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ABSTRACT. Current road lighting standards and recommendations are based on luminance 
levels and luminance distributions on the road surface. The luminance of the road surface 
depends on the amount of light falling on it and the reflection properties of the road surface.  
Using light aggregate for road surface pavements, significant energy savings in road lighting 
could be achieved due to significantly higher reflectance properties of the surface. In this 
study several experimental pavement samples with light surface characteristics were 
manufactured and their reflection properties were measured. The results indicate that lighter 
pavement materials result in higher average road surface luminance values and lower 
average lighting energy usage costs per kilometer.  
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1. Introduction 

The mechanical strength, skid resistance and cost are relevant in choosing the 
road surface materials. From road lighting point of view the road surface is also a 
component of the lighting system, as the reflection characteristics of the surface 
material significantly influence the luminance obtainable with a given amount of 
luminous flux from the luminaires. 

The European standard (CEN 13201:1-4, 2003) for road lighting is based on 
average luminance and luminance uniformities on the road surface. Luminance of 
any point is a function of the illuminance on the road and the reflection 
characteristics of the road surface. The reflection properties of the road surface are 
highly dependent on the aggregate type used. The aggregate lightness and color used 
for the pavement material are, on the other hand, highly dependent on the regional 
availability and aggregate quality requirements in different countries. The reflection 
properties of the pavement material are expressed as a table of reduced luminance 
coefficients called the r-table. Road lighting design is based on the standard r-tables 
defined by the International Commission on Illumination (CIE) (CIE/PIARC, 1984). 

Standard r-tables are based on pavement materials and measurements made in 
the 1960’s and 1970’s (Frederiksen, et al., 1976; Schreder, 2008). However, new 
pavement materials have been introduced since then. Economical, environmental 
and wear resistance aspects have affected the development of new road surface 
materials (Saarela, 2000). Albeit the road surface material affects the performance of 
road lighting, the surface reflection properties have not been considered in 
developing new materials. The pavement materials commonly used today are darker 
and the standard r-tables are no longer representative of their reflection properties 
(Huijben, et al., 2008; Dumont, et al., 2008; Fotios, et al., 2005; Schreuder, 2008). 
Thus, more light and energy are needed to achieve the same luminance levels on the 
road surface. 

The objective of this study was to develop and investigate alternative lighter 
pavement materials for pedestrian ways using local limestone aggregate and 
recycled materials. Recycled materials preserve resources, decrease waste, and are 
growing interest in road construction (Jullien, et al., 2010). The research was carried 
out by manufacturing several pavement slabs using different production methods 
and by varying the type and amount of light reflecting materials. The reflection 
properties of these samples were measured and aggregates’ potential for road 
lighting was studied.  

This research was done at Aalto University School of Science and Technology in 
co-operation with the Lighting Unit and the Highway Laboratory and it is part of 
ongoing research project called “SolarLED” which is carried out by Lighting Unit of 
Aalto University School of Science and Technology. The research project 
“SolarLED” is funded by the Finnish Funding Agency for Technology and 
Innovation and Finnish lighting industry.    
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2. Introduction to road lighting 

The purpose of road lighting is to make people, vehicles and objects on the road 
visible without causing discomfort to the driver. Road lighting produces a difference 
between the luminance of the person, vehicle, or object and the luminance of its 
immediate background, which is usually the road surface or its edges (Boyce, 2008). 
The luminance contrast is the difference between the luminance of an object and its 
background. Objects on the road are visible if its contrast with the road surface will 
be greater than the threshold contrast. The threshold contrast is the minimum 
contrast at which an observer can just perceive an object from its surroundings. 
Luminance contrast is positive if an object is brighter than its background and 
negative if an object is darker than its background. (van Bommel, et al., 1980) 

Road lighting standard in Europe (CEN 13201:2-4, 2003) gives values for 
illuminance and luminance and their distribution on the road surface. Furthermore, 
the standard gives measures of the loss of visibility caused by the glare of the 
luminaries of a road lighting installation. Illuminance is used for design criteria for 
e.g. pedestrian and cyclist ways and for special cases of roads with motorized traffic. 
However, illuminance levels do not correlate well with visibility or driver 
performance (Arecchi, et al., 2007). Illuminance on a road surface refers only to the 
amount of light reaching the surface which gives no indication how bright the 
surface will appear. Illuminance (E) is the amount of light (luminous flux Φ) falling 
on a unit surface area (A). The SI unit for illuminance is lux (lx). 

dA
dE �

�      [1] 

Road surface luminance and luminance distributions affect the visual comfort 
and reliability of perception of the driver (Boyce, 2003). Luminance (L) is a 
photometric measure and it describes the brightness of the surface. The luminance of 
any point on the road surface is a function of the illuminance on the road and the 
reflection characteristics of the road surface. Luminance is defined as the luminous 
flux per unit projected area. Alternatively, it is the luminous intensity of a surface 
emitted in a certain direction, divided by the projected surface area in that direction. 
The SI unit for luminance is candela per square meter (cd/m2).  

�cosdAd
dL

�
�

�     [2] 

where Φ is luminous flux, A surface area, Ω solid angle, and θ denoting the angle 
between the direction of the solid angle Ω and the normal of the emitting or 
reflecting surface area A (see Figure 1a).  

The average luminance (Lave), overall luminance uniformity ratio (Uo) and 
longitudinal luminance uniformity ratio (Ul) are calculated for the specified field of  
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calculation (see Figure 2) described in the standard (CEN 13201:3, 2003) The 
average luminance is the arithmetic mean of all luminances at the grid points in the 
field of calculation. The overall luminance uniformity is the ratio of the lowest 
luminance value occurring at any grid point in the field of calculation to the average 
luminance value. The longitudinal luminance uniformity is the ratio of the lowest to 
the highest road surface luminance found in the centre line along a driving lane. 

 

 

Figure 1. a) Angles Ω (solid angle) and θ (angle between the surface normal and 
viewing angle) upon which the luminance is dependent. Also the reflection profile 
q(γ,β) as a function of γ and β for an angle of observation α is given. b) Angles α 
(angle of observation), β (angle between plane of light incidence and plane of 
observation), γ (angle of light incidence) and δ (angle between plane of observation 
and road axis) upon which the luminance coefficient q of a road surface is 
dependent at the point of interest P.  (van Bommel, et al., 1980) 

Average road surface luminance is an important factor in road lighting and it is 
highly correlated with visual performance (Boyce, 2003; Schreuder, 1998). 
Increasing the average luminance level decreases accident risks, hence, lengthen the 
sight distance, increase perception, and shorten the reaction time (Boyce, 2008; van 
Bommel, et al., 1980). The degree of visual comfort experienced by the user is 
dependent upon the value of the average road surface luminance to which he is 
adapted (van Bommel, et al., 1980). Thus, the higher this luminance is, the more 
comfortable are the driving conditions. Uniformity of the luminance pattern is 
another important quality criteria relating to the road lighting. The overall 
uniformity influences visual performance and the longitudinal uniformity influences 
visual comfort (van Bommel, et al., 1980). 

Road lighting recommendations vary in detail form one country to another 
(Boyce, 2008). However, there are some common features such as division of the 
road network into different classes based on e.g. the type of users, and road 
geometry. In addition, most road lighting recommendations contain metrics for the 

a) b) 

γ δ 

β 

α 

P 

α 

θ 

dΩ q(γ,β) 

P 
dA 

dΦ 



Investigation of Pavement Light Reflection Characteristics     591 
 
amount and distribution of light on the road, and the extent of disability glare 
produced by the road lighting. (Boyce, 2008) 

 

Figure 2. Field of calculation denoted 1 in the figure covers the space of a driving 
lane between two adjacent luminaires at the same side of the road. S is the luminaire 
sapcing and W is the width of the traffic lane. The observer denoted 2 is set at the 
distance of 60 m from the first luminaire at the center of each lane (W/2) and at the 
height of 1.5 m. The calculation points marked �  are evenly spaced at the distance 
of D = S/N in the longitudinal direction, where the number of calculation points N = 
10 for S ≤ 30 m and for S > 30 m N is the smallest integer giving D ≤ 3 m. In the 
transverse direction the spacing between the points is d = W/3. The spacing of the 
points from the edges of the field of calculation is D/2 in the longitudinal direction 
and d/2 in the transverse direction. The calculations are made for each driving lane.  
(CEN 13201:3, 2003) 

Road lighting standard in Europe (EN 13201:2-4) was approved by European 
Committee for Standardization (CEN) in 2003. It comprises of four independent 
parts of which one is a technical report and three other parts constitute the standards. 
The technical report (CEN 13201:1, 2003) specifies the lighting classes mentioned 
in the standard and gives guidelines on the application of these classes. The standard 
(CEN 13201:2-4, 2003) defines, according to photometric requirements, lighting 
classes for road lighting aiming the visual needs of road users, and it considers 
environmental aspects such as day and night time appearance and comfort of road 
lighting. In addition, the standard defines and describes the conventions and 
mathematical procedures in calculating the photometric performance of road 
lighting installations (CEN 13201:3, 2003). Also, procedures for making 
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photometric and related measurements of road lighting installations are defined 
along with giving the examples of measuring reports (CEN 13201:4, 2003). 

The current system used for the calculation of road surface reflection properties 
and surface classification is defined by the International Commission on 
Illumination (CIE). It was first published in 1976 (CIE 30, 1976) and later revised in 
the CIE publication No 30-2 “Calculation and measurement of luminance an 
illuminance in road lighting” (CIE 30-2, 1982). 

Road surface reflection properties depend on the nature and physical state of the 
pavement (CIE/PIARC, 1984). The pavement reflection characteristics depend on 
the aggregate type, color and lightness, binding material, texture of the surface and 
method of construction of the surface. Furthermore, the prevailing conditions on the 
road affect the reflection properties of the road surface. Road surface reflection 
properties change due to wearing and different weather conditions. In countries 
where studded tires are used the wear of the road surface is considerable during the 
winter season. When the surface is wet or moist the specular reflection increases, 
resulting in greater luminance non-uniformity (Frederiksen, et al., 1976).  

The reflection characteristics of a road surface are specified by set of luminance 
coefficients. The luminance coefficient q is the ratio of the luminance (L) at an 
element on surface to the illuminance (E) at the same element for given angles of 
viewing and angles of incident light (van Bommel, et al., 1980). The luminance 
coefficient is defined by the four angles α, β, γ and δ (see Figure 1a and 1b ): β is the 
angle between vertical plane of light incidence and vertical plane of observation; γ is 
the angle of light incidence from the upward vertical; α is the angle of observation 
from the horizontal; δ indicates the angle between the vertical plane of observation 
and the road axis (CIE/PIARC, 1984; van Bommel, et al., 1980). The influence of 
the angle δ can usually be neglected due to a fact that most road surfaces are almost 
completely isotropic. Moreover, for the standardized viewing height of 1.5 m (CEN 
13201:3, 2003; CIE/PIARC, 1984) and for the area of road between 60 - 160 m 
ahead of a driver, which is considered important area to detect obstacles (van 
Bommel, et al., 1980), α is held constant at 1º. Thus 

E
Lq �      [3] 

The reflection table (r-table) fully describes the reflection characteristics of a 
road surface.  The reflection table is expressed in terms of reduced luminance 
coefficients r given by  

�3cosqr �      [4] 
In the reflection table the reduced luminance coefficient is given by 

combinations of angles β and γ as specified above. 
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Most surfaces can be reasonably well be described in terms of their lightness and 
specularity.  The parameters to express these qualities numerically are the average 
luminance coefficient Q0 for the lightness and specular factors S1 and S2 for the 
specularity. However, S2 and S1 are closely correlated; the inclusion of the former 
does not give any important additional information (van Bommel, et al., 1980). The 
average luminance coefficient is defined by 

�
�

�
�

�
0

0
0

0

1 qdQ     [5] 

where q is the luminance coefficient and Ω0 is the solid angle of the integration area 
expressed in terms of β and tanγ , measured from the point on the surface, 
containing all those directions from which light is incident that are taken into 
account in the averaging process (CIE/PIARC, 1984). The integration limits for the 
calculation of Q0 are β = 0° to β = 180° and tanγ = -4 to tanγ = 12. Figure 3 shows 
these limits as projected on the road surface. 

 

Figure 3. Integration boundaries for the calculation of the average luminance 
coefficient Q0 in terms of tanγ (tanγ = -4 to tanγ = 12) and β (β = 0° to β = 180°) as 
projected on the road surface. (van Bommel, et al., 1980) 

The specular factor S1 is defined as a ratio of reduced luminance coefficient r (β 
= 0º, tanγ = 2) to reduced luminance coefficient r(β = 0º, tanγ = 0), i.e. 

)0,0(
)2,0(1

r
rS �      [6] 

Similarly, specular factor S2 is a ratio of the average luminance coefficient to a 
reduced luminance coefficient r(β = 0º, tanγ = 0)  
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)0,0(
2 0

r
Q

S �      [7] 

The reflection properties of a road surface can be described using the average 
luminance coefficient Q0 and the specular factors S1 and S2. Each road surface has a 
unique r-table, thus, Q0, S1 and S2 values, which change over time due to wearing. 
These parameters can be measured for real roads; however, it is rarely done in 
practice or even impossible at the road lighting design state. In a system defined by 
CIE (CIE/PIARC, 1984) road surfaces are classified into classes according to the 
value of the specular factor S1 (Table 1). For dry road surfaces three classes are in 
use, the R, N and C. In 1976 the CIE recommended R and N class systems for road 
lighting (CIE 30, 1976). The N class system is intended for surfaces where artificial 
surface brighteners are used to give diffuse reflecting surfaces. In 1984 the CIE 
recommended the C class system (CIE/PIARC, 1984). The C class system is a two 
class system, where R2, R3 and R4 are combined to one C2 class, as there is little 
change in the Q0 values of these three R classes (Boyce, 2008). For wet surfaces the 
W classes are in use and the classification is made according to a modified 
parameter S1’given in equation 8 for S1W > 1  

687.0
1

147.0
1

log

147,0
'1log

0W

W

Q

S
S

	

�      [8] 

where S1W and 
W

Q0  are those for the wet conditions. For S1W ≤ 1 S1’ = S1W.  

Table 1. Classification system for road surface classes R, N, C and W and the 
standard values of Q0 and S1 (CIE 30-2, 1982.) The R1 class is considered diffuse, 
R2 class slightly specular, R3 fairly specular and R4 class very specular.  

Standard table S1-limit S1 of standard Normalized Q0 value 

R1 S1 < 0.42 0.25 0.10 
R2 0.42 ≤ S1 < 0.85 0.58 0.07 
R3 0.85 ≤ S1 < 1.35 1.11 0.07 
R4 1.35 ≤ S1 1.55 0.08 
    
N1 S1 < 0.28 0.18 0.10 
N2 0.28 ≤ S1 < 0.60 0.41 0.07 
N3 0.60 ≤ S1 < 1.30 0.88 0.07 
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N4 1.30 ≤ S1 1.61 0.08 
    
C1 S1 < 0.40 0.24 0.10 
C2 S1 ≥ 0.4 0.97 0.07 
    
W1 S1’ < 9.6 5.8 0.088 
W2 9.6 ≤ S1’ < 26.5 16 0.091 
W3 26.5 ≤ S1’ < 73 44 0.097 
W4 73 ≤ S1’ < 200 121 0.104 

 

The values of the average luminance coefficient Q0 and specular factor S1 affect 
the road lighting design. The larger the Q0 value the longer the lantern spacing or the 
smaller the lamp power needed. Large S1 values complicate the lantern placements. 
Road surface luminance values and luminance uniformity change easily as pavement 
surface physical state changes (Finnish Road Administration, 2006). The changes of 
S1 and S2 affect differently the luminance distribution. Increasing the factor S1 leads 
to rapid decrease in the overall uniformity Uo, while it has little effect on the 
longitudinal uniformity Ul. Increasing S2, on the other hand, increases both the 
overall uniformity and the longitudinal uniformity (Frederiksen, et al., 1976).  

3. Pavements 

Asphalt mixtures are comprised of various sizes of aggregate particles, mineral 
filler, and binding agent, which is typically bitumen.  The color of asphalt pavement, 
i.e., if it is light-colored or dark-colored, is dependent on the mixture type, color of 
aggregate used in the mixture, service conditions and time in service.  Open graded 
mixtures have different reflection properties compared to the dense-gradated 
mixtures and their properties take longer time to stabilize.  The time that the 
pavement color stabilization takes place after lay down depends on the amount of 
traffic, the use of studded tires, and the age of pavement. Solar radiation and 
oxidation ages bitumen by increasing its viscosity and lowering its penetration. This 
in turn will affect the amount of fine particles or “dirt” that will stick to the 
pavement surface.  Studded tires will wear small mastics and bitumen particles from 
the pavement surface exposing aggregates to the tire wear.  Due to these changes 
field measurements should be delayed until pavements have stabilized to obtain 
reliable r-values.  

The natural color of aggregate gives the pavement its different shades of black 
and grey and sometime pinkish color.  The natural color is exposed when bitumen 
wears away by traffic. There are ways to color an asphalt pavement by using 
additives in the asphalt binder such as iron oxide or different iron compounds. Also 
synthetic binders that contain no asphaltines have been used. For instance, resin 
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modified emulsion binder is made from tall oil resins. Pavement is colored full depth 
and there are no surface wear-off concerns. Coloring can also be achieved by 
coating the surface of the pavement with epoxy-fortified acrylic emulsion or 
aggregate chips. Colored surfacing could also be done by using hot rolled asphalt 
with colored aggregate chippings. However, these surface coatings may give 
negative effects on friction. Another possible disadvantage is that they may wear off 
with time and need to be renewed. The major disadvantage, however, is that these 
types of synthetic binders are very expensive and it would not be cost effective to 
use them in large quantities. They are usually used in special applications such as 
tunnels to aid the lighting conditions. For instance, white bitumen with white 
aggregate has been used in Confignon Tunnel located in freeway A1 near Geneva in 
Switzerland and the tunnel is reported to have delivered light savings of 40% 
(Markham, 2009). 

In this study the aim was to investigate pavement reflection characteristics at 
urban applications such as bicycle paths and pedestrian walkways. If the pavement 
is laid on bicycle path or pedestrian pathway, it will not be exposed to wear off by 
traffic and studs. On the other hand, if large areas are in concern like city squares 
and long walkways, due to the cost constrains it is more appropriate to use light-
colored pavements that would be cheap to produce. Therefore, it was decided that 
regular asphalt pavements with surface coatings would be investigated.  The 
cheapest way of applying surface coating on asphalt pavement is to sprinkle light 
colored chips at the top during production.  

3.1. Raw Materials Used 

Three types of raw materials were used in the experiment: crushed limestone, 
crushed cement concrete, and crushed waste glass, see Table 2. In addition, factory 
made concrete paving stones were tested for reference. These paving stones are used 
in various applications in residential areas; therefore they provide a good point of 
reference for the feasibility of light colored paving surfaces. The materials studied 
were obtained from the waste glass plant, concrete factory and from aggregate 
quarries.  Samples were taken from the materials to study gradation distribution, 
shown in Figure 4.  Slabs were made using different fractions of gradation from 
each material. Gradations were used either as is or removing material finer than 1 
mm, or removing material finer than 5.6 mm.  The yield of material needed varied 
greatly as Figure 4 shows.  The yield was poorest for the crushed waste glass 
Tasolasi and crushed cement concrete for applications where all material less than 
5.6 mm was wasted.  Figure 5 shows the difference of aggregate particle size and 
color of Koskenkylä base aggregate and crushed limestone and waste glass 
chippings.   
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Table 2. Materials used and their source. 

Materials Color Source Application 
Crushed limestone, 
Solhem  slightly pink limestone quarry chippings 

Crushed limestone, 
Törmä white limestone quarry chippings 

Crushed cement 
concrete  white concrete factory chippings 

Crushed waste glass, 
Tasolasi  slightly green waste glass plant chippings 

Crushed waste glass, 
Kirkas lasi  no color waste glass plant chippings 

Crushed aggregate, 
Koskenkylä  

brownish 
grey granite quarry aggregate for 

base mixture 
Factory made concrete 
paving stones 

white, light 
grey and grey paving stone factory reference 

surface 
 

 

Figure 4. Particle gradation of chip materials crushed waste glass (Tasolasi), 
crushed cement concrete (Concrete), crushed limestone (Solhem) and crushed waste 
glass (Kirkas lasi) 
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 .  

Figure 5. Törmä crushed lime stone, clear waste glass (Kirkas lasi), Solhem 
crushed limestone, waste glass (Tasolasi) and Koskenlylä base aggregate.    

3.2. Experimental plan  

The study plan was to prepare asphalt concrete slabs and saw three (200 x 200 
mm) samples for the pavement surface reflection measurement. The manufacturing 
of slabs was conducted at the Highway Laboratory and the detailed experimental 
plan was evolving based on the reflection measurement results. The amount of chips 
sprinkled to the slab ranged from 1 to 4 kg/m2 and also the chips size was varied. A 
total of five slabs were manufactured. The reflection measurements were done from 
the slab with no treatment and then the slab was sand blasted and measured again. 
The aim of the sand blasting was to stabilize the surface by mimicking the wear by 
traffic. Table 3 summarizes information of each slab and how it was manufactured.  

   

3.3. Base mixture and slab manufacturing  

The base mixture was a typical Finnish asphalt cement concrete with nominal 
aggregate size of 11 mm. The mixture was prepared according to PANK 
specification (PANK, 2007) using 5.8 % pen 70/100 binder. Five percent mineral 
filler, which was calcium carbonate, was also used. The final gradation and 
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specification envelope (dashed lines) are given in Figure 6. The mixture was 
fabricated using 30 kg laboratory mixer and then poured to a wooden box to prepare 
a slab for the testing. For the first slab, mixture was compacted first using laboratory 
roller at static mode performing compaction at 150°C by applying one pass of roller. 
Then the chips were sprinkled by hand over the slab. One slab was used to obtain 
three separate test areas, see Figure 7b.  The slab was then further compacted to 
obtain the required density for the mixture, see Figure 7a. A total of nine more 
passes were made 3 in static mode followed by 3 using vibration, and the final 3 
passes were in static mode.  

Table 3. Manufactured slabs and the use of chip materials and the amount of 
sprinklings (kg/m2).  

Slab Id Chip materials Chip size 
mm 

Amount 
kg/m2 

Slab 
treatment 

Roller 
passes 

1a Crushed limestone, 
Solhem 

1/8 1 w/o, w sand 
blasting 1+9 1b Crushed cement 

concrete 

1c Crushed waste 
glass, Tasolasi 

2a,3a,4a crushed limestone, 
Solhem 0/11,2 2,3,4 w/o, w sand 

blasting 1+9 

2b,3b,4b Crushed cement 
concrete 0/11,2 2,3,4 w/o, w sand 

blasting 1+9 

5a Crushed limestone, 
Solhem 

5,6/11,2 4 w/o, w sand 
blasting 0+9 5b Crushed limestone, 

Törmä 

5c Crushed waste 
glass, Kirkas 

 
As it was noticed during the sand blasting that the chips were getting loose from 

the surface, the fourth and fifth slabs were done differently. The chips were 
sprinkled over the slab before any compaction and then 9 passes were applied 
similarly as for the other slabs.  The fifth slab was made using two types of 
limestone chips, Solhem and Törmä, and white crushed waste glass (Kirkas lasi). 
Also, the chip size was larger than in the previous trials, see Figure 7b.   
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Figure 6. Typical asphalt concrete AB11 (Koskenkylä aggregate) gradation for 
pedestrian walkway.  

 

The second and third slabs were done using by the same compaction method.  

4. Measurement set-up  

The reflection characteristics measurements were done in the lighting unit using 
a  goniophotometer (Figure 8b). The measurement set-up consists of a fixed table, 
where the pavement sample is placed, see Figure 8a. A spot luminance meter 
Prichard 1980A is fixated to the pavement sample. The luminance meter is placed at 
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Figure 7. (a) Compaction of slab No 1 with sprinkled chips, and (b) sprinkling 
chips for slab no 5. 
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an observation angle of 1º. The area where the luminance is measured is delimited 
by shield plates. The luminance is measured through the gap in the shield plates. The 
measuring area is defined by the aperture of the luminance meter and the size of the 
gap between the shield plates.  

 

 

 

 

A metal halide lamp is set at constant distance from the sample and it is moved 
over an arc about the sample. The light source is at the bottom of a 3 m long arm in 
a case, which purpose is to eliminate ambient light. A lens gathers up the light 
towards the top of the arm, where a mirror reflects it to the center of the pavement 
sample. Thus, the total length of the light source from the pavement sample is 5 m. 
The purpose of the lens and a long arm is to ensure that the light beams that hit the 
pavement sample are parallel. The range of angles from β = 0º to β = 180º and tanγ = 
0 to tanγ = 12 are attained by moving the motorized arm. 

The aim of the measurement is to determine the r-values for a specific set of 
combinations of β and tanγ. In total 396 points are measured. The measured value is 
in fact the luminance coefficient q, from which the reduced luminance coefficient 
can be derived using Equation 4. Since q is defined as the ratio of the luminance to 
the illuminance, the q values can be obtained from a series of luminance and 
illuminance measurements. Using relative calibration method it is possible to 

b) 

Figure 8. In the surface reflection measurement system (Figure 8b) the  pavement
sample is placed to a fixed table (Figure 8a) and the luminance is measured through
a gap. A motorized arm with light source is moved over an arc to obtain different 
combinations of β and γ. 

a) 
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calibrate the measuring set-up in such a way, that only luminances need to be 
measured. 

In a relative calibration method a diffuse surface with a known reflection 
coefficient σ is set perpendicular to the angle of light incidence and the luminance L0 
of the reference surface is measured. The luminance coefficient q for the 
corresponding luminance L and angle γ is then equal to  

�

�
cos0L
Lq �     [9] 

The accuracy of the luminance meter Pritchard 1980A is ± 4 % (Photo Recearch 
Inc., 2009). The accuracy of the goniophotometer is 5…15 % depending on the 
roughness of the pavement sample (Leikas, 1972). The inaccuracy is caused by 
setting up the pavement sample and the luminance meter, the pavement sample and 
the luminance meter itself, turning the arm to obtain angles β and γ, the light source 
and the calibration method. 

5. Results 

The reflection tables were measured for all the manufactured samples. Some of 
the samples were measured after they had been sand blasted. Sand blasting was used 
to simulate wearing as these pavement materials were designed for pedestrian and 
bicycle ways. The average luminance coefficient Q0 and specular factors S1 and S2 
were calculated from the measured r-tables.  

The results for the first slab with three different pavement samples are presented 
in Table 4. The samples are presented in Figure 9. Reflection properties are good in 
terms of lightness and specularity when Q0 is big (> 0,10) and S1 is low (< 0,42), 
which are the limits of the most diffuse R1 class.   

New non-wearing pavements are dark and have specular reflection (Dumont, et 
al., 2008). The sample with pieces of glass (1c) is the darkest of these samples and it 
has fairly specular reflection. Wearing of this sample does not influence the 
reflection properties significantly; the average luminance coefficient is the same as 
for the samples with no treatment and specular factor S1 decreases slightly. The 
slightly specular reflection is caused by the glass pieces. Preliminary testing 
indicates that the best materials of the first slab are the cement concrete chips and 
limestone chips. These were then selected for further testing.   

In the next step the amount of concrete and limestone were increased to 2, 3 and 
4 kg/m2. The reflection measurement results of these samples are presented in 
Tables 5 and 6.  
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Figure 9. a) From left to right limestone (1a), concrete (1b) , and waste glass (1c).   

Table 4. Measured Q0, S1 and S2 values for sprinkled chips from slab 1 for 1 kg/m2.  

Slab id Chip material at 
the top of slab Amount Samples with 

 no treatment 
Sand blasted 

samples 
  kg/m2 Q0 S1 S2 Q0 S1 S2 

1a Crushed 
limestone, Solhem 1 0.07 1.05 2.29 0.07 0.46 1.74 

1b Crushed cement 
concrete  1 0.08 0.62 1.66 0.06 0.28 1.43 

1c Crushed waste 
glass, Tasolasi 1 0.06 0.98 2.25 0.06 0.75 1.98 

Table 5.  Measured Q0, S1 and S2 values for crushed cement concrete chips from 
slabs 2, 3, and 4. 

  Crushed cement concrete chips 

Slab id Amount Samples with no treatment Sand blasted samples 

 kg/m2 Q0 S1 S2 Q0 S1 S2 
1b 1 0.08 0.62 1.66 0.06 0.28 1.43 
2b 2 0.10 0.18 1.47 0.05 0.26 1.87 
3b 3 0.11 0.12 1.42    
4b 4 0.11 0.08 1.60    
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Table 6. Measured Q0, S1 and S2 values for crushed limestone chips from slabs 2, 
3, and 4. 

  Crushed limestone chips 

Slab id Amount Samples with no treatment Sand blasted samples 

 kg/m2 Q0 S1 S2 Q0 S1 S2 
1a 1 0.07 1.05 2.29 0.07 0.46 1.74 
2a 2 0.08 0.31 1.63 0.07 0.21 1.47 
3a 3 0.10 0.25 1.85    
4a 4 0.10 0.16 1.46 0.07 0.19 1.44 

 

Increasing the amount of concrete chips in the samples (2b, 3b, 4b) increases the 
lightness and decreases the specularity. However, there are only minor differences in 
the average luminance coefficient Q0 value as the concrete chips amount exceeds 2 
kg/m2. The grading size of the concrete chips is the same for 2b, 3b and 4b samples 
and the used aggregate consists also of very fine particles. As a result, the fine 
material is spread over the samples resulting in fairly homogeneous light surface for 
the three samples. The grading size for the 1b sample lacks the fine material as well 
as the large particles. As a consequence, a greater amount of bitumen appears on the 
1b sample surface. Thus, the sample is darker. The higher specularity factor of the 
1b sample with no treatment is due to the high amount of apparent bitumen.  

Sand blasting of the concrete chip samples wears most of the light concrete chips 
away resulting in somewhat uniform dark surface. The average luminance 
coefficient and specular factors of the sand blasted samples are almost the same 
regardless of the amount of concrete chips. The sand blasting removed almost all the 
concrete chips from the 2b, 3b and 4b samples and most of the concrete chips from 
the 1b sample, which explains the difference in the average luminance coefficient 
value of these samples.  

Increasing the amount of limestone in the samples (2a, 3a, 4a) increases the 
lightness and decreases the specularity. However, the changes are distinguishable 
from the respective concrete chip samples. The aggregate grading sizes are the same 
for limestone samples of 2a, 3a and 4a as for the concrete chip samples. However, 
the fine limestone does not form as uniform surface as concrete chips. For this 
reason, the average luminance coefficient increases and the specular factor S1 
decreases as the amount of limestone on the samples increases. Sand blasting, on the 
other hand, wears the 2a, 3a and 4a samples similarly and the Q0, S1 and S2 values 
of the sand blasted samples are almost the same. The high specular factor of 1a 
sample with no treatment is caused by the amount of bitumen on the surface.   
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The measurements show that the light concrete chip material wears out 
completely revealing the dark bitumen surface. Also, the very fine material wears 
out from the limestone samples leaving only the medium size particles on the 
sample surface. For this reason, the limestone was selected for further testing. 

In the next step two different kinds of limestone and also crushed waste glass 
samples were tested. The grading size was changed and the amount of light 
reflecting material was 4 kg /m2. Also, the manufacturing method was changed. The 
reflection measurement results of these samples are presented in Table 7 and the 
samples are shown in Figure 10.  

Table 7. Slab no 5 with 4kg/m2 of chipping material. 

Slab id Chippings Samples with no 
treatment Sand blasted samples 

  Q0 S1 S2 Q0 S1 S2 

5a Crushed limestone, 
Solhem 0.09 0.36 1.47 0.11 0.13 1.11 

5b Crushed limestone, 
Törmä 0.10 0.40 1.7 0.14 0.12 1.34 

5c Crushed waste 
glass, Kirkas lasi 0.11 1.38 3.8 0.12 0.48 1.98 

 

 

Figure 10. a) From left to right limestone (Solheim) (5a), crushed waste glass (5c), 
and limestone (Törmä) (5b). 
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The waste class sample (5c) is very specular and had very high luminance values 
at certain light incidence angles. The sand blasting diffuse the waste sample glass 
surface significantly and results in rather light and slightly spacular surface from the 
lighting point of view. The two limestone samples (5a, 5b) have rather similar 
reflection properties. The white Törmä limestone (5b) has slightly higher Q0 value 
and lower S1 value, thus, it is slightly better than the reddish Solheim limestone 
(5a). Sand blasting does not wear the limestones from the samples and due to sand 
blasting the average luminance coefficient increases and the specular factors 
decrease for both of the samples.  

Table 8. Factory made concrete paving stones   

Id Reference material Samples with no treatment 

  Q0 S1 S2 

ps-w Small paving stone, white 0.19 0.30 1.43 

ps-g Large paving stone, grey 0.17 0.14 1.29 

ps-lg Large paving stone, light grey 0.18 0.12 1.27 
 
As reference, the reflection properties of three factory made concrete paving 

stones were measured. The results are presented in Table 8. The average luminance 
coefficients Q0 were 0.17, 0.18 and 0.19, which are significantly higher than any 
other measured sample and higher than the normalized value (0.10) for the R1 road 
class. Also the specular factor S1 classifies all the samples into road class R1. Thus, 
the samples are light and diffuse. The samples were not worn as it is expected that 
these samples mostly darken with wearing.  

 

6. Road and pedestrian way lighting calculations 

The following examples of road lighting calculations show, how the measured 
road surface reflectance values are applied. The calculations are made for two-lane 
roadway of 7 m width and for a pedestrian way of 3 m width adjacent to each other. 
The luminaires used are Philips Manta with a 150 W metal halide lamp and Philips 
Manta with a 100 W high pressure sodium lamp and they were set to a 8 m high pole 
positioned 0.5 m from the edge of the pedestrian way. The luminaire spacing was a 
result of optimal design for lighting glass ME3c (Lm ≥ 1 cd/m2, U0 ≥ 0.4, Ul ≥ 0.5, TI 
≤ 15, SR ≥ 0.5) for roadway and S2 for pedestrian way. Pedestrian way is designed 
according to illuminance and the limits for S2 class are Eave  ≥ 10 lx and Emin ≥ 3 lx. 
The roadway average luminance, overall luminance uniformity and longitudinal 
luminance uniformity and the pedestrian way average illuminance and minimum 
illuminance are calculated using the DIALux software (DIALux, 2009). The 
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DIALux calculates all these values based on the reflection table of the road surface, 
the luminous intensity distribution curve of the luminaire and the design parameters 
(pole spacing, pole height, tilt angle of the luminaire, luminaire overhang, road 
width etc.) of the setup. Thus, the measured reflection tables are imported to 
DIALux and used for the calculation. The illuminance on the road surface remains 
the same regardless of the pavement material. Luminance of the road surface, on the 
other hand, depends on the reflection properties of the pavement material.  

Table 9. Calculation results for high pressure sodium lamp (HPS) installation and 
metal halide lamp (MH) installation of the optimized lantern spacing (S) for each 
pavement sample. The installation annual power consumption (P) is given in 
kilowatts per kilometer and the installation annual cost (cost) in euros per 
kilometer. The sand blasted samples are marked “sb” at the end of the samplename. 

Slap id 
HPS 100W MH 150W 

S 
[m] 

P 
[kW/km] 

cost 
[€/km,a] 

S 
[m] 

P 
[kW/km] 

cost 
[€/km,a] 

1a 23 5.12 1995 33 4.38 1709 
1a-sb 25 4.72 1839 32 4.52 1761 
2a 26 4.54 1770 33 4.38 1709 
2a-sb 21 5.59 2181 30 4.81 1875 
3a 35 3.40 1326 31 4.66 1816 
4a 36 3.31 1291 30 4.81 1875 
4a-sb 22 5.34 2083 31 4.66 1816 
1b 27 4.37 1706 36 4.03 1571 
1b-sb 22 5.34 2083 32 4.52 1761 
2b 35 3.40 1326 31 4.66 1816 
2b-sb 14 8.33 3248 22 6.50 2536 
3b 34 3.50 1364 28 5.14 2005 
4b 32 3.71 1446 27 5.33 2077 
1c 17 6.88 2683 26 5.52 2155 
1c-sb 19 6.17 2405 29 4.97 1937 
5a 32 3.71 1446 32 4.52 1761 
5a-sb 33 3.60 1404 28 5.14 2005 
5b 34 3.50 1364 31 4.66 1816 
5b-sb 33 3.60 1404 28 5.14 2005 
5c 22 5.34 2083 29 4.97 1937 
5c-sb 36 3.31 1291 31 4.66 1816 
ps-w 38 3.14 1225 31 4.66 1816 
ps-g 34 3.50 1364 28 5.14 2005 
ps-lg 35 3.40 1326 29 4.97 1937 
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Although, these pavement materials are intended to be used in pedestrian way 
where the photometric requirements are independent from road surface materials, 
calculations for roadway are preformed to demonstrate the influence of light 
pavement material on the road lighting performance. Table 9 shows the calculation 
results for the optimized lantern spacing (S), the annual power consumption per year 
and installation annual energy costs for each pavement sample. Figures 11 and 12 
show the installation annual energy costs per kilometer using the different pavement 
materials and different light sources. The energy price was 0.1 €/kWh and the 
annual operation time 3900 hours.  

 

Figure 11. Average cost per kilometer as a function of pavement lightness Q0 of the 
sample pavements and standard R1 and R2 pavements using high pressure sodium 
lamp. 

The calculations using high pressure sodium lamp show that all the samples 
except sample 5c follow the installation annual energy cost calculated for scaled 
standard road classes R1 and R2. The use of lighter pavements (higher Q0 value) 
results in lower costs. Sample 5c, however, belongs to road class R4 and the 
installation annual energy cost difference between the corresponding scaled standard 
road class and sample 5c  is smaller but still greater than the difference for the other 
samples presented in Figure 11. Some of the pavement samples result in higher 
pedestrian way lighting costs compared to the actual scaled standard road class and 
some pavement samples result in lower costs. There is no specific pattern comparing 
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the Q0, S1 or S2 values e.g. high specular values causes higher costs etc., that would 
explain the difference. An explanation could be the shape of the reflection indicatrix.   

The annual cost per kilometer decrease as the Q0 value increases. For Q0 ≥ 0.1 
the impact to the annual cost is not significant. The road surface average luminance 
increases as Q0 value (Q0 ≥ 0.1) increases allowing longer lantern spacing. The 
luminance uniformity requirements, however, are not satisfied for longer lantern 
spacing. Figure 13 presents the average luminance coefficient Q0, average road 
surface luminance Lm and lantern spacing S for each pavement sample for the 100W 
high pressure sodium lamp and 150W metal halide lamp. The luminance uniformity 
requirements (U0, Ul) are satisfied in all the cases.  

The calculation results for the metal halide lamp installation presented in Figure 
12 show that impact of the Q0 value to the street lighting installation annual costs 
does not decrease as the Q0 value increases. Instead, the installation annual costs 
increase for Q0 ≥ 0.9. Also, the installation annual costs are higher compared to the 
costs calculated for the scaled standard R1 and R2 pavements. The installation 
annual costs are the same for the scaled R1 pavement for Q0 ≥ 0.6 and for the scaled 
R2 pavement for Q0 ≥ 0.7. The average road surface luminance, on the other hand, 
increases as the Q0 value increases (see Figure 13). The impact to the luminance 
uniformities is greater in the metal halide installation than in the high pressure 
sodium lamp installation.  

Figure 12. Average cost per kilometer as a function of pavement lightness Q0 of the 
sample pavements and standard R1 and R2 pavements using metal halide lamp. 
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Figure 13. At the bottom chart the average luminance coefficient Q0 of each 
pavement sample is shown. In the middle the average road surface luminance Lm 
using 100W high pressure sodium lamp (HPS) and 150W metal halide lamp (MH) 
are shown. At the top lantern spacing S of the HPS and MH installations are shown. 
The sand blasted samples are marked “sb” at the end of the samplename.  

The calculations indicate that longer lantern spacing could be used to satisfy the 
road lighting photometric requirements of the pavement samples that have higher Q0 
value. According to these samples and these lighting installations the annual energy 
costs per kilometer are lower for the 100W high pressure sodium lamp installation 
when Q0 ≥ 0.09 and for the 100W metal halide lamp installation when Q0 < 0.09. 
Optimization of  the lantern spacing for the factory made sample of small white 

0,00 

0,05 

0,10 

0,15 

0,20 

0 

10 

20 

30 

0,0 

1,0 

2,0 

3,0 

4,0 

1a
1a

-s
b 2a

2a
-s

b 3a 4a
4a

-s
b 1b

1b
-s

b 2b
2b

-s
b 3b 4b 1c

1c
-s

b 5a
5a

-s
b 5b

5b
-s

b 5c
5c

-s
b

ps
-w

ps
-g

ps
-lg

Qo Lm (HPS) S (HPS) Lm (MH) S (MH)
La

nt
er

n 
sp

ac
in

g 
S 

[m
] 

Av
er

ag
e 

lu
m

in
an

ce
 L m

 [c
d/

m
2 ]

 

Av
er

ag
e 

lu
m

in
an

ce
  c

oe
ffi

ci
en

t Q
0 

40 



Investigation of Pavement Light Reflection Characteristics     611 
 
paving stone result in 38 m lantern spacing while sample 2b (sand blasted) results in 
14 m lantern spacing for the high pressure sodium lamp. Increasing the lantern 
spacing for 2b (sand blasted) means increasing the lamp power. However, according 
to these calculations the annual costs per kilometer is lower for the 150W metal 
halide lamp installation than for the 100W high pressure sodium lamp installation 
for the 2b sample. With high pressure sodium lamp the optimized lantern spacing 
are 29 m for 150 W  light source, 33 m for 250 W light source and 18 m for 400 W 
light source for 2b (sand blasted) sample.  

 

7. Discussion 

For outdoor lighting, the pavement reflection characteristics are a key element in 
designing sustainable solutions. In this study the reflectance characteristics of 
different pavement materials were studied. Pavement samples with different raw 
materials (crushed limestone, cement concrete chips, crushed waste glass) were 
manufactured. For reference purposes, also concrete paving stones were studied.    

For road lighting purposes the paving material should be light and diffuse. Thus, 
the average luminance coefficient Q0 should be high and the specular factor S1 
should be low. According to CIE’s road classification system (CIE 30-2, 1982) the 
normalized average luminance coefficient Q0 = 0.10 and specular factor S1 ≤  0.42 
for road class R1 is considered the most diffuse in the R-class system. Out of the 
pavement samples studied the sample with crushed waste glass is the least useable 
for road lighting applications. Its average luminance coefficient is the lowest for 
new material and remains the same after wearing. Also, the specularity factor is 
fairly high and does not decrease significantly with wearing.  

Concrete chips would be suitable material if the concrete chips would withstand 
wear. The higher the amount of concrete the better the sample is from the road 
lighting point of view. However, increasing the amount of concrete from 2 kg/m2 to 
4 kg/m2 does not change the reflection properties of the samples significantly. Sand 
blasting wears most of the light concrete particles from the sample surface, after 
which the reflection properties of all the samples were somewhat the same. Sand 
blasting is a severe wearing method. It extracts particles from the sample surface 
unless an effective bonding method is used. Thus, sand blasting is not completely 
representative of pedestrian and bicycle way pavement wear. 

The pavement sample with limestone is a suitable choice from road lighting 
point of view. For samples with no treatment the higher the amount of limestone the 
better it is. Similarly to concrete chips, increasing the amount of limestone from 3 
kg/m2 to 4 kg/m2 did not change the reflection properties significantly. Wearing of 
the samples does not, however, extract all the limestone from the pavement surface 
and the average luminance coefficient did not decrease as much as with the concrete 
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chip samples. On the other hand, the reflection properties of worn samples were 
rather similar regardless of the amount of limestone. Only the sample with least 
amount of limestone gets slightly more specular with wearing.  

The pavement sample with waste glass (5c) after wearing had fairly good 
reflection properties (Q0 = 0.12, S1 = 0.48). However, the sharp glass chips are a risk 
to users. Also, the bigger chips (sample 5c) of the two glass samples (1c and 5c) 
result in better photometric characteristics of the pavement. This is due to larger 
surface area of the light glass chips.  

The road luminance calculations showed that using the reflection properties of 
the pavement samples resulted mostly in higher average road surface luminance 
values than using the standard road class R2, which is usually used for road lighting 
design. However, rescaling the standard r-table to match the Q0 value of the 
measured r-tables gives the same average road surface luminance values. Thus, 
standard r-tables are usable provided that they are rescaled to match the accurate Q0 
value. The road luminance calculations indicate that the use of light pavement 
materials would result in road lighting energy savings, as lantern spacing would be 
increased or lamp power decreased to reach the same road surface luminance values 
as with conventional surface materials.    

8. Conclusions 

With the use of light pavement materials significant energy savings could be 
achieved. According to these calculations with the high pressure sodium lamp the 
differences between the road lighting installation energy costs vary approximately 
165% between the highest cost and the lowest cost and also between the darkest and 
the lightest pavement sample. With the metal halide lamp the difference is 
approximately 65% between the highest cost and the lowest cost and approximately 
40% between the darkest and lightest pavement sample.  These calculations 
presented in Figures 11 and 12 are examples of two different lamp types where only 
luminaire spacing was changed. However, road lighting calculations are also 
dependent on the luminaire arrangement, lamp and luminaire type, light distribution 
curve and so on.  

     The limestone pavement samples (5a Solheim and 5b Törmä) provide the best 
photometric properties (lightness and specularity) of the manufactured experimental 
samples. However, the factory made light concrete paving stones (ps-w, ps-g and ps-
lg) have even higher average luminance coefficient values. It should be noted, that 
the factory made concrete paving stones were not worn. Thus, it can be expected 
that the wearing of the factory made concrete paving stones impair the reflection 
properties and the paving stones become darker with wearing. Conversely, the 
wearing of the limestone samples increases the lightness of the pavement. The 
annual energy costs per kilometer of lighting installation using the limestone 
pavement samples (5a and 5b) are 1.5% - 14% higher than using the factory made 
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concrete paving stones (ps-w, ps-g and ps-lg) with high pressure sodium lamps. 
Under metal halide lighting the annual energy costs per kilometer of the limestone 
pavement samples are on average lower than the factory made concrete paving 
stones varying between -7%  to +4.5%. Thus, it can be expected that wearing of the 
factory made paving stones decreases the energy cost differences.     
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