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ABSTRACT: When entering and exiting tunnels, high luminance variations may cause severe crashes due to the
occurrence of glare and the blackout effect. In this study, we propose a methodology that will effectively minimise
the exaggerated light variations that arise over a short distance at the tunnel endpoints. An underpass which has
the same characteristics of a tunnel in Brisbane, Australia was selected as a case study; a 3D model of the tunnel
was created using Points Clouds, Digital Elevation Model and Open Street Maps. Grasshopper-for-Rhino was used
to merge this information in order to create the tunnel’s model. The Radiance lighting simulation engine was used
to simulate the High Dynamic Range (HDR) images from the drivers’ field of view (FOV) to accurately understand
their visual experience. These images were post-processed by Evalglare to conduct advanced daylighting and glare
analysis. Luminance maps highlighted the problem of high contrast and glare probability in the tunnel entrance.
The beneficial outcome of the proposed methodology is not only evaluating glare problems, but also allowing for
the optimisation of pre-tunnel lighting that utilizes daylight to maximize energy savings. Thus, the effectiveness of
the solar techniques in reducing the contrast and creating a transitional zone that blends the highly illuminated

outside with the dark interior can be evaluated.
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1. INTRODUCTION

Glare is a light phenomenon that causes vision
impairment or subjective sensations of visual
discomfort [1]. While driving, this visual problem can
be experienced due to high contrast or exposure to
direct sunlight, resulting in undesired reflections and a
low sun angle facing drivers. This causes excessive
blinking or squinting. Near tunnels’ endpoints, the risk
of glare amplifies when the sun is positioned just
above the tunnel entrance, thus increasing the light
differential; this overwhelming visual load on the
drivers can increase the possibility of crashes.
Furthermore, when approaching a tunnel’s entrance,
the eyes become affected. As the driver’s vision has
already adapted to high luminance levels under the
clear sky, the tunnel’s entrance can appear to be a
black hole, and once inside, a blackout effect can be
felt as illustrated in Figure 1. Du, Z., et al. [2] examined
the changes in eyes’ pupil while driving using eye-
tracking technology, and they found that more visual
load was experienced by drivers when entering the
tunnel. A less critical problem also occurs when exiting
the tunnel. In general, eyes cannot adapt to sudden

changes in luminance levels which may be experienced
when entering or exiting tunnels.

Figure 1: shows the black hole effect and the white hole effect
found when approaching and exiting the tunnel in images
taken with a fisheye lens.

Poor lighting conditions in tunnels presents a
major crash risk factor [3]. The sharp transition in
lighting levels at a tunnel’s portal is largely responsible
for accidents that occur mainly in the morning [4].
Thus, the quality of lighting conditions in tunnels
should be maintained, along with the variations of sun
and sky conditions. Strategies should target
minimising the differences of luminance levels that
exist over short distances. According to LOUIS and
Tziotis [5], the highest crash rates take place just
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before and after the tunnel by a distance of 10 m, as
well as near the entrance area (10-150 m). This was
also confirmed by Tziotis, et al. [3], who reported that
high contrast and a significant light differential at
endpoints and glare were potential causes of accidents
investigated in four different tunnels.

2. DAYLIGHTING IN TUNNELS

Lighting design should provide high luminance
levels at the endpoints in order to address the outside
daylight intensity and to reduce the high contrast
between the outside and inside. Increasing the
luminance through artificial lights without the
consideration of energy consumption is not an
efficient solution, as tunnel lighting can consume a
large amount of energy, especially at the entrance
zone [6]. Designing pre-tunnel screens, louvres and
redirecting structures that exploit daylight luminance
is a promising approach to minimise visual problems
that occur while driving in tunnels. Several factors are
guiding the lighting design that differ according to
each tunnel’s characteristics, which are detailed in the
following sections.

2.1 Tunnel classification and zones

Tunnels are classified into three divisions based on
their length and exit visibility to determine the
appropriate lighting requirements [7]. The first
category of tunnels consists of short tunnels, which are
less than 25 m and do not require any daytime lighting.
The next category, long tunnels, are either
geometrically or optically long. The former refers to
tunnels that extend to more than 125 m, which always
necessitate the standard threshold zone lighting in the
daytime. Meanwhile, optically long tunnels are those
in which drivers cannot see the exit from the safe
stopping distance (SSD), so they should be illuminated
in the same way as long tunnels. The final category
consists of intermediate length tunnels, which range
from 25 m to 75 m and 75 m to 125 m. Other factors
interact with these two ranges to determine the
lighting requirements, such as the visibility of the exit,
daylight penetration (good or poor), the reflectance of
walls (either high, > 0.4 or low, < 0.2), and traffic flow
(heavy or light) according to the CIE [7]. In the case of
intermediate tunnels, all of these factors should be
identified to determine if no daytime light is needed,
similarly to short tunnels, or if either 50% or 100% of
the standard threshold zone lighting is required, like
long tunnels [7].

Safety problems in tunnels are commonly
associated with poor lighting design. Usually, tunnel
length is divided into zones that are used to
standardise the lighting needs, which must suitably
allow the eye to adapt to changes in light levels for
each zone [8]. According to the Commission
Internationale I'Eclairage [7], tunnels have different
light zones; this starts at the tunnel entrance with the

threshold zone, and is followed by the transition,
interior and exit zones, as shown in Fig. 2.
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Figure 2: Lighting zones in tunnels adapted from [7]

The threshold zone starts at the tunnel portal,
where the eyes start adapting to a lower luminance
interior environment. Then, as the eyes get more
adjusted, the transition zone starts, and the lighting
level continues decreasing until reaching the lowest
necessary level in the interior zone, at which point the
eyes should have been completely adapted. At the exit
zone, the light levels are elevated because of the high
brightness of the outside environment, and the eye
adaptation is reversed. This endpoint is considered
less critical in comparison to the entrance from a
safety point of view, as the eye adapts faster from
darkness to brightness than vice versa. Also, any
obstacle present near the end of the tunnel will appear
clearly against the bright background of the exit [8].

The approaching distance before the tunnel portal
is described as the access zone. The length of this zone
is determined based on the safe stopping distance
(SSD), which is measured from the point outside the
tunnel where a driver can decelerate and completely
stop at the entrance point. This distance depends on
the traffic speed; the lower the speed, the shorter the
distance [8]. This distance identifies the minimum
length of the threshold zone, where the light required
at the start of this zone is referred to as L, [7].

Parting Zone

2.2 Lighting requirements at endpoints

The light intensity at the tunnel portals is
recommended to remain constant over half the length
of the threshold zone; at this point, it can gradually
decrease until it reaches 0.4 Ly, at the end of this zone,
marking the start of the transition zone [7]. The ratio
of the sky that is visible in the field of view (FOV) of the
driver when approaching the tunnel affects the
luminance levels required for the threshold zone (L).
The average luminance is calculated in a conical FOV
of 20 degrees to identify the perceived surrounding
luminance, which is referred to as L. It is measured at
a point that represents the eyes of the driver when
approaching the tunnel from the safe stopping
distance (SSD) [8]. The recommended ratio of
luminance at the threshold zone (L) to Ly ranges
from 0.05 to 0.1 according to the lighting system and
the allowed speed [7]. The Ly concept is used as a
simplified method to identify the required luminance
in the threshold zone, which has the highest lighting
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demand [8]. In the exit zone, the lighting levels are
usually kept the same as the interior zone [9, 10].
However, in some cases, these levels must be
increased gradually to reach five times the interior
lighting level over a distance equal to the SSD. The
necessary lighting level for the interior zone is
10cd/m2 for high-speed roads with a heavy traffic
flow, and is reduced to 3cd/m2 in low-speed roads
with light traffic, as reported by van Bommel [9].

Adding more artificial lighting at tunnels’ endpoints
is not the optimal solution for glare-free tunnels.
Artificial lights in tunnels are large consumers of
energy, mainly because they operate 24 hours each
day. Thus, strategies for energy reduction are oriented
to:

1) Using efficient artificial lighting equipment.

2) Optimise tunnels’ designs to make use of
sunlight.

3) Apply lighting control systems that correspond
with the outside ambient conditions, and

4) Improve the surface properties of walls and
roads [11].

Controlling luminaire intensity in the threshold and
transition zones can be automatically linked with the
sun and sky conditions through real-time monitoring
of light levels just outside the tunnel. A backup control
system is recommended to manage light levels in case
of photometric failure [12].

2.3 Pre-tunnel structures

Pre-tunnel lighting (PTL) is a common approach
that makes use of ad hoc structures installed in the
portal area in order to enhance lighting and reduce the
blackhole effect [13]. These structures can reduce the
scattered light falling on the eyes from the luminance
of the surroundings [10] and can utilise sunlight to
partially illuminate the portal, thus reducing the need
of artificial lights for energy saving. A study by Gil-
Martin, et al. [14] showed that a semi-transparent
tension structure in the entrance of the tunnel can
shift the threshold zone to start earlier, thus allowing
sunlight to contribute in achieving the required
illuminance for this zone. Different shapes and
materials of the tension structure were compared
using a simulation method to quantify savings in
energy. The shape of the structure had a greater
impact on illuminance than the type of material used
[15].

The implementation of pergolas was suggested, as
they are easier for maintenance than tension
structures [16]. However, these structures caused
non-uniform daylight distribution which may result in
flickering effect and can obstruct clear road vision. Gil-
Martin, et al. [17] approached this problem by
suggesting the installation of diffusers in voids
between the structural beams.

In other studies, more sophisticated systems that
introduce daylight inside the tunnel were examined. In

Pefia-Garcia, et al. [18], light pipes were integrated
with heliostats to act as a coupled system to capture
and inject sunlight into the tunnel road in the
threshold zone. Through theoretical calculations and
measurements taken from a mockup, energy savings
ranged from 14% to 21% according to the tunnel
orientation. Other factors, like landscape surroundings
and reflectance of walls and road surfaces, can
contribute to the reduction of energy consumption for
artificial lighting [12].

The initial and life cycle costs of the applied
systems or strategies should result in economic
benefits when compared to using conventional
artificial lights counterparts [13]. Thus, reliable
calculation methods to quantify their benefits are
needed.

2.4 Design evaluation methods

To evaluate the performance of the lighting
condition in tunnels and the beneficial outcomes of
daylighting strategies, analytical and mathematical
methods were proposed. Jurado-Pina, et al. [19]
suggested a method to identify the probability of sun
glare using projections of the sun paths to examine the
time intervals when glare problems may occur and
identify when mitigation solutions and design
countermeasures are needed. To determine the sun
and sky’s luminance contribution to road illumination,
a general equation (SLT) was proposed in which the
efficiency of PTL can be evaluated [20]. Analytical
methods are proposed to define the geometric criteria
for PTL, and they were applied on hexagonal-shaped
meshes that act as a pre-tunnel structure [13].

4. METHODOLOGY

This study aims to introduce a new methodological
approach for glare analysis in tunnels’ endpoints using
High Dynamic Range (HDR) images. Point clouds are
also utilized for the detailed and accurate 3D
modelling of tunnels. The proposed methodology was
applied as a demonstration on a real case study of an
underpass, which is similar to typical tunnels. The case
was selected to examine an accessible tunnel in
Brisbane throughout the expected critical times
(during daylight hours) when the blackhole (entrance
of tunnel) and white light phenomenon at the end of
the tunnel is more problematic. This case study is
located near Sun Corp Stadium on the M3 road, where
multiple underpasses form a tunnel-like shape are
highlighted in a red colour over the ELVIS- Elevation
and Depth — Foundation Spatial Data map as shown in
Fig.3

To model an accurate 3D representation of the
tunnel, 3D point cloud extracts are used. The point
cloud was published by Geoscience Australia in 2015
and was captured by an airborne LiDAR on five-metre
grid. It was also combined with the Digital Elevation
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Models (DME) of the area to model the ground
terrains, as illustrated in Fig. 4 and Fig. 5. By fusing all
this information and combining it with the data
gathered from Open Street Map, the final 3D model
was generated, as shown in Fig. 6.

I€SM  ELVIS - Elevation and Depth - Foundation Spatial Data

#
¥ g p""’

Figure 3: Shows the selected area for the study.

Figure 4: The DME data that was used to create the
terrains.

Figure 5: The 3D point-cloud used to create 3nvironment.

Grasshopper, a parametric modelling tool for
Rhino 3D modelling software, was used for modelling
the tunnel. Diva for Rhino was the interface used for
the Radiance and Evalglare lighting simulation engines
to conduct the advanced daylighting and glare analysis
[21-23]. Next, High Dynamic Range (HDR) images were

simulated from the drivers’ field of view (FOV) in order
to perceive their experience at multiple, consistently-
spaced points throughout the tunnel. Parametric
simulation algorithms were used to estimate the
daylighting levels, as well as the luminous contrast and
glare severity based on luminance maps generated.
Theses techniques were conducted based on the best
practises in glare [24-28] and daylighting simulations
inside the parametric environment [29], as covered in
the literature review. The luminance maps were
generated for the 180-degree fisheye HDR images for
each hour of daytime throughout the year to predict
where and when the glare problems could occur. Thus,
using the proposed method for modelling and
processing the data can yield reliable data for glare
and daylighting analysis.
il

Figure 6: The 3d model of the underpass area.

4. DISCUSSION

Glare problems exist at the tunnel endpoints due
to the high contrast between dark and light areas with
a contrast ratio reaching more than 1:140, as shown in
Fig. 7. The point cloud model is characterised by
including all urban design elements and details that
affect the luminance of the surroundings. Thus, the
captured HDR images can efficiently represent the
perceived luminance from the perspectives of drivers
in their dynamic state.

Figure 7: the luminance heatmap extracted from the
simulated HDR image at the tunnel entrance.

Unlike mathematical equations or mock-ups, the
applied method has a higher potential to explore
multiple design solutions and to optimize their
parameters for safer roads. Through the proposed
method, a transitional zone can be assessed and
optimized to ensure a gradual blend between the high
illuminated outside and the dark interior of the tunnel.
The next step will go towards enhancing the lighting
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conditions of this transitional zone in order to match
the adaptation rate of the human eye to a greater
extent.

Being in a motion state with a certain speed makes
it more challenging to evaluate the lighting design. The
critical part in addressing glare problems in tunnels is
increasing the lighting levels at the entrances using
daylight techniques. Although these techniques are
widely studied in buildings, it can be beneficial to
transfer these techniques and apply them to mitigate
the tunnel glare problem. For example, dynamic
reflectors and shading devices are usually found to
perform well in terms of daylighting performance and
the control of direct sunlight [30, 31]. These systems
can be adapted to the tunnel’s endpoint and evaluated
parametrically to increase the lighting levels at the
portals areas. These reflectors can have simple shapes,
like slats or external sun breakers that are usually used
in buildings, which can be scaled up to cover the tunnel
entrance [32, 33]. Another static design option that is
worth investigating is the solar screens [34-37], as they
have geometrical characteristics that are effective in
redirecting the sunlight and minimising sun exposure,
which may help in shifting the transition zone.
Moreover, these screens can be designed based on
specific mathematical rules, such as cellular automata,
to have a pleasing apperance while maintaining
excellent performance [38].

Nevertheless, most conventional tunnel entrances
have a simple shade or arch-like geometry, which are
easy to build and maintain. However, we believe that
if these simple shapes were optimised based on the
actual sun path diagram [39], they would have a better
performance. On the urban scale, the heights of the
adjacent buildings in new or retrofit areas can be
regulated [40] by the local counsels to ensure
sufficient daylight levels near the tunnel entrance for
maintaining the efficiency of the new sun reflectors.

4. CONCLUSIONS

The illumination required at endpoint areas should
be carefully estimated in order to overcome the
blackhole effect and glare problems in the daytime.
Increasing luminaires or their intensity do not align
with sustainable considerations from the energy
perspective. Thus, making use of daylight and
redirecting sunlight systems are gaining more
recognition. Adding pre-tunnel structures or
redirecting techniques allows for the eye’s gradual
adaptation to low luminance conditions. This can
positively contribute to mitigating problems of glare
that occur when there is a large difference between
the outside luminance of sunlight and the inside
shaded area of the tunnel. However, to maximise their
potential against their initial costs and maintenance
requirements, a reliable method is needed to
accurately predict their contribution to an increase in
illumination.

Daytime luminance conditions at the tunnel’s
portals are varied according to the geographical
location, orientation and surroundings. As this is also
sensitive to the surrounding urban context, the
detailed point cloud model showed an advantage for
accurate prediction of the perceived luminance.
Moreover, the parametric simulations of HDR images
account for the dynamic changes that occur over the
day and year by taking multiple images at critical
times, which represent the frequent and severe
conditions. Further research should utilise the
proposed method to evaluate and optimise pre-tunnel
reflectors in order to contribute to drivers’ visual
comfort and energy saving.
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