer, had higher luminance compared 
to the obstacle placed on asphalt pavement. Taking the
example of LED lamps of 12 W, the luminance of obstacle
g scheme.
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Table 1 
Illuminance and luminance distribution in tunnel for LED lamps of 6 W.

Ratio of 
illuminance 
to 
luminanc e
of
pavement

Uniformity of 
luminance on
pavement

Luminance ratio 
of sidewall to
pavement

Pavement Correlated 
color 
temperatu re
(K)

Average 
illuminance 
on sidewall
(lx)

Average 
luminance 
on sidewall 
(cd/m2)

Average 
illuminance 
on pavement
(lx)

Average 
luminance on 
pavement 
(cd/m2)

Obstacle 
luminance 
(cd/m 2)

Concrete 2500 8.27 2.23 12.32 1.63 7.57 0.88 1.37 0.50 
3500 8.58 2.09 12.17 1.74 6.99 0.68 1.20 0.67 
4500 9.36 2.40 11.94 1.75 6.84 0.58 1.37 0.49 
5500 8.98 2.24 12.03 1.63 7.39 0.62 1.38 0.42 
6500 9.20 2.29 12.31 1.76 6.99 0.67 1.30 0.63 

Asphalt 2500 8.89 2.34 12.65 0.69 18.33 0.77 3.40 0.33 
3500 8.32 2.33 12.20 0.65 18.78 0.64 3.58 0.58 
4500 8.74 2.34 11.77 0.68 17.25 0.50 3.42 0.38 
5500 7.88 2.28 12.12 0.66 18.46 0.73 3.47 0.34 
6500 8.48 2.19 11.35 0.65 17.33 0.62 3.34 0.47 

Table 2 
Illuminance and luminance distribution in tunnel for LED lamps of 12 W.

Ratio of 
illuminance 
to 
luminanc e
of
pavement

Uniformity of 
luminance on
pavement

Luminance ratio 
of sidewall to
pavement

Pavement Correlated 
color 
temperatu re
(K)

Average 
illuminance 
on sidewall
(lx)

Average 
luminance 
on sidewall 
(cd/m2)

Average 
illuminance 
on pavement
(lx)

Average 
luminance on 
pavement 
(cd/m2)

Obstacle 
luminance 
(cd/m 2)

Concrete 2500 25.18 6.79 36.28 4.98 7.29 0.84 1.37 1.49 
3500 24.70 6.75 34.89 4.83 7.21 0.73 1.40 1.76 
4500 27.60 6.90 35.54 5.03 7.06 0.81 1.37 1.63 
5500 23.20 6.11 35.30 4.95 7.13 0.75 1.23 1.80 
6500 26.25 6.42 34.73 4.93 7.04 0.82 1.41 1.60 

Asphalt 2500 23.93 6.20 36.65 1.98 18.47 0.69 3.13 1.06 
3500 24.31 6.62 34.90 2.05 16.99 0.77 3.23 1.27 
4500 25.28 6.50 34.72 2.11 16.48 0.84 3.08 1.15 
5500 23.15 6.24 34.33 2.05 16.77 0.82 3.05 1.34 
6500 25.57 6.42 34.43 2.01 17.10 0.85 3.19 1.19 
on concrete pavement ranged from 1.49 to 1.80 cd/m2 , 
while the luminance of obstacle on asphalt pavement ran-
ged from 1.06 to 1.34 cd/m2.

3.2 Spectrum and S/P value of LED light source

Figure 6 illustrates the lighting environment inside the 
tunnel when brightened up by LED lamps with five various 
correlated color temperatures (for brevity, only images for
lamps of 6 W are shown). It can be observed from Fig. 6 
that LED lamps with different correlated color tempera-
tures provided varying visual experiences. Generally, at a 
correlated color temperature of 2500 K, the lighting envi-
ronment inside the tunnel appeared notice ably dim, while
as the correlated color temperature increased, the tunnel’s
lighting environment gradually gave a brighter perception.

Figure 7 illustrates the LED spectrum with various cor-
related color temperatures and power levels when illumi-
nating a tunnel. For LED lamps with the same correlated
color temperature, an increase in lighting power results in 
higher radiance, leading to an increase in pavement illumi-
nation. For LED lamps with different correlated color tem-
peratures, their continuous spectrums exhibit a bimodal 
characteristic. The relatively narrow peak appears on the 
left at a wavelength of approximately 450 nm, while the rel-
atively broad peak is observed between the range of 550 
and 580 nm. The LED spectrums with different correlated 
color temperatures exhibit distinct differences in the char-
acteristics and sizes of their bimodal spectral distributions. 
As the color temperature increases, the peak position of the 
relatively narrow peak remains constant at around 450 nm, 
while the peak position of the relatively broad peak gradu-
ally shifts from 580 nm towards 550 nm. Spectrum with a 
relatively high peak on the left corresponds to higher cor-
related color temperatures, while spectrum with a relatively 
high peak on the right corresponds to lower correlated
color temperatures. When the luminaire has a correlated
color temperature of 2500 K, the peak value of the narrow
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Fig. 6. Lighting environment in tunnel (LED lamps of 6 W). (a) 2500 K, (b) 3500 K, (c) 4500 K, (d) 5500 K, and (e) 6500 K.

Fig. 7. Spectrum of light sources in tunnel.
peak is lower than the peak value of the broad peak. At a 
correlated color temperature of 3500 K, both peaks are
roughly equal, and for luminaires with a correlated color
temperature above 4500 K, the peak on the left is higher
than the one on the right.

Figure 8 displays the relative spectrum distribution of 
LED luminaires with various correlated color tempera-
tures. The relative spectrum distribution is obtained by 
dividing the spectral radiance values by the maximum spec-
tral radiance. It can be observed from the Fig. 8 that for 
low correlated color temperature luminaires, such as 
2500 K, there is less blue light in the 430 to 480 nm wave-
length range and more red, yellow, and green light in the 
500 to 700 nm wavelength range, resulting in a noticeably 
dim lightin g environment inside the tunnel at 2500 K (as
shown in Fig. 6(a)). As the correlated color temperature 
of the luminaire increases, the proportion of blue light in 
the 500 to 700 nm range gradually increases, and the pro-
portion of red and yellow light in the 430 to 480 nm range 
decreases. Consequently, the lighting environment insid e
the tunnel gradually becomes brighter (as shown in Fig. 6 
(b), (c), (d), and (e)).
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Fig. 8. Relative spectrum distribution. (a) 2500 K, (b) 3500 K, (c) 4500 K, (d) 5500 K, and (e) 6500 K. (Unit: nm).



Table 3
S/P value.

Correlated color tem S/P value

2500 0.829
3500 1.157
4500 1.603
5500 1.715
6500 1.999
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perature (K) 

Fig. 9. Pupil diameter change during driving. (a) LED lamps of 6 W, 
speed of 60 km/h, (b) LED lamps of 6 W, speed of 80 km/h, (c) LED 
lamps of 12 W, speed of 60 km/h, and (d) LED lamps of 12 W, speed of
80 km/h.
The S/P values for the LED light sources with different 
correlated color temperatures measured in the test are
shown in Table 3. 

It can be seen from Table 3 that the S/P value increases 
with the increasing correlated color temperature of the 
light source. With the correlated color temperature 
increases from 2500 to 6500 K, the corresponding S/P 
value increases from 0.829 to 1.999. The S/P value is 
related to the spectrum dist ribution of the LED light
source. The S/P value is small when the proportion of
red and yellow light in the light source is more, while the
S/P value is large when the proportion of blue light is more.

4 Visual performance of human eyes during driving 

4.1 Variation of pupil diameter of human eyes

Figure 9 displays the variation of the observer’s pupil 
diameter at an interval of 0.5 s while driving at speeds of
60 and 80 km/h. Figure 9 indicates that the pupil diameter 
of human eyes generally varies within the range of 3.5 to 
5.1 mm, and the trend of these changes is relatively stable. 
As the observer moves from the road outside the tunnel to 
inside the tunnel, there is no significant fluctuation in the 
pupil diameter of human eyes. Additionally, during the 
driving process, the test subjects did not experience any dis-
comforting symptoms. The tunnel pavements consist of 
two lanes, in which the left lane has a concrete road sur-
face, and the right lane has an asphalt road surface. In
the experiments, the vehicle moves on one lane (concrete
or asphalt) and the observers focus their attention on the
lane to recognize the obstacle. The relatively stable varia-
tion of pupil diameter of the human eyes shown in Fig. 9 
indicates that the recognition of the obstacle is not affected 
by the other lane and the experimental results are effective.

4.2 Visible distance for obstacle

Figure 10 presents the mean value and standard devia-
tion of the visibility distance for the obstacle on concrete 
and asp halt pavements observed by the ten subjects when
different luminaires are used for illumination.

According to Fig. 10, under the same lighting conditions 
with comparable road illuminance, the speed significantly
influences the observer’s visibility of the obstacle on both
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Fig. 10. Visible distance for obstacle in LED lighting environment. (a) 
LED Lamps of 6 W, and (b) LED Lamps of 12 W.
the concrete and asphalt pavements. The visible distance is 
inversely proportional to the speed. Taking the illumina-
tion by LED lamps of 6 W with correlated color tempera-
tures of 2500 to 6500 K as an example, the mean visible 
distances for the obstacle on the concrete pavement at a 
speed of 60 km/h range from 118 to 122 m with the stan-
dard deviations ranging from 13 to 17 m, while those at 
a speed of 80 km/h range from 91 to 95 m with the stan-
dard deviations ranging from 10 to 15 m. On the asphalt 
pavement, the mean visible distances for the obstacle on 
the concrete pavement at a speed of 60 km/h range from 
88 to 93 m with the standard deviations ranging from 9 
to 13 m, while those at a speed of 80 km/h range from 
68 to 71 m with the standard deviations ranging from 9 
to 14 m. When the vehicle speed is 60 km/h, the mean vis-
ible distance is approximately 1.2 to 1.4 times that at a
speed of 80 km/h. Therefore, when designing lighting for
road tunnels, it is crucial to consider the impact of vehicle
speed on the driver’s ability to recognize obstacles for
ensuring driving safety within the tunnel. When the pave-
ment illuminance is approximately the same, the human
eye’s visibility of the gray obstacle with a reflectance of
0.2 on the concrete pavement is significantly greater than
on the black asphalt pavement, and the mean visible dis-
tance for the obstacle on concrete pavement increases by
more than 28%. Take the visible distance data at a driving
speed of 80 km/h and LED lamps of 12 W as an example. 
When the correlated color temperatures are 2500, 3500, 
4500, 5500, and 6500 K (corresponding S/P values are 
0.829, 1.157, 1.603, 1.715 and 1.999), the visible distances 
for the obstacle on the concrete pavement are 36.1%, 
35.4%, 33.8%, 34.6%, and 41.6% higher compared to those 
on the asphalt pavement (mean visible distances of 110, 
111, 113, 111, and 112 m on concrete pavement, and mean 
visible distances of 81, 82, 85, 82, and 79 m on asphalt 
pavement). The reason for this phenomenon is that, under 
the same lighting conditions, concrete pavements appear 
brighter than asphalt pavement s due to their higher reflec-
tance. Simultaneously, the obstacle on concrete pavement
also has higher luminance compared to that on asphalt
pavement. The luminance of concrete pavement ranges
from 4.83 to 5.03 cd/m2, and the luminance of the obstacle
on concrete pavement ranges from 1.49 to 1.80 cd/m2. In
contrast, the luminance of asphalt pavement ranges from
1.98 to 2.11 cd/m2, and the luminance of the obstacle on
asphalt pavement ranges from 1.06 to 1.34 cd/m2 (specific
values are shown in Table 2).

Using LED lamps with an electric power of 6 W and 
illuminating the concrete pavement with five various corre-
lated color temperatures, the illuminance on the concrete 
pavement ranges from 11.94 to 12.32 lx, and the luminance 
ranges from 1.63 to 1.76 cd/m2 . Besides, under the same 
light environment, the luminance of the obstacle on the 
concrete pavem ent falls between 0.42 and 0.67 cd/m2

(specific values can be found in Table 1). When driving at 
a speed of 60 km/h with LED lamps of 6 W and correlated 
color temperatures ranging from 2500 to 6500 K on the 
concrete pavement, the mean visible distance for the obsta-
cle is between 118 and 122 m. At a speed of 80 km/h, the 
mean visible distance ranges from 91 to 95 m. On the other 
hand, when the electric power of LED lamps is 12 W and 
illuminating asphalt pavement with five various correlated 
color temperatures, the illuminance on the asphalt pave-
ment ranges from 34.33 to 36.65 lx, and the luminance 
ranges from 1.98 to 2 .11 cd/m2. Additionally, the lumi-
nance of the obstacle is between 1.06 and 1.34 cd/m2 (speci-
fic values can be found in Table 2). When driving at a speed 
of 60 km/h with LED lamps of 12 W and correlated color 
temperatures ranging from 2500 to 6500 K on the asphalt 
pavement, the mean visible distance for the obstacle is 
between 108 and 112 m. At a speed of 80 km/h, the mean 
visible distance ranges from 79 to 85 m. In general, the illu-
minance, luminance, and obstacle luminance on the asphalt 
pavement illuminated by higher-power luminaire exceed 
those on the concrete pavement. However, interestingly, 
the human eye’s visible distance for the obstacle on the 
asphalt pavement is still smaller than that on the concrete 
pavement or is close to the visible distance on the concrete 
pavement. The primary reason for this phenomenon is that 
the experiment used a gray cube with a reflectance of 0.2 as
the obstacle, and the color of the obstacle is quite compa-
rable to that of the black asphalt pavement (as shown in
Fig. 3(b)). When the obstacle and pavement have similar
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colors, it presents certain challenges for observers to iden-
tify the obstacles during the driving process , requiring a
higher level of luminance to recognize them.

Furthermore, Fig. 10 also indicates that, in comparison 
to vehicle speed and pavement luminance, the correlated 
color temperature and S/P value of the light source pro-
duced by the LED lamps have little impact on the human 
eye’s visibility for obstacles. When driving at a speed of 
80 km/h with LED lamps of 12 W and five different corre-
lated color temperatures and S/P values on the concrete 
pavement, the mean visib le distance for the obstacle ranges
from 110 to 113 m, while the mean visible distance on
asphalt the pavement ranges from 79 to 85 m. This sug-
gests that although the correlated color temperature and
S/P value of the light source can provide drivers with dif-
ferent visual perceptions (dim or bright, as seen in Fig. 6), 
as long as the luminance is consistent, the variation in the 
human eye’s visible distance for obstacles is not significant.

5 Discussion 

Table 4 provides a comparison between the visible dis-
tance for the obstacle in the experiment and the prescribed 
stopping distance outlined in the lighting specification of
Guide for the Lighting of Road Tunnels and Underpasses
(CIE 88: 2004).

Table 4 indicates that, when setting up an illumination 
system in the tunnel according to the luminance value of 
the pavement as specified in the lighting specification, the 
human eye’s visible distance for obstacles exceeds the 
required stopping distance, which can ensure the safety 
of driving within the tunnel. However, due to the limited 
length of the experimental tunnel, the lighting experiments 
were conducted only at driving speeds of 60 and 80 km/h. 
Since the visible distance is inversely proportional to vehi-
cle speed, the visible distance decreases as increasing vehi-
cle speed. The required stopping distance increases with
the increasing vehicle speed. Therefore, whether the
human eye’s visible distance for obstacles in the tunnel
meets the stopping distance requirements when driving at
speeds over 80 km/h still needs further verification in
future research.

Currently, asphalt pavement is commonly used in road 
tunnel construction. The analysis in Section 4. 2 shows that 
when using the gray obstacle with a reflectance of 0.2 as 
the recognition target on asphalt pavement, the similarity 
in color between the pavement and the obstacle can create 
some difficulty for observers in identifying obstacles during 
the driving process, thus necessitating a higher level of 
brightness. However, as long as the most challenging-to-
identify obstacles with colors similar to the pavement 
can b e recognized beyond a stopping distance, the driving
safety can be ensured. Table 4 indicates that when driving 
at a speed of 60 km/h, the human eye’s visible distance for 
obstacles on the asphalt pavement exceeds 88 m, which is 
far over the prescribed stopping distances of 38 m in the 
lighting specification (CIE 88: 2004). Therefore, in road
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tunnels designed for speeds below 60 km/h, the lighting 
luminance values for asphalt pavements can be appropri-
ately reduced to achieve energy-efficient lighting.

In recent years, there have been engineering applications 
of colored (such as red and yellow) asphalt pavements in 
road tunnels. Existing researches show that using suitable
colored pavements within tunnels can enhance visual guid-
ance and align with the visual requirements of drivers
(Ando et al., 2011; Autelitano & Giuliani, 2019; Yuan
et al., 2021; Ye et al., 2022). Since the impact of pavement 
color on driver perception cannot be ignored, it is debat-
able to use gray obstacles with a reflectance of 0.2 as recog-
nition targets to set lighting luminance values on colored 
pavement. If colored pavements are implemented within 
tunnels, it is necessary to ensure that the lighting luminance
is set to allow drivers to recognize obstacles with colors
similar to the pavement at a distance beyond the stopping
distance during dynamic driving.

6 Conclusions 

The dynamic visual recognition performance of the 
human eyes during the dynamic driving process when illu-
minated by LED lamps with various correlated color tem-
peratures was experimentally studied. Furthermore, the 
effects of pavement background, vehicle speed, and corre-
lated color temperatures on the human eye’s ability to rec-
ognize obstacles in the tunnel were analyzed. The specific
conclusions are summarized as follows: 

(1) When the illuminance of the light source on the pave-
ment is the same, the luminance on concrete pave-
ment is higher due to the higher reflectance of 
concrete pavement compared with that on asphalt 
pavement. The visible distance of gray obstacles with 
a reflectance of 0.2 on concrete pavement is signifi-
cantly greater than that on asphalt pavement. During
the dynamic driving process, the visibility of obstacles
on concrete pavement can be increased by more than
28%.

(2) When obstacles have colors that are close to the pave-
ment, it can pose a certain level of difficulty for obser-
vers during the driving process to recognize these 
obstacles. To identify obstacles, it is necessary for 
both the pavement and the obstacles to have a higher 
level of luminance. In the design of road tunnel light-
ing, it is important to consider the impact of the pave-
ment background on driver’s visual recognition 
performance. Currently, there are engineering appli-
cations of colored asphalt pavements in road tunnels.
When implementing colored pavements in tunnels, it
is important to ensure that the lighting luminance is
set in such a way that drivers can identify obstacles
with colors similar to the road surface at a distance
beyond the stopping distance during dynamic
driving.
obstacles should be taken into full consideration.
(4)

gradually gives a brighter feeling to drivers.

In the LED lighting environment with equal illumi-
nance on the concrete and asphalt pavements, the 
human eye’s visibility of obstacles is inversely propor-
tional to the vehicle speed. At a vehicle speed of 
60 km/h, the visibility distance is approximately 1.2
to 1.4 times that of a vehicle speed of 80 km/h. In
the lighting design of road tunnels, the impact of
vehicle speed on the driver’s ability to recognize

(3) 

The correlated color temperature and S/P value of 
LED light have little impact on the visible distance 
of human eyes to the obstacle on the asphalt and con-
crete pavements during dynamic driving, but it does 
create different visual perceptions. When the corre-
lated color temperature and S/P value are lower,
the lighting environment of the tunnel is noticeably
dim. As the correlated color temperature and S/P
value increase, the lighting environment of the tunnel
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