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Abstract—Safety management of winter roads is dependent on 

targeted distributions of salt. Insufficient salt dispersal results in 

dangerous driving conditions, while excessive deposition results in 

adverse environmental effects and wastes valuable resources. In this 

paper we present the results of Frequency Modulated Continuous 

Wave radar (FMCW) analysis for real-time salt detection on road 

surfaces. Experiments are conducted within laboratory conditions 

and field trials, with the FMCW sensor installed onto a commercial 

road gritter. Performed to industry-standard salt dispersal 

concentrations, we test FMCW sensitivity to ice-thaw on concrete, 

marine rock-salt on ice and brown-salt brine concentrations. Results 

demonstrate that FMCW in the K-band is sensitive to brine and rock-

salt in both laboratory and field conditions. Consistent results for 

incremental salt residues in the field of view of the sensor are 

observed, where the return signal is consistently within a 0.5–3 x106 

absolute unit (a.u.) range in the laboratory and a 10–50 (a.u.) range 

in the field. We propose that FMCW is uniquely suited to detecting 

black ice, concentrations of brine solutions and residual salt, 

invisible to visual inspection. FMCW sensing holds significant 

prospect for providing previously inaccessible data relating to run-

time dynamic road surface conditions and environmental 

monitoring.  

Keywords— FMCW, Highways Maintenance, Ice Detection, 

Microwave Radar, Non-Destructive Sensing, Salt Detection 

I. INTRODUCTION  

Highways agencies are responsible for the operation, 
maintenance and improvement of motorways and major roads 
across the United Kingdom. The Scottish Government 
budgeted £833.2 million for highways maintenance between 
2019-2020 and the UK will spend £1.5 billion in 2020-2021 in 
resurfacing roads damaged by winter conditions. The UK 
government is also committed to ensuring transport 
infrastructure is maintained for all road users and pedestrians, 
where investment in UK road networks will amount to £27 
billion between 2020-2025 [1-5]. Along with general 
maintenance, there is also a requirement in many northern 

hemisphere countries to provide specific winter road services, 
the purpose of which is to provide safe driving conditions from 
issues, such as black ice and snow drifts, that can cause hazards 
for road users. Issued by government institutions, current 
guidelines provide pre-requisite salt dispersal volumes 
determined by road surface temperature and local 
environmental conditions [6-8].  

The state-of-the-art in road condition sensing typically falls 
into two categories: electromagnetic (EM) wave sensing (both 
static and vehicle mounted) and within-road, embedded 
sensing. EM wave sensing uses both eye-safe laser 
spectroscopy and infrared (IR) sensors. These sensor types are 
installed within sophisticated automated weather stations and 
are sensitive to temperature and surface emissivity, for IR 
measurements. Static-mounted laser spectroscopic systems 
provide data on the presence of water, ice, slush and snow or 
frost, allowing for an estimation of effective road grip to be 
calculated. Additionally, vehicle-mounted EM sensor variants 
combine the features of the static sensors within ruggedized and 
weatherproof housings for harsh environment resilience [9-12]. 
Wired sensors embedded in the road surface are encased within 
a durable epoxy housing designed to match the thermal 
conductivity and emissivity of the road surface and provide 
measurements on chemical deicer solutions and salt products, 
water depth, ground and surface temperatures and freeze point 
[13, 14]. Alternatively, road conditions can be estimated via 
deployment of vehicles and operators tasked with assessing 
road conditions visually. 

The state-of-the-art sensors in road condition sensing, while 
sophisticated, have clear limitations. The deployment of EM 
sensors in the visible and IR spectrum are limited by visibility 
and, while able to provide measurements of fog and mist 
conditions, are impeded by these same conditions when 
extreme. While vehicle mounted variants of these systems exist, 
most deployed systems are designed for fixed and static 
installation on roadside weather stations and require a 
significant network to provide a holistic perspective of road 
network conditions. The embedded sensing solution requires 
significant invasion of a road surface, incorporating a wired 
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connection with a road-side weather station for data telemetry 
and power, necessitating re-invasion of the road surface for 
maintenance or repair in the event of malfunction.  

This research presents the novel application of Frequency 
Modulated Continuous Wave (FMCW) radar in the K-band for 
analysis of salt and ice presence on roads in winter conditions. 
FMCW sensing is low-power, non-contact and non-invasive, 
and offers a real-time and near continuous road surface 
condition monitoring system. The FMCW sensing modality 
offers potential to inform gritter operators and private users of 
residual salt conditions and ice formation. This is advantageous 
with respect to the economic and bespoke use of salt under 
dynamic road and weather conditions. The motivation of this 
research is to provide improved support for road area 
surveillance, via a cost effective, large area data acquisition 
method. By utilizing the harsh environment resilience of 
sensing in the microwave spectrum, this research aims to 
provide run-time holistic data of the highway networks, while 
optimizing resource expenditure and minimizing the 
environmental impact of salt dispersal on national road 
networks and infrastructure.   

The FMCW method has been successfully applied to asset 
integrity test cases and various modes of deployment, allowing 
for the detection of multi-phase fluid ingress within porous 
media, corrosion under insulation (and corrosion precursors), 
the detection of contaminants on asset exteriors and the 
detection of obscured, pre-failure defects in major asset 
structures [15-18]. FMCW sensing represents a novel addition 
to current full-field measurement techniques, with prior 
research from the authors including benchmarking analysis via 
X-ray, neutron and Scanning Electron Microscope (SEM) 
methods, demonstrating the sensitivity, accuracy and 
repeatability of FMCW to key measurand variations in dynamic 
test conditions [19-23]. FMCW is also sensitive to deformation 
in loaded structures with the potential to predict loaded material 
failure [24]. Blanche (2020) provides a literature survey 
evaluating the state-of-the-art in external, non-contact 
microwave sensing [25]. The FMCW system is simple to use, 
with rapid operation, resilience to aggressive ambient 
conditions, such as fog, mist and spray, and the ability to tune 
sensitivity through hardware and operational parameters. The 
platform agnostic nature of this system has been demonstrated 
via integration with robotic platforms for the detection of asset 
infrastructural faults, removing the need for human intervention 
and associated risks and costs [26]. 

The remainder of this paper is structured as follows; Section 
II outlines the radar and dielectric theory and measurands. 
Section II.A presents the antenna characterization and section  
II.B outlines FMCW operation and provides the FMCW 
operating parameters. Section III presents the experimental 
tests and results, with section III.A presenting laboratory 
analysis of brine solution residue build up following 
consecutive applications and evaporation and detection of 
dynamic ice thaw on concrete for applications of brine solution 
and un-dissolved rock salt. Section III.B presents the results of 
FMCW field deployment on commercial roads whilst installed 
on a gritter vehicle. Section IV discusses the acquired data and 
section V concludes.  

II. RADAR AND DIELECTRIC THEORY  

Defined by the relative permittivity of constituent material 
components, dielectric relaxation processes govern wave 
attenuation and dispersion in all materials. Influenced by the 
frequency of incident radiation, relaxation processes damp the 
localized oscillations of materials throughout the component 
scale range at differing rates. Data returned to the sensor by the 
reflected radar signal allows for feature extractions, which 
inform on the material properties. In low dielectric porous 
materials, the observed return signal amplitude is affected by 
many factors, including interfacial geometry, surface 
contaminants, fluid content, fluid type and the abundance of 
high permittivity minerals [27]. Blanche (2018) and Blanche 
(2020) provide a full description of FMCW radar interaction 
between porous media partially saturated with light oil and 
deionized water and internal geomaterial properties [22-23]. 

A. Antenna Characterization 

To characterize the radiative output of a Flann K-band 
antenna model: #21240-20/serial: #219405, a vector network 
analyser (VNA) was configured to emit a K-band, frequency-
swept signal. The VNA was connected to the antenna via a 
high-frequency coaxial waveguide. A two-dimensional 
translation stage, coupled to an open-ended waveguide standard 
probe, type WR42, for the K-band (18-26.5 GHz) using a non-
radiative near-field separation distance between the probe and 
the antenna under test of 100 mm. Three scans representing the 
1500 MHz bandwidth sweep of the FMCW system were 
performed using this configuration. Fig. 1A shows the 2D 
radiation pattern acquired. Fig. 1B illustrates the phase shift 
characteristic of this antenna.  

The Flann Microwave antenna displays a peak amplitude 
spot size on the target found to be ~36.4 millimetres radius at a 
separation of 100 mm. Within this radius a minimal phase 
differential is observed and is thus considered the effective field 
of view of the sensor when coupled with this antenna. The value 
of this work is that in all subsequent experimentation utilizing 
this antenna configuration, the field of view is within the 
consistent radius of ~36.4 millimetres, equating to a field of 
view on the target of 4.2 x10-3 m2, if all work is conducted at a 
sample to antenna distance of 100 mm. 

B. Frequency Modulated Continuous Wave Equipment 
Parameters 

Fig. 2 shows a block diagram of the experimental setup and 
procedure, which can be divided into 6 main stages: 

a) FMCW signal generator providing a waveform with a 
bandwidth from 24 – 25.5 GHz, with a chirp duration of 
300 milliseconds and data acquisition occurring once 
per 5 seconds (Table 1). 

b) Flann Microwave model 21240-20 standard gain horn 
antenna (serial number 219405) for radiation output 
17.6 - 26.7 GHz and with a nominal gain of 20 dBi (at 
22.15 GHz). This antenna was affixed to a static 
mounting and directed onto the asset target, maintaining 
a separation distance of 100 millimetres. 

 



 

Fig. 1A) 2D amplitudinal radiation pattern for K-Band Flann Microwave 
antenna model #21240-20 (Scale bar in dBm). B) 2D phase shift radiation 
pattern for K-Band Flann Microwave antenna model #21240-20 (scale bar in 
degrees)  

c) Hot Rolled Asphalt (HRA) or concrete section of road 
asset. 

d) Graphical User Interface via MATLAB 2018a. 

e) Summation of reference and return signal waveforms to 
generate intermediate frequency (IF). 

f) Data analysis via Fourier transform into the frequency 
domain, from which amplitude extractions are 
performed. Data analysis time is 31 milliseconds and 
datasets are compiled to build a library of material 
responses for the detection of contrast agents.  

III. EXPERIMENTAL TESTS AND RESULTS 

A. Laboratory Testing  

These experiments test FMCW sensitivity to increases in 
brown salt brine concentration on hot rolled asphalt (HRA) and 
sensitivity to ice melt for variations in salt additive type and 
concentrations against a non-additive baseline on concrete. All 
laboratory tests used a consistent antenna distance to target of 
100 millimetres.  

 

Fig. 2 Block diagram of experimental setup showing hardware components and 
analytical procedure 

TABLE 1 FMCW PARAMETERS USED DURING LABORATORY AND FIELD TRIALS 

Parameter Value 

Band K- Band (24 – 25.5 GHz) 

Chirp Duration     300 milliseconds 

Field of View on Target (Laboratory 

at 100 mm) 
4.2 x 10-3 m2 

Field of View on Target (Field at 1.7 

m) 
1.2 m2 

Bandwidth  1500 MHz 

Sample Rate 0.2 Hz (0.2 – 3 Hz tunable) 

Analysis Time   31 milliseconds 

 

1) Residual Brown Salt Brine on Hot Rolled Asphalt  

The FMCW signal response to 20% brown salt brine 
solution applied to an HRA section was evaluated at an ambient 
laboratory temperature of 24.8oC. Fig. 3 shows the Fourier 
transformed amplitude extraction response in the time domain, 
extracted for the first interfacial reflector. Applications of 20% 
brown salt brine were deposited in the sensor field of view and 
allowed to fully evaporate before the same volume and 
concentration of brine was re-applied at the same spot in the 
sensor field of view. This was repeated four times to 
accumulate residual salt. The applied brine volume was 
equivalent to 30 ml/m2, as stipulated by highways maintenance 
standards for winter conditions between -7 and -10oC [6-8]. 

Analysis of Fig. 3 shows the first application of 20% brown salt 
brine solution establishes a signal baseline. Subsequent 
applications of brine solution show higher amplitude responses, 
with a clear sensitivity to the presence of residual salt from each 
previous brine deposition. The observed decay in signal 
response over time correlates to water content in brine solution 
evaporation, leaving residual salt levels incrementally higher 
than the previous application. This experiment was performed 
once. 

2) Dynamic Ice Thaw on Concrete 

This experiment tests FMCW response to a melting layer of 
thin ice applied to a concrete slab, which was frozen to -15oC 
prior to each application of salt or brine. The experimental 
process involved thawing the concrete and ice layer in ambient 

 

 



laboratory conditions of 25.6oC. Each applied ice layer was 1 
centimetre thick over the 10 cm2 target area and weighed 13 
grams. Differing concentrations of salt were applied in three 
experimental runs. A control test used no added salt or brine 
and measured the time taken for the ice to melt and evaporate 
in ambient laboratory conditions. The first test applied an 
equivalent of 30 ml/m2 of 20% marine salt brine to the 10 cm2 
test area. The second test applied 0.4g/10cm2 of marine salt. 
Observations from Fig. 4 show that the return signal amplitudes 
vary due to ice melt, with a peak at maximum liquid water 
content and decreasing as the volume of water present in the 
field of view decreases due to evaporation. The ice melt 
characteristics observed for each applied salt volume and type 
are detailed in Fig. 4, where point A represents the experiment 
start and salt/brine added for non-baseline samples. Near 
immediate thawing for the rock salt sample is observed and 
with the baseline thaw starting at ~2375 seconds. Point B 
represents the varying thaw transition rates from solid to liquid 
phases for all samples. Point C  represents the liquid phase for 
each sample with varying RSA for salt content vs. baseline. 
Point D shows the liquid to gas evaporation phase resulting in 
RSA response for residual salt volume in the sensor field of 
view. The relative times for state changes for each salt additive 
are given in Table 2. This experiment was performed once. 
Summarizing these laboratory tests, variations in salt type and 
concentration, and their effects on ice thaw, are detectable on 
concrete and HRA road surfaces, demonstrating FMCW 
sensitivity to distinct amplitude variations for differing brine 
and rock salt volumes. 

B. Field Testing: Deployment on Salt Dispersing Vehicle 

Working with Tayside Contracts Ltd. in Dundee, the 
FMCW sensor was deployed onto gritter vehicle SK68 LJN 
(Fig. 5), covering an approximately 13 mile route at an average 
speed of 28 mph. Deployed during cold but non-wintery 
conditions to minimize disruption to normal fleet operations, 
this test followed a routine salt dispersal route in the north of 
Dundee, determined by pre-programmed geographic 
information system (GIS) navigation. Each trial was performed 
at night to minimize variations in route duration due to traffic 
and consistently dispersed the minimum volume of salt from 
the salt dispersing system (10g/m2) for resource economy. This 
experiment aimed to test the results obtained in laboratory tests 
in section IIIA, where consecutive applications of salt within 
the field of view of the sensor resulted in a noticeable change 
in reflection amplitude. As in the laboratory tests, the deployed 
sensor acquired data once per 5 seconds. The sensor was 
mounted 1.7 metres above ground level, giving a field of view 
of approximately 1.2 m2 of the moving road surface. Results 
acquired on 26th March 2019 are shown in Fig. 6, with three 
laps of the route driven consecutively. Despite the presence of 
a significant noise floor, an increase in return signal amplitude 
for each trial is observed in the data median for each lap of the 
route, indicating that K-band FMCW is sensitive to the 
deposition of rock salt on the road surface. Data obtained from 
a weather station located on the test route gives the conditions 
on the night of the experiment as consistent throughout the test 
period with no rainfall and a measured surface temperature 
ranging between 7 – 8.1oC. This data shows that laboratory-
based and field experimental results are consistent and validate 
the suitability of K-band FMCW sensing in this role. 

 

Fig. 3 Return signal amplitude measurements for consecutive applications of 
20% brown salt liquid brine mixture onto hot rolled asphalt surface within 
ambient laboratory environment and subsequent evaporation 

 

Fig. 4 Return signal amplitude measurements for applications of differing 
salt/brine mixtures in time domain as concrete sample is allowed to thaw from 
frozen. A) Experiment start and salt/brine added for non-baseline samples. Near 
immediate thawing for rock salt. Baseline thaw starts ~2375 seconds. B) Thaw 
transition from solid to liquid phases. C) Liquid phase for each sample with 
varying RSA for salt content vs. baseline. D) Liquid to gas evaporation phase 
resulting in RSA response for residual salt volume in the sensor field of view 

TABLE 2 ICE MELT CHARACTERISTICS FOR VARYING SALT VOLUMES AND TYPES 

APPLIED TO FROZEN CONCRETE AND ICE (FIG. 4) 

Salt Volume and 

Type 

Ice Melt 

Commenced 

(seconds) 

Liquid Water 
Dominant 
(seconds) 

Evaporation 
Commenced 
(seconds) 

Concrete and Ice 

Baseline  
~2375 ~5445 ~7225 

0.3 ml per 10 cm2 

of 20% Marine 
Salt Brine 

~675 ~5225 ~7395 

0.4g per 10 cm2 of 
Marine Rock Salt  

~30 ~3365 ~6930 

 

 

 



 

Fig. 5 Tayside contracts vehicle SK68 LJN, used for K-band FMCW road salt 
detection trials, February 2019. Image right shows detail of K-band antenna and 
camera mounted on nearside headlamp/indicator post 

 

Fig. 6 Return signal amplitude measurements and data medians for consecutive 
laps and depositions of marine salt onto dry road surface at 10 g/m2 per lap 

IV. DISCUSSION 

Understanding the condition of roads and highways in 
winter conditions is crucial to the efficient operation of national 
transport networks. Treatment of road surfaces under present 
guidelines requires the deposition of set salt volumes per unit 
area and is assessed by measured local temperatures and 
forecasts. 

The accurate and real-time measurement of residual salt 
volume on the road surface is not currently applied to protocols 
that define the volume of salt to be deposited. Our results 
demonstrate that FMCW sensing, readily deployable on road 
vehicles, provides a means of accurately monitoring actual road 
surface conditions via a signal parameter tunable, non-contact 
and non-invasive method, allowing for data aggregation via 
real-time/run-time data telemetry and transmission to live 
infrastructure databases and digital twin systems via the internet 
of things. 

 

 

Fig. 7 Diagram of FMCW optimized salt dispersal including real-time IoT data 
telemetry for integration with live infrastructural databases or digital twin 
systems 

V. CONCLUSION 

This research has demonstrated that FMCW sensing can 
provide access to previously inaccessible road surface 
characteristics, as shown from our laboratory and field trial 
analysis. Measurement of FMCW return signal amplitudes has 
evaluated residual salt volume per unit area against a known 
baseline. These experiments have also shown that ice and ice 
melt are distinguishable, with unique FMCW signatures in a 
laboratory environment. Field deployments have verified the 
capability of FMCW to detect residual salt presence from 
previous depositions during operational conditions and allows 
for the run-time assessment of road surface salt volume on a 
moving vehicle. In addition, further development of this sensor 
system may result in potential advancement to intelligent 
braking and traction control systems through new insight into 
previously inaccessible road surface conditions e.g. black ice, 
oil spills etc. Similarly, the development of an integrated run 
time salt presence and ice detection system has the potential to 
lessen the environmental impact of salt dispersal, while 
conserving vital resources and expenditure, and potentially 
improving road safety conditions.  

This research offers a means to assess road condition where 
optical/visual means fail and a means to quantify road state in 
terms of salt/ice presence. In doing so, this sensing method has 
the potential to advance the state-of-the-art by utilizing a 
previously unused portion of the EM spectrum for this role, 
while providing unique measurands via a non-contact 
microwave measurement. Further work will repeat the 
laboratory phases of this research to provide error analyses in 
the acquired datasets. Future field work will compare the 
developed FMCW sensor system to existing vehicle-mounted 
road condition monitoring systems, such as the system detailed 
in [12]. The FMCW sensor system will be complimented with 
software programmes that collect, view and manage data 
automatically via machine learning. Our data will also be 
integrated into a holistic infrastructure and asset integrity 
model, with real-time sensing incorporated into digital twin 
models for human-in-the-loop decision making, allowing for 
the optimization of salt dispersing vehicles and resource 
expenditure (Fig. 7). The measured data can also be sent to road 
maintenance engineers in real-time to perform road 

 

 

 

 



maintenance operations that are specific to an assessed GIS 
position. Further development of FMCW for road condition 
monitoring will apply the proven internal inspection 
capabilities of microwave sensing to detect porosity and 
delamination between asphalt layers, water and ice ingress and 
detect subsurface delamination and precursors. In doing so, 
FMCW has the potential to inform on subsurface road 
degradation and to provide early warning data on pothole 
formation.  
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