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ABSTRACT 

Several aspects of the Hampton Roads Bridge-Tunnel facility 
were investigated to determine if a sunscreen was needed at the 
north entrance to the second tube. The analysis included acci- 
dent records, measurements of the speed of vehicles entering 
the north portal of the old tube, photometric characteristics 
of this entrance, a study of visual performance while entering 
the tunnel, and the results of a survey of motorists using the 
facility° 

The survey and visibility studies indicated that severe 
difficulty in seeing into the tunnel is experienced under some.. 
conditions° Accident records showed that this difficulty has 
not been a significant safety hazard, but radar measurements 
revealed a significant reduction in speed at the approach to the 
mouth of the tunnel° This slowdown was attributed to difficulty 
in seeing into the tunnel, and to a perceived constriction of the 
roadway caused by the narrow curved descent to the portal and 
the presence of oncoming traffic° Theperceived constr•iction of 
this roadway will be reduced when the second tube is opened. 

The investigators recommend lighter surfaces of the tunnel 
walls at the portal and edge striping of the roadway as ways of 
increasing visibility into the tunnel° In spite of the existence 
of a real visibility problem, they do not recommend construction 
of a sunscreen until these simple modifications have been eva]uatedo 
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SUMMARY OF FINDINGS AND CONCLUSIONS 

Findings 

The results of this investigation are summarized in the 
paragraphs below. 

Accident Analysis Analysis of the 181 accidents occurring 
in the•nity of the Hampton Roads Bridge-Tunnel over a three- 
year period revealed no mention of a sun related visibil•ty problem 
as a causative factor. The accident rate for traffic entering the 
north portal was not different from the accident rate for The 
tunnel facility as a whole. While there does not seem tc be a 
significant accident problem at the north portal, :t is pcssibie 
that motorists could be adjusting to a visibilityproblem by 
reducing the speed of their vehicles. 

Traffic Flow Analysis Radar measurements showed that 
motorists sign•antly reduced their speeds as they entered r•he 
tunnel at the north portal. Motion pictures cf southbcund traffic 
revealed that over 50% of all motorists applied brakes whl!e enterlng 
the tunnel, The reduction in speed may be due in part to a visi- 
bility problem at the tunnel entrance but •s most likely a result 
of the geometrics of the tunnel approach. 

H<•man Performance Visibility S<udy Three of four <ubjects 
exper•[enced more nn-•.••f•.mculty •n identifying the crientaticn 
visual target placed !00 feet inside the north, pc:tal than they 
experienced wi-i•h similar targets placed outsl.de and further inside 
the tunnel° 

P•otom•=•rm_ Visibility Study Supporting the human performance 
data• photometric measurements •.ndlcated that outside-•.ns•de ratlcs 
of both illumination and luminance exceeded recommended maximum 
ratios by factors of 8 to i, or more. 

User Survey Finally, a survey of motorists revealed that approx--lmately 38% had at some time experienced difficulty seeing 
another vehicle at the tunnel entrance. 

CONCLUSIONS 

It was concluded that 

I• under some conditions it is very difficult fo• motorists 
to see into the north entrance to the tunnel; 
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2. there is a measurable slowdown at this entrance 
that is mainly attributable to the apparent con- 
striction of the roadway caused by the curved 
descent to the portal and the presence of oncoming 
traffic, with difficulty in seeing into the tunnel 
being a contributing factor. 

3. the elimination of oncoming traffic with the opening 
of the second tube (which is wider) will reduce the 
perceived constriction. 
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RE C 0MME NDAT I ON S 

Based on the findings of this investigation, the following 
recommendations are made. 

i. Because there is no evident safety hazard, con- 
struction of a sunscreen seems warranted, only if 
it can be expected to affect traffic flow at the 
north portal. Since the observed reduction in. 
speed is not attributed to visual factors alone, 
the authors do not believe that a sunscreen is 
justified at the p•esent time. 

2. The dark gray area associated with the tide gate 
at the portal of the first tube acts as a very 
effective light trap, preventing spill-in of light 
to the tunnel interior° This expanse of raw concrete 
should be eliminated by extending the reflective tiling 
of the interior to the mouth of the tunnel° 

3• To increase motorists' confidence and. speed, edge 
striping should be applied to the roadway beginning 
at the top of the open approach and continuin$ 
throughout the tunnel. 

Should the two simple modifications recommended above fail_ 
to sufficiently increase visibility into the tunnel, such addi- 
tional measures as increased threshold lighting and flaring of 
the tunnel portal should be given consideration as relatively 
less expensive alternatives to a sunscreeno 
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AN ASSESSMENT OF THE NEED FOR A SUNSCREEN AT THE 
HAMPTON ROADS BRIDGE TUNNEL 

by 

Edward Jr Rinalducci 
Douglas Ao Hardwic• 

David Eo Doggett 
David. Ao Shostak 

and 
Arthur N. Beare 

INTRODUCTION 

Every transportati, on system must meet three cr•iteria if •t 
is to function successfully: (1) it must be safe; (2) it must 
be efficient in terms of smooth traffic flow and adequate volume; 
and (3) it must be acceptable to the user. Inadequate visibility 
can have a detrimental effect in terms of all three criteria° A 
study by David Ao Mintz Associates (1972) indicated that there 
was a visibility prob].em for southbound traffic entering the 
north portal of the Hampton, Roads Bridge-Tunnei• This prolblem 
was attributed to the meflection of the top of the dashboard in 
the windshield, which constitutes a veiling luminance super- 
imposed on the driver's view of the portal, and makes •t difficult 
for him to see into the tunnel. (See Figure io• The magnitude 
of this effect is largely determ•.ned by the amount of light falling 
on the dashboard° Thus it is generally most pronounced •n. the 

summer months, especially between the hours of i0:00 aomo and 2:30 

pom., when the sun is highest in the sky° The problem was •egarded 
by Mintz as be•,ng serious, and he proposed, the installat:•on of a 

novel type of sunscreen consisting of a series of glass panels 
of sequentially increasing density toward the portal ent•ance. A 
scale model of the sunscreen and tunnel porta]• was constructed 
and the proposed sunscreen appea•ed to be ef•fective in reducing 
the veiling 1.uminance from the windshield reflec•ons• 

The Mintz report concentrates almost exclusively on the 
veiling luminance problem and downplays or :ignores altogether 
several other factors generally acknowledged to affect visibility 
in tunnel entrances° The first of these is the "black hole" effect 
wherein the driver sees the tunnel entrance as a black hole while 
he is still on the open •oadway approaching the tunnel (Nar•,sada 
1972; Schreude• 1967). The black hole appears as a homc.geneous 
black spot, relieved only by sufficiently intense tunnel luminaires• 
Other vehicles and the roadway itself simply disappear, at the portal• 
This may be especially disconcerting on a curved approach as the 
driver cannot see whether the curve continues in•:o the tunnel. When 



faced with such a situation, the motorist's most likely reaction 
is to reduce speed. While this may appear to be a sensible course 
of action for the individual driver, it creates a bottleneck at 
the entrance that reduces the flow of traffic. A black hole re- 

sults when an object within a tunnel entrance cannot be seen 

because its luminance* and that of its immediate surroundings 
is much lower than the luminance to which the eye is adapted. 
The luminance to which the eye is adapted is determined in large 
part by the terrain surrounding the tunnel portal (lllumination 
Engineering Society EIES• 1972)o 

F•gure i. Tunnel entrance photographed through reflection of 
dashboard on windshield. Car in direct sunlight 
just outside the portal. Lines converging toward 
center are tunnel luminaireso 

*Luminance is a photometric term referring to the intensity of the 
•ight emitted by a light source or a reflecting surface toward the 

eye of an observer. It is measured in foot-Lamberts (fL) or cande- 
las per meter squared (cd/m2)o llluminance, on the other hand, is 
a photometric term referring to the light flux falling onto a sur- 
face. It is measured in terms of footcandles (fc) or lux. Lumi- 
nance and illuminance are related to each other by the reflectance 
of the illuminated surface. For example, if an object or surface 
that reflects 20% of the light falling on it is illuminated by i0 fc, 
its luminance will be 2 fL. 



A related, although conceptually distinct, p:•ob]em is that 
of transitional adaptation (Ketvirtis 1975; Narisada 1972{ Schreuder 
1966, 1967, 1972, 1975). The visual system, adjusts to provide 
maximum contrast sensitivity under prevail•ing level, s of illumina- 
tiono This process is known as visual adaptation, and requ:ires 
a finite amount of time. Until adaptation is complete, objects 
require a greater than normal contrast to be seen, and objects 
that are normally only marginally visible may become totally in- 
visible. Thus, as the motorist drives from the relatively high 
levels of illumination provided by bright sunlight outside the 
tunnel to the relatively low levels in the tunnel entrance zone 
and interior, there may be a loss .in visibility resulting from 
the inability of the eye to make the rapid adjustment necessary 
for good seeing. The extent to which transitional adaptat•.on 
contributes to loss of visibility in tunnel entrances has not 
been reso!ved. Adaptation may begin as soon as the tunne•l portal 
occupies a significant portion of the field of view. However, 
the driver's task requires that he constantly shif•i his f.ixa•i.on, 
locking back and forth between brightly illuminated objects (e.g., 
other vehicles, signs, and road surface) i.n front of the tunnel 
and the dim interior° Therefore, the process of dark adapt•ation 
is constantly being interrupted, an.d it is unlikely that much 
significant adaptation takes place before the driver is wi•hi•n 
a few yards of the tunnel entrance. 

Laboratory studies have shown that the degr•ee of visibility 
loss .in transient adaptation depends primarily upon backgroun• 
luminance differences (Boynton 1967; Rinalducci ]972; Rinaiducci 
and Beare 1974). Larger ratios of background luminance differ- 
ences generally result in larger losses :in v•:sibii].tyo The bl]•ack 
hole effect is also produced by large luminance •ati•os, as ar•e 
wi.ndshiel]d reflections or the vei•ling luminance effect. There- 
fore, much of the reported research, and many of t:he pub•]•ished 
recommendations have been directed to the specification of an 
acceptable ratio between outdoor ambient light ]eyeIs and those 
within the tunnel threshold zone that w•.l! red•ce th•s effect• 
The tunnel threshold zone begins at the portal and extends into 
the tunnel for a distance determined by traffic spee• and the 
expected safe stopping distance° The function of the t:hreshol•d 
zone lighting is to provide a gradual transition between exterior 
and interior illumination levels. Thus, in the daytime this zone 
is more brightly lit than the interior zone, though a.t night it 
may be of the same or a lower level. At the present time the 
International Commission on lllumination (CIE 197•)recommends 
that the threshold zone lumi, nance be on the orde• of 1,000 cd/'m 2 

or 300 fL. Achievement of such a level would <•equire a hori- 
zontal illumination of 1,500 to 1,800 fc. The lIES (1972) recom- 
mends a luminance level of 300-350 cd/m 2 

or 88-i09 f:L, whl•ch 



wo,•id require approximately 500 fc. The CIE recommends that 
the accept<able ratio of outdoor ambient luminance and that 
w•ithi_n the tunnel threshold zone or the adjacent zones within 
]•ong tunnels be of the order of i0 to i. The IES recommends 
that, un.de• daytime conditions, the illumination levels in 
adj •e a.• n•, zones of long tunnels also be of the orde• of i0 to •. 
Howe•e•, these ratios require high levels of illumination, which 
may be di•fficu]t to achieve and demand large expenditures for 
operation. Japanese reco•endations, based primarily on Narisada's 
research (Narisada 1972), suggest that an acceptable luminance 
•a•o may. be. as large as 40 to i, depending upon traf:fic speed 
and anticipated level of service. Acceptance of the higher 
ratio depen£s in part upon the acceptance of the idea that adap- 
•at•cn •eg•ns at the point at which the drive• first fixates on 
the tunnel entrance (termed the "fixat•on point" by Narisada). 
•a:•'•sa.da and Yosh•awa (1974), using eye marker t:echniques, 
•a,•e •-.•h....•n•t th•at the driver actually begins_ to fixate the tunnel 
p.•.•, al at a point at least 150 m from the entrance Thus, adap- 
+at:•cn may be •ell under way before the driver actually enters 
•:b.e +,•<,n•'.•,,•,• Sch.•euder (1972,• 1975) uses a simi!a•, c.oncept called 
hb•• ".adaptation point," which is defined as that point at which 

e t.e adaptation of the driver's visual system will begin 
to• .•-•o•..•.,•,.. be•ause..• he is looking into the tunne•. Although these 

.p h•:•s•,•e much in co•o.n there are subtle differences which 
ha,..•'e resu.}ted in different estimates of an acceptable luminance 
r•at fo. Schr'euder has advocated the i0 to i ratio which has been 
t<ncorporated £nto the CIE reco•endations. 

Recently, Nari.sada and his associates (Na•isada. 1975; 
Nat-t d- ._•a,a and Ycshikawa 1974) have. revised thei.r estfmates of 
<:•r:ne.l entrance ].umi•nance requirements upwards by a factor of two, 

e 
o, 

a rat.[c of 20 to i, to take account of the siluation in 
which +he tunnel entrance is partly blocked f•om the driver's 
v•ew by a pr'eceding vehicle. If the rear end o.f the preceeding 

eh:•.:•",.]e has a high •eflectance under bright sun!ight, the driver's 
adap•.a¢ion m•y be hampered. A curved approach to the tunnel en- 
tr.an:::e cc•:.•d also act to reduce adaptation to the lower !umi- 
nantes c.f <:he tunnel interior. It should be noted that the new 
Japan•ese recommendations are more in ]:fne wi.th those of the CIE 
a:n•• the !E,S• 

•:et,,,.ir-tis (1975), a Canadian authority, has proposed that a 
i!umin,•n<-:e r.atio of 25 to 1 should be acceptable, depending upon 
seve•"a] factors which may vary from one tunnel to the next. How- 
ever, Ketu:.t-tis points out that the app].ication of simple rules 
of t:h•mb such as recommended ligb.ting ratios will not always 
resu, lt •n '.-:..pt[.mu:m lighting because visibility in the tunnel 
entt•an.•:e ls affected by many variables° These include: 
(1) •raff•c speed and volume (for example low-speed and low-volume 



tunnels require less lighting); (2) tunnel design fact:ors 
such as the presence of oncoming traffic, the design of 
tunnel portals and approaches, tunnel portal and i:nterlior 
surface treatment (use of reflective tiles, etc.)• and (3) geo- graphic factors such as latitude (which determines i]•ength of 
periods of peak ambient outdoor, light, the intensities experi- 
enced, and the amount of snow, which may greatly increase the 
brightness of the surrounding terrain), the orientation of 
the tunnel, entrance with respect to the position, of the sun, 
and the general nature of the surrounding terrain (e.g., a 
forested hillside will re•lect less l•ght into the d•river's 
eyes than will an equal expanse of gray rock.). 

The foregoing brief review suggests some of the complexities 
encountered when attempting to evaluate the adequacy o•i a tunnel 
lighting system. A more complete review of the rele',•ant l:iter•a, 
ture can. be found :in the annotated bibliog.raphy •in Appendix A 

A description of the Hampton Roads Bridge-Tunnel in terms 
of the factors enumerated by Ketvirtis suggest.s the probabl.lity 
of an, exceptionally difficult problem at thi.s insTallat:ion0 The 
tunnel forms a part of Interstate-64, a high speed a,rterfal high- 
way. The speed !imi•t within the tunnell is cu•rentily 40 mph, 
wh.icb is 1.5 mph less than that for the rest of the h.Jghway and 
5 mph l.ower than that for the immediate approaches° Over. the 
years 1972, 1973, and 1974 traffic averaged 658,828 vehi.c,les 
per month, with the summer months p•oviding the greatest volu.me. 
It i•s anticipated that the volume will. increase0. Tr'a•f.lc in the 
tunnel is currently two-way, with a single lane mov•_ng •n each 
directi.on. When the second tube is completed, tr'affic in each 
tube w.f.l.l move in on].y one direction, thus elJmfnating oncoming 
traffic as a variable. 

Trave].ing from Hampton to Norfolk, the drive• a.ppr•oaches the 
tunnel, from the northwest and faces southeast. The final open 
approach to the Hampton Roads tunnel is curved and about 600 f•. 
in length° There are gray wa]•Is on each side of the app.roach as 
the road descends below the surface of the island to the tunnel 
entrance. Thus, the entrance, is not enti.rely visible •o the 
driveP untli], he i.s with.in about 400 ft. of the portal. 

The walls of the open approach are nearly conti,n•ous with 
the walls in the tunnel interior•o The entrance has a slight 
bevel but is not flared. In addition, the area adjacent •o the 
tide gates at the entrance is a very da.r• gray and probably acts 
to absorb much of the light that might otherwis•e spill into the 
tunne• from outside° Beginning about 20 ft0 to 30 ft• inside 
the tunnel, the walls are covered with ti•les of a cream or buff 
color which help to r•ef<lect light within the tunne]• These 



have been darkened with years of service despite regular 
washings. The ceiling of the tunnel is an off-white which 
has also been darkened somewhat by exhaust fumes. The road- 

way surface is black. The dark gray zone around the tide gates 
at the tunne! entrance, the lack of tile panels in the first 
20 ft:• to 30 ft. or so from the entrance, and the lack oi 
llaring of the tunnel ceiling at the portal, all combine to 
enhance the black hole effect. 

The over-water approaches to the tunnel give rise to a 
part•cularly high degree of light adaptation lust before the 
:motorl.s.t enters the tunnel. The horizon is low and a large 
expanse of b•ght sky is visible. The water has a high degree 
of r'eflectance so that the area below the horizon can be almost 
as. b•ight as the sky° In addition, there is frequently a high 
degr•ee cf specular reflection from the water adding to the 
v•s•b•ty• prob!em. All of these factors combine to produce 
an a, ve•age luminance in the field of view many times higher 
than •hat usually encountered in an overland approach• 

Visual problems inherent in an over-water approach are 
magnified by the geographic location. At this relatively 
s•c.•thern l•atitu•e, both the magnitude and duration of the peak 
ambient sunlight are greater compared to those at similar in- 
stallations in more northern regions. The ambient illumination 
:•is greatest during the summer months, when the volume of traffic 
tbro•gh the tunnel is also at its highest° Thus, the most diffi- 
cult •i.sual conditions are present when it is most important that 
e,fficient traffic flow be maintained. 

Fhe orientation of the tunnel portal also plays a role in 
visibi, li+:y. Acco<•ding to Thompson and Fansler (1968] one of the 
most difficult conditions for tunnel lighting occurs for. south- 
facing po•<a!s (the driver is facing the southern sky on his 
app•oach)o The Hampton Roads Bridge-Tunnel lies northwest t:o 
southeast and traffic approaching from the Hampton side faces 
southeast when entering the tunnel° Under these conditions 
dr:ivers are facing the brightest part of the sky, with the 
su• itself often visible over the portal. 

The present lighting system in the old tube is not sufficient 
•o pr•event a conspicuous black hole effect, particularly between 
!0:00 a•mo and 2:30 pom. in the summer months° According to 
the specifications given in Thompson and Fans!er. (1968), the 
pr•ese<•t lighting is designed to provide 24 fc of illumination for 
the finest 225 ft. from the entrance, 12 fc for the next 225 ft., 
and 8 fc thereafter. Illumination is provided by flourescent 
lumina•res mounted high on each wall in a continuous double row 



for the first 450 ft. and a single row thereafter. These 
luminaires are used in conjunction withthe light colored ceiling 
and reflective wall tiles which begin about 20 ft. to 30 ft. 
from the entrance. 

PURPOSE 

The foregoing discussion of the characteristics of the 
Hampton Roads Bridge•Tunnel facility leads to the expectation 
that some visual problems will be encountered, especially when 
traversing the installation in the Hampton-to-Norfolk direction. 
The observations reported by Mintz (1972) confirm this expectation. 
The purpose of the research reported here was to provide objective 
data width which to determine the severity of these p•oblems, and 
thus to assess the need for a sunscreen at the north entrance to 
the tunnel. 

METHOD 

As previously mentioned, a transportation system should be 
not only safe but also efficient from an operations standpoint 
and acceptable to the public for whom it is designed• These 
criteria dictated that the present investigat:i, on use a broad 
based approach to determine the nature and severity of visual 
problems encountered by drivers using the existing Hampton Roads 
installation. Several aspects of the bridge-tunnel system have 
been examined in an effort to detect evidence of such problems 
in terms of their practical consequences. This resulted in a 
four-pronged approach. The rationale and procedures employed 
in each separate approach 

are described below in the order in 
which they are addressed in this report. 

Accident Ana.l.y s is 

Safety is a primary consideration in the design of' any part 
of a public highway system. Good design maximizes safety and, 
conversely, design flaws are often reflected in high accident 
:•ates. Therefore, it was believed that a sever•e visibili.ty 
problem at the north portal, might contribute to a rel]ativei.y 
high accident rate there, especially in the southbound lane. 

Virginia law requires that a report be filed with the. 
Division of Motor Vehicles giving the details of any accident 
resulting in death, personal injury, or property damage in 
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excess of $250° Reports of accidents within the tunnel complex 
were analyzed for explicit mention of visual problems and for 
patterns that might reveal that reduced visibility was a con- 
tributing factor° 

Traffic Flow Analysis 

Smooth and efficient t:raffic flow is second, only to safety 
in importance to the successful operation of a transportation 
system. Indeed traffic flow is a more sensitive indicator of 
the adequacy of the system than is safety: users will act to 

preserve their own safety and the increased caution will be 
reflected in reduced speeds. The analysis of traffic flow 
was conducted in two parts as described below. 

a. •peed Analysis° The reaction of most drivers faced 
with a hazardous condition such as limited visibili+y is to 
slow down. Sign•ficantly reduced speed in the •ic•nity of the 
tunnel portal could thus be an indication of a perceived hazard 
and, conversely, maintained speed would indicate the absence of 
a perceived hazard° 

The speed of vehicles entering the north portal of the 
Hampton Roads Bridge-Tunnel was sampled with an S-5 Radar Speed- 
meter° The radar unit was positioned so as to measure vehicle 
speeds at distances of 295, 135, and 0 ft. from the portal° In 
order to keep the unit as inconspici•ous as possible, it was 
stationed atop the retaining wall of the open approach. Speeds 
were sampled on three days. The weather and visibility conditions 
were comparable for all three partly cloudy and bri.ght, with 
distinct shadows. For distances of 295 and 135 fro, speed sam- 
ples were taken for 5 minutes of every 15 between. ]0:00 a.mo and 
2:30 p.m. At the tunnel portal, samples were taken on the same 
schedule between 12:00 noon and 1.:30 pom. 

bo Braking Patterns. An analysis of braking patterns was 
conducted as a supplement to the speed data to determine where 
motorists began slowing down and to detect erratic maneuvers 

near the tunnel entrance. Traffic on the last 145 fro of the 
open approach was photographed with two super 8 mm motion picture 
came•a,s. The first camera was positioned atop the retaining wall 
222 ft. from the podia! and allowed, the filming of traffic from 
le5 fto to 1,5 fto in f•ont of the portal. The second camera was 
mounted 104 ft, from the portal and covered the a•ea from 15 ft. 
outside to 50 ft. inside the tunnel° The overlapping fields of 
view allowed tracking of a vehicle's progress from 1,45 ft. outside 
the tunnel to 50 ft. •nside it. As an aid in gauging the position 
of vehicles relative to the entrance, the series o• vertical 



stripes shown in Figure 2 were applied to the walls with white 
reflective tape. These were applied at 10-ft. intervals from 
approximately 110 fT. before the portal and at 5-ft. intervals 
for 50 fro inside the tunnel. Three-minute motion pictures of 
vehicles approaching and entering the tunnel were taken every 
15 minutes between I0:00 a.m. and 2:30 p.m. on August 5 and 6, 
1975. These films show the distance from the portal at which 
the brakes were first applied, as indicated by the actuation 
of the vehicle's brake lights. 

Figure 2. Stripes applied to south retaining wall as an aid 
to estimating the position of vehicles when they 
applied their brakes. 

Visibilit.[ Studies 

Two studies were undertaken to directly assess and describe 
the visibility conditions in the vicinity of the north portal. 



Performance Study 

A performance study directly assessed visibility at the 
north portal by determining how well subjects were able to 
perform a simple visual task as they entered the tunnel. The 
task consisted of detecting and reporting the orientation (up, 
down, left or right) of the gap in a Landolt C. The Landolt C 
is a standard visual acuity target consisting of a circle with 
a gap in it. In this experiment the width of the gap was equal 
to the width of the line forming the circle and the diameter 
of the circle was five times the stroke width. The stimuli 
were 7 in. in diameter with gaps of 1.4 in. At 200 ft. the 
gap subtended an angle of 2' of arc at the eye. The target 
was gray on a white background (see Figure 3), and had a 
contrast ratio of 27%. (Contrast is the ratio between the 
luminance of the background and the luminance of the target.) 

Figure 3. Acuity target used in visual performance study° 

Targets mounted on signs of the kind shown in Figure 3 
were placed on the walk 91 ft. in front of the portal, i00 ft. 
inside the tunnel, and i,I00 ft. inside of it. The orientation 
of each target was varied in random order before each presentation. 
The subject rode in the passengem's seat of an instrumented car. 

i0 



(See Figure 4). A strip chart recorder driven by the odometer 
provided a record of distance traveled. The subject indicated 
the orientation of the gap in the Landolt C by pushing a small 
lever in the same direction (up, down, right, or left) as the 
gap. The distance of the car from the sign when the subject 
correctly identified the orientation of the Landolt C is 
termed the visibility distance (Mortimer 1974). 

Figure 4. A subject operates the equipment used in 
the human performance visibility study. 

Four subjects were employed in this study. Each subject 
was driven through the tunnel five or six times and responded to 
each of the three signs on each run. Traffic was halted for a 

short time during each run-through so that the test car could 
enter the tunnel with no vehicles ahead to slow it down or 

obstruct the subject's view. Three of the subjects were tested 
between the hours of i0:00 a.m. and 2:30 p.m.; the fourth be- 
tween 2:30 and 3:30 p.m., when the reflection of the top of the 
dashboard in the windshield was less in evidence. Data were 

gathered on September 13 and September 14, 1975. Both days were 
bright with few clouds. 
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Photome.tric Study 

To provide a simple description of the lighting environment 
that would allow comparison with published recommendations, a 
series of light level measurements were made with a Gamma Model 
2009 Teleph•cmeter. Luminance measurements were made from the 
walls in the interior directly in foot-Lamberts. Illumination 
measurements were made using the photometer in conjunction with 
a cosine receptor and were recorded directly in footcandles. 

Luminance measurements inside the tunnel were made between 
11:30 a.m. and I:00 p.m. on September 27, 1975. The photometer 
was carried into the tunnel and operated from the catwalk. 
Luminance measurements were made at the portal from the dark 
gray concrete which is part of the tide gate system. Inside 
the tunnel, luminance measurements were made from the tiled 
walls. 

Illumination measuwements were made on September 13 and 20, 
1975, primarily between the hours of 12:00 noon and 1:00 p.m. To 
make the illumination measurements, the photometer with cosine 
receptor was mounted on a tripod and secured in the rear of a 
station wagon. The photometer was aimed upwards and projected 
through the open rear window of the vehicle well above its roof. 
The system was leveled in order to measure horizontal illumination 
as accurately as possible. Illumination levels were determined 
on the island above and to one side of the entrance to the old 
tunnel (between the old and the new tubes), at two locations on 
the open approach, and at nine locations within the tunnel, be- 
ginning at the portal. 

User Survey 

A survey was conducted in order to learn to what extent 
motorists experience visibility problems in traversing the 
Hampton Roads Bridge-Tunnel. A four-item questionnaire in the 
form of a postage-paid card was distributed. (See Appendix B.) 
Motorists were asked how often they used the tunnel, whether 
they ever experienced difficulty seeing cars ahead of them, and 
if so, where and when these problems were greatest. In addition, 
space was provided for other comments about the tunnel environment. 
To encourage motorists' cooperation, an article describing the 
nature of this study was placed in a local newspaper.. The sumvey 
was conducted on Thursday, August 21, 1975. 

The above studies were conducted at the old tube• which 
is identical to the newer tube in the critical features of 
orientation of the tunnel entrance to the sun, the design 
of the portal, and the approach to the portal. Detailed 
specifications for both old and new tubes are presented 
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in Appendix C. A view of the north portal of the old tunnel 
appears on the cover of this report. 

ANALYSIS 

Accident Data 

The tunnel complex extends from the toll plaza at the nor'th 
exit to the southern end of the south approach, bri.dge for• a total 
of 3°57 miles. A total of 181 accidents were recorded w•thin the 
complex during calendar years 1972, 1973, and 1974o In addition, 
there were an undetermined number of "nuisance accidents" not 
severe enough to be reported. The 181 reports available were 
analyzed for specific mention of a visibility problem as a 
contributing factor and for location and time of accident° 

Only one accident could be directly attributed to a visibility 
problem: the driver's vision was obscured, by accumulated sleet. 
Visibility was not mentioned, in any of the other reports. 

Table i shows the number of accidents that occurred in each 
section of the complex and the accident rate for each. The small 
number of accidents occurring in the shorter sections make the 
computed rates somewhat unreliable because the addition or sub- 
traction of a single accident would change them drastically• In- 
spection of the table reveals that the approaches may be marginaJ.ly 
more hazardous than the other sections of the comple×o 

If there were a severe visibility problem at the north portal, 
the accident rate, especially that for the southbound lane, shoul• 
be elevated• This is not found to be. the case (indeed this appears 
to be one of the safer sections of the complex). This •inding 
must not be regarded as evidence against the existence o• a visi- 
bility problem, however. In the words of Brass, Skoctsky, and 
Trosper (1957 p. 138), "although it seems reasonable that poor 
visibility within a tunnel would lead to a great number of acci- 
dents, data from this area does not bear this out° Most drivers 
confronted with poor conditions for visibility will drive with 
caution and with reduced speed°" Following this logic, it could 
be argued that the lower accident rate may indicate a problem° 

Because of the small number of accidents in t•he area ol 
interest and the possibility of conflicting interpretations, the 
analysis of accident locations must be regarded as inconclusive. 
Additional accident data and analyses, less directly relevant to 
the considerations of the visibility problem at the north poptal, 
are presented in Appendix D. 
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Table 

Location of Reported Accidents, 1972-74 

Location 

Toll Plaza 

No Bridge 
N. Island 

N. Approach 
Tunnel 

S. Approach 
S. Island 

S. Bridge 

TOTALS 

Length, ft. 

5OO 

3,200 
208 

598 

7,429 
598 

82 

6,150 

18,865 

Number of Accidents 

SE NW 

0 

19 

1 

7 

24 

4 

? 

99 

Accident Rates* 
(1972 to 197•) 
SE 

3 

21 

1 

2 

24 

0 

26 

82 

.267 

.288 

o214 

o149 

.143 

.372 

.000 

,.188 

NW 

,000 

,260 

.2]• 

,521 

o143 

,298 

1,086 

,304 

*Accidents per I00,000 vehicle-miles 

*'23,717,797 veh!c!es passed through the tunnel complex during the 
period ]972-1974• The o'.•era!l accident rate Sop •he complex was 
.21• pe• ]00,000 vehicie-mzleso 

Traffic Flow 

Speed Data 

Traffic speed at three locations on the open approach was 
monitored by radar. For si.mplicity, speeds were recorded in 
5 mph intervals• The samnle taken 295 ft. from the portal in- 
cludes 1,222 vehicles of all kinds; the sample at 135 ft. includes 
1,095; and the sample at the portal, 312 vehicles° 

The propor•tion of vehicles falling into each 5 mph speed 
category is shown in Figure 5. At 295 feet the median speed. 
was 26.94 mph; at 135 feet •t was 31.52 mph; and at the portal i¢ 
was 21.27 mph, which •is approximately half the design speed of the 
tunnel. 
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To make i.t as inconsp•.cious as possible, tlhe radar unit 
was placed at a location above the tunnel and a•med downwards 
in_to the oncoming traffic. It should be noted that• t.•he unit 
sensor is usually aimed horizontally into oncoming traffic. 
According to the manufacturer, as the steepnes, s of the angle 
of the sensor is increased, there is some tendency towards 
underestimation of vehicle speeds. The indicated speeds are 
reported: the true speeds, in all cases, may be somewhat higher. 
Nevertheless, observations of the investigat.c:rs and the tunnel 
guards confirm the main inference dr•awn flr©m the data presented 
in Figure 5 vehicles tend to appr.oach <he tu.n_nel por•ta] slowly 
and slow down even more just before entering° 

The above observatiort is consistent: with the hypothesis 
that drivers are exper•iencing and reacting to some so.r<: of visi- 
bility problem. As an additional test of this hypothesis, 
supplementary radar readings were taken on April 3 and •4, 1976, 
between 8:00 a.m. and i0:00 a.m. and again, between 8:00 pomo and 
I0:00 p.m. The median speeds are presented in Table ?o 

Table ? 

Time 

Supplemental Speed Data 

Distance from 

295 

8:00 a.m,. I0:00 aom. 

8:00 p.mo i0:00 pom. •6o95 2! °?3 

Compared with the I0:00 a.mo 2:30 p•mo da•a, the •verage 
speeds were h•ghe• •in t•es• ••ecc•<d•., pr"obably as a function of 
the smaller volt,me of traffi<.. Hcwe•.•e•:, •he prcpor•1ona] r•e- 
duc•ion in speed du•-•ng the last 79< t wa•. a•ou• •he •ame 
(approx•.mately 30%), •n spite of <he fact that problems of 
visibility were not as p•onounced. This f•nd•ng s•_•ggests 
that the geometry of the appr•oach also contributes •o <he 
reduction in speed. Accord•n•g <o <he Highway Capa<l•y Manual 
(1965), three other factors may be at wor•k• Th• apparent 
constriction of the roadway due •o the prcx!mity cf the re- 
tanning walls and <he si•gb< con•<:ic, •cn p•oduced by a side- 
walk on the open approa<h (1-•-•nir•g •.n•<: a ca*wdlk a•op an even 
closer wa!] in the tu;nne] intoriot.) may result •r• a reduction 
of speed. In addition, the driver' musi •o1 [o• a c'ur'•ed descent 
to enter the tunnel. This <:•up.•e pnoduces a somewhat reduced 
sighting distance, which, combined wilh the downgr•ade into the 
tunnel, may cause a dP.ive•r to increase his •o]lowimg distance. 



B•aki.ng Pattern Data 

An analysis of braking patterns was undertaken in an effort 
to determine the point at which drivers began to apply their 
brakes. If slowing was in response to a reduction in visibility, 
this information would, support some inferences as to the nature 
of the difficulty encountered. Braking just inside the portal 
might be indicative of a visibility loss resulting from transient 
adaptation, while braking just outside the portal could be due 
to the veiling luminance from the windshield reflections° 

Motion pictures of vehicles entering the tunnel were made 
to determine the distance from the tunnel portal at which the 
brake lights came ono Analysis of the films was carried out to 

(1) determine the proportion of motorists who 
apply their brakes prior to or immediately 
after entering the tunnel; 

(2) ascertain the effect of a vehicle's positJ•on 
in the stream of traffic upon the subsequent 
use of brakes; and 

(3) investigate possible differences in the distances 
at which, motorists brake as a function of different 
time intervals between the hours of i0:00 a.mo and 
2:30 p.mo 

In order to classify each vehicle with respect to its relate!re 
position in the stream traffic, a coding system was adopted which 
differe.ntiated between the behavior of lone or lead vehicles, 
whose braking patterns would not be affected by vehicles in front 
of them, and following vehicles, whose braking would be affected 
by preceding traffic. Additional information concerning the 
classification system and the braking patterns of following ve- 
hicles may be found in Appendix E. 

Of all vehicles filmed, 63% to 70% applied their brakes at 
some point prior to or immediately following entrance to the 
tunnel° Figure 6 shows at what location brake •ights first 
appeared for each vehicle classification (only those vehicles 
which braked are included)° The data reveal a consistent pattern• 
Only a small proportion (2% to 7%) of vehicles (irrespective of 
classification) braked at distances from 20 ft. to 50 fto inside 
the tunnel. Similarly, few vehicles braked at distances from 0 to 
20 ft. inside (1% to 1.3%), 0 to 50 ft. outside (3% to 14%), or 50 ft. 
to 135 ft. outside the tunnel (2% to 25%). The greatest proportion 
of all vehicles (49% to 80%) braked at distances exceeding 1.35 ft. 
from the portal. The majority of these vehicles entered the field 
of view of the first camera at 145 ft. with their brake lights on. 

17 
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A slightly larger number of vehicles braked just after 
entering the tunnel (0 ft. to 50 ft. inside) than just prior 
to entering (0 ft. to 50 ft. outside). This observation does 
not allow inferences as to whether difficulties of transient 
adaptation or windshield reflections are the stimuli to•which 
the motorist is responding because the majority of veh±•cles 
applied their brakes too early for either. It should be noted 
that the overall pattern of early braking is consistent with 
apprehension on the part of the driver aroused by perception of 

a black hole ahead• However, a more cautious approach may also 
be a response to the geometry of the approach way. 

These general conclusions are supported by an analysis of 
the braking patterns of lone and lead vehicles. As previously 
mentioned, the behavior of these vehicles is of most interest 
because they are not constrained by the actions of other vehicles 
ahead of them. More than 65% of these vehicles applied their 
brakes when entering the tunnel° As Figure 7 shows, the majority 
of lone and lead vehicles also braked far in advance of the 
tunnel portal. Inspection of this figure reveals that leading 
vehicles were more likely to come into the field of the first 
camera with their brakes on than were lone ve.h±c!e•o There 
seems to be a general tendency to apply the brakes earlier •.n 
the approach° It is a plausible conjecture that drivers 
lead cars may be (consciously or unconsciously) signaling to 
following vehicles to reduce speed in order to create more 
maneuvering room for both. 

A statisticalanaiysis (chi-square) faile• •o reveal any relationship between the time of day (half-hou• intervals be- 
tween i0•00 a.m. and 2:30 p.m.) and the distance at which brakes 
were applied• 

Speed data gathered by radar indicate that motom•sts slow 
down when entering the tunnel at the north portal. This may 
occur in response to a visibility problem or as a result of 
certain aspects of the geometry of the open approach. The 
braking study data indicate that the majority of motorists •nter 
the tunnel with their feet on their brakes. Again, this caution 
could be due to a visibility problem, the geometry of the approach, 
or a combination of both. The data of the traffic flow studies 
indicate a definite slowdown at the north portal, but do not 
suggest its cause° 
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Lone Vehicles 

Lead Vehicles 

Inside Inside Outside Outside Outside 

Distance at which Brakes First Applied 

Figure 7. Location at which brakes first applied by 
lone (type 0) and lead (type i) vehicles. 

Visibility 

Performance Data 

A simple visual acuity task was employed to give a direct 
measure of human visual performance under the lighting conditions 
at the north portal° The acuity target was a Landolt C of 27% 
contrast. One of these was placed 91 feet outside the portal, 
one at i00 feet, and one at 1,100 feet inside the tunnel. The 
subject's task was to indicate the orientation of the gap in each 
of the three Landolt Cs as he was driven through the tunnel at 
40 mph. His response and the distance at which it was made were 
recorded by a strip chart recorder in the instrumented car° The 
four subjects participating were all males with 20-20 vision, 
either corrected or uncorrected. Each subject was driven through 
the tunnel five or six times and responded to each of the signs 
on each run° These tests were run on September 13 and 14, 1975. 
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Table 3 presents the mean visibility distance for each of 
the four subjects. The visibility distance (VD) is defined as 

that distance at which the target is first correctly identified 
(Mortimer 1974). 

Table 3 

Mean Visibility Distances 

Subject (# Trials) 

(6) 

(S) 

(6) 

(6) 

i (-91 ft. ) 

248.46 

194.53 

185.19 

Target 
2 (+i00 ft.) 

192.•3 

69.28 

71.78 

3 (+i,i00 fto) 

178o29 

85,71 

101o84 

209.93 58°93 132.03 

Subjects 2, 3, and 4 completed the experiment between 10:30 a.m. 
and 2:00 p.m., when the windshield reflections were quite noticeable• 
Data for subject i were obtained between 2:00 p.m. and 3:30 pom., 
after the worst hours for this effect, and may therefore serve as a 
•ow-reflection control. 

Two things are evident upon inspection o5 the data° 

Targets inside the tunnel were harder to see 
(as indicated by reduced visibility distances) 
than the target outside it; and 

2o for the three subjects affected by the windshield 
reflections, the target just inside the entrance 
was the hardest to see° 

Given the small number of subjects and the wide variation in 
their individual performances, meaningful comparisons could be made 
only if differences due to subject variables such as visual acuity 
and response criteria could be minimized or eliminated. Thins was accomplished by calculating a relative visi.bility index, i.e., by 
describing a subject's performance on a given, target: in terms of 
his performance on another. Two such indices were calculated, and 
values for each are presented in Tabl.e 4, and graphically .in 
Figures 8 and. 9. 
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Table 4 

Relative Visibility Indices 

Re.• •..•.• V_tsibi]ity 
1 

Subject •a• "• Relative Visibility 
3 

N i'O i ! T 2 T 3 T l T 2 T 3 

1o0 

1.0 

°36 

,39 

°28 

.55 

,63 

1 39 

2,27 

1.82 

I. 59 

1..08 

8¸1 

.71 

1.0 

RV 
1 

D(N) •VD(I RV 
3 VD (N)/VD(3) 

The re.l:.,*('... ,•,e <•i.sLbi. l/ty° index based on the visilbility at: 
,arge + •RV I• (T -< • obtained by dividing VD at T2 and T3 
by VD at TI. 

•. g.•¢es an idea o.f how well •be subject sees •in- 
side., the tunne •, as compared to outside it. Because the iilumina- 
tion .le•el was low, no s•ub•ect was e•xpecte.d to see as well ffns•de 
the tunnel as cuts[de •• A " re•at•ve v•sibi]ity index based 
•,•ts•ib•!i•y a< T3 (•fg) was obtained in the same manner as 
e•_h•s time u.{•ing per:f.ormance at T3 as the r•efer•ep•.= The subl•ect 
had been in •he +•nn• i6 seconds when he saw 'T3• He was then 
almost comp]•etely adapted Io. the interior ffLlt;•mination and any 
peduct£o.n of vi.sibili!y dislance at T3 (as compar:ed to TI) was 
du.e to the •o• er i..•.!umination and no< inadequate adaptation The 
•J]l.uminatLon at T2 (21 fc) was only s]ighlly highep than 
T3 (8 fc). Since RV 9 takes the reduced illumiration into account, 
the decr•ement for: T2 •n this index indicates the degree <o which 
other-factors ass.oc•ated with entering the tun•]el r.educed the 

immedla.e:y afte• thai vl.s:•bi•ity of the tar:ge• encounter•ed t • 

t •',ans it i on 

!;•:;b.ject I showed nc deck emen •or, T2•: on the R •'•,• inde, x, but_ 
th other three s.ubjec*• displayed a substant•a transi÷•.ona.• ect 
(mean RV 3 °65). Note also that these subjects signaled recogni- 
tion of T9 at ver.y nea•ly •be same place (mean VD 66•67 ft. ]. At. 
•0 mph, <:his distance cor.•esponds to an interval of aboul °89 sec- 
ond after the veh£cle en!ered the shadow of the porta]• 'This •s a 
r•easonab].e reaction time in view of <he subject's task, which was 
to locate, ident :fy, apd respond !o the ta.<r.gel 
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In terms of transient adaptation (Rinalducci 1972; Boyton 
1967), some decrement in subject l's performance on T2 is to 
be expected, simply because of the •large d•fer•ences in luminance 
between T2 and TIo That the expected decrement is not evident is 
probably due to the fact that the dark tunnel portal an@ the 
southwest wal•]•, which was in shadow, occupied most of h±s field 
of view (there were no vehicles ahead) for several seconds before 
he saw the second target• Under these c•rcumstances, a large 
amount of adaptation may occur before the tunne•, is actually 
entered. 

Taken together, the above discussions suggest that much of 
the reduced visibility of T2 is due to the vei•ing of this target 
by reflections in the windshield• 

Photometr•c Data 

L•ght •evel measurements were made at the north portal of 
the tunnel w•th a te•ephotometer,, Luminance measurements were made 
from the w•.•s in the interior directly in foot-Lamberts 
At the portal readings were taken •rom the dark gray concrete which 
is part• o• the tide gate system. •nside the tunnel, •uminance 
measu.remen•s were made from the t•led walls, l.•um•nation measure- 
ments •ere made using the same telephotomete• in conjunction with 
a cosine •eceptor and were •ecorded d•rectly •n foo•candIes (fC)o 

(The system was •eveled •n order to measure horizontal il!umi•ation 
as accurate?.y as possible°) ll!um[•nat•on •eve•.s were determined 
at a point, on the north island above and •o one s•.de of the 
entrance to the f•rst tube; at two locations on the open approach; 
at the porta• and •t n•ne •locations w•thln the tunnel. The re- 
sults of the horizonta• '•lluminat•on measurements a•e given in Table 
5 and presen•ed graph•cally •n Figure i0• 

Simple computation from the readings presented in the table 
shows that the ratio between the amount of l•ght falling just out- 
side the tunne]• (at 91 ft•) and the average i.llum•]nation in the 
.first ]00 ft. withi•n the tunnel (not including the 317 fc at the 
tunnel portal) •is approximately 408:1• If the i!iuml•nat•on at the 
portal is ir•c!uded in the average, th•s •atio is lowe•ed to 73:1. 
Both tattoos are cons•derably larger than the !0:I ratio recommended 
by the IES (1972). 



Table 5 

lllumination Measurements in Footcandles and Lux 
(12 noon to i°00 p.m., September 13 and 20, 1975) 

Location fc 

North island (above entrance) 

Open approach by guardhouse 

Open approach 91 ft. in front of tunnel 
portal (-91 ft.) 

Entrance (0) 

+ 50 ft. inside tunnel 

Lux 

9,513 102,360 

8,936 96,151 

8,763 94,290 

317 3,411 

22 237 

+ i00 ft. 21 226 

+ 200 ft. 20 215 

+ 300 ft. 22 237 

+ 400 ft. 15 161 

+ 500 ft. 14 151 

8 86 

7 75 

+ 1,000 ft. 

+ 3,700 ft. (midpoint of tunnel) 

Table 6 and Figure ii display the luminance (amount of 
light reflected from the walls) measured at various locations 
within the tunnel. To allow the computation of indoor-outdoor 
luminance ratios, the luminance of an average background of medium 
reflectance was calculated for three locations outside the tunnel 
and are included in the table. 
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Table 6 

Luminance Measurements in Foot-Lamberts 
and Candelas/Meter 2 

Location fL 

North island (above entrance) 

Open approach by guardhouse 

Open approach 91 ft. in front of 
tunnel entrance 

Entrance (0 ft.) 

+ 26 ft. inside tunnel 

2 cd/m 

1,586 ".'• 5,430 

1,489" 5 ,i01 

1,460" 5,002 

6.8** 23.3 

11.2 38.4 

+ 50 ft. 8.3 28.4 

+ i00 ft. 6.5 22.3 

+ 200 ft. 6.6 22.6 

+ 300 ft. 5.8 19.9 

+ 400 ft. 5.7 19.5 

+ 500 ft. 3.9 13.4 

+ 1,000 ft. 2.6 8.9 

+ 3,700 ft. 2.7 9.2 

*Based on fc measurements given in Table 5. The average luminance 
of a background averaging 25% reflectance was calculated according 
to formulas presented by Ketvirtis (1975). The procedure is 
elaborated in Appendix F. 

**Values given for inside the tunnel are luminance measurements 
made directly from the tunnel walls. 
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Combining the four values obtained within the first i00 ft. 
of the tunnel yields a value of 8.2 fL (28.1 cd/m 2) for the 
average luminance of the entrance. If this value is compared 
to the calculated luminance of the averaged background (in this 
case the walls of the approach or back of a vehicle) at 91 ft. 
from the portal, the resulting luminance ratio is 178:1, which is 
considerably larger than the i0:i ratio in luminance levels recom- 
mended by the CIE (1974) and the 25:1 ratio recommended by 
Ketvirtis (1975). 

Given the large ratios of ambient illumination and luminance 
levels outside the tunnel to those inside the tunnel there should 
be a significant loss of visibility. Excessive ratios give rise 
to the black hole effect outside the tunnel and a "black-out" 
effect (temporary decrease in visibility due to transient adapta- 
tion) described in detail by Boynton (1967), Ketvirtis (1975), 
Narisada (1972), Rinalducci (1972), and Schreuder, (1967, 1972, 
1975). In addition, objects in the dark area created by the 
tunnel entrance are more likely to be hidden by veiling reflections 
on the windshield (Allen 1970). 

User Survey 

User survey questionnaires were distributed by the toll col- 
lectors to all southbound motorists on Thursday, August 21, 1975, 
between the hours of 7:00 a.m. and 7:00 p.m. Weather conditions 
on the day of the survey varied greatly. Between 7:00 a.m. and 
9:00 a.m. it was bright but cloudy; from 9:00 a.m. to ].0:30 a.m. 
it was overcast with rain, and by ii:00 a.m. it was hazy but 
bright, and remained bright throughout the rest of the day. 

A total of 9,927 questionnaires were issued, and 2,323 
(23.4%) were returned by mail to the Virginia Highway and Trans- 
portation Research Council. The largest proportion of question- 
naires returned (37.4%) was from the frequent users of the tunnel 
those who made i0 or more trips per week through it. The next 
largest proportion (21.9%) was from the very infrequent user 
those who averaged less than once a month. 

The questionnaires were numbered so that it could be de- 
termined in what hour each was distributed. The number of frequent 
users peaked at about 8:00 a.m. and again between 4:00 p.m. and 
5:00 p.m., i.e., they were commuters traveling to and from work. 
The very infrequent users seemed to be distributed fairly evenly 
between the hours of 9:00 a.m. and 5:00 p.m., with a small in- 
crease between ii:00 a.m. and 12:00 noon. 
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In response to the question "Have you ever experienced any 
difficulty in seeing the cars in front o• you?" 45.6% of the 
respondents indicated "Yes." The distribution of responses to 
this question was related to the motorists' frequency of use. 
The most frequent users were more than twice as likely to say 
"Yes" than were the occasional users° This finding can be 
accounted for simply by the repeated e×posure of the frequent 
users to the tunnell under varying conditions• 

Of the respondents who reported difficulty in seeing cars 
ahead, of •hem, 83.•% reported that the difficulty occurred in 
the area of the tunnel entrance. This percentage consists of 
36°5% who ind•.cated the prob!em was greatest j•st after the 
tunnel entrance• 34.1% who thought the problem was just before 
the entrance; and an additional 12.5% who checked both "before" 
and "after" entrance responses. 

Motorists who had experienced difficulty seeing cars did 
not agree on when this problem was greatest. •hile 34.8% marked 
i0:00 a.m. to 2:00 p•mo as the worst time, 33°0% •ndicated the 
late afternoon ipe•iod •rom 2:00 to 4:00 pom., and 10o7% checked 
the 7:00 a.mo to i0:00 aom. period° As F•gure 12 shows, however, 
the •0:00 a•m. to 2:00 po•mo period •s clearly the predominant 
response for all but the most frequent users. Commuters use the 
tunnel much more •n late a•ternoon than in midday, and perhaps 
this accounts for their responses to this question. 

i•n this q•estionnaire motor•ists were invited to comment on 
the tunnel envi•ronment and 34.7% of the respondents did so. The 
more frequent comments were categorized and counted. Many good 
suggestions and critici•sms were received and some of those which 
do not di•rect].,y per•a•n to this sturdy are given i•n Appendix G. 

Of the people who submitted comments, about 17% mentioned 
sun-rel.ated vlsibility problems. While only one person specif- 
J,cally ment•loned "windshield glare," many commented on bright 

h•ch " "b•lind spots" s•,•b•e sunny days w cause "glare, o• "i.mpo • • 

eye adjustments°" The comments describe the hligh contrast be- 
tween ambient light and tunnel light° When a car ahead goes 
into the tunnel, "he becomes momentarily lost because glare out- 
side makes the tunnel seem bl]•ack until you enter ito" A few 
n•ople noted the glare probil•em, but dismissed i•t as not so 
serious as to make the entrance unsafe. For many other people, 
however, the i.nability to see into the tunnel •i•s a very real, 
albeit momentary,problemo Solutions spontaneouslly suggested by 
i•espondents include some type of sunscreen and painting the 
walls of the approach darker•. 
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Figure 1,2. Responses to the question "..o when was (the visJbi,lity 
p•oblem) worst?" as a function of the frequency w.ith 
which respondents use the tunnel,. 

In addition to the problem of seeing into the tunnel, there 
seems to be a brief period of reduced visibi, lity once inside the 
tunnel during wh•,ch one's eyes adapt to the relative darkness. 
About 4% of those making comments suggested br•ghter lights, 
particularly at the entrance. 

In summary, the above data show that a subst:antial number 
of motorists have at some time experienced difficulty seeing 
cars immediately ahead of them, This d•fficulty occurs primar•.ly 
around the tunnel entrance during the peak daylight hours° 

CONCLUSIONS 

It can be concluded from the results of the studies descrfbed 
in the foregoing pages tha• there is indeed a visibility problem 
at the Hampton Roads Bridge-Tunnel. The existence of a prob]•em is 
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particularly evident in the results of the human performance and 
photometric visibility studies and the survey o5 motorists using 
the tunnel. The human performance data indicate that veiling 
luminance or windshield reflection at the tunnel portal can be 

an important factor in reducing visibility as suggested by 
Mintz (1977)o The photometric visibility study indicated that 
there was a higher ratio between the light ava•ab!e outside 
the tunnel entrance and that of the tunnel interior than has 
been recommended by the IES (1972), the CIE (1974), Nar•sada 
C1972, !975), or Ket•irtis (1975). In addit•ion, 45•6% of the 
respondents in the survey reported that they had experienced a 

severe visibi•lity problem at some time. The majority of these 
respondents had experienced difficulty in seeing in the vicinity 
of the tunnel ent.r'•ance. Opinion was about even•y split between 
the problem being greater just before or just after the tunnel 
ent•'ance 

A•though there is a def•nite visibil•.ty problem at the 
north portal, the practica•l consequences seem to be m•nima•_l• 
There •s no obvious effect on safety as judged •.rom the accident 
reports• Radar and motion picture studies of traffic entering 
the no•t• portal did, howe•er, indicate a potentially s•gn•.ficant 
p•oblem in the form of reduced traffic •!owo •t is c•ear that 
the visib•lity p•ob!ems associated with the black hole effect, 
and the ve•iing luminance from reflections on the windshield 
c•n act tc reduce the speed of vehicles entering •he tunnel and 
t•hus •est•ic• the flow of traffic° However, othe• factors may 
have the same effect: the apparent constrlction of the moadway 
produced by the proximity of the walls of the open approach, 
the curved descent into the tunnel, the closeness of the walls 
in. +•e tunnel inte•ior, an• the presence of oncoming traffic 
all probably contr•bute to the s!owdown• The fact that the 
m•jo.•ity of d•ivers of the lone and lead vehlc!es applying their 
br•kes d•d so • d•s•ances g•.eater than i35 ft• suggests that 
windshield re•!ecti.ons are not the prima•y cause. 

To combat the visibi•!ity p•:oblems described in his investi- 
gation, Mintz (1972) proposed that a sunshield be constructed° 
His design consisted of a sequence of g.lass pilates of increasing 
density which would progressively reduce the sunlight in the 
<•unne! approach zone•, A model was constructed by Mintz to 
demonstrate the effectiveness of this method,. This kind of sun- 

screen involves a novel design that may entai.] considerable 
engineering and maintenance problems. 0ther kinds ol sunscreens 

are in use in this and other countries, but Schreuder (1975) has 
•indicated tha• the use of sunscreens or ilouvres has not as yet 
been fully evaluated• some research has found them to be effective 
and some has not. Westermann (•]975) has pointed ou! •:hat the 
installations often have a high •.nitia•l cost and •requently require 
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continued heavy expenditures for maintenance. Since the visi- 
bility problems at the north portal, though at times severe, 
do not seem to reduce the safety of the tunnel in terms of acci- 
dents, the warrant for a sunscreen comes down to a question of 
efficient traffic flow. W•_th the steadily increasing volume of 
traffic at the installation, the slowdown at the present north 
portal could in time become a definite bottleneck. The slow- 
down is attributable in part to reduced visibility into the 
tunnel and in part to factors relating to the geometry of the 
approach° A sunscreen would have no effect on the geometric 
factors° Use of the second tube, which is wider and eliminates 
oncoming traffic, will certainly reduce the likelihood of a 
bottleneck developing° Since the second tube is in most respects 
like the older one, similar visibility problems will be encountered, 
but the authors do not think these are severe enough, by them- 
selves, to warrant the expense involved in constructing a sunscreen 
at this time. 

There are, however, some relatively simple and inexpensive 
steps that can be taken to increase visibility into the tunnel 
which woul•d likely be justified in terms of increased user comfort 
and iincreased speed through the entrance. A variety of techniques 
have been used or suggested to deal with tunnel visibility prob- 
lems (Ketvirtis ]•975; Westermann 1975; Bijllordt 1975; Muller and 
Re•menschneider 1975). Some of these include: 

High entry portals with a flared opening 
to allow greater spi]•]-in of light at the 
entrance; 

2o an augmented lighting gallery just inside 
the tunnel entrance; 

3. dark colored tunnel facades, approaches, and 
road surfaces outside the tunnel which act 
to reduce the contrast between the tunnel interior 
and the immediate surroundings; 

4. light colored walls in the tunnel interi.or; and 

5. light colored road surfaces inside the tunnel. 

Modifying the portal at this time would be an expensive project 
unlikely to produce satisfactory results° Augmenting thee existing 
threshold lighting with high pressure sodium sources (which have 
been found to be more efficient and economical than other kinds) 
is a more viable, but still fairly costly, alternative. The 
authors hesitate to recommend expensive alterations until simpler, 
less expensive ones have been tried. 
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Three of *b.e a.b:ve techniques involve manipulation of: the 
refle<"ti•i.ty of st•pfaces f.n and near the tunnel,• Some combina- 
tion o • •hese methods <•,hc.•!,d•, reduce •;h black bole and adaptation 
effects• (H•ntz t]972• fndi.cated that the windshield reflections 
did not ap.pea• it<: •e reduced when the tunnel facade in his model 
was blackened• The dank backzro• nd <bus pr.ovided .+.ends to make 
the reflec<i.on•{, more obwious and annoyin.• <housh it may peduce 

The concrete <•ppor:,ts a.ss.oc£ated w•+h., +he:. *ide.. gates at the 
tunnel port:a] are dar.k gray and thus absorb a considerable amount 
of ].i.ght fal]ing on them from the outside. The photometrzc data 
in Tables 3 and u show <hat ',,:lrtually no spi!•-in can be derec<ed 
50 f• <nside *he por"t.al at present. If <his zcne wer•e painted 
a •i•h*er oo:or• or the t• ,•n8 cn the walls, extended Io the 
tu.nn•e•, entr•r..ce• the am.ount of ] izht spilled •ntc. the tu•:ei 
would be [•creased a•d the <ontpast between the •uminanoe of the 
mouth of the tunnel and the trained(ate st:.rround. Jr•s, whioh causes 
t:he black hc!e •ffect, wo•.d be reduced. 

his <ehi<-•.e •ntc •he t:br:ne] and help him tc •alr<ta•n lane position 
would be •:• p:ro,•..•de <[sua] cu•s by edse mark}.n•. This simple 
add•tion would mah'• the !a•er-a] limits of the roadway mope visi:ble• 
and <bus g•.<'e •:he motor •st more c<:nfidenGe when entering the 
tunnel and allow him to mainta;n a h:•gher speed. 

If :he •wo modif:ca::•ons de•:crlbed above are tried and 
found •,o be ir•s,•ffic•en*:ily e•ec'tive• consideral•on should be 
given to the ,•e <:f •gh* colored pavement •:n <he !ransition 
zone (Ba<s=¢t, Ho• •iot•gh, and H•w•ey 19:..•)• A ifgh•er road. 
s•r'fac• wo•;]d :n.crea<e •:p•.•i.-.ln of light and wo.bld help. to 
re<.eal •eh•<: es: by pri,'•,:idir<g e. br•gh,+ background against which 
they wc•;•.,i b(-. t:• Ibc:.t}etted, 

I.n summa ry, the n,,•:e s r ga t .3.<, o;.; p,d %ha • t/t] e r.e. i s a de f i.n i t e u-zsfb•li*y •:•rc•em e• che r•o•Tth p<:r'ta[ of 1be Hamp¢on Roads Bridge- 
'•;unn•.=•"• ,c,.m....,p ex. The p•.cb•,em •s se<.,ep.e en.o,•gh •o ha'•e bcther, ed 
a.bour half ,::•f the •ser-!: of the !t•nne] at or, e. ! me ::.r another• 

vc•ume cf ¢:a•fi,--<. There is a s•gF•ificant slowdown when enter,:ing 

by edg.e ••r, iFing •:he :•<,.e, dway. 
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APPENDIX A 

ANNOTATED BIBLIOGRAPHY 

Part I. Basic References 

Reference works which are of general impo:rtance 
to the basic problems of tunnel lighting° 

Bassett, G. F., McCuilough, V. A., and Hawley, W. L., Mercury 
Light For a tunnel. Lighting Design and Appl.ication, 1974, 
4, 40-42° 

The lighting characteristics of the Weiland Tunnel in Ontario, 
Canada, are descr•ibed. Attenl.ion is given to the general, aspects 
of the tunnel's design which contribute to dr•ver visib•illty. A 
description of the luminaires used, their power supply, and the 
necessary maintenance also is given. 

Brass, J Ro, Skoo.tsky, H., and Tr•osper, G.• A• A new approach to 
highway tunnel lighting, l]•luminating Eng•nee•-.i.ng, 1957, 52, 
137-149. 

An approach to tunnel light:[ng design is presented which 
ccns•de•s wall and ceiling brightness as the mos• •mportant factors 
for d•i•ver visibility. Basic e×pe•mental procedures for dete•.mining 
v•.sibiliry are given° Recommendations a•e made for !ight•ng the 
entrance and central zones of tunnels• 

Commiss•cn Internationa]e de l'Ec!.airage. Int:erna<::iona• :reco•m- 
mendat{ons for' tunnel lighting° Publica•;icn 96, 1973. 

Gener•al recommendations fo:• the lighti.ng of •:unneis ar•e 

presented. Attention i.s g•ven to the most: t:uo.ublesome aspects of 
tunnel • t gh.ing design, e.go, how to avoid the "blac• bo•e" effec•i. 
The admissible value of the natio between ]um•:nances on the open 
road• and the tunnel threshold zone •s set at 

Einho•n, Ho Do, Simple calculation methods for. the li.ghting of 
passages and tunnels. Lighting .Resear•ch and Technology, •975, 
7, 30-34. 

Average luminance .is used as the basis for a simplified met:hod 
of deter'mining the lighting requirements of .passages. The basic 
princip].es demonstrated i.n this method are combs:ned with the 
concept of sector flux to produce equations which can be used ?o 
determine the appropr•.ate ]:•ghting of tunnels. 

39 



Illuminating Engineering Society. Ligbting of tunne.ls. Journal 
of IES, 1972, 247-255° 

Recommendations are made for the design of tunnel lighting 
systems. General illumination design factors are discussed. 
Specific recommendations are made for both ni. gh•time and daytime 
lighting of short and 1.ong tunnels. 

Ketvirtis, Ao, Illumination design for vehicular tunnels. Paper 
presented at Highway Research Board, Washington, D. C., 
1971o Abridged edition published in Highway Research Circular, 
1972, No. 137, 33-43° 

In order to design a lighting system which supports the safe 
and efficient operations of a tunnel, a number of factors must be 
considered° The functions served by different areas of the tunnel, 
the tunnel's overa]•l geometrical design, and its traffic charac- 
teristics all have an effect on vJ•sibi!ity requirements° The 
greatest design problem lies in aI•tempting to provide a smooth 
transition from outside .luminance levels to tunnel threshold 
luminance levels. In Europe, sunscreens are often used to provide 
this transit:iono Sunscreens, however, are e×pens•ive and. are 
affected by weather conditions. Ketvirtis suggests that tunnel 
lighting systems adopt the 1.uminous gallery method instead of 
sun, screens 

Ketv•i•rti•s, A•, Visibility study for long vehicular tunnels. 
Journal of !ES, 1975, 4_, 120-128. 

According to Ketvirtis, disagreements regarding acceptable 
tunnel lighting practices are exp•l•ained, in part, by the wide 
variety of factors which can affect dr•iver •,•isib•i•ity at the 
tunne•] entrance•. These factors are discussed, and are shown to 
preclude strict application of standard tunnel lighting r•ecom- 
mendations. Ketvirtis recommends that the Llghting requirements 
of tunnels be determined on an [ndividuall basi•s. The outlines 
of an appropriate visibility study are given• 

Mintz, D. A., Hampton Roads Project, Second Bridge-Tunnel Crossing 
Approach, Lighting Environment Study, 1972o 

A technical report of field observations and laboratory 
simulat•ons. Field observations at the Hampton Roads Tunnel 
indicated that loss of visibility at the tunnel entrance is due 
primarily to windshield reflections. These observations were 
confi•r•med by means of a model which simulated the tunnel environ- 
mento Various methods of eliminating the observed visibility 
problems were tested with the model° Convent.iona! methods were 
not adequate to solve the visibility prob]ems• Model• simulations 
indicated that the instal•lation of a sun shield over the tunnel. 
approach would be the best solution. 
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Mu1.1er,, E., and Riemenschneider, Wo, Tunnel !ight:ing in 
ewitzerland Lighting Research and Technology, 1975, 
99-!0! 

A brief history of the tPends in Swiss tunnel iighi•ing 
p •.ces from. ]96• to the present in various Swiss lunnel.s are 
compared. 

Narisada, K. Applied research on tunnel entranc:e i]ghting in 
19•5 • 8•-90 Japan Lighting Reseat.oh and Technology, 

•, 

The basic Japanese recommendations regarding tunne! entrance 
lighting ar..e presented and compared with the ClE recommendations•. 
Experiments are summarized which demonstrate the inf]uen<<.e o.•[ 
var.ious e×perimentai parameters on .recommended luminance levels{ 

Narisada, K., [Latest research in tunnel lighting in •Japan• 
•way Research Circular, August, 1972, Number i•7, 9-27• 

Pnoblems of dr•iver visibility at the •unnei enidante are 
discussed in ter•ms o• two widely observed phenomena- the 
c<t" effect and the "black hole" effect. Previous research con- 
cer•ned •i%h the latter effect, and the economics of alleviating 
•, a•e discussed• Japanese research which simulates <he "black 
hole" effect: in the laboratory •s reported and compared w•th the 
earlier research. The Japanese experiments indicate thai. the 
!<•m•nance level required at the tunnel entrance depends upon the 
dr =i,• '•} "fixat •-n'' •o_•. point: and not simply the average out-doc.p 
].u•m]r•a.nce le, vel. 

Narisada, K• and. Yoshikama, K. Tunnel entrance lZghti.ng 
effect .of fi.xation point and. other, factors on •he •e.•ermina- 

i•on of requirements L.i•b;.ting Research ar ,• Te<hno!ogy, 197• 
6• 9-18. 

Japanese and CIE r'ecommendations for dayt;ime t:unnel ent•:ance 
:•gb:ing differ:° The Japanese re,•o•nend a much lower, level oi 
t<;minance than t•he CIE. This d•ffer•enee can be traced tc the 
Japanese assumption that: the eyes begin •.o adapt 10 the lower 
levels of luminance inside the tunnel at a poip.% far in aduance 
o•. the CIE's adaptation point. The Japanese ca!] l-he po. Jr•< cn 
the appr'oach road at which the eyes begin to •[xate cr• the tunnel 
entr•ance and, subsequently, begin, to adapt to a lowe• le<•e], o• 
lumi.r•ance, as 1:he "fixation point•" Eye movement studies are 
pr•esented in this articl.e which support the concept: ...i a fixatzon 
point. 



Rinalducci, Eo J•,., Tr:ansitiona! adaptation in. *:unnel lighting• 
Highwa• Resear•ch Circular •, August, 1972, Nt:mber 137, I-8. 

The phenomenon of transitional adaptation is •e]evant to 
problems of driver visibility at •he tunnel ent•a.nce. Laboratory 
e×perimen<s are descr,[bed in th•s article which s•mula•e some of 
<he p•.-obiems of visibility associated w•tb <r.anslt•onal adap<,ation. 
The nesu!ts of these experiments are expected to assist_ in the 
design of app<•op•,iate tt•nnel l•ght•ng systems. 

Sch•euder, D. A., Physiological aspects, of the lighting of 
tunnel ent•ances• Phi•i_ps Technic.all Review, 1966, __27, 
76-86 

Induction ("black hole") and adaptation effects are said to 
account fo• p•'oblems of dr•iver v•sibility a• •he tunnel entrance° 
These two effects do not occur simultaneously, but rather con- 
secutively• Ind•sction is asst•med to limit •is•bil]ty only prior 

•_ .•n.• Experiments are described +o a hypethet•ca£ adaptation p:o + 

which at•empt ?.o deter•mine tunnel lighting requ.irements to 
avoid both effects• 

Schre•,•der, D A Road tunnel•< n the Netherlands Light and, 
ight ing 196'7 60 3 •0-• • 

T physical cha.racter:istics of seven ¢unne•s in. the Nether- 
lands are given0• The lighting system adopted in each. tunnel is 
descr'lbed 

Schreuder •, Do A T•ends <,n E•ropean •unne, 1 •.•ght ing practice 
ii•um•nat•n_g Engineerir;g, i96 ,7 62 390-396 

European ,•nr:ei iightlng •ecommendax:icns are in basic agree- 
mer'•t •n •he soluti.ons •o four ma•or problems: •he "black-hole" 
effect, adaptatfon t•me, the f!•cke• effect, and inter'lot levels 
of luminance. Each of these pr'cblems and its solution ape 
discnss.ed in detail• 

Schreuder, D. A., Tunnel entrance i•ght:ing- a comparison 
recommended pt"act•ce. • Research and Fe<hnology, 
197t, 3• 274-278° 

Discrenancfes exist between C!E recommendations regarding 
tunnel lighting and the •ecommendatfocs o• other", r"•esea_rch groups, 
partieular"ly th:se of the Japanese. The latter p•opose a much 
lar"ge• admissible value for the r"atio between outside ambient 
•]uminance and tunnel thr•esho]d l<•m•inance, According to Schreuder, 
recommended r'atios wh[ch exceed the CYE's pr•opcsed I0 to 1 ratio 
are ba•.ed up<n inappropriate assumpt(ons •egarding driver behavior 
and p•evail•ng t•affic condition.s. Ra+i.os larger •han I0 to i are 
appr•opr•[aTe only in excepti.ona] circums:tances (e•g•, in mountain. 
tunnels where traffic •s !•ght). 



Schreuder, D. A., Tunnel lighting in Europe.. Highway Resea•ch 
Circular, August• 1972, 137, 28-32. 

Tunnel lighting practices in Europe are moving toward 
uniformity. National tunnel lighting codes are in basic agree- 
ment with the recommendations of the CIE. The CIE recommendations 
are briefly outlined here, and the lighting systems adopted in 
three different types of European tunnels are discussed. 

Schreuder, Dr A., Practical experience with tunnel lighting 
installations in the Netherlands° Light and Lighting, 1974, 
66, 188-191. 

The tunnel lighting recommendations of the illuminating 
Engineering Society of the Netherlands (NSVV) are summarized. 
Five tunnels in which the NSVV recommendations were applied and 
are discussed. Finally, how valid the NSVV recommendations seem 
to be in actual practice is discussed. 

Schreuder, D. A., Fundamental visual problems in tunnels° 
•ighti.Dg Research and Technology, 1975, •, 85-87° 

The "international standard object" is discussed and justified 
as an appropriate criterion of visibility° Experiments upon whi.ch 
various tunnel lighting recommendations are based are outlined 
briefly and shown to be in good agreement. Differences between 
the C!E recommendations and the recommendations of the Japanese 
are seen as arising from differing environmental factors found in 
the regions in which they are applied. 

Thompson, J A., and Fansler, B I 
o, 

Criteria for highway tunnel. 
lighting design. Public Roads, 1968, 35, 77-90• 

A review of literature relevant to highway tunnell lighting 
and a: survey of the lighting systems used in majo:r U. S. tunnels 
a•e presented Based on the information obtained i•rc.m the ±•.•.era- 

ture review and survey, recommendations are made for li•ghting 
underpasses, short tunnels and long tunnels. Guidelines for 
both daytime and nighttime levels of illumination for each 
category of tunnel are presented also. 

Thompson, J. A•, Fansler• B. I., and Ragland, J. S., Tunnel. and 
underpass lighting practice in the UoS.A• Highway Research 
Circular, August, 1972, 137, 44-47. 

The general methods of illumination used in the United States 
are briefly outlined. It is noted that today the lighting systems 
of most long Uo So tunnels utilize a single type of l•umionaire, the 
f'luorescent lamp. The authors suggest that greater use should be 
made of both sunscreens and combinations of different types of 
luminaires in order to meet daytime visibility requirement. 
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Van den Bijllaadrt, Do, Tunnel lighting practice in the Nether- 
lands. Lighti.ng •esearch and Technology, 1975, 7, 95-98. 

The installation of daylight louvers is no longer a recom- 
mended means of lighting tunnel entrances in the Netherlands. 
Artificial lighting is now the preferred practice. Recent Dutch 
advances in methods of tunnel lighting and maintenance are re- 
ported. 

Westermann, H. 0., Engineering aspects of tunnel lighting. 
Lighting Research and Technology, 1975, •, 90-94. 

Daylight louvers have been installed in tunnels in order 
to provide a smooth transition from outside to inside luminance 
levels. The disadvantages of this practice are briefly discussed. 
Detailed consideration is given to the use of artificial lighting 
as an alternative to daylight louvers. 
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Part II• Supplementary Referenoes 

References which are • e.•ther less general° in scope as they apply to the basic problems of tunnel lighting 
or appear in foreign-language journa]so Summaries 
obtained verbatim from a computer search of refer•ences 
c•.•+ed by Virginia Highway and Transpor,•at]on Research 
Council. 

Berry, G., An investigation into the lighting of •Poad tunnels 
and underpasses, University of Birmingham, •969/70• 

Summary: The investigation has involved, a study of reports 
on the results of resear.ch ca r•_ed out in the internatfona] f•eld 
in regard to the lighting of road tunnels and underpasses, in- 
clouding inspections of recent. schemes i.n WestePn Europe and 
technical details from other countries i•ncl•uding .Japan, Canada, 
and U. S. A 

Hauke!.ivei.en, Bjor, seth H. Lystekinske under s.okel•er, I fo•binde:,se 
reed tunnel.ere pa • n•.t tutt for, elektriske aniegg dg elektrc.- 
va•me nth, 70S4 Trondhei], (Norway)• 

Summary: The design of tunnel iighting •s investigaled on 
the bas•s of reducing the supply of e!ectrica], energy but ma•nt.a•.n- 
ing the same degree o•. ]um.•nanceo This •s to be ach•e<.e• by 
apply..]ng l•.ght colored aggregate in the pavement and l•gh.t colored 
walls or a different design of l•.ght armature° 

Castagnetta, V Light colored anti-skid bit •< um .•n,•. pavements and 
<heir contribution to traffic safety, Rive. St•adao ([•aly), 
Vo.I• 37, 326, Sept. 68. 

Summary: Erogress in the last seven yea.rs in the development 
and use of light colored synthetic a.gg•<egates in flexible pavements 
is reviewed° The l.ight-co]ored aggregates give better: l•ght 
f!ection and better 
surer ace h.e:at i.ng 

Cecx• •, E •r S•baqueous in*e.rstate,• h.ighway •,,•.• de•ign• and 
constr•ction, Kentucky Highway Conference Pr,<ceed•ngs• 9gnd 
Annual Conf p p 30 

Summary: Afte.• cond•ctJng tunnel studies, Palmer and Baker 
Engineers, Inco, consultants for the Alabama Sta•e Highway Depa•.- 
m.ent, ccmp]eted the design, plans, and spec•.•ficatlons 
lane, twO.n-tube tunnel• :F•rst, structural design 



for ramps, arch sections, ventilation buildings, twin-tube 
section, and transition sections. Second, the operations 
characteristics that are covered •in this presentation are 
ventilation, tunnel lighting, drainage, and pumping, power 
supply, fire protection, and traffic control. Thi.rd, tunnel 
construction covers contracts that were let and quantities of 
major items that were needed. Fourth, under the section on 
special const•.uction considerations, tunnel alignment complica- 
tions, channel clearances, and fioated-•n-place tubes are in- 
dicated as potential problems in p!anning• 

Cohu, M•, Committee for lighting, •Tth session Barcelona 7-15 
September 1971. (Proceedings), Revue generale des routes 
et des aerodromes, revue generale des routes; 9 Rue Magellon, 
Paris 8E; France• 

Summary: These proceedings deal with problems concerning 
public lighting, especially lighting of motorways, tunnels and 
covered passages• •ndiv•dua• reports are summarized, especially 
•eports dea.•.•ng w•.th the measurement of the re.f.•ect•ng charac• 
teristics of surfacings. 

Edwards, J. H., Graham, Dr., The Claremont to Danville road tunnel 
techno].ogy and potential of tunnelling, South African Tun- 
nell•ng Conf., June 70• 

Summary: A descript•oon is given of the design and construc- 
tion to the stage reached in February 1.970 of the 1,880 foot long 
road tunnel from C]aremont to Danville in Pretoriao The tunnel 
runs north to south through the Daspoort system of the Pretoria 
series. The tunnel centerline was •investigated by pre!iminar.y 
dr•.l!ing, and additional soil tests were conducted after the 
approach cuttings had been comp]eted• Soil test results are 

g•ven. The design allows for two traffic lanes and two foot- 
walks, giv•ng a tunnel width at road level of 38 feet° Canopies 
are provided at each tunnel en•r.ance and a vent i ].at i on shaft is 
prov[•de• at m•d-]ength of the tunnel. Llght •s transitioned into 
and a.long the tunnel. Tunnel .light values are given. A descrip- 
tion •s g•ven of the method of constr•c•ion of the approach 
cuttings and of 4•iv•ng the tunnel, from north to south. Construc- 
tion has not yet commence• on the southern end of the tunne]•, 

Janoff, M0. S., Lighting in 30th street underpass i.n 1-676, 
Franklin Institute Research Laborato•.ies• Benjamin Franklin 
Parkway, Ph[•ladelphia, Pa. Study No. C3861o 

Summary: This project will evaluate the effect on traffic 
operati•ons and accidents of changing the lighting in the 30th 
str•eet underpass on 1-676, including new lighting, reflective 

46 



walls and resurfacing. IES and AASHT0 recommendations for 
tunnel lighting will be compared and the photometrics of 
the low-pressure sodium lamps will be measured. 

Kalberlah, K., Investigations into the illumination of tunnels 
and subways, Lichttechnic (Germany), Vo!. 22, •, July 70° 

Summary: The distribution of the illumination in tunnel 
is determined by means of a procedure developed specially for 
that task, by analogy to the coefficient of utilization method 
of interior lighting. Formulas are indicated for the optimal 
wall distance of a fitting mounted on the ceiling and for the 
optimal angle of the maximum intensity of fitting lines in the 
corner of the tunnel. 

Linarez, Sanchez, A., General problems of tunnel construction, 
matls. Maquinaria metodos constro (Spain), N84, August 

Summary: This article reviews the economic, social, and 
technical problems arising during tunnel construction. Tunnels 
are classified according to use: passenger transport, other uses° 
Limit values are given for a number of physical, safety, and. 
traffic characteristics needed in preliminary studies and p•ojects: 
Geological studies, geometric design ,ventilation, design, traffic, 
weather conditions, lighting, and traffic control systems° 

Marc, R. C., The underground routine of urban hi•ghwayso Roads 
and Road Construction, (Uk) Vol. 49, 578-9, Feb° 71o 

Summary: The advantages derived by the community and the 
road user from the construction of underground urban roads are 
described with regard to cost, land loss, noise, visual barrier, 
pedestrian barrier, community division, appearance, 
comfort, access, and view. The depth of tunnels, design of access 
•oads, tunnel shape and construction methods, ventilation, lighting 
and services are discussed together with the facilities offered by 
a central city terminal. 

Megaw, To M., Road tunnel construction South Af•ican Institution 
of Civil Engineers, Marshalltown, Transvaal• South Africa, 
June 1970. 

Summary: The three main situations in whlch road tunnels 
are used are defined and the development of tunnelling techniques 
to meet these needs is described. The features particularly 
characteristic of road tunnels are noted, including requirements 
for ventilation and lighting. A description follows of the design 
and construction of the subaqueous second Mersey tunnel now being 
built. 
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Morgan, H D., Haswell, C. K0, Pi•:ie, E. S., Clyde Tunnel 
Design, construction and tunne•] services Insto Civil 
Engineers Proco, (Uk) Vo]o 30, _2, Feb° 65. 

Summary: Part I deals w•ith the design and scheme of 
construction adopted for a road •tunne] in particularly variable 
and difficuil.t ground. Part 2 is concerned with the equipment 
for lighting, ventilating and other anci]•lar•y services° There 
are twin ?-lane tunnels, downstream from Glasgow, through rock 
over.lain by alluvial deposits° A cast-iron lining was designed 
and the portals and approaches we•.-e of heavy reinforced concrete, 
the greater part of the approach being below the water table. 
Ventilation is fully adequate fo• dilution of carbon monoxide 
an• fo• visibility, the steep gradients constitute a special 
factor in ventilation. Lighting is by hot cathode fluorescent 
tubes with increased level of l.[ght•.ng near the entrances. All 
services are regulated from a centra• control room w:•.th provision 
for automatic operation. 

Schreuder •, Do A 
o, 

Short tunnels, [n•ternational lighting review. 
(•etherlands) Vol. 16, 3. .1965. 

Summary: From the lighting point: of view a shor:t tunnel is 
described as one of which the exit can be seen• Dur•.ng the day 
and• with no traffic, from a point at some distance from the tunnel 
entrance, and of which the exit then occupies a sufficiently 
large pa•'t of the field of vision to make obstacles •.n the tunnel 
stand out against •it. In rev•ewing the lighting of short tunnels, 
the question as to which of th•ese could remain unlit is considered. 
The form. of lightning to be app•ied for the others is then dis- 
cussed° A table shows liighting systems •ecommended for short 
tunnels. 

Schreuder, Do A., Lighting of tunnel entrances t:aking into account 
the vis<•.al capacity of dry.verso Techniques Phillips, Dunod, 
(France), Nov° 68, 6o 

Summary: Investigations are made •into methods of lighting 
highway tunnels to enable driver's to drive safe•i•y w•thout having 
to reduce speed excessively. The effects on the vision of drivers 
approaching and entering long, relatively dar•k tunnels were 
examined.• Resu]ts of these tests were used in the design of the 
lighting of the Coen tunnel in Amster•d.am• 

Todres, H. A 
o, 

Road tunnels a literatur•e survey, Cncl. Scient. 
& Indus° R•es., South Africa Na•.0 Inst. Road Reso 1970. 

Summary: There is little knowledge available concerning the 
desff•gn and operat:•.on of long road tunnels in Soulh Afr:ica. A 
literatur•e survey has been conducted to determine the state of 
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knowledge on various aspects and problems° The information is 
presented under the following general headings: (A) Gradient, 
(B) ventilation, (C) illumination, (D) traffic capacity, 
(E) emergency services, (F) miscellaneous factors, (G) engineering 
geology, (H) tunnel sections. 

Underwood., Ro T., A review of freeway lighting practice, Paper 
No. 925, Australian Road. Research Board Conv. Proc., 1972. 

Summary: Current overseas practice and trends in the lighting 
of rural and urban freeways is summarized, warrants for the in- 
stallation of lighting adopted by various authorities are discussed, 
and the design and leve!s of lighting and uniformity adopted when 
freeways are lit are examined... The relevance of overseas practice 
to Australian conditions is d•scussed and guidelines for the 
lighting of freeways are suggested. Freeway •ight•.ng experience 
in Victoria (Australia) is briefly reviewed° AASHT0, California, 
Michigan, Massachusetts, and Ontario warrants are described, and 
the British and European practice is outlined° Uni.x;ed States, 
Canadian, BrJ.tish and European observances on the level and uni- 
formf•ty of lighti.ng are set forth° Lighting at interchanges and 
on freeway bridges, underpasses and tunnels are reviewed and the 
types of freeway lighting are described• Other aspects covered 
include t•ansition lighting, poles and pole arrangements, sign 
lighting (type of poles, pole bases, location of poles and 
catena•y lighting), and the effects of brightly lit illuminating 
signs. A d£scussion of thins paper and closing remarks by the 
author are i.ncluded• 

Belchen Tunnel, Switzerland International lighting review (Nether- 
lands) Volo 22, 2. 

Summary: The Belchen tunnel is 3°2 km long and was designed 
for a maximum capacity of 3,600 vehicles per tube per hour° The 
transition zones a• ei.ther end commence with a 30 mo long day- 
light red.ucti.on grid followed by a combination of tubuilar fluo- 
rescent and high pressure sodium lamps mounted in. continuous rows 
along the wa!.Iso Lightning in the central zone cor•sists of gr.oups 
of three tubular fluorescent lamps mounted in a staggered amrange- 
men.t and spaced a.t: 15o84 mo average illumination •anges from 
•,000 ].ux at the end zones to 4• lux at the center. 

Hong Kong Tunnel, Iinternati.onal lighting rev•.ew, Foundation 
Prometheus •Amsterdam (Netherlands), VOlo 24, 4. 1973. 

Summary: This article describes the lighting system used in 
the Hong Kong tunnel. The 1885 m. long tunnel has a daily capacity 
of 80,000 ve.hi•c!es• Dimensi.ons of the tunnel are given. One 
continuous row of twin-lamp luminai.res, recessed in the centre of 
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the tunnel ceil•ng, give the basic lighting° The luminaires are 
grouped in sets of 11 and they continually provide smooth visual 
adaptation, without glare for dr•ivers entering or leaving the 
tunneJ at either end. The ma×imum average luminance is 265 Luxo 
The use of threshold, t•ansi•on and exit zones is described. 
A 6% reduction in e.×ternal daytime illumination at the tunnel 
entrance is achieved by use of a louvered canopy in the threshold 
zone. The average i•!um•nances in the various zones are auto- 
matically adjusted to the outside •llumlnance by switches and 
•immers control•ed by photoce!]so Three phases of outdoor 
lighting levels can be dist•nguished• Power is supplied by a 
diesel generator .•n an emergency. A ventilation plant supplies 
103 m of fresh, air/minute/metre of traffic lane. Traffic control 
and safety systems are listed. Many photographs of the lighting 
system are •ncluded. 

Interim Guide for freeway lighting, National Association of 
Austral•an State Road Autho, Brickfield H•il, New South 
Wales, (Austral•a), 1974o 

Summary: This publication which sets out interim guidelines 
for the lighting of freeways, is intended to be read in conjunction 
with the Australian standard as 1158, Part [ lighting of urban 
<•aff•c routes° Warrant• for freeway lighting are described which 
may need to be varied in special o-r unusual cases° A consideration 
of design criteria cove•-s such aspects as level of luminance, 
uniformity of luminance, and t•ansition lighting. Types of lighting 
sources are !•st.•ed and various aspects of ]lghting poles are dis- 
cussed° Practical •nsta!iat•on geometrics are reviewed, as well 
as alterna.t•ve arrangements fo• lighting of the through carriagewayso 
Lighting on freeway bridges, underpasses, and tunnels are outlined. 
Typical l•gh•ing arrangements are listed, as well as current 
developments •n freeway light•ng. 

L•ghting in Amsterdam's iJ-Tunnel• Traffic Engineering and 
Control, (Uk), Vol.• iI, 9, !970• 

Summary: Ams*•rdam's I J-tunnel has a threshold zone to 
eliminate the "Black Hole" effect at the entrance, Then a transi- 
tion zone I (average luminance: 65 cd/sqo m; aver.age horizontal 
illumination: I,?00 ]ux), a transition zone II (31 cd/sqo m; 5•0 
]ux) and the central zone (]3.6 cd/sq, m; 270 !ux)o The average 
luminance levels in the vas.ious zones are automatically adjusted 
in accordance with the illumination level outside. Light- 
sensitive detect, or cells monitor traffic flow, and immediately 
inform centr•al control of congestion or- stalled vehicles° 
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Switzerland" Lighting for the Belchen tunnel. Tunnels and 
tunnelling, (Uk), Vol. 4, 1/4, 1972o 

Summary: A description is given of the lighting system 
employed in the Belchen road tunnel in Switzerland• The tunnel 
has a 30 m transition zone for driver adaptation and a zone of 
about 125 m with combined fluorescent and high pressure sodium 
lamps, giving a gradually reduced level of illumination from 
2,000 to 500 lux. Single lamp fittings give an illumination of 
150 lux up to 300 m into the tunnel. The central zone has an 
illumination of 40 lux. All the latest safety devices for the 
control of lighting and. ventilation systems have been incorporated 
in the design• 

1969 World survey of current research and development of roads 
and road transport, Bureau of Public Roads (US), !970. 

Summary: Research and development studies in progress during 
CY 1969 or recently completed on roads and road transport are 
listed by country showing research agency, study title, and ob- 
jectiveo This research includes information for. 14 countries 
not previously surveyed, complete surveys for 9 countries, and 
updating information for 22 countries° The new countries sur- 
veyed are Algeria, Costa Rica, E1 Salvador, Ghana, Guatemala, 
Hond.ur•s, Ivory Coast, Liberia, Morocco, Nicaragua, Niger, Panama, 
Rhodesia and Tunisia. The report also includes reports on in- 
depth, studies of the current status of research and development 
on ligh•:ing of road tunnels and underpasses, computer produced 
perspective views, phasing of vertical and horizontal alignment, 
effect of speed limits on road safety, end-product contracts, 
and jo•int development and multiple use of right-of-wayo 
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APPENDIX B 

QUESTIONNAIRE 

This questionnaire is part of an effort by the Virginia Highway and Transportation Research Council and the 
University of Virginia to identify the needs of the motorist using the present Hampton Roads Bridge Tunnel so that 
maximum safety and visibility can be built into the new tunnel. Please fill out this questionnaire after you have crossed 
the Bridge Tunnel and drop it into any mailbox, If you are a visitor to the Peninsula area, leave it at the desk of your 
motel to be mailed. In either case, postage is prepaid for its return. Your cooperation in completing this form will be 
appreciated. 

(1) How often do you use the Hampton Roads Bridge Tunnel ? (Check one) 

•• 10 or more times a week [• 1 to 3 times a week 
• 4 to 9 times a week • Less than once a week 

[--'] Less than once a month 

(2) Have you ever experienced any difficulty in seeing the cars in front of you while using the Bridge Tunnel ? 

(3) If you did experience difficulty in seeing, where was it worst ? (Check one or more) 

•-•Far outside the tunnel [---]Just before the tunnel entrance [--]Just after the tunnel entrance •--]Far inside the tunnel 

(4) If you did experience difficulty, when was it worst ? (Check one) 

[--]Early morning (7 am 10 am) [---'] Late afternoon/early •vening (2 pm 6 pm) 
• Mid-morning/early afternoon (10 am 2 pm) [• Late evening (6 pm 10 pm) 

Thank you for your cooperation. Please feel free to list below any other comments you have about the tunnel environment 
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APPENDIX C 

SPECIFICATIONS OF THE FIRST AND SECOND TUBES 

Table C-I 

Specifications for the First Hampton Roads 
Bridge-Tunnel Crossing* 

Tunnel: 

Length; 7,479 feet portal to portal 
Roadway Width; 23 feet 
Overhead Clearance; 13 feet 6 inches 
Maximum grade; 4% 
Roadway 1.05 feet below sea level at lowest point 
Maximum channel depth below sea level; 60 feet 
Ventilation; Eight supply fans and eight exhau• fans with 

each fan baying a maximum capacity of 213,000 cubic 
foot per min. CO 2 content usually kept at two parts 
in I0,000 or lesso 

Lighting; Continuous flourescent lighting system in tunnel 
and 20,000 lumen mercury-vapor lamps on approach bridges. 
Twenty-four fc were available for the first 225 feet, 
12 fc for the next 225 feet, and 8•fc for the next 
225 feet on the remainder of the tunnel. 

Approach Bridges: 

Length of North Approach Bridge; 3,250 feet 
Length of South Approach Bridge; 6,110 feet 
Bridge Runway width; 30 feet 
Total Length of Bridges and Tunnels: 3.5 miles 
Spee• Limit: u5 mph 

40 mph in tunnel 
Open Approach: 600 feet 

*Information obtained from folder issued by the Division of Toll 
Facilities, Hampton, Virginia, and Thompson. and Fansler (1968). 
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Table C-2 

Specifications for the Second Hampton Roads 
Bridge-Tunnel Crossing* 

Tunnel: 

Length; 7,315 feet portal to portal 
Roadway Width; 26 feet 
Overhead Clearance; 1.6 feet 6 inches 
Maximum Grades; 4% 
Roadway 108 feet below sea level at lowest point 
Maximum depth of channel below sea level; 60 feet 
Ventilation; Eight supply fans and eight exhaust fans with 

each fan having a maximum capacity of 200,000 cubic 
feet per minute. CO content is to be 2 parts of CO 
per !0,000 parts of air with two lanes of uni-directional 
traffic in the tunnel at a design traffic flow of 1,200 
veh:icles per hour per lane. 

Light] ng 

Continuous flourescent lighting system in tunnel with two 
rows of fi.×tures on each side of roadway and extending 
into tunnel for a distance of about 450 feet, with a 
single row thereafter. (No ill.umination values were 
given.) 

Approach Bridges: 

Length of North Approach Bridge; 3,226 feet 
Length of South Approach Bridge; 5,925 feet 
Bridge Runway width; 40 feet 

*I.nformat.:ion obtained from the Division of Toll Facilities, 
Hampton, Va• 
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APPENDIX D 

ADDITIONAL ACCIDENT DATA 

The figures in this section illustrate the monthly variations 
in traffic volume and accident rate at the Hampton Roads Bridge- 
Tunnel° 

In the search for a pattern in the accident data that would 
be indicative of a sun-related visibility problem, it was hypoth- 
esized that accidents would be more frequent in the summer, when 
the sun is higher in the sky° The 181 accident reports for 
calendar years 1972, 1973, and 1974 were tabulated by the months 
in which the accident occurred (Figure D-I). Inspection of the 
figure confirms that there were indeed more accidents in the 
summer months. The increased number of accidents is, however, 
most likely a reflection of the larger volume of traffic carried 
at this time (see Figure D-2). It is true that there is a slight 
increase in the accident rate as well (Figure D-3), but this is 
not judged large enough to serve as evidence of unusual vi•sibi!ity 
conditions, as the accident rate also increases as a function of 
volume in normal circumstances. 
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APPENDIX E 

CLASSIFICATION SYSTEM USED IN BRAKING ANALYSES 

The following classification system was adopted for viewing 
films of braking patterns at the Hampton Roads Bridge-Tunnel: 

0-Type: Refers to a "lone" vehicle. There must be a 
distance equal to or exceeding 160 feet between it and any other 
vehicle(s). 

1-Type: Refers to a "lead" vehicle. Criteria for this type 
require a minimum distance of 160 feet from any vehicle(s) pre- 
ceding the 1-Type and a distance of less than 160 feet for 
following vehicles. 

2A-Type: Refers to the second vehicle in a cluster of two 
vehicles. There must be a distance of less than 160 feet be- 
tween the 2A vehicle and the preceding (1-Type) vehicle, and 
a distance exceeding 160 feet from following vehicles. 

2•-Type: Refers to the second vehicle in a cluster of three 
or more vehicles. Criteria for this type, require a distance of 
less than 160 feet between the 2B vehicle and the preceding (1-Type) 
vehicle, and a distance less than 160 feet to the following 
vehicle. 

3A-Type: Refers to the last vehicle in a cluster of three or 

more vehicles. The criteria require a distance of less than 160 
feet to the preceding vehicle and greater than 160 feet to the 
following vehicle(s). 

3B-Type: Refers to a vehicle position of third or greater, 
but not last, in a line of traffic. There must be a distance of 
less than 160 feet to the preceding vehicle and less than 160 
feet to the following vehicle. 

Figure E-I shows the relative number of motorists in each 
vehicle category who brake either before entry to the tunnel 
(from 145 feet outside to the portal) or immediately afterward 
(from the portal to 50 feet inside). This figure shows a fairly 
consistent pattern of braking for all vehicle types (except the 
3B-Type), which indicates that 63% to 70% of all motorists brake 
at some point prior to or immediately following the tunnel 
entrance. 
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APPENDIX F 

PHOTOMETRIC CALCULATIONS 

Ketvirtis (1975) calculates the "working outdoor illumination" 
(E0]) as 2/3 of the maximum illumination• The working luminance 
(L01) for, these conditions is calculated by multip!ying the if!u- 
mination level by the coefficient of reflectance (P), which is 
assumed to the 25%, A reflectance of 25% is taken to be an 

average figure which might vary with the nature of the object 
viewed. Ketvirtis found the maximum illumination level in the 
Toronto ar:ea to be about 12,000 fc in the summer° Measurements 
of i!!umination made at the Hampton Roads Bridge-Tunnel in 
September were 9,513 fc at the top of the tunnel (area. located 
between the old and new tubes), 8,936 At a point on the open 

•63 at a point: appr, oach 600 ft. from the tunnel portal, and 8,,•. 
91 f<. in front of the tunnel portal. Using the maximum illu- 
mination level measured at the tunnel, the'borking luminance"is 
deter,'mined as follows" 

9,513 fc x 2/3 

6,342 fc (68,240 Lux) 

'The ' wcnk•n.g luminance is c•culated as 

L E x P 
01 

6,34_9 x 0..2_5 

2 ].,586 fL (,¢•30 cd/m 

In addition, using the met:hods suggested by Ketvir"tis (119'75), 
one can calculate the lengths of the total suppl.ementary lighting 
zone and the threshold zone for the Hampton Roads Br.ldge-Tunne!• 
The ].ength of the :;hresho!d zone just inside the tunnel should_ be 
ce!ated to the safe ':•topp•ng sight distance• The .length of the 
total su.pp!ementary zone (where additional lighting is required 
to prevent the black hole effect and visibility icss) is r"e.lated 
-to the pupi=.•.ary res, pons, e• The pupil of the eye increases in 
size wi_th time •n the dark to allow more light to enter the eye. 
In additicn, transient adaptation must also play a role here. 
Ketvir•t[s •..ndi.cates that <he total length of the supplementary 
zone can be calculated as 

L = (V x ta) da 



Where 

V 

ta 

: speed (ft/sec.) 

= adaptation time (8 sec.) 

da adaptation point 

The adaptation point, according to Schreuder (1975), is that point 
at which the state of adaptation of the visual system of the driver 
begins to change as a result of the appearance of the dark tunnel 
portal° It can also be defined as that point at which the tunnel° 
portal height subtends a suitable angle such as 25 ° 

L = 
(V x ta) da 

S S 

= (58°7 ft/sec, x 8 SeCo) 20.3 ft. 

449°27 fto = 449 ft. 

Where 

da (H h) cot • 

= (13.5 ft. 4 fro) 2.14 

20,3 ft. 

Where 

H = portal height (13o5 fto) 

h height of driver's eye above pavement(4 ft.) 

angle between horizontal line of vision and 
highest point of tunnel opening (25 °) 

The length of the threshold zone can be determined •s follows: 

a Ltr = h a 
ds X 

1 
= x 236 ft. 

4 ] 

78°7 79 ft. 
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where 

ds 

hazardous object height (I ft.) 

height of driver's eye above the pavement 

safe stopping sight distance 
(236 ft. at 40 mph; from G1ennon, 1970) 

The greatest amount of light should be provided in that 
part of the supplementary zone known as the threshold zone 
(79 ft. in the present case). Illumination and luminance values 
in the Hampton Roads Bridge-Tunnel were averaged over the first 
i00 fto from the portal as it is close to the calculated 79 ft. 
A gradual reduction in lighting from the end of the threshold 
zone to the end of the overall supplementary zone (370 fto) should 
also be provided° This zone is sometimes called the transition 
zone, as i•t provides a transition in lighting from the threshold 
zone to the tunnel interior° 
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APPENDIX G 

MISCELLANEOUS COMMENTS OF TUNNEL USERS 

"The Hampton Roads Bridge Tunnel has been from its conception, 
one of the most outstanding works of highway and 'seaway' construc- 
tion ever devised by men!" Another motorist described it as "a 
horrible daily experience." These are typical of the wide range 
of comments and suggestions that were received in the survey 
study. Many of the constructive suggestions apply only to the 
Hampton Roads tunnel, but many are general enough to apply to 
other projects. 

Over 10% of those who made comments mentioned the traffic 
congestion and backed-up traffic that occurs at certain times of 
the day. Many felt that congestion, rather than visibility, is 
the problem of greatest concern to the tunnel users• "Hurry and 
finish the new tube!" was a frequent comment. 

Some people suggested opening special tol]• booths for only 
those people with commuter tickets• Other people suggested 
simply opening more toll booths during peak hours. It was pointed 
out that if the northbound toll booths were south of the tunnel, 
traffic would not back up into the tunnel. Another idea. was to 
collect from one lane only a round trip toll• The most popular 
suggestion was to el•minate the toll. completely. Several owners 
of half-ton pickup trucks objected to being den•ed co•mmuter tickets. 

Until one gets to the toll booths, there are no signs indicating 
the amount of the toll.. The "dim lights" sign on the approach was 
considered ambiguous by many; some suggested a flashing sign to 
urge all motor•sts to use parking lights. 

There were quite a few compliments on the tunnel personnel. 
The toll collectors and guards were described as friendly, courteous, 
well-trained, etc. The only complaint people mentioned was being 
waved on in the tunnel when traffic is bumper-to-bumper. Drivers 
feel as though they are being encouraged to tailgate and some find 
the guards' waving to be distracting. Drivers who slow down at 
the tunnel entrance and continue through at a s•ow pace were a 
frequent source of complaint. Suggestions for improving t•affic 
flow included increasing the speed limit and posting "Minimum 
speed 40" signs rather than. the '"Keep u.p speed" signs now in use. 
A few suggested issuing warnings to those who drive too slowly. 

About 11% of those commenting cited the use and misuse of 
vehicle lights in the tunnel. The main problem is that motorists 
who use headlights tend to blind oncoming drivers° Yet many 

65 



motorists thought that being able to see taillights of the 
car ahead helped them in their driving. Taillights and brake 
lights are visible through the glare of the entrance and pre- 
vent the vehicle from being lost from view to those behind it. 
The general feeling seemed to be that in the tunnel parking 
lights and only parking lights should be required at all hours 
of the day and night. 

One person suggested that the white stripes "painted on the 
wall entering the tunnel from the Hampton side have helped to 
break the glare." These stripes were the reflective tape used 
as temporary distance markers in the braking study. 

A few complaints were received about the noise level, but 
this problem seems minor compared to the problem of exhaust 
fumes, which elicited, comments from 12% of the respondents• 

Radio reception in the tunnel was a feature that was enjoyed 
and appreciated by many motorists. 

The overall response to the Hampton Roads Bridge-Tunnel was 
generally positive. For most, the tunnel runs very well. Visitors 
to the area reported they enjoyed their trip through the tunnel. 
Commuters who daily hit traffic at its worst are eager for the 
parallel tunnel to open• they hope that the new tube will be 
the solution to their problem of traffic congestion. 
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