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Undoubtedly, the most commonly used method for road maintenance includes the use of winter service vehicles to clear
thoroughfares of snow and the spraying of chemicals to prevent ice formation on the road surface. The application of these
traditional methods on road and airport pavements possesses numerous environmental, organizational, and technical
challenges. To overcome these critical issues, new nontraditional technologies that act within the pavement, thereby in-
creasing its temperature, have been developed. In relation to the heat source used, these are classified into chemical and
physical methods. The purpose of this research is to study the temperature variation under the thermal transient process
produced by the action of the physically heating device installed in the road pavement. The heating device is a ribbon, made of
amorphous material, which is able to produce heat to warm up the pavement and its surface. Based on its principle of
operation, it is classified among the nontraditional physical methods for the treatment of snow and ice. In this work, the
performance of the heating ribbons on an experimental site at the G. Marconi International Airport in Bologna (Italy)

is presented.

1. Introduction

In winter, the management of snow and ice disposal is one of
the main problems of road pavement maintenance, with
multiple negative effects on roads, railways, and airports [1].
These atmospheric events are hardly foreseeable and dan-
gerous since they affect user safety, by reducing skid re-
sistance of pavements. In the roadway, the rate of accidents
due to ice formation is 4-5 times greater than what is ob-
served after spraying interventions by winter service vehicles
[2]. Regarding the safety of airport activities, surface skid
resistance is of great importance, both in dry and wet
conditions, because of the hazards associated with aircrafts
ground maneuvers. From a business management point of
view, there could be serious downturns of airport activities
such as the cancellation of departing flights and diversion to
other airports of incoming traffic [3]. The road infrastructure
becomes the next available and widely used mode of

transport, when there is travel uncertainty due to weather
conditions, and this unquestionably increases travel times
on land transport, resulting in poor level of service and
compromise the quality of travel comfort.

Ice and snow are also a source of degradation on paved
surfaces [4]. The phenomenon of thermal cracking is
manifested as a result of a sharp decrease in temperature
(low-temperature cracking) or because of the fatigue in-
duced by repeated thermal cycles (thermal-fatigue cracking)
[5]. In flexible pavements, the low-temperature behavior of
asphalt concrete (AC) is related to the chemical and rheo-
logical properties of the adopted bitumen [6]. Generally, at
low temperatures, this behavioral pattern facilitates the loss
of binder repair ability and, consequently, causes a faster
deterioration according to the fatigue-cracking phenome-
non [7, 8]. Furthermore, in both flexible and rigid pave-
ments, the porous structure of concrete and AC results in a
degradation of the rolling surface when subjected to freezing
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and thawing cycles. In fact, the capillary pores of both
mixtures can hold water, but due to the lowering of the
temperature below 0°C, the water becomes ice with a volume
increase of about 9% [9]. When this happens, it cannot be
housed inside the cavities of the concrete matrix, and
therefore, tensions are created, resulting in a damage of the
material. This is especially observed if the frost action al-
ternates repeatedly with the thawing.

Traditional methods for winter maintenance include
the use of winter service vehicles to eliminate snow ac-
cumulation on pavement and the spread of chemicals to
prevent ice formation. The direct application of these
methods on the pavement of roads and airports pose a
number of environmental, organizational, and technical
challenges. Winter maintenance is an increasingly costly
item of the annual agency budget and may lead to envi-
ronmental impact [10]. It is worth noting that spreading of
anti-ice chemicals (sodium chloride, calcium chloride, and
magnesium chloride), which represent the most common
technique for winter maintenance, causes progressive de-
terioration of the paved surface, due to chemical in-
teractions with bituminous layers or concrete ones. To
overcome these challenges, nontraditional technologies are
being developed, which act within the pavement and in-
crease its temperature.

Application of the chemical method requires the addi-
tion of specific additives to the asphalt concrete. For ex-
ample, common road-based chlorine or special materials
(normally 3% and 5% of the weight of the aggregates) can be
used depending on the operating temperatures envisaged at
the design stage. These additives lower the freezing tem-
perature of the water on the paved surface and slow down
the formation of ice crystals [11]. However, in extreme
weather conditions, no substantial differences are visible
because temperatures fall drastically; therefore, the product’s
response becomes negligible, resulting in no practical
observations.

Another method is to act directly on the pavement
with the introduction of new constituent materials able to
reduce the formation of ice on the surface. Some re-
searchers developed a superhydrophobic coating (SC) on
the asphalt pavement, which was provided for good anti-
icing performance, contributing to traffic safety in adverse
weather conditions [12, 13]. Other studies evaluated the
potential application of crumb rubber and diatomite for
the production of anti-icing asphalt mixtures with positive
outcomes [14]. As for physical methods, the aim is to
produce a heating effect on the pavement surface by means
of switching on the heat source installed within it. There
are two different systems useful for pavement heating: the
hydronic systems and the electric heating system. In the
hydronic systems, a heated fluid circulates within the
pipes installed in the bituminous conglomerate or con-
crete, transferring heat by conduction. According to
Eugster et al, this system can be differentiated based on the
heat source from which the fluid is heated, that is, geo-
thermal waters, geothermal heat pumps, ground source
heat pump system, and waste heat [15-19]. Finally, the
electric heating system warms up the pavement surface,
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thanks to the heat generated by the electrical current in the
cables. This paper presents the evaluation of the tem-
perature variation under the thermal transient process
produced by the action of the heating technologies in-
stalled in a bituminous pavement. The heating ribbon
presented can be classified among the pavement heating
physical methods, thanks to the heating power produced
by the passage of electricity within the conductor [20]. The
experimental site was created at G. Marconi International
Airport in Bologna. The choice of this site depends on the
fact that the product is designed to be used in circum-
scribed areas where a fast pavement heating is required.
The problem is indeed very important in airports where
some researchers are developing new methods, based on
infrared (IR) thermography, to evaluate and compare the
anti-icing performance, i.e., the ability to delay the ref-
ormation of ice, of runways and taxiways deicing/anti-
icing fluids (RDF) under icing precipitation [21].

2. Experimental Work

2.1. Heating System. The heating device is a 3.5cm wide
flexible ribbon, laid under the bituminous surface layer
(Figure 1). It consists of a conductive element in the form of
a nickel-based amorphous metal band, 25pum thick and
2.5cm wide. The amorphous element is coated with a low-
density polyethylene double layer coat of 50 um thickness.
Two copper cables with high-density polyethylene coating
are placed at the sides of the conductor. These are the return
cables, which are connected from the opposite ends of the
conductor to the front of the tape, in order to close the
circuit. The set of electrical return cables and the conductive
element are enclosed in another protective cover, made of
50pym thick aluminum and a coating of 12um thick
polyester.

The ground wire is directly in contact with the alu-
minum throughout the length of the ribbon to dissipate any
harmful electrical current. All the elements are coated with
an outer layer of nominal thickness of 1 mm made of low-
density polyethylene. For safety purposes, the outer
polyethylene layer is treated with a flame retardant product.
Finally, the system is connected to an electrical junction
box, with a proper protective layer, from the end of the
ribbon. This layer is also coated to a thickness of 1.4 mm
and is made of materials that isolate the connections. Once
connected and wired, the system forms a closed-loop
circuit with an electric resistance offered by the metallic
amorphous element (Figure 1). The ribbon in a serpentine
form and is laid under the bituminous top layer or deep
enough to ensure adequate heating of the pavement sur-
face. In Figure 1, the ribbons are covered by a thin layer of
cold asphalt, to protect the system to the bottom layer
before the laying of the new hot asphalt.

A basic parametric design of the system is the spacing
span between two consecutive elements in the serpentine,
which affects both energy consumption and performance.
An interaxle spacing of 20 cm is designed to meet the project
requirements in terms of power required for each heated
square meter.
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FIGURE 1: Ribbon section and laying of the heating element (protective cold asphalt on the top).

2.2. Trial Field. The experimental site was set up in a section
of the service road close to the General Aviation Terminal at
the G. Marconi International Airport in Bologna. The area
was subdivided into four sub-areas, each 4 m long and wide.
Two ribbons were installed at the two external areas, at 6 cm
and 10 cm depth from the pavement surface (R6 and R10). In
addition to these two areas, two other sections without
heating ribbons were constructed for comparative analysis
(NR6 and NR10) (Figure 2). The depth of 6 cm was selected
so that wearing course milling (3-4 cm) could not affect the
ribbon, while the 10 cm depth was chosen as the maximum
practical one for the product installation.

For the construction of the trial field, the existing
pavement was milled until sufficient depth was achieved for
the positioning of the ribbons and then paved with a new
bituminous layer. The top asphalt layer were laid and
compacted to a final thickness of 10 cm for R10/NR10 and
6 cm for R6/NR6. A high-modulus asphalt concrete for small
grading binder layer with high-workability-modified bi-
tumen was used in this trial field.

2.3. Thermal Data Management and Acquisition System.
The experimental site was set up to verify the operation of
the heating ribbons on a real scale. To this end, specific tests
were carried out to evaluate the melting of snow and ice on
the pavement in relation to its heating point and the pos-
sibility of preventing their formation. For the field test,
specific temperature measurement system consisting in a
series of the negative temperature coefficient (NTC)
thermistors was developed. The resistors used have partic-
ular electrical components and have designed to provide
specific resistance to the passage of the electric current. NTC
thermistors provided real-time temperatures on multiple
points in the pavement and the data transmission to a
processing device. These thermistors are made of semi-
conductor materials such as metal oxides (iron, nickel, and
cobalt). In this way, the resistance decreases as the tem-
perature increases and are characterized by a NTC. In all
experimental areas, the sensors were installed at different
depths to evaluate the temperature distribution within the
pavement (Figure 3 and Table 1). The temperature mea-
surement system carried out for the trial field consists of 21
NTC thermistors installed at 15 measuring points: 8 of them
superficial (2cm and 0.5cm deep), 6 in depth (6cm and

10cm deep), and 1 out of the pavement 1.5m height to
measure air temperature (Table 1).

In the deep measuring points (54, S5, S7, S8, S11, and
S13), two sensors were installed for each position in order to
guarantee the collection of data. In the surface measuring
points, single sensors were installed. To protect the
thermistor from thermal and mechanical shocks, each of
them was inserted into a stainless steel cylinder. A cold
asphalt layer laid for positioning purposes also provided a
significant protective contribution. Surface sensors, instead,
were installed right below the asphalt surface layer. These
were placed in a cut in the layer running from the measuring
point to the pavement edge and successively sealed with
bituminous emulsion.

Thermistors have a temperature sensitivity of 1/10°C
(+0.1). They are set up in a way that if no significant tem-
perature variation is detected, the temperature measurement
takes place every 3 minutes. Conversely, a temperature
variation above the tenth of degree makes the thermistor
record a new measured data.

3. Data Recording and Analysis

The analysis of the performance of the heating system
consists of 3 consecutive phases:

(1) The temperatures of the switched-off ribbon were
recorded and studied to verify the operation of the
measuring and online data transmission system.

(2) A series of manual activation tests of the system were
carried out to verify the performance of the ribbons
and to develop an operational protocol.

(3) The system was tested with remote boot to configure
the automatic set up.

3.1. Analysis of Data Acquired by Manual Operation. The
heating system was remotely activated, from 5:00 am to 1:00
pm on alternate days to avoid any delayed thermal effects.
During this period, the surface temperature in the NR areas
ranged between 3 and 5°C. The analysis of the data recorded
by the sensors placed on a vertical alignment has allowed the
study of the temperature variation along the thickness of the
asphalt layer.
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FIGURE 2: Scheme of installation in the trial field.

FiGURE 3: Position of thermistors in the trial field. Note that S2 and S14 are in-between ribbons.

Figure 4 shows how the ribbons were able to cause an
increase in the deep and surface layer temperatures in both
configurations, i.e., the ribbon at a depth of 6 cm and 10 cm.
The heat from the ribbon reaches all thermistors with delays
and gradients related to their relative distance from the
ribbon and from the pavement surface. The fastest tem-
perature change was recorded in the system during its first
hour of activation. In this time interval, the average tem-
perature rate was 0.018°C/min at the surface and 0.16-
0.18°C/min at the deeper ribbons.

Considering the data provided by the sensors right on
the ribbons, S5 and S13, and the corresponding sensors
installed in the two areas without the heating system (the
same depth), it was possible to calculate the heating con-
tribution offered by the system itself. In both R10 and R6
areas, this contribution increased until it reached its max-
imum level at 1:00 pm to a stable temperature of approx-
imately 20.8°C in R10 and 19.4°C in R6 (Figure 5). The
sensors in the areas without the ribbon remained unaltered
and ranged between 3.6 and 4.8°C.

The same analysis was applied to the surface temperature
measurements. The sensors data at the surface points S3 and
S12 (respectively, in the R10 and R6 areas) were compared
with those placed in the corresponding points in the areas
without ribbons (NR10 and NR6). It was recorded that, in R10,
the heating contribution initially increased and then stabilized
in the last hours of activation with a peak value close to 8.0°C.
In R6, the heating contribution offered by the system had a
similar trend with a peak value just above 7.0°C (Figure 6).

Finally, the surface distribution of temperatures with a
distance between adjacent ribbon elements of 20 cm in both
R10 and R6 areas were analyzed. The values provided by the
surface sensors positioned on the vertical axis above the
ribbon (S3 in R10 and S12 in R6) and by the sensors at the
mid-depth (S2 in NR10 and S14 in NR6) showed a maxi-
mum difference in R10 equal to 1.3°C and values in R6
ranging between —0.2 and 0.2°C (Figure 7). On this basis, it
can be concluded that the surface temperature distribution
can be considered uniform in both pavements, being the R6
surface more evenly warmed.
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TaBLE 1: List of sensors and their locations.

Point Area Nominal depth Sensor
S1 Existing pavement 0.5cm To1
S2 R10 2.0cm T02
S3 R10 2.0cm TO03
T04
S4 R10 6.0 cm Tos
T06
S5 R10 10.0cm To7
S6 NR10 2.0cm To08
T09
S7 NRI10 6.0 cm T10
T11
S8 NR10 10.0cm T12
S9 Joint NR10-6 0.5cm T13
S10 NR6 2.0cm T14
T15
S11 NR6 6.0 cm Ti6
S12 R6 2.0cm T17
T18
S13 R6 6.0cm T19
S14 R6 2.0cm T20
S15 Electric box — T21

3.2. Analysis of Data Recorded in the Automatic Mode.
The final analysis focused on the automatic activation mode.
This system allows autonomous activation of the heating
ribbons when the temperature falls below a set threshold.
This value corresponds to the surface temperature that might
reduce the safety of the infrastructure due to ice formation.
The online remote activation protocol foresees the use of the
following:

(i) A temperature reference sensor: surface thermistor
placed on the vertical line above the ribbon (S3 in
R10 and S12 in R6)

(ii) An activation set point at a temperature of 3°C
(iii) An hysteresis range of 1°C

Between the 5th and the 12th of February 2016 and in 3
different days, some drop in temperature was recorded at the
trial site reaching values below the threshold. These were
sufficient to activate the system (Figure 8).

In the temperatures recorded on February the 5%, the
10 cm deep ribbon was turned on at 6.05 am. This acti-
vation caused an R10 surface temperature increase of 2.0°C
during the activation and a temperature of 17.1°C on the
ribbon. The average thermal rate at the pavement surface
was equal to 0.020°C/min (Figure 9). The trend of the
different R10-NR10 surface temperature is almost linear,
and the heating contribution offered by the ribbon
gradually increased to a maximum temperature of 3°C at
8.00 am. This temperature variation can be considered as
the heating contribution offered by the ribbon to the
pavement.

In the R6 area on the same day, the ribbon was activated
at 4.38 am when the temperature in the S12 reference
thermistor was 1.9°C, and then it was turned off at 6.08 am
when the temperature at the same sensor reached 4.1°C. In
R6, the temperature variation on the ribbon recorded a value

Temperature in R10 (°C)
\
\

7:00 800 9:00 10:00 11:00 12:00 13:00

()

Temperature in R6 (°C)
\

500 6:00 7:00 800 9:00 10:00 11:00 12:00 13:00

Hour

()

FIGURE 4: Temperature profile inside the pavement in R10 (a) and
R6 (b), recorded by thermistors in S03, S04, and S05 and S12 and
S13 from 5.00 to 13.00, respectively.

of 12°C with a medium surface thermal rate of 0.022°C/min
(Figure 10). The difference between surface temperatures in
R6 and NR6 had a more variable trend and reached 2°C
when the ribbon was switched off. The maximum heating
contribution offered by the presence of the ribbon in the
pavement is therefore equal to 1.8°C.

4. Conclusions

The numerous tests conducted on the heating ribbons and
the study of the temperatures recorded during their acti-
vation facilitated an in-depth comprehension of their field
performance. It should be noted that the presented exper-
imental work was limited to the trial site at the International
Airport of Bologna, during relatively harsh cold winter
weather conditions.

The conception of the heating system allows the ribbons
to be automatically activated based on set temperature
(lower/higher) values. This keeps the pavement surface
temperature above the freezing point, in order to prevent ice
formation on the pavement itself, while keeping energy
consumptions to a minimum. This was proven in the local
weather conditions of the trial site, where the heating system
was shown to prevent unsafe infrastructure conditions,
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Figure 7: Differences between the temperatures recorded by the thermistors placed in S3 and S2 (a) and S12 and S14 (b).

bringing considerable benefits both to the safety of users and
to the pavement conditions regarding possible thermally
induced cracking.

According to the presented results, the main variables
influencing the performance of the heating ribbons are the

depth of installation, the type of asphalt concrete, the ribbon
power, and the local weather conditions. These variables will
have to be taken into account during the heating system
design and installation; nevertheless, depths of 6 to 10 cm are
recommended if surface milling operations are foreseen
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during the pavement

life. The difference between perfor-

mances detected in the two depths in analysis has obtained
similar values, so they are both usable. Finally, it should be

noted that a valid surface temperature sensor should be
adopted and calibrated in order to correctly trigger the
ribbon activations.



Based on the results of the research, the use of this type of
technology can be considered in relatively small areas to
increase the safety of mobility (e.g., sidewalks, bike lanes,
ramps, motorway tolls, service stations, airport aprons, and
taxiways). The durability study of these devices over a longer
period of time and their maintenance will be addressed in
future researches to improve the existing technology and
their infrastructure applications.
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