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Abstract

Background: Onc of the major topics related to the very leng tunnels is dark hole effect. This is a common phenomenen
causcd by the sunlight reflected from the surroundings of the tunnel to the eyes of drivers and the lack of sufficient light
ar the tunnels' enrrance, which decrecases the contrast of barriers inside the tunnel and also makes it difficulc to sce
potential obstacles at the entrance. The resule is an increased risk of craffic accidents in these cunnels. Therefore, the aim
of this resecarch is to subjcctively assessment the safe rate of lighting in onc of the very long runncls located in the
province of [lam. Methods: To subject cvaluadion the safe rate of lighting ar che tunnel entrances, two parameters of the
average luminance of wnnel encrance and equivalent luminance are required. In this study, Luminancemeter device
model §3 was used 1o measure the average luminance of tunnel entrance. Then, to calculate the equivalent luminance, a
YASHICAT08 camera wicth a 35 mm lens was photographed ac a distance berween the tunnel entrance and a safe

stopping point, and then the Holliday polar diagram was used 1o calculate equivalent luminance (accordance with che

cd

standard CIE88-2004). Results: In this study, the average luminance at wnnel’s entrance was cqual o 17 the

m2’

luminance was equal o 127.5 :n—dz. Using the ADRENAL cquation, the quality of lightening at the wnnel entrance was
less than 1. Conclusion: Comparison of the results obtained from the healthy and safery rate of lighting levels ar the
tnncel's entrance with the De Boer mental scale indicated chac a dark hole effecr occurs ar the entrance of the runncl
under investigation and the light sources installed at the entrance of this tunnel did not have the sufficient ability to

inhibic che dark hele cffecr.

Keywords: Dark Hole Phenomenon; Luminance; Road Tunnels; De Boer Mental Scale; Safe race of lighting

Introduction

ith the development of road transport and accidents among drivers and passengers.” * One of the
in order to reduce traffic load, reduce roads’ main problems is the tunnels' safery; because the
travel time and save energy consumption, severity of accidents, injuries, and casualties in tunnels
the need to build road twunnels increased;' however, very are higher than open roads.” For example, in the Shanxi
long road tunnels cause stress, fear, anxiety, and Yanhu Tunnel in China, a car accident killed 40
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people, injured 12, and ultimately resulted in a direct
financial loss of $ 12 million; two other people were
killed, and 70 others were injured in another trathc
accident at the Hatchi Tunmarsu Tunnel in Japan.’
Drivers need accurate visual infermation while driving
in tunnels so that they can easily observe the existing
obstacles and movements of other vehicles and make
the necessary decision in the fastest time;® therefore, the
visual system plays an important role in driving, and its
disorder  causes negative effects on  drivers'
performance.® In road tunnels, proper design and
lighting systems are effective parameters in improving
the visual system.” Therefore, lighting system standards
such as IESNA PR-22-05 and Cie88 2004 have been
provided to improve safety and reduce traffic accidents
in tunnels.®

Onec of the major topics relared to the very long cunnels
is darl holc effect. This effects occurs especially in
summer days and as a result of the sunlight Reflection
of the environmene around the tunnel to the eyes of
drivers. Moreover, the insufficient lighting ac che
tunnels' entrance reduces the contrast of barriers
inside the tunnel, and seeing these obstacles at the
entrance to the tunnels faces a problem.” ' A study
by Amundsen revealed that a significant proportion
of traffic accidents happen in tunnels 50 meters
before to entering the tunnel, as the rate of accidents
in this area proven to be muitiple greater than in
the middle of the tunnel.'" Also, a study by Leedsom,
which examined the effect of tunnel entrances on
drivers' compliance with the lighting inside the
tunnel, showed that 150 meters before to tunnel
entrance, drivers focused their attention inside the
tunnel and ignored almost all the signs around the
tunnel.'? Because of lighting challenges at the
entrances of tunnels and also to reduce possible
accidents in these tunnels, CIE in 2004 developed a
new standard CIE-88-2004 in this standard, the
amount of lighting required to avoidance the drk
hole effect determined the tunnels at the entrance, as

studies have shown that by applying these standards

at the entrance to the tunnels, the rate of craffic
accidents can be effectively reduced.®

According to the CIE standard, Adrien et al.
provided a way to evaluate tunnel entrances'
luminance menutally. In this reaserch, drivers were
placed in a simulated environment near the tunnel
entrance, which with changes in luminance tunnel
entrance, luminance environment around the tunnel,
and also the change in barrier contrast at the tunnel
entrance, participants Due to the changes in these
parameters, it was requested to evaluate the quality of
lighting to enter safely into the tunnel through the
De Boer mental scale.'” According to this description
and considering that study has not been done in Iran
related to the safety lighting levels at the tunnels’
entry, so the aim of this research is to assessment the
safety levels of lighting at the entrance of one of the

very long tunnels in Tlam cicy.

Methods

Azadi Tunnel is located on Hamil Road in Ilam
{one of the cities in the southwest of Iran). The
length of this tunnel is 1200 meters, and its width
is 10.6 meters. According to the luminance of the
around the tunnel and luminance of the tunnel
entrance, the safety rate of lighting at the tunnels’
entrance was estimate according to Equation 1. The
method proposed herein allows the determination
of both the entrance luminance and the equivalent
veiling luminance that influences the eye
adaptation. It is weighted for given target visibility
or subjective rating and provides more accurate
lighting of tunnel entrances that Adrian presented
in 2013." Then, to survey the quality of lighting at
the tunnel entry, the result of Equation 1 was

compared with the De Boer mental scale shown in
Table 1.1

Lep
SRN =6 logL— +4.1 Eq.1

seq

L¢p= mean luminance at the entry tunnels

Lseq= equivalent luminance
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According to Equation 1, the initial step in
assessing the safety rate of luminance at the tunnel
entrance is 2 the tunnel entrance's mean luminance.
As shown in Figure 1, the luminance meter was
mounted on a pedestal in the center of the road line
and at the height of the drivers' eyes and at an angle of
1 degree below the line of sight, luminance was
measured in the center of the grid. Then, according to
the CIE standard guidelines, and the longitudinal
distance of 4 to 5 meters from each other and the
transverse distance of % of the width of the road line
with the measuring points, the luminance was

measured in other points.'*

In this study, to
measure the luminance of the tunnel entrance, the
height between the road surface and Iranian drivers'
eyes was required. According to a study by Nissan and
Lahmi and measurements from the height of eye
driver's personal vehicles to ground in ordinary cars in
the country was 131 ¢m.'" The luminance meter was
then mounted on a pedestal in the center of the road
and at a height between the ground and drivers' eyes,
which was difficult and sometimes impossible to
install the luminance meter at an angle of 1 degree
below the line of sight. Thus, facilitating measurement
according to the height between the road surface to
drivers" eyes and using the relationships berween the
sides of the triangle, the distance between the central
measuring poings at the tunnel entry to che drivers was
ascertained 75 meters. Therefore, based on the CIE
standard recommendation to prevention natural light
interference in the wnnel entrance lighting, the
measurements were taken after sunset.” Figure 2, the
marked points at the tunnel entrance were measured.
Figure 1 shows the measured points at the tunnel
entrance.

The next step involves determining the
luminance of the environment, known as the
equivalent  luminance. In  determining the
equivalent luminance, the first step is to determine
the safe stopping distance. safe stopping distance is

equal to the summation of the distance between

982

the obstacle processing in the brain and the motor
reaction to braking so that this distance prevents
the vehicle from colliding with possible obstacles

on the road.'

Safe stopping distance is one of the
important  parameters in lighting design in
tunnels, Which is dependent on various factors
such as road slope (ascending or descending) (+ S),
the maximum speed of passing vehicles (U),
reaction time of the drivers {t0), gravitational
acceleration (g) and the friction coefficient
between the tire and the road (f). To determine it,

use Equation 2
UZ
2xgx(fts)
S= road slope (upward or downward) (%)

Fq.2 SD=Usxty +

U= passing vehicle speed limic (m/s)

to= reaction time of the drivers (s)

g= gravitational acceleration (g, m/s2)

The friction coefficient between the tire and the
road (f, dimensionless)=f

Figure 2 was also using to determine the friction
coefficient berween the road and the tire, which
also based on the vehicle speed and ground
condition (dry, wet).

Table 1. De Boer mental scale for evaluating the quality of
lighting at the entrance of road tunnels

. . De Boer
Lighting quality at the tunnel entrance mental scale
Creating a dark hole effect at the tunnel entrances 1<
Insufficient lighting for safe entrance to the tunnel 3
The lighting at tunnel entry is relatively sufficient 5
The lighting at t tunnel entry is sufficient 7
The lighting at the tunnel entry is very suitable 9

Height between road surface and eyes

Figure 1. How to measure luminance at the entrance of road
tunngls™ 1
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Figure 2. Determining the friction coefficient between the road
and the tire

Figure 3. YASHICA108 camera with 35 mm lens

G
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Figure 4. Holliday polar diagram

Table2. Determine the luminance of each part of the rings of the
Holiday polar graph

Driving path The Road
{in the luminance luminance
Northern  of the sky (kL:’)

Hemisphere} ("L;’)
m

The luminance of the
environment around the

kcd
tunnel{Fl

Grassland Building  Rock

Nort

h

East- West

Sout

h

8
12
16

5

2
2
2

8 3
B 2
4 1

Table 3. The angles of rings of the Holliday polar diagram

rings

central

1.2 3 4

5

6 7 8 9

degree

2

3 4 58 8

1.6

166 24 36 568

After determining the safe stop distance, to
determine the equivalent luminance, as shown in
Figure 3, a YASHICAT08 camera with a 35 mm
lens  was used, which according to the
recommendation CIE88-2004, can cover about 56
degrees in the horizontal and 38 degrees in the
vertical direction[3]. After taking a photo of the
tunnel entrance, drawing a Holliday polar diagram
(Figure 4) on the photo (Figure 3) and according
to the position of the driving path and che type of
coverage around the tunnel in each part of the
polar diagram rings drawn on the tunnel entrance
photo, the luminance of each section was
determined according to Table 2. Tt is noteworthy
thac at first, we considered a ring and determined
the percentage of the environment such as rock,
and grassland in each ring, then, according to each
section's percentage, we multiply then in the
luminance given in Table 2. This stage repeat for
all rings.

It is noteworthy that the Holliday polar diagram
include 9 rings, rings being separated into 12 sections;
the angles of rings are shown in Table 3.

After determining the luminance of each part of the
rings, the luminance of the whole ring is calculated
o Lije) and then, according to Equation 3, the
equivalent luminance is determined.

Lseq = (5.1 X 107%) x ¥ Lyje Eq.3

Results

Initially, according to Figure 1, after measuring the
luminance at all points, the mean luminance ac the the
tunnel’s entry was computed equal to 17 :n—dz. In the
next step, to estimate the equivalent luminance as
previously stated, a safe stopping distance must first be
determined, which is dependent on the maximum
vehicle speed, road slope, reaction time, and friction
coefticient berween the road and the tre. The
International Lighting Committee recommends that
drivers' average reaction time be taken into account

according 1o studies conducted in the country. A
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research conducted by Ali Mohammadi and colleagues
using a driving simulator showed that drivers' average
reaction time is 0.69 seconds.'” Also, in determining
the friction ceefficient between the road and the tire,
they suggested that in places where the mean annual
rainfall is more than 75 hours per year, the road
surface should be considered wet when designing
lighting in road wunnels.'” Therefore, based on the
10-year information of the 40780 meteorological
stations of Ilam province, the average rainfall was
73.8 days. As a result, to determine the friction
coefficient between the road and the tire, the road
conditions were considered wet, which according to
Figure 2, using the speed of vehicles and the wet
road surface, the friction coefficient between the road
and the tire was determined. Then, according to the
variables in Table 4 and Equation 1, the safe
stopping distance at the tunnel entrance was

calculated to be 64 meters.

Table 4. Necessary variables in determining safe stop distance

Therefore, as shown in Figure 5, a safe stopping
distance was taken from the entry of the tunnel , and
then a photo was taken of the tunnel entrance at the
height of 131 cm above the ground. Then, by drawing
a Holliday polar diagram on the relevant photo and
by using the networking of each slice of the rings, the
percentage of environmental factors (rock, grassland,
road, etc.) in each part of the ring was determined.
And then, according to Table 1, the luminance in
each part of the rings was determined, as shown in
Table 5. Tt should be noted that, as shown in Table 5,
in some parts of the outer ring of the Holiday
diagram, the luminance is not calculated, which the
CIE standard states that in these parts, the dashboard
and roof of cars prevent the luminance from reaching

the eyes of drivers.

Maximum Friction
. permitted Reaction coefficient
Driving - Hoad -
vehicle speed time between
path slope
(meters per {seconds) road and , - ~
second) tire Sl : I 52
South Figure 5. Determining the equivalent luminance at the tunnel
line of 18 -0.03 0.69 0.35 entrance based on the Holliday polar graph
tunnel
entrance
Table 5. The amount of luminance in each part of the rings of the Holiday polar diagram
. rings
Sections 1 2 3 ] 5 6 7 B g
1 1 Z 3 5.0 5.0 5.0 5.0 5.0 Not calculated
Z 5 5 5 5.0 5.0 5.0 5.0 5.0 5.0
3 0 5 5 29 45 45 43 47 47
4 0 0 0 0.2 38 28 1.0 1.0 1.0
5 0 0 0 0.0 0.85 1.0 1.0 1.0 1.8
6 0 0 0 0.05 1.0 1.0 1.0 1.5 Not calculated
7 0 0 0 0.1 1.0 1.0 1.0 1.6 Not calculated
8 0 0 0 0.0 0.55 1.0 1.0 11 2.0
9 0 0 0 0.0 3.6 34 115 1.0 1.02
10 0 0 0 25 45 45 48 48 48
11 0 0 0 5.0 5.0 5.0 5.0 5.0 5.0
12 0 25 5 5.0 5.0 5.0 5.0 5.0 Not calculated
The luminance of each ring 5 5 5 25.75 396 299 35.25 36.7 2532

The luminance of the whole rings

Z Lije=250.02

kcd
‘m?
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Table 5 explain that after determining the
luminance in all the rings of the Holliday polar
diagram, using Equation 3, the luminance
equivalent to 127.5 :n—dz was determined. Therefore,
according to the equivalent luminance and
luminance of the tunnel entrance and using
Equation 1, the safe level of lighting at the entry
of the tunnel was ascertained to be -1,1(Less than
1), which can be compared with the De Boer
mental scale shown in Table 1. Also, it may be
concluded that a dark hole effect is created at the

entrance of this tunnel,

Discussion

Road tunnels play an critical role in the
transporeation . In Iran, due to mountainous areas
and some large cities due to heavy traffic, tunnels
are drilled. Lighting in road tunnels should be
provided to such an extent that it creates visual
adjustment of the eye when entering the tunnel'
" reduce the contrast of obstacles inside the tunnel
as drivers approach the tunnel due to the radiance
of the environment around the tunnel. It also
makes it difficult to see the obstacles inside the
tunnel, which results in the creation of the dark
hole phenomenon. researchers have suggested that
this phenomenon causes drivers to hesitate to
make appropriate decisions when approaching the

1.2% %) Therefore, the result is an increase in

tunne
the severity of injuries caused by traftic accidents
in these tunnels.” >* This study indicated thar a
dark hole effect occurs at the entrance of che
studied tunnel. This problem has the potential to
greatly raise cthe probably of traffic accidents at the
entrances of these wunnels. To reduce this
phenomenon, by reducing the luminance
equivalent to the environment around the tunnel
and increasing the luminance at the entry of the
tunnel entrance, the probability of wraffic accidents

can be prevented, and driving safety can be

achieved. researchs have suggested ways to less the
occurrence of the dark hole effect, such as the
study of ONAYGIL, which tried to reduce the
effect of dark hole, reduce the luminance of the
environment around the tunnel in the eyves of
drivers, and by planting trees and painting the
surfaces around the tunnel with dark colers, that
were significantly reducing glare in the eyes of
drivers and then reduced the luminance required
at the entrance to the tunnels.?

Studies show that because asymmetric lights
scatter the illumination of the light source in the
opposite direction of the vehicle, it increases the
luminance of the road surface and reduces the
luminance of the obstacle, which results in
increased visibility of obstacles at the entrance to
the tunnels. However, In the studied rtunnel,
symmetrical lights have been used that illuminate
the road surface and the obstacle equally, which
results in reducing the contrast between the
obstacle and the road surface and thus increasing
the dark hole phenomenon and thus the risk of
traffic accidents in this tunnel, Tt should be noted
that among the advantages of asymmetric lights at
the tunnels' entrance, its disadvantages such as
dazzling and flicker effect should be mentioned
that if the necessary care is not taken in installing
these lights, it will cause problems in creating
annoying dazzling.” Porous asphalt (ZOBA) was
used ar the entrance of the studied tunnel, Various
studies have shown that the level of road coverage
at the entrance of road tunnels is important as
background lighting for road barriers. A study
conducted by Martinez showed that Porous type
asphalt  (ZOBA) reduces the contrast in
asymmetric lights, so it is recommended not to use
this type of asphalt at the entrances of these
tunnels.??

In recent years, In addition to the discussing

safety at the entrance of road tunnels, other
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concerns have been raised, including high energy
consumption at the entrance of this tunnel, which
led researchers to reduce energy consumption in
addicion to improving safety.'™ ' #* Therefore, in
recent years, laboratory studies have been conducted
in connection with the installation of translucent
layers outside the entrances of road tnnels. In
addition to the improving safety at the entrances of
these tunnels, it reduces energy consumption,
increases equipment maintenance, and reduces
damage. Tt has also reduced environmental damage.*
For this reason, a study conducted by Garcia in one
of the tunnels in Spain showed that the required

luminance at the entrances of the tunnel understudy
was equal to 560 and 402;—(12, respectively, which
after installing a semi-transparent layer Near the
tunnel entrance and luminance measurements at the
tunnel entrance found that in one of the tunnel
paths during the day, there was no need for artificial
lighting at the beginning of the tunnel and in
the other tunnel entrance after installing a
semi-transparent layer 76% reduction in energy
consumption at the tunnel entrance. Found. Besides,
translucent layers made drivers' eyes better and faster

adapt to the darkness inside the tunnel.”

Conclusion
In this swdy, the safe rate of light at dhe

tunnels' entrance was determined, which by
comparing with the De Boer mental scale showed
thac the light generated from artificial sources ac
the entrance of these tunnels did not have che
necessary ability to prevent the dark hole effect.
Adapration of drivers' eyes at the tunnel entrance
increases the risk of road accidents at the tunnel
entrance. Therefore, in this study, it is suggested
that by presenting methods such as planting trees,
painting the surfaces around the tunnel with colors
with  low reflection  coefficients, installing
asymmetric lights, and also using new methods

such as translucent surfaces near the entrance of

986

this tunnel Prevented the effects of dark holes at

the entrance of these tunnels.

Conflict of interests
Authors declare no conflicts of interests,

Acknowledgments
This study has been registered as a master's

thesis number 93-02-27-26116 in the research
department of Tehran University of Medical
Sciences. The authors would like to express their
gratitude to the Research Assistant of Tehran

University of Medical Sciences.

References

1. Omar P, Kumar MS, yarramsetty s. Management of various safety
parameters in tunnel construction: a critical review. Web of
conferences. 2020:170{06003):1-6.

2. Peila-Garcia A. The impact of lighting on drivers well-being and
safety in very long underground roads: new challenges for new
infrastructures. Tunnelling and underground space technology.
2018,80:38-43.

3. Pefia-Garcia A, Gémez-Lorente D. installation of solar panels in the
surroundings of tunnel portals: & double-targeted strategy to
decrease lighting reguirements and consumption. Tunnelling and
underground space technology. 2020;97:103251.

4 Fu X He S, Du J, Wang X, Ge T. Variations in naturalistic driving
behavior and visual perception at the entrances of short, medium,
and long tunnels. Advanced Transpartation. 2020;2020.

B. He S, Liang B, Pan G, Wang F, Cui L. Influence of dynamic highway
tunnel lighting environment on driving safety based on eye
movement parameters of the driver. Tunnelling and underground
space technology. 2017:67:52-60.

6. Casares-Lopez M, Castro-Torres JJ, Martino F, Ortiz-Peregrina S,
Ortiz C. G. Anera R. Contrast sensitivity and retinal straylight after
alcohol consumption: effects on driving performance. Scientific
reparts. 2020:10{1):1-12.

7. Mehri A, Farhang Dehghan S, Abbasi M, Behashti MH, Sajedifar J,
Jafari SJ, et al. Assessment of contrast perception of obstacles in a
tunnel entrance. Health promation perspectives. 2018;8(4): 268.

8. CIE 88 2004. Guide for the lighting of road tunnels and underpasses.
CIE Central Bureau CIE Central Bureau, 2004

9. Onaygil S, Guler O, Erkin E. Determination of the effects of structural
properties on tunnel lighting with examples from turkey. Tunnelling
and underground space technology. 2003;18(1):85-81.

10. Caliendo C, De Guglielmo ML, Guida M. A crash-prediction model
for road tunnels. Accident analysis & prevention. 2013;55:107-15.

11. Amundsen FH, Roald PO, Engebretsen A, Ragnoy A. Traffic
accidents in norwegian subsea tunnels. Norwegian public roads
administration, report tts. 2005.

12. Lidstrom M. Using advanced driving simulator as design tool in road
tunnel design. Transportation research record. 1998;1615(1):
51-5.

13. Adrian W. A method for the design of tunnel entrance lighting. The
illuminating engineering society. 1990:19(1):125-33


http://aoh.ssu.ac.ir/article-1-242-en.html
http://dx.doi.org/10.18502/aoh.v5i2.6193

[ DOI: 10.18502/a0h.v5i2.6193 |

Downloaded from aoh.ssu.ac.ir at 18:19 IRDT on Saturday May 29th 2021

Mehri A, et al.| Archives of Occupational Health | Volume & | Issue 2 | April 2021 | 980-7.

14. Mehri A, Hajizadeh R, Farhang Dehghan S, Nassiri P, Jafari SM,
Taheri F, et al. Safety evaluation of the lighting at the entrance of a
very long road tunnel: a case study in ilam. Safety and health at
work. 2017:8(2):157-5.

15. Tomeczuk P. Assessment model of luminance cantrast of pedestrian
figure against background on pedestrian crossing. Przeglg
elektrotechniczny. 2012;58(3a):104-7.

16. Mehri A, Sajedifar J, Abbasi M, Naimabadi A, Mohammadi AA,
Heidarteimori G, et al. Safety evaluation of lighting at very long
tunnels on the hasis of visual adaptation. Safety scisnce
2019,116:196-207.

17. Parise G, Martirano L, Pierdomenico S. An adaptive criterion to
design the lighting system in the road tunnels. [POSTER] at 2007
ieee industry applications annual meeting; 2007 September 23-27;
USA, New Orleans: IEEE;Z007.

18. Gil-Martin LM, Pefia-Garcfa A, Hermandez-Montes E, Espin-Estrella
A. Tension structures: a way towards sustainable lighting in road
tunnels.  Tunnelling  and  underground  space  technology.
2017;2601):223-7.

19. Gil-Martin LM, Pefia-Garcfa A, Escribano R, Espin-Estrella A A
computational method 1o optimize energy savings of tension
structures set in road tunnels. [POSTER] at; international conference

on renewahle energies and power quality {icrepg’1 132017 April. 13-
15; Spain, las palmas de gran canaria: 2017.

20. Onaygil S. Parameters affecting the determination of the
tunnel threshold-zone luminance. Turkish journal of engineering and
environmental sciences. 2000;24(2):119-26.

Z1. Grana C, Borghesani D, Santinelli P, Cucchiara R. Veiling luminance
estimation on fpga-based embedded smart camera. [POSTER] at:
2017 iese intelligent vehicles symposium; 2012 June. 3-7; Spain,
Madrid: [EEE;2012.

22. Martens M, Compte S, kaptein N. The effects of road design on
speed behaviour: a literature review. 1997.

23. Zhuang-lin MA, Chun-fu S, Sheng-rui Z. Characteristics of traffic
accidents in chinese freeway tunnels. Tunnelling and underground
space technology. 2008;24(3):350-5.

24. Pefia-Garcia A, Gil-Martin LM, Escribano R, Espin-Estrella A. A
scale model of tension structures in road tunnels to optimize the use
of solar light for energy saving. International journal of photoenergy.
2011;2011:1-9,

25. Garcfa AP, Gil-Martin LM, Espin Estrella A, Aznar Dols F.
Energy saving in road tunnels by means of transparent
tension structures. Renewable energy & power guality. 2010;
1(8K1-4.

987



http://aoh.ssu.ac.ir/article-1-242-en.html
http://dx.doi.org/10.18502/aoh.v5i2.6193

