

























































































TABLE 5.6

Guidelines for Lighting Travel Lanes in Long-Duration Work Zones (IES, 2018)

Existing Lighting
Highway Type Activity Lighting Required Maintain Lighting Provide Lighting

Rural Highway No ongoing work at night No No N/A No
Yes Yes Yes N/A
Work ongoing at night No Yes N/A Yes
Yes Yes Yes N/A
Urban Streets No ongoing work at night No No N/A No
Yes Yes Yes N/A
No ongoing work at night, major No Yes N/A Yes

diversions in alignment
Work ongoing at night Yes Yes Yes N/A
No Yes N/A Yes
Urban Highway No ongoing work at night No No N/A No
Yes Yes Yes N/A
No ongoing work at night but major No Yes N/A Yes

diversions in alignment
Work ongoing at night No Yes N/A Yes
Yes Yes Yes N/A

Note: Lighting should meet the values established in Table 5.5.

6. DETERMINATION OF GLARE-AN
EXPERIMENTAL APPROACH

Very few studies have addressed glare evaluation
on nighttime work zones. Also, very few work zone
lighting provisions and standards developed by STAs
address glare control. The second objective of this study
addresses this need and intends to develop practical
work zone lighting recommendations, especially those
linked to the minimization of harmful levels of glare
experienced by passing motorists and workers on night-
time highway work zones. Towards addressing this
objective, the research team conducted a series of field
experiments to determine disability glare levels pro-
duced by typical lighting systems used in roadway
construction and maintenance projects.

The determination of disability glare on nighttime
highway work zones requires the input of two variables:
(1) veiling luminance and (2) pavement luminance. The
ratio between these variables is termed veiling lumi-
nance ratio and it is the metric of disability glare. The
calculation of the veiling luminance values requires
vertical illuminance readings emitted by the light sources
at different locations on the work zone. Similarly, the
pavement luminance measurements are taken directly at
different locations on the work zone.

The INDOT Research and Development facility
located at Yeager Road and Kent Avenue in West
Lafayette, Indiana was used to simulate a typical
nighttime one-lane closure work zone and a set of field
experiments were conducted on this simulated night-
time work zone to measure vertical illuminances and
pavement luminance. As shown in Figure 6.1, the

simulation site is a private two-lane street segment
partially illuminated with street lighting with approxi-
mately 161-m long and 13 m. The total area used to
simulate the work zone was approximately 370 m?
(54 m x 6.8 m). The pavement surface was an asphalt
road surface with dark aggregates (used on typical
highways) and may be classified as R3 according to the
IES recommended practice for design and maintenance
of roadway and parking facility lighting (IES, 2018).
Based on input obtained from roadway contractors
in Indiana regarding typical nighttime lighting systems,
two different types of lighting systems were selected and
evaluated in this study. These included two LED

Figure 6.1 INDOT research and development facility/simu-
lation site.
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balloon lights and two light towers, as shown in
Figure 6.2. These lighting systems are commonly
used for hot mix asphalt (HMA) placement, rolling
HMA surfaces, asphalt milling, pavement cleaning and
sweeping, pavement patching, and at work zone flagger
stations.

The first lighting equipment was a LED balloon with
power output of 300 W and a total light output of
38,000 lumens. The second, a LED balloon with a set of
adjustable power output up to 800 W and a total light
output of 110,000 lumens (Multiquip Inc., Models
GB3LED and GBSLED). These balloon lights can be
extended up to 10 ft. (3 m) or mounted on vehicles or
construction equipment (e.g., pavers, road rollers).
Also, these lighting systems employ a diffusion
mechanism, which makes them less prone to produce
glare. In the case of portable light towers, one was
metal halide light tower manufactured by Terex, Model
RL4000, with four 1,000-W (110,000-lumen) metal
halide luminaires and the other was a light tower
manufactures by Trime, Model X-Smart, with four
320-W (188,000-lumen) LED luminaires. These lighting
systems are frequently used in active nighttime work
zones, and they can be extended up to 30 ft. (9.1 m).

Based on the IES recommended practice for design
and maintenance of roadway and parking facility
lighting (IES, 2018), a grid cell was sketched on the
layout of the simulated work zone. The grid cell is
located on the left lane (open lane), and it is composed
of one line of calculation (or one line of sight). The line
of sight has eleven points, and they are located at 1.4 m
distance from the edge of the closed lane (3.1 m). The
grid points along the left lane were spaced every 4.5 m
and referenced by cones and drums placed to delimitate
the work zone. Further details about the experimental
setup can be found in Davila (2022).

Readings of vertical illuminance (V1) and pavement
luminance (PL) for each of the grid points were
obtained using an illuminance meter and a luminance

meter, respectively. The values of veiling luminance
were calculated at each grid point. The veiling
luminance on each grid point and average pavement
luminance per line of sight were used to calculate the
veiling luminance.

Detailed steps in this measurement and calculation
processes are described as follows.

1.  The vertical illuminance (V1) was measured at 1.45 m
above ground or roadway surface using a T-10A Konica
Minolta illuminance meter at each point location on the
grid for the line of sight (or line of calculation). These
measurements were taken from inside of a sport utility
vehicle (SUV) to simulate the vertical illuminance
experienced by nighttime drivers passing by the con-
struction zone. The vertical illuminance nomenclature for
each measurement is defined as V1, ,, where a represents
the number of lines of sight and b the number of points.
For instance, the first vertical illuminance measurement
for the first line of sight was taken at point V7; ; located
at 1.4 m from the edge of the closed lane as shown in
Figure 6.3, then the car moved 4.5 m along the first line
of sight and the next reading was taken (V1;,). This
measuring process may continue if more lines of sight are
added. In such cases, the measurements of vertical
illuminance with the illuminance meter should also be
repeated for the rest of the grid points added.

2. The pavement luminance (PL) was measured inside a
vehicle to simulate the conditions experienced by
motorists driving by the construction zone using an LS-
10 Konica Minolta luminance meter. The first pavement
luminance measurement at point PL; ; on the first line of
sight was taken by positioning the car and observer at
point “A” at a distance of 83.07 m from point PL, ,,
as shown in Figure 6.4. The car then moved 4.5 m along
the first line of sight at point “B” and the next reading
was taken (PL; ). This process was repeated until the
last pavement luminance reading (PL; ;) was reached.
The measurement process should be continued if more
lines of sight are added and the measurement of pave-
ment luminance with the luminance meter should also
be repeated for the rest of the grid points added.

(a) Terex RL4000—Metal
halide light tower

Figure 6.2 Lighting systems used in study.

(b) Trime X-Smart—LED light
tower

(c) Balloon Lights—GloBug
Series
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Figure 6.5 Veiling luminance calculations per line of sight, dimension in m.

The average pavement luminance is then determined for
all the points per line of sight.

3. The veiling luminance (V;) calculation due to all light
sources is the sum of the individual sources’ veiling
luminance. Veiling luminance (V) is determined by three
factors: (1) vertical illuminance (V) from each individual
luminaire; (2) glare angle () formed between the
directions of the glare source and the direction of
viewing; (3) the age factor (k) of the observer (this factor
increases with age of the observer). The veiling luminance
values can be recorded for each grid point, as shown in
Figure 6.5. The veiling luminance values for the same
grid points can be determined by using Equation 6.1.

Vi

VL = kx 0”

(Equation 6.1)

where, veiling luminance from one individual luminaire is
V;, 0 is the glare angle, between the directions of the Figure 6.6 Geometric relationships for calculating veiling
glare source and the direction of viewing (see Figure 6.6). luminance (IES, 2018).
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Both, V; and VI should be listed in compatible units
(candela/m® and lux, respectively) and 0 in degrees, and
the variable n depends on the glare angle 6 and is
calculated using Equation 6.2.

n=2.3—0.7 log,0 for 0<2°;

n=2 for 0>2° (Equation 6.2)

The aging factor k has a value of 10 for a 25-year-old-
observer. This value was used to perform all the calcula-
tions regarding the veiling luminance. It is important
point out, that the k value increases with age, as shown
in Equation 6.3, and shows a sharp increase beyond
70 years of age.

Age 4
k=10 [1 + ( 70 )
4.  The veiling luminance ratio (V' ,4:), at each of the grid
points, is the ratio between the veiling luminance (V7),
calculated in Step 3, and the average pavement lumi-
nance (PL,,,). For instance, the veiling luminance ratio
for the first point on the first line of sight represented
as Vi yaio (1,1 1s determined by dividing the veiling
luminance (V) at that point, V.., ), by the average of
pavement luminance values of the first line of sight
(PL,v,), as shown in Equation 6.4. The representation of
these calculations is shown in Figure 6.7.

(Equation 6.3)

Vi(ap)

Equation 6.4
PLog (Eq )

Viratio=

6.1 Determining the Impact of Lighting Parameter on
Glare

A series of factorial analysis of variance (or ANOVA)
was used to evaluate the effects of the dependent variables
(type of lighting system, type of light source, mounting
height, orientation, or rotation angles, aiming angles,
and wattage) on the single independent variable (veiling
luminance ratio or disability glare). Additionally, post-hoc
Tukey’s tests HSD (“honestly significant difference”) were
used to investigate pairwise mean differences between all
dependent variables.

A factorial analysis of variance (ANOVA) is a
statistical technique used to predict change in a single
dependent variable using two or more independent
variables with two or more categories. This analysis has

Lighting System
d /

two advantages: (1) it allows the examination of the
effect of multiple independent variables on the depen-
dent variable’s change, this effect is quantified using the
main effects of each factor in isolation, as well as the
interaction effect of all factors; and (2), it is a more
powerful test because it reduces the variance associated
with possible errors (Mertler et al., 2021).

Balloon lights were tested to examine the impact of
two parameters on the veiling luminance ratio (or
disability glare). The tested parameters include (1) the
mounting height and (2) the power output. Two cate-
gories for mounting heights (8 ft. and 10 ft.) and four
categories for wattage factor (300-, 400-, 600-, and 800-
Watt power output) were used in the factorial (2 x 4)
ANOVA.

Similarly, light towers were also tested to examine
the impact of three parameters on the veiling luminance
ratio (or disability glare). The tested parameters include
(1) the light tower’s mounting height (H), which is the
vertical distance between the luminaries’ centers and the
road surface; (2) The rotation angle or orientation (RA)
of the light tower which is the angle at which the light
tower pole rotates around a vertical axis; and (3) the
aiming angle of luminaires (AA) which is the vertical
angle formed by the luminaire’s center of beam spread
and its nadir. For the metal-halide light tower, three
categories are for mounting height (12 ft., 18 ft., and 30
ft.), three categories for orientation (45°, 90°, and 135°),
and two categories for aiming angle (30° and 45°). For
the LED light tower, three categories for mounting
height factor (12 ft., 18 ft., and 25 ft.), three categories
for orientation factor (45°, 90°, and 135°), and two
categories for aiming angle factor (45° and 60°) were
used in the factorial (3 x 3 x2) ANOVA.

6.2 Vertical Illuminance and Pavement Luminance
Measurements

Field experiments were conducted on a simulated
nighttime construction site to assess the disability glare
generated by commonly used lighting configurations
used in nighttime roadway construction work zones.
A total of 49 lighting arrangements were tested using
balloon lights and light towers during the field experi-
ments as shown in Table 6.1. These lighting combina-
tions represent typical configurations used on typical
roadway nighttime operations such as hot mix asphalt

Activity area
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Figure 6.7 Veiling luminance ratio calculation per line of sight.
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TABLE 6.1
Lighting Arrangements

Lighting Type of Lighting Mounting Height Rotation Angle Aiming Angle
Arrangement System H) Wattage (RA) (AA)

1 One LED balloon light 8 ft. (2.4 m) 300 W N/A N/A

2 400 W

3 600 W

4 800 W

5 10 ft. (3.0 m) 300 W N/A N/A

6 400 W

7 600 W

8 800 W

9 One metal-halide light 12 ft. (3.7 m) 1,100 W (x 4) 45° 307, 30°, 307, 30°
10 tower 45°, 45°, 45°, 45°
11 90° 30°, 30°, 307, 30°
12 45°, 45°, 45°, 45°
13 135° 307, 30°, 307, 30°
14 45°, 45°, 45°, 45°
15 18 ft. (5.5 m) 1,100 W (x 4) 45° 30°, 30°, 307, 30°
16 45°, 45°, 45°, 45°
17 90° 30°, 30°, 30°, 30°
18 45°, 45°, 45°, 45°
19 135° 30°, 30°, 30°, 30°
20 45°, 45°, 45°, 45°
21 30 ft. (9.1 m) 1,100 W (x 4) 45° 30°, 30°, 30°, 30°
22 45°, 45°, 45°, 45°
23 90° 30°, 30°, 30°, 30°
24 45°, 45°, 45°, 45°
25 135° 30°, 30°, 30°, 30°
26 45°, 45°, 45°, 45°
27 One LED light tower 12 ft. (3.7 m) 320 W (x4) 45° 45°, 45°, 45°, 45°
28 60°, 60°, 60°, 60°
29 90° 45°, 45°, 45°, 45°
30 60°, 60°, 60°, 60°
31 135° 45°, 45°, 45°, 45°
32 60°, 60°, 60°, 60°
33 18 ft. (5.5 m) 320 W (x4) 45° 45°, 45°, 45°, 45°
34 60°, 60°, 60°, 60°
35 90° 45°, 45°, 45°, 45°
36 60°, 60°, 60°, 60°
37 135° 45°, 45°, 45°, 45°
38 60°, 60°, 60°, 60°
39 25 ft. (7.6 m) 320 W (x4) 45° 45°, 45°, 45°, 45°
40 60°, 60°, 60°, 60°
41 90° 45°, 45°, 45°, 45°
42 60°, 60°, 60°, 60°
43 135° 45°, 45°, 45°, 45°
44 60°, 60°, 60°, 60°

(HMA) placement, rolling HMA surfaces, asphalt
milling, pavement cleaning and sweeping, pavement
patching, and work zone flagger stations.

Eight lighting arrangements used one balloon light.
The balloon light was positioned at 40.5 m from the
origin (or D = 0.0 m) and a lateral distance of 1.4 m from
the centerline of the closed lane, as shown in Figure 6.8.
Two different mounting heights and four different power

outputs were configured for the field experiments. As
shown in Table 6.1, the lighting arrangement 1 to 4
correspond to 8-ft. height and four power outputs.
Similarly, the lighting arrangements 5 to 8 correspond to
10-ft. height and four power outputs. The balloon lights
were adjusted at 300-, 400-watt, 600-w, and 800-watt to
simulate one balloon light mounted/or attached on
construction equipment such as road pavers and rollers.
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Eighteen lighting arrangements used one metal-
halide light tower (lighting arrangements #9 to
#26). The metal-halide light tower was positioned
at 40.5 m from the origin (or D = 0.0 m) and
a lateral distance of 2.1 m from the edge of the
work zone, as shown in Figure 6.9. The same position
was considered for testing the LED light tower and
similar lighting arrangements were designed (#27
to #44).

The Illuminating Engineering Society (IES) recom-
mends maximum values of veiling luminance ratio of
0.3 in freeways, expressways, and major roadways, and
0.4 for collector and local roads. These recommended
values served as a benchmark when examining the
veiling luminance ratios obtained from the lighting
combinations used in the field experiments. The V. ;.0
values showed in Tables 6.2, 6.3, 6.5, 6.6, 6.7, 6.8, 6.10,
6.11, 6.12, and 6.13 are based on IES recommended
values. Three glare levels were defined and showed on
those tables: (1) V7 ..o values greater than 0 and lower
or equal to 0.3 indicate acceptable levels of disability
glare for freeways (cells highlighted in green); (2)
Vi rario Values greater than 0.3 but lower or equal to
0.4 are also acceptable levels but limited to nighttime
work performed at collectors and local roads (cells
highlighted in yellow); and (3) V7 ,., values greater

than 0.4 which indicates unacceptable levels of dis-
ability glare (cells highlighted in red).

6.3 Veiling Luminance Ratio of Balloon Lights

Table 6.2 shows that for all lighting arrangements,
the values of veiling luminance ratio (on average) were
higher than 0.3 which is the maximum ratio allowed by
IES (IES, 2018). The 300-watt balloon light (GB3LED)
showed the highest values of veiling luminance
ratio (V7 ,ario) at the 8 ft. and 10 ft., while the model
GB8LED showed uniform V7 ,.;, values as shown in
Figure 6.10. In addition, for all the lighting arrange-
ments, V7 ,.i, increases for motorists as they approach
the light source, and it reaches its peak at 13.5 m away
from the balloon light for the 8-ft. and 10-ft. mounting
heights. Moreover, for most of the lighting arrange-
ments up to 36 m of longitudinal distance, the veiling
luminance ratio (on average) is consistently higher at
lower heights (8 ft.) than those at higher heights (10 ft.),
as shown in Table 6.2. Interestingly, Figure 6.10 also
shows that a lower power output (GB3LED 300-watt)
produced higher values of V; ,.., compared to those
with high power outputs (GB8LED 400-, 600-, and
800-watt). This set of V. ,.i, was unexpected and
counterintuitive since the intensity of the light depends
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TABLE 6.2

Vertical Illuminance and Veiling Luminance Ratio Values for a Single Balloon Light

8 ft. (2.4 m) 10 ft. (3.1 m)
300-W 400-W 600-W 800-W 300-W 400-W 600-W 800-W
Distance Vi Vi Vi Vi |44 | 44 | 44 Vi
(m) (lux) Vi vatio (Wx) Vi raio (X)) Vi rario (x) Vi vario (ix) Vi raio (x) VL rario (lux) VI vario (x) VI vario
D=00m 1.07 0.97 0.8 1.1 0.32 1.4 0.32 1.05 0.63 0.84 1.11 0.31 1.44 0.34
D=45m 1.35 0.97 1.15 0.32 1.46 0.33 1.79 0.33 1.28 0.61 1.11 0.31 1.44 0.32 1.89 0.36
D=90m 1.75 0.96 1.48 0.32 1.91 0.34 2.3 0.32 1.69 0.62 1.47 0.32 1.84 0.32 2.46 0.36
D=135m 2.31 0.94 1.99 0.32 2.56 0.33 3.29 0.34 2.37 0.64 2.03 0.32 2.42 0.31 3.32 0.35
D =18.0m 3.51 0.99 291 0.32 3.66 0.33 4.71 0.34 3.53 0.66 2.98 0.33 3.46 0.31 4.69 0.35
D=225m 5.58 1.02 4.58 0.33 5.72 0.33 7.1 0.33 5.53 0.67 4.99 0.36 5.45 0.31 7.44 0.36
D=270m 9.73 1.01 8.98 0.37 9.64 0.32 12.66 0.34 9.86 0.68 8.31 0.34 9.31 12.76 0.35
D=315m 18.74 0.91 19.66 0.37 21 0.32 25.47 0.31 19.16 0.62 19.02 0.37 19.96 27.51 0.35
D =36.0m 26.56 0.39 55.4 0.32 63.8 65.7 23.17 49.7 57.5 64.6
D =40.5m 0.33 0.3 0.97 7.07 13.21 0.48 6.27 10.09
D =450m 0.11 0.1 0.2 2.49 0.11 0.12 0.21 0.28
Maximum 26.56 1.02 554 0.37 63.8 0.34 65.7 0.34 23.17 0.68 49.7 0.37 57.5 0.32 64.6 0.36
Minimum 1.07 0.39 0.8 0.29 1.1 0.3 1.4 0.25 1.05 0.23 0.84 0.3 1.11 0.27 1.44 0.26
Average 7.84 091 10.77 0.33 12.32 0.33 13.82 0.32 7.52 0.6 10.05 0.33 11.39 0.31 14.01 0.34
Avg. PL 0.54 1.38 1.70 2.12 0.71 1.19 1.50 1.78
(cd/m?)
Note:

Green text = 0 = VL ., = 0.3.
Red text = VL 4, > 0.4.
Blue text = 0.3 < VL ,,, = 0.4.

Minimum, maximum, and average V; ,.., values were calculated between D = 0 m to D = 36 m.

Avg. PL: average pavement luminance.

on the power output of the lighting equipment. The
higher the power output, the higher is the intensity of
the light produced, and hence higher V; ,.,., are
expected at higher wattages.

The Vi ,.i, values shown in Table 6.2 were calcu-
lated using an aging factor k equal to 10 which repre-
sents a 25-year-old-observer. However, this factor
increases with age, as shown in Equation 6.3. For all
the lighting combinations, V; ,.., values for the
following set of ages were also calculated: 40-, 50-,
60-, and 75-year-olds. As shown in Table 6.3, for obser-
vers age 25 to 40 years old, the V; ,.., values were
greater than 0.3 but less than 0.4 in six out of eight
lighting combinations, suggesting acceptable disabi-
lity glare levels. For observers with ages greater than
50 years old, the disability glare levels calculated
suggest harmful levels of disability glare in all balloon
lighting arrangements.

Table 6.4 shows the results of the factorial (2x4)
ANOVA analysis. This analysis indicates that the
main effect of power output [F (3, 80) = 15.719, p <
0.001] was statistically significant. Looking at the
means, the significant effect of equipment power out-
put supported the alternative hypothesis that changing
the power output on a LED balloon light (from
800-, 600-, 400-watt to 300-watt) would be associated
to an increase in veiling luminance ratio (counter-
intuitive as discussed in the previous paragraph). The
mounting height [F (1, 80) = 2.013, p > 0.05] and the
two-way interaction [F (3, 80) = 2.084, p > 0.05]
involving power output and mounting height were not
statistically significant. As shown in Figure 6.11, no

substantial impacts in the mean values of veiling
luminance ratio of the model GBSLED (800-, 600-,
and 400-w) were found resulted from changing the
heights and power output.

6.4 Veiling Luminance Ratio of Light Towers

The lighting configurations designed for trailer-
mounted light towers, tested two commonly used light
sources of roadway contractors in Indiana: metal halide
and light-emitting diode. The lighting combinations
intended to test simulated nighttime construction and main-
tenance activities such as pavement cleaning and sweep-
ing, pavement patching, and work zone flagger stations.

6.4.1 Metal Halide Light Tower

As shown in Figures 6.12, 6.13, and 6.14, trends in
all the metal-halide lighting arrangements agree with
the veiling luminance ratio (V7 ,..,) values reported
on previous studies (Hassan et al., 2011; Odeh et al.,
2009). The Vi ,.i, increases as a vehicle driver app-
roaches the light source, and this ratio reaches its peak
between 13.5 m and 18 m before reaching the metal-
halide light tower. The light orientation affects the veiling
luminance ratios experienced at all three mounting
heights. The V7 ..., value decreases as the rotation angle
increases. Also, the V7 .., decreases as the equipment is
raised in all light orientations of the metal-halide light
tower, as shown in Tables 6.5, 6.6, and 6.7.

In 14 out of 18 lighting arrangements tested for 90-
and 135-degree light tower orientations in all the three
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TABLE 6.3
Veiling Luminance Ratio Mean Values for a Single Balloon Light by Observer Age
Type of VL rariol
Lighting Lighting Mounting Rotation Aiming
Arrangement  System Height (H) Wattage Angle (RA) Angle (AA) Age = 25 Age = 40 Age = 50 Age = 60 Age =75
1 One LED 8 ft. (2.4 m) 300 W N/A N/A 0.906 1.002 1.141 1.394 2.099
2 balloon 400 W 0.328 0.363 0.414 0.505 0.761
3 light 600 W 0.325 0.360 0.410 0.501 0.754
4 800 W 0.320 0.354 0.404 0.493 0.742
5 10 ft. (3.0 m) 300 W N/A N/A 0.595 0.659 0.750 0.916 1.379
6 400 W 0.327 0.362 0.412 0.504 0.758
7 600 W 0.306 0.339 0.386 0.472 0.710
8 800 W 0.342 0.378 0.431 0.526 0.792
Note:
Red text = VL ., > 0.4.
Blue text = 0.3 < VL , ., = 0.4.
"Wy ario mean values were calculated between D = 0 m to D = 36 m.
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TABLE 6.4

Tests of Between-Subjects Effects on a Factorial ANOVA for Balloon Light (2 x4)

Dependent Variable: Veiling Luminance Ratio

Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared
Corrected Model 2.363! 7 338 7.917 .000 409
Intercept 10.984 1 10.984 257.592 .000 763
Power 2.011 3 .670 15.719 .000 371
Height .086 1 .086 2.013 .160 .025
Power x Height 267 3 .089 2.084 .109 .072
Error 3.411 80 .043 — — —
Total 16.758 88 — — — —
Corrected Total 5.774 87 — — — —
'R Squared = .409 (Adjusted R Squared = .358).
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Figure 6.11
error bars represent standard errors.

mounting heights V7 ,.i, were found lower than 0.3
which is maximium recommended threshold for veiling
illuminance. As shown in Figure 6.12, only in four
lighting arrangements when the metal halide light tower
was oriented 45°, the luminaries raised up to 12 ft. and
18 ft., and the lighting fixtures were aimed at 30- and
45-degree angle, did the V. .., values exceed the
maximum V7 .., recommended by the IES.

The Vi ,.:i, values shown in Tables 6.5, 6.6, and 6.7
were calculated using an aging factor k equal to 10
which represents a 25-year-old-observer. However, this
factor increases with age, as shown in Equation 6.3. For
all the lighting combinations, V7 ,.., values for the
following set of ages were also calculated: 40-, 50-, 60-,
and 75-year-olds. As shown in Table 6.8, for observers
between 25 to 50 years old, the V; ,.., values were less
than 0.4 in 14 of 18 lighting arrangements, suggesting

V1 ratio values for a single LED balloon light by electrical power output. Mean values of veiling luminance ratios and

acceptable disability glare levels (orientations, mount-
ing heights, and aiming angles). This trend is consistent
throughout observer’s ages up to 75. However, in the
rest of lighting arrangements, especially for observers
older than than 50 years old, the ¥V ,.., values exceed
0.4 which is also a maximum V; ,.,, value recom-
mended by the IES, when a single metal-halide light
tower was oriented 45°, the luminaries raised up to 12
ft. and 18 ft., and the lighting fixtures were aimed at 30-
and 45-degree angle. Similarly, for observers older than
60 years old, harmful levels of disability glare were
found (V. ,.:0 values exceed 0.4), when a single metal-
halide light tower was oriented 45°, the luminaries
raised at 30 ft., and the lighting fixtures were aimed at
30- and 45-degree angle.

The statistical analysis indicates that the two-way
interaction of the mounting height [F (2,180) = 7.915,
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Figure 6.12 V' ,.i, values for a single metal-halide light tower at 12-, 18-, and 30-ft. height and 45-degree orientation.

p < 0.001], and the rotation angle (or orientation)
[F (2,180) = 160.592, p < 0.000], was statistically signi-
ficant. However, the main effects of the aiming angle,
the interaction between mounting height and aiming
angle, the interaction between rotation angle and aiming
angle, and the three-way interaction between all factors
were not statistically significant (see Table 6.9).

The interaction between light tower’s height and
orientation showed that in the “perpendicular” and
“away” orientations, the ¥V .., values in all mounting
heights were not significant. In contrast, in the
“toward” orientation, V; ,.i, values in all three
mounting heights were significantly different from
one another, with the 12-ft. height having the highest
Vi raiio» and the 30-ft. height having the lowest value
(see Figure 6.15).

6.4.2 LED Light Tower

In all lighting arrangements when the LED light
tower is mounted at 12-ft., 18-ft., and 30-ft., the veiling
luminance ratio (V. ,..,) increases as a vehicle driver
approaches the light source, and it reaches its peak
between 4.5 m and 9 m before reaching the LED light
tower, as shown in Figures 6.16, 6.17, and 6.18. The
light orientation and the aiming angles of a single LED

light tower affects the veiling luminance ratio experi-
enced at all three mounting heights. For instance,
V1 raiio decreases as the rotation angle increases (from
45° to 135°) and V7,44, increases as the aiming angle of
luminaires increases (from 45° to 60°), as shown in
Tables 6.10, 6.11, and 6.12. When the LED light tower
is oriented 45° and 90° and its luminaries are aimed 60°
from the vertical, the V7 ,.., (on average) is consistently
higher at lower heights (12 ft.) than those on higher
heights (25 ft.).

In all three mounting heights, when the LED light
tower is oriented 45° and 90° and when the LED light
fixtures are tilted 60° from the vertical, the veiling
luminance values exceed the IES maximum recom-
mended V' ,uio (0.3). In all the remaining lighting
arrangements where the LED light tower was oriented
135°, the Vi a0 resulted lower than 0.3. Finally, the
average pavement luminance decreases as the mounting
height of the LED light tower increases and it also
decreases as the light is oriented from 45° to 135°.
Similarly, the vertical illuminance decreases as the light
is oriented from a “toward” orientation to an “away”
orientation of luminaires.

The Vi 4, values shown in Tables 6.10, 6.11, and
6.12 were calculated using an aging factor k equal to 10
which represents a 25-year-old-observer. However, this
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Figure 6.13 V', ,.i, values for a single metal-halide light tower at 12-, 18-, and 30-ft. height and 90-degree orientation.

factor increases with age, as shown in Equation 6.3. For
all the lighting combinations, V' ,.i, values for the
following set of ages were also calculated: 40-, 50-, 60-,
and 75-year-olds. As shown in Table 6.13, almost all
the lighting arrangements for observers between 25
and 40 years old showed acceptable disability glare
levels (Vi ,aio = 0.4), except from one lighting
combinations in which a single LED light tower was
mounted at 18 ft., oriented 45°, and light fixtures aimed
at 60°. In this lighting combination V7 ,.., exceed 0.4,
suggesting unacceptable glare levels. For observers
older than 50 years old, the V7 ,.., exceed 0.4 in three
of eighteen lighting combinations. This occurred when
a single LED light tower was mounted at 12 ft., 18 ft.,
and 25 ft., oriented 45°, and all light fixtures aimed
at 60°. In the fifteen remaining combinations (heights,
orientations, and aiming angles), the V; ,.., values
were less than 0.4, suggesting acceptable levels of
glare.

In the case of LED powered light towers, the
statistical analysis indicates that that the main effect
of mounting height [F (2,180) = 1.085, p > 0.05] was
not statistically significant. Similarly, the two-way

interaction between mounting height and rotation
angle, the two-way interaction between height and
aiming angle, and the three-way interaction between all
factors were also not statistically significant, as shown
in Table 6.14. However, the main effect of the light
tower’s rotation angle (or orientation) [F (2,180) =
54.056, p < 0.000], aiming angle [F (1,180) = 29.303,
p < 0.000], and the two-way interaction involving them
was statistically significant.

The mean values of veiling luminance ratio are
dependent on both the rotation angle and the aiming
angle. Higher V; ,.., values were observed at the
“toward” orientation compared to the “perpendicular”
and “away” orientations in all three rotation angles.
Also, in the “toward” and the “perpendicular” orienta-
tion, tilt angles of luminaries at 60° show higher veiling
luminance values compared to tilt angles of 45°.

To further analyze the interaction of rotation angles
and aiming angles, V' ,.., mean differences between
the rotation angle within the aiming angles were
considered. At “toward” orientation, the interactions
within aiming angles were significantly different from
each other, with the 60-degree luminaire’s aiming angle
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Figure 6.14 V', ..., values for a single metal-halide light tower at 12-, 18-, and 30-ft. height and 135-degree orientation.
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TABLE 6.5
Vertical Illuminance and Veiling Luminance Ratio for a Single Metal-Halide Light Tower Mounted at 12 ft.

H = 12 ft. (3.7 m)

RA = 45° 90° 135°
30°, 30°, 30°, 30° 45°, 45°, 45°, 45° 30°, 30°, 30°, 30° 45°, 45°, 45°, 45° 30°, 30°, 30°, 30° 45°, 45°, 45°, 45°

Distance AA = VI (lux) Vi yaio VI(lux) Vi iwio VI(lux) Vi ieio VI(lux) Vi iawic VI(lux) Vi iwio VI (lux) Vi raio
D =0.0m 15.30 0.415 12.61 0.475 033 0.011 048  0.015 0.20 0.012 0.29  0.008
D=45m 19.35 0.415 16.86 0.503 047  0.013 0.67  0.016 0.24 0.011 037 0.008
D =90m 24.58 0.405 24.06 0.551 0.75  0.015 0.97  0.018 0.30 0.011 046  0.008
D=135m 3440 0419 35.60  0.602 127 0.019 153 0.021 0.39 0.010 0.62  0.008
D =180m 50.10 0.426 55.70 0.659 215 0.023 2.67  0.026 0.57 0.010 0.90  0.008
D =225m 75.40 0.416 93.70 0.719 426  0.029 515 0.032 0.86 0.010 1.38  0.008
D =27.0m 138.50 0.443 158.30 0.703 12,52 0.050 13.92  0.051 1.34 0.009 229  0.008
D =315m 328.00 0.503 265.70 0.566 65.50  0.126 60.30  0.105 2.69 0.009 451 0.007
D =360m 631.00 0.332 609.00 0.445 326.00 0215  396.00  0.237 13.25 0.015 2278 0.013
D =405m' 377.00 0.047 392.00 0.068 578.00  0.091  296.00  0.042  132.70 0.036 12570  0.017
D =450m 0.19 0 0.57 0 3.23 0 3.19 0 4.97 0.001 5.33 0
Maximum 631.00 0.503 609.00 0.719 578.00  0.215  396.00  0.237  132.70 0.015 12570  0.013
Minimum 15.30 0.332 12.61 0.445 0.33  0.011 048  0.015 0.20 0.009 0.29  0.007
Average 146.29 0.419 141.28 0.580 4592  0.056 5352 0.058 2.20 0.011 373 0.008
Avg. PL (cd.m?) 9.82 7.07 7.84 8.63 4.58 9.27
Note:

Green text = 0 = VL ,,,, = 0.3.

Red text = VL ,,, > 0.4.

Blue text = 0.3 < VL ,,, = 0.4.

Minimum, maximum, and average V. ,.., values were calculated between D = 0 m to D = 36 m.
Avg. PL: average pavement luminance.

"Lighting system position.

TABLE 6.6
Vertical Illuminance and Veiling Luminance Ratio for a Single Metal-Halide Light Tower Mounted at 18 ft.
H= 18 ft. (5.5 m)
RA = 45° 90° 135°

30°, 30°, 30°, 30° 45°, 45°, 45°,45° 307, 30°, 30°, 30°  45°, 45°, 45°,45°  30°, 30°, 30°, 30° 45°, 45°, 45°, 45°

Distance AA = VI (lux) Vi vatio VI (lux) Vi vatio VI (lux) Vi vaio VI (lux) Vi vario VI (lux) Vi vatio VI (lux) Vi asio
D =00m 18.36 0.356 16.23 0.397 0.84  0.026 0.63 0015 0.18 0.008 0.27  0.009
D=45m 24.30 0.373 21.97 0.425 1.07  0.026 0.95  0.018 0.22 0.008 033 0.009
D =9.0m 33.60 0.397 31.00 0.461 1.65  0.031 143 0.021 0.26 0.007 042 0.008
D=135m 46.60 0.407 4430 0.488 2,62  0.036 2.14  0.023 0.34 0.007 0.55  0.008
D =18.0m 72.80 0.446 67.60 0.522 480  0.046 376 0.029 0.46 0.007 0.77  0.008
D=225m 133.60  0.534 100.20  0.505 1148  0.072 939  0.047 0.67 0.006 1.14  0.008
D =27.0m 252.30 0.591 147.70 0.436 4480  0.165 28.03  0.082 1.06 0.006 1.75  0.007
D=315m 464.00 0.536 260.80 0.38 13270  0.241 104.70  0.151 2.13 0.006 3.82  0.008
D =360m 745.00 0.324 527.00 0.289 515.00  0.353  365.00  0.199 20.99 0.022 2141  0.016
D = 40.5 m' 241.60 0.032 257.00 0.043 279.00  0.058  201.50  0.033  115.00 0.036 15820  0.036
D =450m 0.50 0 0.89 0 587  0.001 3.90 0 6.22 0.001 6.69  0.001
Maximum 745.00 0.503 527.00 0.719 51500  0.215 36500 0.237  115.00 0.015 15820  0.013
Minimum 18.36 0.332 16.23 0.445 0.84  0.011 0.63  0.015 0.18 0.009 0.27  0.007
Average 198.95 0.440 135.20 0.434 79.44  0.111 5734 0.065 2.92 0.009 3.38  0.009
Avg. PL (cd.m?) 9.35 7.41 5.94 7.48 3.92 5.46
Note:

Green text = 0 = VL ., = 0.3.

Red text = VL ., > 0.4.

Blue text = 0.3 < VL , ., = 0.4.

Minimum, maximum, and average V; ,.., values were calculated between D = 0 m to D = 36 m.
Avg. PL: average pavement luminance.

'Lighting system position.

36 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/16



TABLE 6.7

Vertical Illuminance and Veiling Luminance Ratio for a Single Metal-Halide Light Tower Mounted at 30 ft.

H =

30 ft. (9.1 m)

RA

45°

90°

135°

30°, 30°, 30°, 30°

45°, 45°, 45°, 45°

30°, 30°, 30°, 30°

45°, 45°, 45°, 45°

30°, 30°, 30°, 30°

45°, 45°, 45°, 45°

Distance AA = VI (lux) Vi iatio VI(lux) Vi iaio VI(lux) Vi iaio VI(lux) Vi iaio VI(lux) Vi iaie VI (lux) Vi o
D =00m 19.19 0.215 22.10 0.222 0.67 0014 093 0016 0.21 0.005 0.25  0.004
D=45m 26.13 0.233 28.72 0.230 0.97  0.016 133 0.018 0.25 0.005 0.31 0.004
D=90m 38.60 0.266 36.50 0.226 .51 0.020 217 0.023 0.30 0.005 0.38  0.004
D =135m 53.60  0.276 47.60  0.220 270 0.026 343 0.027 0.37 0.004 0.47  0.004
D =18.0m 81.80 0.301 60.90 0.201 522 0.036 7.19  0.040 0.47 0.004 0.65  0.003
D=225m 13460  0.332 85.00  0.188 1572 0.073 26.50  0.099 0.62 0.003 0.83  0.003
D =27.0m 239.90 0.364 158.30 0.215 4840  0.139 4150  0.096 0.87 0.003 1.64  0.004
D =315m 366.00 0307 27430 0.206 11920  0.188  120.80  0.154 3.10 0.006 450  0.006
D = 36.0 m 353.00 0.144 441.00 0.162 23750  0.183  316.00  0.197 23.12 0.021 6020  0.036
D =40.5m 51.60 0.0l 13090  0.023 89.50  0.033 13420  0.040  31.40 0.013 9260  0.026
D =450m 1.06 0 1.81 0 337 0.001 6.81  0.001 6.74 0.002 7.83  0.001
Mg)(.lmum 366.00 0.364 441.00 0.23 237.50 0.188 316.00 0.197 31.40 0.021 92.60 0.036
Minimum 19.19 0.144 22.10 0.162 0.67 0.014 0.93 0.016 0.21 0.003 0.25 0.003
Average 145.87 0.271 128.27 0.208 47.99 0.077 57.76 0.074 3.26 0.006 7.69 0.008
Avg. PL (cd.mz) 6.33 7.06 3.36 4.16 2.90 4.33

Note:

Green text = 0 = VL ., = 0.3.

Blue text = 0.3 < VL ,,, = 0.4.

Minimum, maximum, and average V7 ,.., values were calculated between D = 0 m to D = 36 m.

Avg. PL: average pavement luminance.

'Lighting system position.
TABLE 6.8
Veiling Luminance Ratio Mean Values for a Single Metal-Halide Light Tower by Observer Age

1
Rotation Ve rasio

Lighting Type of Lighting Mounting Angle Aiming Age = Age = Age = Age = Age =
Arrangement  System Height (H) Wattage (RA) Angle (AA) 25 40 50 60 75
9 One metal-halide 12 ft. 3.7m) 1,100 W 45° 30°, 30°, 30°, 30° 0.419 0.464 0.529 0.646 0.972
10 light tower (x4) 45°, 45°, 45°, 45° 0.580 0.642 0.731 0.893 1.345
11 90° 30°, 30°, 30°, 30° 0.056 0.062 0.070 0.086 0.129
12 45°, 45°, 45°, 45° 058 0.064 0.073 0.089 0.134
13 135° 30°, 30°, 30°, 30° 0.011 0.012 0.014 0.01 0.025
14 45°, 45°, 45°, 45° 0.009 0.009 0.011 ).01 0.020
15 18 ft. (5.5m) 1,100 W 45° 30°, 30°, 30°, 30° 0.440 0.487 0.555 0.678 1.021
16 (x4) 45°, 45°, 45°, 45° 0.434 0.480 0.547 0.668 1.005
17 90° 30°,30°,30°,30° 0.1 0022 0139 0170 256
18 45°, 45°, 45°, 45° 0.065 0.072 0.082 0.100 0.151
19 135° 30°, 30°, 30°, 30° ).009 0.010 ).011 0.013 0.020
20 45°, 45°, 45°, 45° ).009 0.010 ).011 0.014 0.021
21 30ft. 0.1m)  1,I00W  45° 30°,30°,30°,30° 0271 0300 0341 0417 0.628
22 (x4) 45°, 45° 45°, 45° 0.208 0.230 0.262 0.320 0.481
23 90° 30°, 30°, 30°, 30° 0.077 0.086 0.097 0.119 0.179
24 45°, 45°, 45°, 45° 0.07 0.082 0.094 0.115 0.172
25 135° 30°, 30°, 30°, 30° 0.006 0.007 0.008 0.009 0.014
26 45°, 45°, 45°, 45° 0.007 0.008 0.009 0.011 0.017

Note:

Green text = 0 = VL 4, = 0.3.

Red text = VL ,,., > 0.4.

Blue text = 0.3 < VL , o = 0.4.

"W, a0 mean values were calculated between D = 0 m to D = 36 m.
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TABLE 6.9

Tests of Between-Subjects Effects on a Factorial ANOVA for a Single Metal-Halide Light Tower (3 x 3 x 2)

Dependent Variable: Veiling Luminance Ratio
Type 111 Mean
Source Sum of Squares df Square F Sig.
Corrected Model 4.416' 17 0.260 22.388 0.000
Intercept 3.490 1 3.490 300.788 0.000
Height 0.184 2 0.092 7.915 0.001
Orientation 3.727 2 1.863 160.592 0.000
Aiming Angle 0.001 1 0.001 0.059 0.808
Height x Orientation 0.385 4 0.096 8.289 0.000
Height x Aiming Angle 0.037 2 0.019 1.600 0.205
Orientation x Aiming Angle 0.014 2 0.007 0.609 0.545
Height x Orientation x Aiming Angle 0.069 4 0.017 1.487 0.208
Error 2.089 180 0.012 — —
Total 9.995 198 — — —
Corrected Total 6.505 197 — — —
'R Squared = .679 (Adjusted R Squared = .649).
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Figure 6.16 V', ,.., values for a single LED light tower at 12-, 18-, and 30-ft. height and 45-degree orientation.
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Figure 6.17 V', ,..i, values for a single LED light tower at 12-, 18-, and 30-ft. height and 90-degree orientation.

having the highest V7 ,4i,, and the 45-degree lumi-
naire’s aiming angle having the lowest V7 ,.,. At the
“perpendicular” and “away” orientation of the LED
light tower, the interaction between rotation angle and
all two aiming angles were not statistically significant
(see Figure 6.19).

6.5 Discussion of Results

The primary objective for conducting field experi-
ments were to determine disability glare levels produced
by balloon lights and light towers used to illuminate
nighttime work zones. Based on the analysis of the
results regarding the veiling luminance ratio values
obtained from the field experiments, the following
observations are provided.

For balloon lights, the veiling luminance ratio (or
disability glare) values were determined to be greater
than 0.3 but less than 0.4 in six out of eight lighting
combinations. This range of disability glare levels or
Vi ratio Values are acceptable levels of glare at work

zones but restricted to nighttime operations performed
only at collectors and local roads. This set of lighting
arrangements corresponded to a single balloon light
with adjustable power output from 400 to 800 W. Only
in two cases, did the veiling luminance ratio (or
disability glare) values exceed the recommended 0.3
limit which is maximum recommended threshold for
veiling illuminance. These lighting arrangements corre-
spond to a single balloon light with power output of
300 W. This finding indicates that a balloon light with
lower power output may generate higher values of
veiling luminance ratio compared to those balloon
lights with high power outputs.

For a single metal-halide light towers, disability glare
levels are affected by mounting height and orientation
of the luminaries. The analyses of disability glare levels
in 4 out of 18 lighting arrangements showed that V' ...
values were greater than 0.4, thus unacceptable for
nighttime operations. These lighting arrangements
corresponded to a single metal-halide light tower
oriented 45° “towards” the traffic, the luminaires aimed
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Figure 6.18 V', ,..i, values for a single LED light tower at 12-, 18-, and 30-ft. height and 135-degree orientation.

30- and 45-degree vertical angle between the center of
the beam spread of the lamps and the nadir, and the
luminaries mounted up to 18 ft. (5.5 m). Acceptable
disability glare levels (V7 a0, < 0.3) were found in 14
lighting arrangements. These combinations correspond
to (1) a single metal-halide light tower oriented (rotated
horizontally) 45° “towards” the traffic, the luminaires
aimed 30- and 45-degree vertical angle, and the
luminaries mounted at 30 ft. (9.1 m); (2) a single
metal-halide light tower oriented “perpendicular” to the
traffic, the luminaires aimed 30- and 45-degree vertical
angle, and mounted at 12 ft., 18 ft., and 30 ft.; (3) a
single metal-halide light tower “away” from the traffic,
the luminaires aimed 30- and 45-degree vertical angle,
and mounted at 12 ft., 18 ft., and 30 ft.

For a single LED light tower, disability glare levels
are affected mainly by the orientation of the luminaries
and the aiming angle of them. The analyses of disability
glare levels in 2 out of 18 lighting arrangements showed
that V7 ,.i, values were greater than 0.3 but less
than 0.4, thus acceptable glare levels for nighttime

operations. These lighting arrangements corresponded
to a single LED light tower oriented 45° “towards” the
traffic, the luminaires aimed 60-degree vertical angle
between the center of the beam spread of the lamps and
the nadir, and the luminaries mounted up to 18 ft.
(5.5 m). Moreover, Vi ,.i, values less than 0.3 were
found in 16 lighting arrangements. These combinations
correspond to (1) a single LED light tower oriented
(rotated horizontally) 45° “towards” the traffic, the
luminaires aimed 45-degree vertical angle, and the
luminaries mounted at 12 ft., 18 ft., and 25 ft.; (2) a
single LED light tower oriented “perpendicular” to the
traffic, the luminaires aimed 45- and 60-degree vertical
angle, and mounted at 12 ft., 18 ft., and 30 ft.; (3) a
LED light tower “away” from the traffic, the luminaires
aimed 30- and 45-degree vertical angle, and mounted at
12 ft., 18 ft., and 30 ft.

The scattering of light in the eye increases with age.
The calculated veiling luminance ratio (V' ,40) values
for the 44 lighting arrangements were determined by
using an aging factor k equal to 10 which represents a
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TABLE 6.10

Vertical Illuminance and Veiling Luminance Ratio for a Single LED Light Tower Mounted at 12 ft.

H= 12 ft. (3.7 m)
RA = 45° 90° 135°
45°, 45°, 45°,45°  60°, 60°, 60°, 60°  45°, 45°, 45°, 45°  60°, 60°, 60°, 60°  45°, 45°, 45°,45°  60°, 60°, 60°, 60°
Distance AA = VI (lux) Vi yaio VI(lux) Viiwio VI(Ilux) Vi iaio VI(lux) Vi ,awic VI(lux) Vi iwio VI (lux) Vi iaio
D=00m 1.39 0.040 3.12 0.133 024 0010 024 0017 0.17 0.012 0.17  0.009
D=45m 1.88 0.042 4.48 0.151 0.31 0.010 037 0.021 0.20 0.011 0.21 0.009
D=90m 2.71 0.047 7.09 0.184 042 0.010 0.53  0.023 0.26 0.011 025  0.008
D =135m 3.67 0.047 12.91 0.247 059 0011 0.83  0.027 0.34 0.010 034  0.008
D =18.0m 6.00 0.054 19.61 0.262 1.03 0013 142 0032 0.49 0.011 0.48  0.008
D =225m 12.08 0.070 40.80 0.354 1.82 0015 298  0.043 0.76 0.011 0.73  0.008
D =270 m 31.30 0.105 90.60 0.455 455 0.022 9.53  0.080 1.34 0.011 132 0.009
D =315m 95.20 0.154 194.10 0.467 1533 0.035 2559 0.104 3.84 0.015 3.02 0.009
D =360 m 291.60 0.161 952.00 0.787 10170 0.080 26470  0.367 12.80 0.017 1512 0.016
D =40.5m 417.00 0.055 371.00 0.073 262.00  0.049  418.00  0.139 105.80 0.034 16120  0.041
D =450m 1.39 0 0.30 0 2.73 0 227 0 3.91 0.001 8.18  0.001
Maximum 417.00 0.161 952.00 0.787 262.00  0.08 41800  0.367 105.80 0.017 16120 0.016
Minimum 1.39 0.040 3.12 0.133 024 0.0l 024  0.017 0.17 0.01 0.17  0.008
Average 49.54 0.080 147.19 0.338 14.00  0.023 34.02  0.079 2.24 0.012 240  0.009
Avg. PL (cd.m?) 9.33 6.25 6.55 3.72 2.90 4.33
Note:
Green text = 0 = VL ., = 0.3.
Red text = VL , .., > 0.4.
Blue text = 0.3 < VL , ., = 0.4.
Minimum, maximum, and average Vi ..., values were calculated between D = 0 m to D = 36 m.
Avg. PL: average pavement luminance.
'Lighting system position.
TABLE 6.11
Vertical Illuminance and Veiling Luminance Ratio for a Single LED Light Tower Mounted at 18 ft.
H= 18 ft. (5.5 m)
RA = 45° 90° 135°

45°, 45°, 45°, 45°

60°, 60°, 60°, 60°

45°, 45°, 45°, 45°

60°, 60°, 60°, 60°

45°, 45°, 45°, 45°

60°, 60°, 60°, 60°

Distance AA = VI (lux) Vi,wio VI(lux) Viiwio VI(lux) Vi,wio VI(lux) Vi iwio VI (lux) Vi iwio VI (lux) Vi ario
D =0.0m 1.60 0.050 3.39 0.149 0.25  0.009 030  0.023 0.16 0.009 0.15  0.012
D=45m 2.11 0.052 5.24 0.183 0.31  0.009 044  0.027 0.19 0.009 0.18  0.011
D=90m 3.25 0.062 8.21 0.22 042  0.010 0.66  0.031 0.23 0.008 023 0011
D=135m 4.98 0.070 13.73 0.273 071  0.012 .00 0.035 0.31 0.008 0.29  0.010
D =18.0m 9.63 0.096 25.29 0.352 1.04  0.012 1.67  0.041 0.45 0.008 043  0.010
D =225m 23.13 0.150 49.10 0.446 204  0.016 3.28  0.053 0.65 0.008 0.64  0.010
D =27.0m 61.90 0.235 95.50 0.508 448  0.020 9.88  0.093 1.19 0.009 1.08  0.010
D =315m 134.20 0.251 196.50 0.517 16.13  0.036 2969  0.137 2.97 0.010 277 0.013
D =36.0m 254.20 0.179 734.00 0.726 14820  0.124  257.00  0.448 8.45 0.011 15.88  0.027
D = 40.5 m' 558.00 0.119 116.60 0.035 339.00  0.086  327.00  0.173  176.60 0.071  103.60  0.054
D =450m 3.17 0 0.65 0 8.13 0 261  0.001 20.53 0.004 10.66  0.003
Maximum 558.00 0.251 734.00 0.726 339.00 0.124  327.00 0.448  176.60 0.011  103.60  0.027
Minimum 1.60 0.050 3.39 0.149 0.25  0.009 0.30  0.023 0.16 0.008 0.15 0.0l
Average 55.00 0.127 125.66 0.375 1929  0.028 3377  0.099 1.62 0.009 241  0.013
Avg. PL (cd.m?) 5.77 4.11 4.85 2.33 3.06 2.35

Note:

Green text = 0 = VL 4, = 0.3.

Red text = VL ,4, > 0.4.

Blue text = 0.3 < VL , ., = 0.4.

Minimum, maximum, and average V; ,.., values were calculated between D = 0 m to D = 36 m.

Avg. PL: average pavement luminance.

'Lighting system position.
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TABLE 6.12
Vertical Illuminance and Veiling Luminance Ratio for a Single LED Light Tower Mounted at 25 ft.

H = 25 ft. (7.6 m)
RA = 45° 90° 135°
45°, 45°, 45°, 45° 60°, 60°, 60°, 60° 45°, 45°, 45°, 45°  60°, 60°, 60°, 60° 45°, 45°, 45°, 45° 60°, 60°, 60°, 60°

Distance AA = VI (lux) Vi saio VI(X) Vi iaio VI(X) Vi vaio VI(X) Vi aio VI(Ix) Vi aio VI(I1x) Vi vasio
D =00m 1.54 0.033 3.35 0.108 0.26  0.008 028  0.014 0.15 0.004 0.15 0.009
D=45m 2.07 0.035 4.76 0.122 0.31  0.008 039  0.016 0.18 0.004 0.18 0.009
D =90m 2.87 0.038 8.33 0.165 042  0.008 0.50  0.016 0.22 0.004 0.21 0.008
D =135m 4.43 0.043 13.61 0.2 0.65  0.009 0.72  0.017 0.28 0.004 0.26 0.007
D =18.0m 9.06 0.063 26.12 0.272 1.11  0.011 1.62  0.027 0.39 0.004 0.34 0.007
D =225m 24.42 0.112 51.30 0.353 226  0.015 323 0.035 0.58 0.004 0.49 0.007
D =270m 57.70 0.160 98.40 0.409 5.86  0.023 9.52  0.063 1.20 0.005 0.86 0.007
D =315m 130.20 0.190 177.30  0.388 22.08  0.046 2347  0.082 2.91 0.006 221 0.009
D =360m 259.00 0.168 409.00 0.398 157.20  0.145  173.90  0.270 8.18 0.007 6.49 0.012
D =405m' 815.00 0.220 134.60 0.054 27620  0.106 13320  0.086  125.00 0.047 77.60  0.061
D =450m 5.66 0.001 1.01 0 10.75 0 3.78  0.001 20.99 0.004 9.29 0.004
Maximum 815.00 0.190 409.00 0.409 27620  0.145 17390 027 125.00 0.007 77.60  0.012
Minimum 1.54 0.033 3.35 0.108 0.26  0.008 028  0.014 0.15 0.004 0.15  0.007
Average 54.59 0.094 88.02 0.268 21.13  0.030 23.74  0.060 1.57 0.005 1.24  0.008
Avg. PL (cd.m?) 4.58 3.05 3.21 1.92 3.30 1.57
Note:

Green text = 0 = VL ,,,, = 0.3.

Red text = VL ,,, > 0.4.

Blue text = 0.3 < VL ,,, = 0.4.

Minimum, maximum, and average V. ,.., values were calculated between D = 0 m to D = 36 m.
Avg. PL: average pavement luminance.

'Lighting system position.

TABLE 6.13
Veiling Luminance Ratio Mean Values for a Single LED Light Tower by Observer Age

Type of Rotation Vi ratio"
Lighting Lighting Mounting Angle Aiming Angle
Arrangement System Height (H) Wattage (RA) (AA) Age =25 Age =40 Age =50 Age =60 Age =175
27 One LED 12 ft. (3.7m) 320W 45° 45°, 45°, 45°, 45° 0.080 0.089 0.101 0.123 0.186
28 light tower (x4) 60°, 60°, 60°, 60° 0.338 0.374 0.426 0.520 0.783
29 90° 45°, 45°, 45°, 45° 0.023 0.025 0.029 0.035 0.053
30 60°, 60°, 60°, 60° 0.079 0.088 0.100 0.122 0.184
31 135° 45°, 45°, 45°, 45° 0.012 0.013 0.015 0.018 0.028
32 60°, 60°, 60°, 60° 0.009 0.010 0.012 0.015 0.022
33 18 ft. (5.5 m) 320 W 45° 45°, 45°, 45°, 45° 0.127 0.141 0.160 0.196 0.295
34 (x4) 60°, 60°, 60°, 60° 0.375 0.415 0.473 0.577 0.869
35 90° 45°, 45°, 45°, 45° 0.028 0.031 0.035 0.042 0.064
36 60°, 60°, 60°, 60° 0.099 0.109 0.124 0.152 0.229
37 135° 45°, 45°, 45°, 45° 0.009 0.010 0.011 0.014 0.021
38 60°, 60°, 60°, 60° 0.013 0.014 0.016 0.020 0.029
39 25 ft. (7.6 m) 320 W 45° 45°, 45°, 45°, 45° 0.094 0.104 0.118 0.144 0.217
40 (x4) 60°, 60°, 60°, 60° 0.268 0.297 0.338 0.413 0.622
41 90° 45°, 45°, 45°, 45° 0.030 0.034 0.038 0.047 0.070
42 60°, 60°, 60°, 60° 0.060 0.066 0.076 0.092 0.139
43 135° 45°, 45°, 45°, 45° 0.005 0.005 0.006 0.007 0.011
44 60°, 60°, 60°, 60° 0.008 0.009 0.011 0.013 0.020

Note:

Green text = 0 = VL ., = 0.3.

Red text = VL ., > 0.4.

Blue text = 0.3 < VL ,,, = 0.4.

"W, vaio Mean values were calculated between D = 0 m to D = 36 m.
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TABLE 6.14

Tests of Between-Subjects Effects on a Factorial ANOVA for LED Light Tower (3 x3 x2)

Dependent Variable: Veiling Luminance Ratio

Type III Sum of

Source Squares df Mean Square F Sig.
Corrected Model 1.675 17 0.099 10.148 0.000
Intercept 1.365 1 1.365 140.636 0.000
Height 0.021 2 0.011 1.085 0.340
Orientation 1.050 2 0.525 54.056 0.000
Aiming Angle 0.285 1 0.285 29.303 0.000
Height x Orientation 0.014 4 0.003 0.359 0.838
Height x Aiming Angle 0.015 2 0.007 0.754 0.472
Orientation x Aiming Angle 0.278 2 0.139 14.319 0.000
Height x Orientation x Aiming Angle 0.013 4 0.003 0.337 0.853
Error 1.748 180 0.010 — —
Total 4.788 198 — — —
Corrected Total 3.423 197 — — —
'R Squared = .489 (Adjusted R Squared = .441).
0.40
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0.35 M 45 degrees
M 60 degrees
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Figure 6.19 V. ,.., values for a single LED light tower at two aiming angles by each orientation. Mean values of veiling

luminance ratios and error bars represent standard errors.

25-year-old-observer. However, these calculated V7 ;.0
values can be multiplied by a factor to account for
the eye’s normal physiological changes as it ages.
Incorporating this factor results in an increase in the
calculated veiling luminance value. For a single LED
balloon light with power output of 300 watts, and
mounted at 8 ft. and 10 ft., harmful levels of glare
(Vi ario = 0.4) were found for observers older than
25 years old. For a single LED balloon light with
adjustable power output up to 800 watts, and mounted
at 8 ft. and 10 ft., acceptable levels of glare (V. ,ui0 =
0.4) were found for observers between 25 to 40 years
old, but for observers older than 50 years old, the
calculated V7 ,..i, values (or disability glare) were found
to be dangerous.

For a single metal-halide light tower, when aging
factor was evaluated on observers older than 25 years

old, unacceptable glare levels (V. ,uio = 0.4) were
calculated on four of eighteen lighting arrangements.
These lighting combinations were when (1) the light
tower was mounted at 12 ft., oriented towards the
traffic, and all light fixtures were aimed at 30° and 45°;
and (2) the light tower was mounted at 18 ft., oriented
towards the traffic, and all light fixtures were aimed 30°
and 45°. Moreover, for observers older than 60 years
old, harmful levels of glare (V7 ,.io = 0.4) were found
on a single light tower mounted at 30 ft., oriented
towards the traffic, and all light fixtures aimed 30° and
45°. Finally, the assessment of changes in aging factor k
for the perpendicular and away orientations in all three
mounting heights resulted in acceptable levels of glare
(VL ratio = 04)

For a single LED light tower, three of eighteen light-
ing combinations were determined to generate unac-
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ceptable glare levels (V7 .o = 0.4) when the aging
factor k was evaluated on observer’s age between 25 to
75 years. First, when a single LED light tower was
mounted at 12 ft., oriented towards the traffic, and all
light fixtures aimed 60°, harmful levels of glare were
found for observers older than 50 years old. Second,
when a single LED light tower was mounted at 18 ft.,
oriented towards the traffic, and all light fixtures aimed
60°, harmful levels of glare were found for observers
older than 40 years old. Third, when a single LED light
tower was mounted at 30 ft., oriented towards the
traffic, and all light fixtures aimed 60°, harmful levels of
glare were found for observers older than 60 years old.
Finally, the assessment of changes in aging factor k&
for perpendicular and away orientations in all three
mounting heights resulted in acceptable levels of glare
(VL ratio = 04)

7. SUMMARY AND CONCLUSION

The first objective of Theme 1 in this research project
was the identification of safety issues of nighttime
operations on roadways and the determination of
factors that contribute to worker injuries and crashes
during daytime and nighttime work zone operations.

Based on the analysis of INDOT work zone safety
data between 2016 and 2020, the following insights may
be drawn.

1.  Most of the INDOT worker injuries and motor vehicle
crashes occurred during daytime hours. A lower percen-
tage occurred during nighttime shifts that could have
been in darkness depending on the time of year, and
when there are fewer vehicles on the roadways, compared
to daytime traffic volumes and hence, lower exposures of
workers to motorists.

2. The majority of worker injuries resulted from worker
strains and sprains, followed by workers getting struck
by vehicles or equipment and workers falling, slipping, or
tripping at the work zone. The main causes of these
workers injuries were found because workers failed to (1)
maintain awareness of their surroundings, (2) follow
proper procedures for the tasks being performed; (3)
identify properly the workplace hazards and hazard
warnings; (4) use adequate equipment or tools for the
task being done; and (5) wear proper personal protective
equipment for the task being performed.

3. Most of the motor vehicle crashes corresponded to pri-
vately owned vehicles (POV) striking INDOT’s vehicles
or piece of equipment, followed by INDOT single vehicle
or equipment involved in a damage incident without
other vehicles or equipment involved, and INDOT
vehicles or equipment striking other INDOT vehicles
or equipment, building, fence, or other INDOT owned
structure. The main causes of POV striking INDOT
crash type were due to POV drivers distracted or not
paying attention to their surroundings, driving recklessly,
speeding up, or performing abrupt maneuvers, failing to
maintain proper clearance (i.e., following/passing too
closely) to vehicles or equipment in the proximity of the
work zone, and driving a vehicle while impaired.

4.  Most of these POV-struck INDOT crash type involved
intrusion of POV drivers into the work zone, resulting to

a greater extent in a rear-ended collision with a trailer-
mounted attenuator (TMA).

The second objective aimed to provide practical
recommendations to INDOT and roadway contractors
in Indiana regarding optimal lighting arrangements
that alleviate, and control disability glare levels experi-
enced by passing motorists and workers on nighttime
highway work zones. Field experiments were conducted
to determine and evaluate disability glare levels pro-
duced by typical lighting systems and under different
lighting arrangements in nighttime work zones. A total
of 44 lighting arrangements were tested to evaluate the
main effects and interactions of the mounting height,
power output, light orientation, and aiming angle of
luminaires of light towers and balloon lights on veiling
luminance ratio (V7 ,ui, or disability glare). The
findings of the field experiments confirm the following.

1. The veiling luminance ratio complied with the recom-
mended 0.3 limit for roadway lighting design in 30 of the
44 tested lighting combinations. Also, the minimum
horizontal illuminance levels suggested Table 5.3, were
also obtained (200 lux in average) in all lighting arrange-
ments. These illuminance measurements indicate that the
lighting arrangements tested on the simulated work zone
provides adequate illumination for the following night-
time operations: hot mix asphalt (HMA) placement,
rolling HMA surfaces, asphalt milling, pavement clean-
ing and sweeping, pavement patching, and work zone
flagger stations.

2. An increase in mounting heights of both balloon lights
and light towers (LED and metal-halide) resulted in a
significant reduction of disability glare levels. A light
tower’s mounted at 18 ft. and up to full extension of its
light mast (typically 30 ft. or 9.1 m) significantly reduces
harmful levels of glare created by the lighting configura-
tion to potential drive-by motorists and workers. This
lighting system configuration resulted in acceptable levels
of glare in observers between 25 to 40 years old.
Similarly, a balloon light mounted at 10 ft. (3.1 m) or
greater than reduces harmful levels of glare produced by
lighting arrangements. These lighting configurations
were also notice in observer’s age between 25 to 40 years
old.

3.  Compared to the “perpendicular” and “away” orienta-
tions, orienting the light towers (LED and metal-halide)
in a “towards” direction (45 degrees) significantly
increases the disability glare levels of the lighting
arrangement. The veiling luminance ratio values in four
lighting combinations of the metal-halide light tower
exceed 0.3 which is maximum recommended threshold
for veiling illuminance (or disability glare). These values
were found on a single metal-halide light tower mounted
at 12 ft. and 18 ft., and oriented 45°. These unacceptable
levels of glare were found to be similar for observers
older than 25 years. In contrast, the veiling luminance
ratio values in two lighting combinations of the LED
light tower were greater than 0.3 but less than 0.4 which
is also a maximum recommended threshold for veiling
illuminance (or disability glare) but appropriate for
collector roads and for observers between 25 to
40 years old. Unacceptable glare levels were also found
in these two lighting combinations for observers older
than 40 years.
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Increasing the tilt angles of luminaires of the LED light
tower resulted in an increase in veiling luminance ratio
values. Although the increase of aiming angles of lumi-
naries from 45° to 60° tested in all lighting combinations
generated by a single LED light tower resulted in
significant increment of veiling luminance ratio values,
these values did not create harmful levels of glare.

The observer’s age factor “k” plays an important role
in determining the veiling luminance. As the factor k
increases, the veiling luminance also increases. For bal-
loon lights, for observers older than 50 years old, veiling
luminance ratio values were found to be greater than the
maximum recommended. For LED light towers, for
observers older than 40 years old, the V; ,., values
exceed 0.3 in three of eighteen lighting combinations
tested in this study. This occurred when the LED light
tower was mounted at 12 ft., 18 ft., and 25, oriented 45°,
and their light fixtures aimed at 60°. For metal-halide
light towers, for observers between 25 to 50 years old, the
V1 raric Values were greater than 0.3 but less than 0.4 in
14 of 18 lighting combinations, suggesting acceptable
disability glare levels. But, for observers older than 50
years old, the Vi ,.., values exceed 0.4 which is the
maximum V; ,.;, value recommended by the IES. This
occurred when a single metal-halide light tower was
oriented 45°, the luminaries raised up to 12 ft. and
18 ft., and the lighting fixtures were aimed at 30- and
45-degree angle.

Based on these findings, the following practical

recommendations are provided to reduce and control
glare in nighttime highway work zones.

1.

Select a proper mounting height for lighting systems that
use metal-halide or LED light sources is vital to control
or reduce glare in work zones. Hence, owners and general
contractors should raise the light towers to mounting
heights greater than 18 ft. (5.5 m) and up to full extension
of the light mast (typically 30 ft. or 9.1 m) in order to
minimize disability glare levels.

Select a proper mounting height for balloon lights can
also help to prevent higher disability glare levels, but
most important, it is critical to choose the equipment’s
power output. Balloon lights with adjustable power
output from 400- to 800-watt were found to generate less
glare than those with 300 watts at mounting heights
greater than 10 ft. (3.0 m).

Aiming light towers in the direction of the traffic move-
ment should be avoided whenever possible However, if
this arrangement is not possible, the light tower must be
fully extended with the luminaires aimed at least 45
degrees from the horizontal.

LED light towers would be preferred over metal-halide
light towers in the “towards” and “perpendicular” orien-
tations due to the lower values of veiling luminance ratio
values they generate in each orientation, under similar
values of vertical illuminance and mounting heights
greater than 18 ft. Careful attention should be taken
when evaluating glare on the “towards” orientation
because metal-halide light towers produce more harmful
levels of glare than LED light towers in motorists and
workers older than 50 years.

Luminaires of light towers should be aimed so that the
angle formed by the nadir and the center of the
luminaire’s beam spread should not exceed 60 degrees.
For metal-halide light towers, aiming angle of luminaires

less or equal to 45 degrees are recommended to reduce
higher disability glare levels. For LED light towers, all
luminaires should be aimed at angles of 60 degrees or less
below the horizontal as well to minimize glare.

7.1 Limitations and Future Research

This section includes the limitations of the study and
recommendations for future investigation regarding (1)
work zone safety, productivity, and quality of night-
time operations on roadways (2) determination of the
disability glare in nighttime roadway work zones.

1. The work zone safety data analyzed in this study, was
limited to only maintenance projects executed by INDOT.
As discussed in Section 4.2.2 additional information and
data regarding work zone safety, productivity, and quality
of roadway construction and maintenance projects
executed during daytime/nighttime shifts by roadway con-
tractors would be required for deeper analysis. This infor-
mation may allow researchers to identify the differences
between daytime and nighttime operations on roadways.
For instance, the analysis of daily/hourly production rates
for asphalt pavement operations performed during day-
time and nighttime hours might provide information if
there are significant differences between operations
conducted during the day and those conducted at night.

2. The field experiments conducted to determine disability
glare in nighttime work zones had certain limitations
listed as follows.

a. No other vehicle besides the one used (sport utility
vehicle (SUV)) to take the measurements (vertical
illuminance and pavement luminance) was present
during the experiments. Thus, glare produced by
headlights of construction equipment and other
moving vehicles in and around the controlled work
zone was not considered in assessing disability glare.
Further research should incorporate the presence of
vehicles traveling on adjacent lanes or construction
equipment in and around the controlled work zone.
Moreover, glare levels experienced by drivers operat-
ing different types of vehicles such as trucks should be
evaluated.

b. No other light source (e.g., street lighting and pre-
sence lighting) besides the balloon lights and light
towers were used during the field experiments.
Presence lighting may help to minimize glare levels
experienced by drive-by motorists (due to the increase
in luminance adaptation levels of the motorists).

c. Only two types of lighting systems with LED light
sources were tested (1) two LED balloon lights and (2)
a single LED light tower. However, there are several
other lighting equipment with different LED, power
output, and setup characteristics that are currently
being used on different nighttime highway operations
without being evaluated in terms of glare levels
they produced. Future study efforts should consider
the assessment of disability glare and illumination
levels produced by these energy-efficient lighting
systems in direct coordination with lighting equip-
ment providers.

d. The measurements of pavement luminance were taken
on a dark asphalt pavement with a rough texture,
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typically observed on roadways, and during clear
nights. However, other types of road surfaces which
are also used on a large number of roadways (e.g.,
concrete pavement technologies) and the presence of
different weather conditions might affect the pave-
ment luminance measurements. Future research
should attempt to measure pavement luminance on
other road surfaces and under different weather
conditions including for instance wet and foggy roads.

e. The disability glare determination steps listed in this
study followed the recommended procedure devel-
oped by the Illumination Engineering Society (IES).
This procedure for determining the veiling luminance
ratio (glare) on work zone uses separate measure-
ments of vertical illuminance and pavement lumi-
nance. Future investigation should attempt to
improve the collection of lighting data by creating a
system capable of integrating the readings of vertical
illuminance, pavement luminance, and position
(latitude and longitude) of each of the grid points of
the line of sight (possibly using in-vehicle
instrumentation). If such a system is developed and
validated, it could be employed in real work zones
saving time and without posing safety risks to workers
and motorists when lighting data is collected.
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APPENDIX A. SURVEY INSTRUMENT FOR ROADWAY CONTRACTORS

PURDUE

UNIVERSITY

A-1



A-2



A-3



I Agree | Dizagree
O

() General Confractor
() Subconifractor

() Consultant/Designer
() Other (Please specify)

() Project Manager

() Project Engineer

() Traffic Control Designer
() Safety Manager

() Safety Engineer

() Superintendent

() Traffic Control Crew

(") Road Maintenance/Construction Crew
D Other (Please specify)

() Less than 1 year
() 1—5years
() 5—10 years

A-4




() 10-20 years
() 10—-20 years
() Mare than 20 years

[ ] Construction projects (e.g., paving, milling, earthworks)
|| Bridgefstructures

[] Maintenance (e.g., sweeping, striping, patching, surfacing)
|| RepainReplacement (e.g. guardrail repairs)

L Other (Please specify)

() <10M

() 10-25M
() 25-50M
() 5075 M
) >7T5M

State

County

Towam

Roadway number




() Daytime
() Nighttime
) Both

Mighttime O O O

Shift #1

Shift #1

Shift #1

‘z
]

Shift #1

‘z
]

Shift #1

‘zz
i J L

A-6




[ ] Earthmaoving
[ | Milling and remaval
[ Paving / Resurfacing

| | Base courses

[] Traffic signal / Highway signing and lighting
[ Painting stripes and markers

[ | Bridge deck construction

[ Drainage structures

[ Ofther (Please specify)

[} Sweeping and cleanup

[ Milling and removal

[ Paving / Surface treatment

[ Traffic signal / Highway signing and lighting
[ Painting stripes and markers

[ Crack filling / Pot filing

[] Other (Please specify)

() Single day
() Week

() Greater than one month, but less than 3 months
() 3 months to § months

() Greater than & months

'D Depends on the operation (Please specify)




#

() ‘es, it is mandatory
() No

) Sometimes (Please explain):

[ Work zone layouts of the lighting equipment

| Type and features of lighting equipment to be used
[ Glare control measures

[ Lighting calculations by task (2.g., iluminance levels)
| Details of lights to be attached to equipment

] Other (Please describe):




[ Light towers

|| Balloon lights

[ Hite Lite (portable light)
[ ] High-Mast Lighting
[_| Other (Please specify)

[ ] Incandescent Tungsten Halogen (Inc)
["] Mercury \apor

(] Metal Halide (MH)

|| Low Pressure Sodium (LPS)

|| High Pressure Sodium (HPS)

|| Compact Fluorescent (CFL)

[ | Light-emitting diode (LED)

[ Mot known

|| Ofher (Please specify)

[ Mounted on vehiclelequipment
[] Mot mounted on vehicle/equipment
[] Other {please specify)

1 2 3 Mot Applicable
Size of lighting system @) O O O
Height to which it can be raised O O O O
Ability to movelrelocate O O O O
Ease of operation O O O O
Amount of light output O O 9] O
Source of light emitted O O O O
Lighting system maintenance O ®) )] P

A-9



1 2 3 Mot Applicable
Cost (purchase, rent, or lease) O O O O
Availability O O O O
Cther (Please Specify) D C' D D
Cther (Please Specify) O 'D D D
Cther (Please Specify) C} O D D

Termination Area

A-10




|| Termination Area
[7] Activity Area
[:]TIE'EM' Area

[ Advance Waming Area
I:I Other (Please specify)

() es, it is mandatory
) No

) Sometimes (Flease explain):

|':| MNumber and qualifications of traffic control personnel (including flaggers)

|:| Allowable hours/days for lane closures and road closures

|':| Work zone and lane closure layouts (Incl. lengthfarea of closure, lateral clearance, and shoulder
use)

[ Details and explanations of setups and takedowns of traffic control devices

|| Speed confrol strategies (law enforcement, CMSs, rumble sfrips, flashing beacons, lane width
reduction, or flagging.)

|| Ofther (Please describe)
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APPENDIX B. IRB APPROVAL FOR DEPLOYING ONLINE SURVEY INSTRUMENT FOR
ROADWAY CONTRACTORS

IRB-2021-924 - Initial: 1. COVID-19 EXEMPTION MEMO

do-not-reply@cayuse.com <do-not-reply@cayuse.com:=
Fri 611/2021 4:43 PM
To: Abraham, Dulcy M <dulcy@purdue.edu=; Fricker, Jon D <fricker@purdue edu >, Vargas Davila, Franklin <fargasd@purduesdu>

PURDU

RSITY

This Memo is Generated From the Purdue University Human Research Protection Program Systern, Cawyse RS

Date: June 11, 2021

PI: DULCY ABRAHAM

Re: Initial - IRB-2021-924

ROADWAY WORKZONE SAFETY AND PRODUCTIVITY — DAYTIME V. NIGHTTIME OPERATIONS - CONTRACTORS' PERSPECTIVE

Thie Purdue University Hurnan Research Protection Program (HRPP) has determined that the research project identified abowve
gualifies as exernpt from IRB review, under federal human subjects research regulations 45 CFR 46.104. The Category for this
Exemption is listed below . Protocols exempted by the Purdue HRPP do not reguire regular renewal. However, the administrative
check-in date is June 10, 2024. The IRB must be notified when this study is closed. If 2 study closure request has not been initiated
by this date, the HRPP will request study status update for the record.

Specific notes related to your study are found below.

Decision: Exempt

Category:

Category 2.(i). Research that only includes interactions involving educational tests (cognitive, diagnostic, aptitude, achievement),
survey procedures, interview procedures, or observation of public behavior (including visual or auditory recording).

The information obtained is recorded by the investigator im such a manner that the identity of the human subjects cannot readily
be ascertained, directly or through identifiers linked to the subjects.

Research Notes:

Any modifications to the approved study must be submitted for review through Cavyse IRE All approval letters and study
documents are located within the Stwudy Details in Cyuse IRE

‘What are your responsibilities now, as you move fonward with your research?

Document Retention: The Pl is responsible for keeping all regulated documents, including IRB correspondence such as this letter,
approved study documents, and signed consent forms for at least three (3) years following protocol closure for audit purposes.
Docurments regulated by HIPAA, such as Release Authorizations, must be maintained for six (§) years.

Site Permission: If your research is conducted at locations outside of Purdue University (such as schools, hospitals, or businesses),
you must obtain written permission from all sites to recruit, consent. study, or observe participants. Generally, such permission
comes in the form of a letter from the school superintendent, director, or manager. You must maintain 2 copy of this permission
with study records.

Training: All researchers collecting or analyzing data from this study must renew training in human subjects research via the CIT]
Program (g citiprog@oorg) every 4 years. New personnel must complete training and be added to the protocol befare
beginning research with human participants or their data.

Meaodifications: Change to any aspect of this protocol or research personnel must be approved by the |IRE before implementation,
except when necessary to eliminate apparent immediate hazards to subjects or others. In such situations, the IRE should still be

natified immediately.

Unanticipated Problems/Adverse Events: Unanticipated problems imvolving risks to subjects or others, serious adverse events,
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About the Joint Transportation Research Program (JTRP)

On March 11, 1937, the Indiana Legislature passed an act which authorized the Indiana State
Highway Commission to cooperate with and assist Purdue University in developing the best
methods of improving and maintaining the highways of the state and the respective counties
thereof. That collaborative effort was called the Joint Highway Research Project (JHRP). In 1997
the collaborative venture was renamed as the Joint Transportation Research Program (JTRP)

to reflect the state and national efforts to integrate the management and operation of various
transportation modes.

The first studies of JHRP were concerned with Test Road No. 1 —evaluation of the weathering
characteristics of stabilized materials. After World War II, the JHRP program grew substantially
and was regularly producing technical reports. Over 1,600 technical reports are now available,
published as part of the JHRP and subsequently JTRP collaborative venture between Purdue
University and what is now the Indiana Department of Transportation.

Free online access to all reports is provided through a unique collaboration between JTRP and
Purdue Libraries. These are available at http://docs.lib.purdue.edu/jtrp.

Further information about JTRP and its current research program is available at
http://www.purdue.edu/jtrp.

About This Report

An open access version of this publication is available online. See the URL in the citation below.

Nafakh, A.]., Davila, F. V,, Zhang, Y., Fricker, ]. D., & Abraham, D. M. (2022). Workzone lighting and
glare on nighttime construction and maintenance activities (Joint Transportation Research Pro-
gram Publication No. FHWA/IN/JTRP-2022/16). West Lafayette, IN: Purdue University. https://
doi.org/10.5703/1288284317379
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