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1 Introduction and purpose of this document
Road administrations rely on high quality condition data to understand the condition of the
asset and plan and undertake maintenance programmes on their networks. High speed
surveys have become a key source of this information, providing data on the shape and
condition of the road surface and, in recent years, the structural robustness and the structure
of the pavement itself. These high speed systems bring the advantage of network wide data
collection without interfering with the traffic flow. They can provide coverage of the network
which would be impractical for traditional surveys to achieve. They have lower survey costs
per km than slow speed surveys and bring data that does not suffer from the subjectivity or
inaccuracy of manual surveys. The data can be provided in a very structured manner (for
example condition parameters reported every 10m accurately located relative to section,
distance and geographical position) and can be easily fed into pavement or asset
management systems.
High speed surveys therefore bring significant practical advantages to condition assessment,
to support robust asset management. However, previous research (the HeRoad project)
found a wide range of policies across countries to define the requirements for the survey
equipment, the survey frequencies and the data delivered. Each country appears to adopt its
own requirements, each subtly different from one another. This is perhaps unexpected, given
that the equipment used to collect this data within different countries is likely to be quite
similar. A factor that contributes to this situation is the lack of standardisation for many of the
measurements, and where standardisation does exist (e.g. for profile) it is limited in its
practicality and may be too complex for road administrations to understand. Hence there is a
need for information to be made available to road Authorities to assist them in confidently
defining the requirements for their surveys, to help them have confidence in selecting
equipment and to help them ensure that the data that is provided is accurate and fit for
purpose.
The objective of the HiSPEQ project is to develop guidance, advice and templates that can
be used by road Authorities to help them understand high speed road survey equipment, to
help them specify survey requirements and quality regimes, and to help obtain good value
from the data delivered.
To make sure that the scope of the project is practical, the project is concentrating on the
aspects of high-speed survey data collection that help in the assessment of pavement
structural robustness. This does not mean that the survey methods considered are only
those that measure structural robustness directly (e.g. pavement deflection), but the
measurements should be related to structural condition. For example cracking is measured
under surface condition surveys, but the defect arises from deterioration in the structural
condition of the pavement. As a result, measurements relating to friction, e.g. skid resistance,
surface texture, are excluded from HiSPEQ and we have not discussed devices whose only
purpose is to measure texture.
The approach taken has been to combine technical expertise drawn from the project
consortium with a review of previous work and existing survey specifications to propose the
key requirements that should be considered by a road administration when developing
requirements for high-speed surveys of the structural condition of their network. The work
has been carried out under Work Package 2 of HiSPEQ. This document concentrates on
the requirements for surveys that measure the structural condition of the pavement, in
particular the use of the Traffic-speed Deflectometer (TSD) and Ground Penetrating
Radar (GPR). The summary findings and recommendations for the measurement of
the structural condition using the TSD and GPR are presented within the next section
(0).

1

CEDR Call 2013: Ageing Infrastructure Management

It is the intention of HiSPEQ, within the next phase, to develop the key requirements
proposed in this document into a set of templates that could be used by road administrations
to support the development of survey specifications. The advantage of this would be that
more commonality will be achieved across Europe in the definition of surveys, enabling
improved consistency between the measurements collected and also allowing survey
providers to develop equipment that could be more easily adapted to carrying out surveys in
different countries. The next phase will then build upon those draft survey specifications to
propose templates that equipment manufacturers could use to describe their equipment that
could be more easily related to the specifications, enabling potential purchasers/users of the
survey equipment to better compare potential equipment capabilities with their requirement
specifications.
Whilst developing these specifications and templates HiSPEQ wishes to ensure that the
proposals for the key survey requirements are aligned with the experience and expectations
of stakeholders. Therefore we are issuing this report to stakeholders to invite views on the
recommendations that have been made. The project team welcomes comment and views
from stakeholders, which will be taken into consideration when confirming the requirements
summarised in section 0, and in the subsequent development of survey specification
templates.
As a guide to this document, it contains the following key sections:
1 Introduction and purpose of this document: This introduction section
0
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Summary recommendations for structural condition information from high-speed surveys:
Here we present our summary recommendations for the key data requirements for structural
condition surveys (TSD and GPR), for review and comment.
3 Technical background. This section presents a technical background for structural
condition surveys, which we have drawn upon in developing our recommendations.
4 Definitions: A summary of the definitions of technical terms used in this document
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2 Summary recommendations for structural condition
information from high-speed surveys using the TSD and
GPR
2.1 Summary observations on the requirement for structural
condition data
The amount that a pavement flexes under load is linked to how resilient the pavement is to
this loading/unloading i.e. the pavement’s bearing capacity. Road authorities need
information on structural pavement condition and structure to be able to deliver safe,
effective and sustainable pavements to their customers, and to support structural pavement
performance prediction. In general bearing capacity information is more important at the
project level than at the network level. However, road authorities have a desire for highspeed testing devices to deliver information on the bearing capacity of their networks at the
network level.
The most common devices for bearing capacity testing are the deflectograph and the falling
weight deflectometer (FWD). Neither of these operates at high-speed. However recent
development in high-speed measuring techniques has delivered a promising high-speed
device called the Traffic Speed Deflectometer – TSD.
Analysis of the data provided by these devices can be used to determine bearing capacity
(structural condition). However, the pavement layer thickness and material type has a strong
influence on the calculation of stiffness, and therefore the structural condition. There is a
clear need for any agency wishing to undertake a network level structural condition survey to
have a robust understanding of the pavement structure to ensure final data accuracy.
Unfortunately most Agencies lack detailed information on pavement layer thickness and
material type, and the slow speed method to provide this data (coring) is expensive and
impractical.
As an alternative, to reduce the need for coring whilst increasing the density of pavement
structure information, Ground Penetrating Radar (GPR) can be used. This technology can
survey at traffic speed and provides layer thickness information.

2.2 Summary of proposed requirement for application of the
Traffic-speed Deflectometer in network level assessments
2.2.1 Current Application of the TSD
Section 3.3 presents a background on the TSD and reviews its current application. The TSD
has already been established as a practical tool for practical testing of the structural condition
of networks, with processing tools established to provide an indicator of structural condition
from the collected data (e.g. the Surface Curvature Index, TSD slope, simulated FWD
deflection bowl).
Many of the needs of road authorities in relation to structural condition measurement can be
met by the TSD. Road authorities can obtain pavement bearing capacity information
collected at high or traffic speed. This data can support the authorities in obtaining an
overview of the current condition of the road networks, and provide valuable input to
prediction of future pavement condition and hence future pavement maintenance costs.
However, the TSD does still focus on network level pavement evaluation (not project level).
This could be linked to the continued use of the FWD for project level bearing capacity
5
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testing or the need for other data (surface characteristic parameters like evenness or visual
condition) that is collected during project level assessment.
However the review of Section 3.3 does enable us to suggest a set of core requirements for
network level structural condition surveys based upon the TSD approach, which are
summarised in the following sections. These are drawn from experience obtained by the
eight TSDs currently in operation, and consideration of the practical necessities of network
surveys.

2.2.2 General Requirements
A Defined Network
Any requirement for network level structural condition survey should define the network that
is to be surveyed. This should include the denomination and length of each road section to
be surveyed, the survey direction (ascending or descending chainage), the number of lanes
to be surveyed, Network information in the form of digital tables and a network map should
be specified.

Location Referencing
The second general requirement is the way the location of each measurement is defined.
This could be road identifier (usually road number or section id) and chainage or geographic
coordinates, or both. If the latter is used, the measuring direction should be reported to allow
correct localisation. For both methods, a required accuracy should be defined.
A method to project the measured coordinates to the network map (so-called “mapmatching”) should be specified as well.

Lane Position
In order to obtain consistent results from multiple survey contractors, or different TSD
devices, it is necessary to specify that they survey the same line (e.g. different results may
be obtained using the UK TSD versus the Italian TSD, since they would measure the
deflection in different wheel paths). Currently all TSDs measure in the nearside wheel path in
direction of travel but this may change in the future. Thus, a key requirement would be that
the lane position is specified. It is common practise to base pavement designs on testing
results obtained in nearside wheel path. Testing should link to the design standard.

Data Reporting Format
With the focus being network level assessment the specification should include a
requirement for the results to be delivered in digital tabular or database format to allow
simple integration into Pavement Management Systems or other data handling tools.

Frequency of Survey and Survey Conditions
Structural surveys should be carried out to enable the authority to obtain an ongoing
assessment of the structural condition, taking into account the relatively stable nature of the
network (in comparison to, for example, visual condition). Based on the current practice and
use of the TSD, a survey frequency that provides full coverage of the network at least every
3 years is recommended. This could increase in frequency if there is a desire to collect other
information (such as surface shape) at the same time using additional sensors mounted on
the TSD.
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The TSD Doppler laser data is affected by the measurement conditions, therefore within the
constraint of achieving network coverage at least every three years, it is also recommended
that:





There is a requirement for TSD surveys to be undertaken when the pavement surface
is dry.
TSD testing should be conducted at pavement temperatures in the range 5-35°C at a
depth of 40 mm. This requirement is set up to make sure that tests are made under
comparable climatic conditions, and to avoid excessive (often plastic) deformations of
the pavement due to high temperatures. The latter is especially relevant for testing of
thick asphalt pavements in Europe and North America, where temperature has a
major influence on pavement performance. The lower temperature limit is defined to
avoid testing of very cold, brittle and stiff pavements not representative of most
pavement situations. Furthermore, pavement response is expectedly very low at low
temperatures.
Driving speed should be in the range 40-80 km/h and nearly constant. This
requirement is crucial to exclude excessive speed effects on the measured data,
including visco-elastic phenomena in the pavement and vibrations of the TSD itself.
Furthermore, the specified driving speed is comparable to the speeds of HGVs; a fact
that improves the representativeness of the TSD results.

2.2.3 Technical Requirements for the Structural Survey
TSD equipment specification
The review of equipment development has highlighted significant progress in the
development of the TSD since the first generation devices became available. It is
recommended that TSD surveys would require the use of a device with dimensions and
layout of testing device similar to 2nd generation devices i.e. 7 Doppler sensors, delivering
800 samples/second.
The equipment should include instrumentation to monitor all of the key aspects which affect
data collection and analysis such as equipment and road temperatures, tyre conditions etc.

2.2.4 Analysis and delivery of TSD data
It is necessary to process the Doppler data to estimate structural conditions. Various
approaches are being applied in different countries to obtain this estimate:




The Surface Condition Index (e.g., SCI300) in Italy and Denmark
TSD slopes in the UK
Deflection slope analysis in Australia.

For comparison on an international level it would be preferable to develop a common
measure, potentially the SCI. There is a need for further investigation to identify the strengths
and weaknesses of this approach and views of stakeholders are welcomed on the proposed
use of the SCI.
It is also suggested that extended use of TSD data be considered for project level
assessment. For example where sections with high values of SCI are observed, project level
analysis using the deflection basin method shown by ARRB (the AUTC method) could be
applied.
In summary, TSD reported data should include as a minimum



3-D coordinates of equipment position during testing
Operating speed
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Equipment longitudinal profile in nearside wheel path
Deflection slopes
Beam temperature
Tyre pressures
Tyre temperatures
Air and road surface temperatures
Dynamic and static loads
For network analysis: Surface Curvature Indices at 200 and 300 mm.
For project analysis: Deflection basin

2.3 GPR
2.3.1 Current Application of GPR
Section 3.4 presents a background on GPR and reviews its current application. As for the
TSD, GPR has already been established as a practical tool for use on road networks.
However, in comparison with the TSD, there are many providers of GPR equipment and
there are many different types of GPR equipment in use. Although there is guidance
available on what GPR is and its potential applications, there is very little information to help
survey commissioners ensure they get appropriate results that can be used alongside and
within deflection data processing. Whilst some existing specifications cover issues
surrounding GPR data collection there is very little on the processing and interpretation of
GPR data or how the information should best be reported to integrate with deflection data.
As noted above, bearing capacity and structure information are both needed for a proper
structural assessment of a road pavement. There is, however, a difference between project
and network evaluation. For evaluation at project level, the road owner needs detailed
information regarding pavement structure, climate, traffic, bearing capacity and surface
condition (evenness, rutting, cracking, etc.). Network level performance assessment can
utilise simpler empirical models with lower demands on the input information, potentially
allowing lower levels of precision and (longitudinal) resolution in the construction data.
The review of Section 3.4 has therefore been used to suggest a set of core requirements for
network level pavement construction surveys using GPR specifically to complement TSD
surveys. These are summarised in the following sections.

2.3.2 General Requirements
A Defined Network
As for the TSD surveys, any requirement for network level GPR surveys should define the
network that is to be surveyed. This should include the denomination and length of each road
section to be surveyed, the survey direction (ascending or descending chainage), the
number of lanes to be surveyed, Network information in the form of digital tables and a
network map should be specified.

Location Referencing
The second general requirement is the way the location of each measurement is defined.
This could be road identifier (usually road number or section id) and chainage or geographic
coordinates, or both. If the latter is used, the measuring direction should be reported to allow
correct localisation. For both methods, a required accuracy should be defined.
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A method to project the measured coordinates to the network map (so-called “mapmatching”) should be specified as well.

Lane position
As a minimum the GPR equipment should be positioned so that it collects information from
the same line as the TSD i.e. in a line that coincides with the TSD beam. Typically this would
be the nearside wheel track. This is relevant because if the pavement structure information
and the deflection velocity information are integrated, the data sets need to be coincident.
Collecting GPR information from a different track along the lane would introduce error.
Consideration should also be given to collecting a second line of GPR data in the other
wheel track so that variation in the pavement construction across the lane can be assessed.
Whilst minor changes in material thickness are unlikely to be of interest, carriageway
widening or re-alignment can lead to significant variation in construction across the lane.
Whilst this information on its own won’t resolve the structural condition, it could be used to
flag that the reported information from the TSD is not representative of the entire lane width.

Data delivered: raw or interpreted to derive pavement structure
There is a need to decide on the data that would be delivered to the authority:



The raw data e.g. radargrams
The interpreted pavement structure.

Processing and interpretation of GPR data to accurately resolve pavement structure is a
relatively complex task requiring a specialist skill set including staff who understand factors
which can effect electromagnetic data along with pavement engineering/maintenance. Given
the long cycle times for re-survey (5-10 years), these skills will probably not exist within the
agency, and will be expensive to develop. It is recommended that the processing be
outsourced to a specialist supplier (probably the survey provider).

Data Reporting Format
With the focus being network level assessment any requirement for GPR surveys should
include a requirement for the results to be delivered in digital tabular or database format to
allow simple integration into Pavement Management Systems or other data handling tools.
Defined data formats are already in use, but there is no internationally recognized format.
This means that each contractor might have to develop many different file format delivery
systems for their deliverable data to cover the various survey contracts that they might have.
It would be worthwhile developing a common specification.
In reporting of network GPR data it is common practice for pavement materials to be
assigned a code to allow the resultant information to be input to a database. The coding
system should be defined to allow PMS developers to develop visualisation tools.

Frequency of Survey and Survey Conditions
The pavement structure does not change over time in the same way as surface condition
and structural condition. When the structure does change, it is due to some sort of
maintenance intervention which it should be possible to record in the PMS. Therefore it is not
necessary to investigate the pavement structure on the same frequency as condition
surveys. Thus for network wide GPR surveys, it is recommended that consideration should
be given to repeating the exercise on a 5-10 year cycle to ensure the accuracy of the
structure information held within the PMS.
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The environmental conditions for conducting the GPR survey should be specified in any
survey requirement:





For GPR surveys, whilst requirement for dry roads are generally less onerous than
those of laser based (e.g. TSD) testing, the electrical conductivity of the road surface
needs to be considered. In general terms the specification needs to exclude the use
of GPR on very wet roads (and/or standing water), roads covered in snow and roads
which have recently been treated with salt/grit or de-icing fluid.
For colder parts of the region the specification for GPR surveys also needs to
consider the effect that freezing and thawing of the sub-base materials has on the
data quality.
Speed of travel has practically no effect on GPR data.

2.3.3 Technical Requirements for the GPR Survey
Scan Interval
It is recommended that the collecting system be required to collect scans at closer than 300
mm increments across all channels at speeds up to of 100 km/h. Under no circumstances
should the collected scan interval be greater than the data reporting interval and ideally it
should be 3-5 times less than the reporting interval. This density of data should be ample for
resolving the structure of the pavement; however, it may not be sufficient to resolve other
more subtle small scale features such as utilities.
The GPR system should be required to collect scans which are evenly spaced regardless of
speed (up to the maximum speed of the system). This is generally achieved by triggering
scans based on input from a linear positioning system; typically a hub mounted distance
encoder. Although survey speed has practically no effect on GPR data, GPR systems have a
maximum scan rate. If the System is set to collect scans at very close intervals, this will limit
the maximum speed of collection.

Depth Requirement
The specification should clearly state the minimum and maximum depths to which layers
within the pavement structure should be reported. Therefore consideration to the end use of
the data should be given; for some applications the total thickness of the bound materials
may be all that is necessary but for others applications information on thin surfacing layers or
the lower unbound layers may also be needed. For traffic speed surveys it is unlikely that
good information below a depth of ~2 m will be widely reported.
It is important to note that whilst appropriate GPR equipment may be selected to undertake
the task, it may not be possible to resolve the full structure down to the required depth due to
the ground conditions or lack of electrical contrast between the pavement materials.

Legal Conformance
The specification should, as a minimum, require that all GPR equipment conforms to ETSI
standards on the use of Ultra Wide Band Technology. Checks should also be carried out to
ensure that the equipment conforms to any national regulations.

Certification, maintenance and calibration testing
A GPR system consists of sensitive electronic equipment which can deteriorate over time if it
is not maintained correctly; this is especially true of the antennae which, if subject to water
ingress, can produce very poor quality data. Therefore it is important that the procuring body
requires the GPR vendor to produce documentation to demonstrate that the equipment has
10
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been regularly maintained and tested to ensure it is working correctly. Whilst there is no
widely practiced or formally recognised procedures in place the vendor should be able to
show evidence that some form of regular in-house testing has been carried out. In the
simplest form this could be confirmation that the time base of the system is correct and that
the frequency content of the antennae is as should be expected. If the vendor holds ISO
9001 quality management system certificate, this should give some surety that a minimum
level of equipment checking is being carried out.

2.3.4 GPR Data Processing
Post-processing of the Raw Data
Whilst not being prescriptive, there should be a requirement statement for post processing of
the GPR data to be carried out, for 2D time amplitude data this could be in the form of
generic processing steps as outlined below:
1. Data referencing – manipulation of the GPR traces to match the network or site
specific section lengths.
2. Static / time correction – referencing the GPR traces so the pavement surface is
located at zero time
3. Time gain – Amplifying the recorded signal with depth
4. Filtering – Removing unwanted interference from the data to improve the signal to
noise ratio.

Interpretation into Construction Data
Where there is a requirement to provide the interpreted pavement structure the specification
should include a minimum requirement for what features are reported out of the data. It is
suggested that in its simplest form this should be as listed below, with text to define what is
mean by each:
1. Location of construction changes (needs a strong definition)
2. Material type
3. Material thickness.
Note:






Special consideration needs to be given to item 2 as it may not be possible to
conclusively report material type without the use of intrusive testing. A system of
interpretation confidence/quality labelling which takes various factors such as
construction records into account may be a good way forward.
To estimate the material thicknesses there is a requirement to calibrate the GPR for
propagation speed. Whilst the accuracy of the reported material thicknesses/depths
should be the key requirement, it is important that the survey commissioner has a
good understanding of the various methodologies for conversion of GPR data from
time to depth as outlined in Section 3.4.5. The survey commissioner should balance
its priorities and specify the methodology which best suits their needs.
The reporting interval should also be specified. This is the distance at which the
pavement structure is reported. It is suggested that if the primary use of the pavement
structure data is for it to be combined with TSD data than the reporting increment
should be the same as the TSD data. Therefore the data should be reported at 1 m
increments and then averaged over 10 m.
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3 Technical background
3.1 Structural condition
When a vehicle drives over a length of road, the weight of the vehicle will act as a load on the
pavement through the vehicle’s tyres, resulting in stresses and strains within the pavement’s
structure. How much the pavement flexes under the load and how the stresses and strains
are propagated through the pavement’s structure will be linked to how resilient the pavement
is to this constant loading/unloading i.e. the pavement’s bearing capacity.
A direct measure of a pavement’s bearing capacity would include in situ measurement of
stresses and strains within the pavement. This would require strain gauges, stress cells, or
similar, to be installed within all layers in the pavement’s structure. Given the length of the
road network in Europe and the process needed to instrument a pavement (which in itself
would be likely to influence the structure), such measurement would be impractical.
Therefore, the response of the pavement to the load applied is measured instead. This is
then combined with knowledge of the materials used in each pavement layer, the thickness
of each layer, and the behaviour of that material under strain or stress, in order to calculate
pavement stiffness and hence the length of time that the pavement is likely to endure traffic
travelling on it before deforming.
European road authorities and other stakeholders have been asked several times over the
previous 20 years about their needs for information on pavement structural condition. In
1997, the COST Action 325 New Road Monitoring Equipment and Methods (European
Commission, 1997) looked into needs and capabilities regarding new equipment and
methods for description of pavement condition. In 2005, the FORMAT project (European
Commission, 2005) also looked at new methods for monitoring of pavement condition, and
very recently, in 2012, the Heroad Project (Benbow and Wright, 2012) looked at
measurement practices in Europe and interviewed stakeholders about their expectations and
ideal measurements. The following summarises relevant findings from the three projects with
emphasis on the most recent, Heroad.

3.1.1 COST 325 New Road Monitoring Equipment and Methods
Based on questionnaires sent to more than one hundred recipients in 21 European countries,
COST 325 found that most countries used falling weight deflectometer or Lacroix
deflectograph for bearing capacity measurements. The inquiry identified a strong desire for
high-speed devices for structural pavement condition testing.

3.1.2 FORMAT Fully Optimised Road Maintenance
Some development in high-speed measuring techniques and devices appeared between the
end of COST 325 and the beginning of the FORMAT project. FORMAT describes two
devices dedicated to traffic-speed testing of structural pavement condition: the Swedish
Road Deflection Tester (RDT) and the Danish High Speed Deflectograph (HSD). The latter
has later been renamed the Traffic Speed Deflectometer – TSD.
The FORMAT report states that monitoring of pavement condition is conducted for three
reasons: legal, practical, and technical. Reasons for performing network level monitoring are
stated as:





Overview of budgeting needs
Planning of maintenance
Prioritisation of maintenance activities
Determination of condition indicators
12
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Asset valuation
Securing a safe road network
Providing a sustainable road network
Providing a given level of service to road users.

Information on pavement condition is said to be necessary for having efficient road pavement
maintenance management. Timely data is needed. High-speed monitoring devices (defined
as traffic-speed or slightly lower) are desirable for economical and safety reasons.
Economically because large amounts of data are needed for network maintenance planning
and for safety reasons because of very high traffic densities at motorways and other primary
roads. Multifunctional devices are seen as more efficient as single-parameter devices, and in
general FORMAT has high emphasis on efficiency in obtaining data. It is also noted that
different purposes for acquiring pavement performance data correlate with different testing
frequencies. It is suggested that the frequency between two surveys should not exceed 5
years.
Questionnaires sent to the members of the project group (with replies from 15 European
countries) showed that:



At network level, longitudinal and transverse unevenness, cracking and friction are
measured and used by more than 75 % of the countries.
The properties related to pavement structural condition have more attention at project
level than at network level.

The inquiry also showed that transverse unevenness, cracking, friction and longitudinal
unevenness are considered important at both network and project level. However, bearing
capacity and structure are mainly found to be important at project level.
A very rough estimate shows that high-speed bearing capacity tests cost only 1/3 of the price
of the stationary falling weight deflectometer test.

3.1.3 Heroad (Holistic Evaluation of Road Assessment)
The most recent study, Heroad, reports that most European countries have an interest in
knowing the bearing capacity of their pavements. Denmark reports that they perform Traffic
Speed Deflectometer tests with a frequency routine testing of 3 years. The UK reports that
they intend to do TSD testing with a frequency of 1 to 2 years. One country, Slovenia, reports
that they perform network bearing capacity tests with falling weight deflectometer – at a 4year frequency.
Heroad presents a major stakeholder analysis, which concludes that most European
countries see pavement durability as important, and that it is desirable to use traffic-speed
measuring devices to acquire the necessary data. The report from Heroad notes that the
TSD is practical for network measurements on the primary road network, but impractical on
lower classes of road, due to its size.
The Heroad report also notes that road owners and operators need data to support structural
pavement performance prediction. A device like the TSD could help answer that need.
In summary, general finding from the earlier projects are:





Road authorities need information on structural pavement condition and structure to
be able to deliver safe, effective and sustainable pavements to their customers
Road authorities need data to support structural pavement performance prediction
Bearing capacity information is more important at project level than at network level
Road authorities have a desire for high-speed testing devices to deliver information
on the bearing capacity of their networks.
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3.1.4 Falling Weight Deflectometer (FWD)
A number of different testing devices exist for bearing capacity measurements. According to
the COST 325 and FORMAT projects mentioned above, the most common devices for
bearing capacity testing are the deflectograph and the falling weight deflectometer (FWD).
While different types of deflectograph are used in Belgium, France and the UK, the FWD is
used in a large number of countries in Europe and abroad.
Neither the FWD nor the deflectograph directly measure the bearing capacity of the
pavement but they measure the response of the pavement to the application of load (the
deflection). This is achieved in different ways for the two devices: As its name suggests, the
FWD measures the pavement response to a falling weight (i.e. a load dropped vertically onto
the pavement surface), whilst the deflectograph measures the response of the road surface
under the action of a (slowly) rolling wheel at standard loading.
The FWD is not a traffic speed device, but is the most commonly selected tool as the
reference device for traffic-speed structural data provided by the TSD. More than 300 FWDs
have been produced (COST 336, not dated). The FWD shown in Figure 1 below is a trailermounted device which applies a dynamic load to the pavement surface. The FWD load is
comparable in magnitude and duration to road traffic. The load is transmitted to the
pavement structure, and the response at the pavement surface is registered at different
radial distances from the load centre. The set of maximum pavement surface deflections at
typically 7-9 radial distances constitutes the so-called deflection basin shown in Figure 2. The
FWD load is typically 50 kN at ‘normal’ road pavements and its duration is in the range 10-30
msec. A typical, routine FWD test consists of 3-5 drops in one testing point. This operation
takes about 2 minutes. For network pavement testing, FWD tests will typically be carried out
with point spacings of 100-1000 metres.

Figure 1: Typical Falling Weight Deflectometer (FWD) during testing
(http://www.wsdot.wa.gov/Business/MaterialsLab/Pavements/PavementDesign.
htm, 17 December 2014)
The FWD analysis aims to determine the stiffness of each layer in the pavement structure.
The pavement is usually modelled as a linear elastic layered system with an infinite bottom.
Input to a FWD back calculation program is usually FWD load and deflections and layer
thicknesses, and the calculation routine then aims to fit a theoretical deflection curve to the
deflection basin from the FWD test. Once acceptable agreement between theoretical and
measured deflection basins is reached, the program outputs elastic moduli for the natural
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subgrade and the pavement layers as indicated in Figure 2. Using a pavement design
method it is then possible to determine the remaining life of the pavement given information
on the current and future traffic loads. Likewise, it is possible to determine possible
strengthening needs (commonly expressed as overlay thickness).

Figure 2: Schematic of FWD deflection basin, pavement structure and
pavement parameters, E: modulus, and h: layer thickness. Downloaded from
http://128.173.204.63/pavement/program/Fwdscheme.jpg on 17 December 2014.
The advantages of the FWD method include well-tested and sturdy equipment, as well as a
scientific based analysis scheme. The primary disadvantages of the FWD are that its
analysis requires information regarding pavement thicknesses and that testing on high
volume roads is very difficult as the test is stationary.

3.1.5 Pavement structure information
Information on the structure of the pavement consisting of material type and material
thickness is often available to the road manager within their Pavement Management System
(PMS). The information can be used in a wide range of applications including asset
valuation, planned maintenance activity and calibration of deflection data to confine the back
calculation equation to determine stiffness. In terms of this study it is the latter application
which is being regarded as the primary use of structure data.
Several previous studies have shown that within FWD back calculation an under or over
estimation of the thickness of the bound pavement layers can have gross effect on the
calculation of stiffness. The following statement is an extract from the Highways Agency
Design Manual for Roads and Bridges, Volume 7, Section 3, Part 2 HD 29/08:
“Underestimating the thickness of bound layers will generally result in an over-estimate of the
stiffness of that layer and overestimating bound layer thickness will similarly result in an
under-estimate of the stiffness of that layer. For example, a 15 percent underestimate of the
thickness of a bound layer can result in a fifty percent overestimate of the stiffness of that
layer”.
This need for accurate layer thickness measurements applies to all layers. However, the
thickness of a bound layer is more important than the thicknesses of unbound layers, since
these provide most of the structural strength for the pavement. Given the influence that layer
thickness and material type has on the calculation of stiffness and therefore structural
condition there is a clear need for any agency wishing to undertake a network level structural
condition survey to have a robust understanding of the pavement structure to ensure final
data accuracy.
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Within an agency’s PMS pavement structure information is generally, but not always, derived
from pavement design information which has been incrementally updated following
maintenance activities. Depending on the age of the pavement, structure data captured in
this way can contain significant errors for a number of reasons including updating of the
pavement design during construction, incorrect construction and inaccurate/incomplete
recording of changes to the structure caused by maintenance activities. Generally the
information becomes less reliable as the age of the pavement increases as the pavement
structure evolves away from its original design. This is especially true for upper bound layers.
Given that this study is primarily concerned with the management of ageing infrastructure it
seems likely there is a high level of uncertainly about the structural composition of the
pavement that agencies are trying to manage.
Where structural data does exist, the information can be an over simplification of the true
pavement (depending on the format of the structure data within the PMS). Often the
structural information consists of a single typical construction for an entire road section which
may be several hundreds to thousands of metres long. The reality is that there will be
variability in the pavement structure, due to patching, resurfacing etc. For some applications,
such as asset valuation, this may be adequate but for more rigorous applications, such as
integration into deflection data, the data are not of sufficient density to reliably improve the
quality of the final product and has the potential to reduce the quality of the final product.
Currently most agencies regard physical in situ tests such as coring for bound layers and
dynamic cone penetrometer (DCP) for unbound layers as the most reliable way of
investigating the pavement structure and rely heavily on these techniques during project level
investigations. The information is either used to supplement structure data from the PMS or
fill in gaps where there is no data in the PMS. However, whilst considering network level
evaluation, techniques such as coring have a number of draw backs:





Stationary technique requiring lane closures and personnel in the carriageway which
increases cost and exposure to risk
Generally slow progress rate (approx. 1 location per hour)
Point sampling method – no way of knowing if the result is typical or atypical of the
surrounding pavement structure. Also, if the result is typical of the surrounding
structure, no way of knowing the length of the network the result represents.
The results are not always as reliable as may be assumed with numerous
opportunities for error to be introduced during both collection and logging.

As a result of the above factors, in situ testing at sufficient density to create a representative
model of the pavement structure across entire road networks is not generally regarded as
economically or logistically feasible.
As an alternative, to reduce the need for coring whilst increasing the density of pavement
structure information, Ground Penetrating Radar (GPR) can be used. This technology can
survey at traffic speed and provides layer thickness information. The recent Heroad, 2012
study showed that 12 European agencies had used GPR, but out of those surveyed, only
Finland was carrying out GPR investigations at Network Level, with the rest primarily using
the technique only at Project level.
Whilst GPR is often regarded as a niche or specialist test, use of GPR in pavement
engineering has a history of at least 30 years and its popularity is generally increasing as
GPR hardware improves and practitioners gain a better understanding of the resultant data.
Studies such as Mara Nord, 2010 and TRIMM, 2014 (Tomorrow’s Road Infrastructure
Monitoring & Management) have demonstrated that the technique is capable of resolving
different types of pavement structures and that whilst differences do exist, there is a range of
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commercially available equipment available which produce broadly similar results. This
technology is discussed further in section 3.4.

3.1.6 Summary
Studies among national road authorities in Europe and other key stakeholders have
established that road owners want to know about the structural condition of their pavements.
As it is not practically feasible to measure the pavement bearing capacity directly, pavement
response to surface loading is measured instead. The most commonly used testing method
is the Falling Weight Deflectometer (FWD). However, this technique is not traffic speed.
There is a need for accurate construction data to convert FWD testing results into bearing
capacity information. Traditionally, construction data would come from test pits or cores.
The only traffic speed technologies available for this are Traffic Speed Deflectometer and
Ground Penetration Radar. These are discussed further in sections 3.3 and 3.4.

3.2 Information sources
To investigate the use of the TSD and GPR for the provision of structural condition data we
have investigated current specifications for high-speed routine monitoring of structural
condition (TSD) and pavement structure (GPR). To support the review additional information
was also sourced from the HeRoad reports into pavement condition assessment (Benbow &
Wright, 2012; Sjögren, Benbow et al., 2012; Žnidarič, 2012; Casse & van Geem, 2012;
Haider & Gasparoni, 2012, Sjögren et al., 2012), the COST 325 reports (European
Commission, 1997) and the FORMAT reports (European Commission, 2005).

3.3 Traffic Speed Deflectometer (TSD) Surveys
3.3.1 The Traffic Speed Deflectometer
The Traffic Speed Deflectometer (Figure 3 and Figure 4) is developed, manufactured and
sold by Greenwood Engineering A/S in Denmark. The TSD measures the vertical velocity of
the deflected pavement surface based on advanced Doppler laser technique using 3 to 10
laser vibrometers. Loading is provided by the rear axle of a semi-trailer. This way the TSD is
different from the FWD: while the FWD simulates a moving wheel load, the TSD actually
applies a moving wheel load to the pavement. The measuring equipment is placed in a
tractor-semi trailer combination, with the measurement instrumentation in the trailer and the
operator in the driver’s cabin. Measurements are conducted continuously at driving speeds
between 40 km/h and 70 km/h. Two people are required for the testing: one driver and one
operator.
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Figure 3: The Anas (Italy) TSD. Picture downloaded from
http://www.ndtoolbox.org/content/pavement/d-description on 17 December
2014.

Figure 4: Schematic of Sanral (South African TSD). Picture downloaded from
http://www.apps.vtti.vt.edu/PDFs/PE-2014/Kannemeyer.pdf on 17 December
2014.

3.3.2 Results
The description in this section and the following is an extract of a description, which can be
found at Greenwood Engineering’s website (http://www.greenwood.dk/tsd.php, accessed on
17 December 2014).
Dedicated software has been developed for post processing of data produced by the Traffic
Speed Deflectometer. Using the post processing software the following information is
provided:
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Chainage
Temperature (air and road)
Structural Curvature Index 300, SCI 300
Maximum Deflection under the load centre
Deflection slopes.

Some of the different results are discussed in the following sections.

3.3.3 Deflection slope
The Doppler sensors measure the vertical velocity of the deflected pavement surface. The
deflection slope is the slope of the deflection curve at the position of the Doppler laser sensor
as seen in Figure 5 below.

Figure 5: The TSD Deflection slope concept (Rasmussen et al., 2008).

3.3.4 Maximum Deflection and Structural Curvature Index 300
Based on the deflection slopes it is possible to determine bearing capacity characteristics.
The maximum deflection, d(0), is the deflection at the centre of loading. The Structural
Curvature Index 300, SCI300, is determined as SCI300 = d(0)-d(300), with d(300) being the
absolute deflection 300 mm in front of the centre of loading. Other SCI’s can be determined
using the same principle, e.g., SCI200 is found as SCI200 = d(0)-d(200). The SCI concept
can be used with other types of testing equipment as well. SCI numbers can be determined
with deflectographs as well as with the FWD.
Examples from TSD tests are shown in section 3.3.6.

3.3.5 Development of the TSD 1996 to 2014
The Traffic Speed Deflectometer prototype was commissioned by the Danish Road
Directorate and delivered by Danish manufacturer Greenwood Engineering from 1996 to
2000. The prototype was called the High Speed Deflectometer and equipped with four
Doppler laser sensors. In 2005, the UK Highways Agency took delivery of its TSD, which in
its original layout was similar to the Danish prototype. The Highways Agency TSD, though,
had the measuring equipment placed in the left side. The Danish and UK machines
constitute the first generation of the TSD.
In the last ten years, Greenwood Engineering has delivered six TSD in a second generation
format. Table 1 shows an overview of the 8 TSD currently existing.

19

CEDR Call 2013: Ageing Infrastructure Management

Table 1: TSD devices in operation (December 2014).
Delivery
number

Generation

Country

Owner

Year
of
delivery

Number
of
Doppler
sensors

Additional
systems

Network
surveys

1

1

Denmark

Danish
Road
Directorate

2000

4

Prototype

State
road
network
each
year
since
2005

2

1

United
Kingdom

Highways
Agency

2005

4

GPR starting
in 2015

Annually
since
2010

3

2

Italy

ANAS

2010

7

Right-of-way
imaging,
longitudinal
profiler (one
sensor), new
hardware
and software

?

4

2

Poland

IBDiM

2011

5

As TSD#3

?

5

2

South
Africa

SANRAL

2012/2013

10

Laser
scanners for
sign
detection,
pavement
marking etc.,
3D
video
imaging for
pavement
evaluation

Planned

6

2

China

RIOH

2013

?

-

?

7

2

USA

Greenwood
Engineering

2013

?

Built
for
experimental
and display
purposes

-

8

2

Australia

ARRB

2013

7

Hawkeye
system,
imaging,
right-of-way
imaging

Since
2014;
annual
testing
planned.

Source: www.greenwood.dk/tsd.php and publications from the owner organisations.
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Table 1 illustrates that there has been a development in the TSD approach towards the use
of more Doppler sensors and additional measuring systems (such as surface profile and
imaging lasers). This may be attributable to different road networks, road structures and
testing objectives in the owner countries.
The development of the TSD from first to second generation has, among others, been aimed
at removing many of the limitations observed with the first generation devices. The second
generation system includes improved hardware and software less susceptible to
environmental and load related influence on the testing data. The second generation system
is hence much improved in terms of stability and reliability of data. The seven sensor
measuring system allows more flexibility in the data analysis including analysis similar to the
FWD technique as illustrated by Australian ARRB (cf. section 3.3.6).
Main capabilities of the TSD:














Testing speeds between 40 and 70 km/h
Data delivered: deflection, deflection slope, maximum deflection under wheel, surface
curvature index (SCI300)
Reporting interval (standard): 10 metres and higher
800 samples/second output from Doppler lasers
Typical number of Doppler sensors: 7
Accuracy of Doppler sensors (in laboratory): 1 micrometer/second
Repeatability of sensors: very high
Reproducibility of sensors: comparisons with FWD have shown high reproducibility
(less than 5 micrometer RMS error based on SCI300 at 20 km/h driving speed)
Climate controlled data acquisition system
Measuring system left/right as desired by customer
Moveable, asymmetric loads (9-13 tonnes)
Load registration on load and on load axle
Standard commercial tow truck and trailer.

3.3.6 Application of Traffic Speed Deflectometer (TSD) Survey data
Despite only 8 TSDs existing for only a limited period of time, quite some experience has
already been gained regarding network testing with the TSD. The Danish TSD has been
used for network testing almost every year since 2005, and the latest addition to the TSD
society, the Australian device, is expected to perform network testing already now in its first
year after delivery. This section highlights some of the results from the TSD network tests.
Denmark
The Danish Road Directorate commenced TSD network surveys in 2005 and has continued
since then. The total length of the network surveyed is approximately 3,800 km. Today, the
network is surveyed over 3 to 5 years (motorways over 3 years, other major roads over 5
years). All tests are reported in terms of SCI300 as described in section 3.3.4. Figure 6
shows an example of testing results from the years 2005 to 2007 on a 19 km section.
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Figure 6: Comparison of TSD results (SCI300) from the same road section in
three consecutive years (Rasmussen et al., 2008)
The SCI300 information is compared to limits for good and poor bearing capacity,
respectively. These limits depend on the traffic loads on the specific section. Locations with
an SCI300 above the poor bearing capacity limit have an indicated need for strengthening.
The needed overlay thickness is then determined based on FWD tests.
The correspondence between TSD indications of poor bearing capacity and strengthening
needs have been confirmed by FWD testing. Figure 7 shows an example from The Road
Directorate’s pavement management system, where a road section of 2 km’s length shows a
partial need for strengthening (first 1.1 km).
The limits characterising poor and good bearing capacity have been developed based on
similar limits for FWD measurements, and the TSD limits have been adjusted according to
comparative tests with FWD and TSD.

Figure 7: Extract from The Danish Road Directorate’s pavement management
system showing TSD tests (purple line) on a 2 km long section. The red curve
shows the limit for poor bearing capacity with strengthening need, while the
green line represents the limit between good and fair bearing capacity.
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United Kingdom
Network TSD surveys in the UK are described in Ferne et al. (2013). The UK Highways
Agency conducted a total of more than 50,000 lane km TSD surveys on the English Strategic
Road Network during the period from 2009 to 2012. Out of the 50,000 lane km, 27,000 lane
km were validated, while 36,000 lane-km were unvalidated.
The procedure for interpretation of TSD measurements on the English Strategic Road
Network is based on a relation between Deflectograph deflection and TSD slope at 100 mm
in front of the load axle. Using this relation it is possible to estimate the pavement structural
condition based on TSD data. Relations between deflection and structural condition exist for
a number of different pavement structures with the base type being the important parameter.
Traffic information and construction details are also included in the analysis. In the end each
100 metre road length is assigned a network structural condition category with four different
classes as shown in Table 2. In the longer term, Highways Agency aims to develop a direct
relation between TSD data and pavement performance of their strategic road network.

Table 2: UK Highways Agency network structural condition categories (Ferne
et al., 2013)
Category

Description

1

Flexible pavements without any need for structural maintenance

2

Flexible pavements unlikely to need structural maintenance

3

Flexible pavements likely to need structural maintenance

4

Flexible pavements very likely to need structural maintenance

Italy
The Italian use of the TSD is described in Cesolini, 2014. ANAS uses its TSD for control
purposes in connection with performance based construction projects. From 2010, ANAS
has used the TSD for quality control of bearing capacity of pavements on all work made by
contractors. Performance criteria is established for and included in contracts for both new
construction and maintenance of pavements. ANAS uses two parameters to describe the
structural pavement condition:



SCI300 for deep maintenance operations
SCI200 for surface maintenance operations.

The SCI value is adjusted to a standard temperature of 14 °C. For specific pavement
structures, a design SCI is calculated, which should not be exceeded. If a road section
exceeds the design SCI, the contractor can be penalised. The evaluation of road sections is
based on average SCI values for homogeneous sections. Acceptance testing should be
carried out using the TSD on finished pavements within one year after the construction of the
final paving layer.
The ANAS road network comprises some 25,000 km of primary roads/motorways (premium
network). The bearing capacity of this network is monitored regularly, and a performance
indicator, IBC, is calculated based on SCI300 at the reference temperature. Figure 8 shows
the rating of the network.
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Figure 8: Italian (ANAS) overview of structural condition of premium network
(Cesolini, 2014).
Australia
According to ARRB’s website (http://www.arrb.com.au/Equipment-services/TSD.aspx,
accessed on 2nd January, 2015), the Australian TSD tests should deliver bearing capacity
indices and estimates of pavement fatigue. Current plans include annual testing in a 5-year
period in New South Wales and Queensland as well as in New Zealand.
Based on TSD tests in Australia (New South Wales and Queensland conducted by the
Danish Road Directorate’s TSD) ARRB developed an analysis method called ‘the area under
the curve’ (AUTC) method, which produces a TSD deflection bowl. The method was
developed by Roberts and Byrne (2008) and Muller and Roberts (2013) and is seen as key
to the future Australian TSD work (Roberts et al. 2014). The principle in the AUTC method is
described in Roberts et al., 2014 and illustrated in Figure 9 below:



Step A: The deflection slope is plotted against offsets from the load centre as a slope
profile curve. The cumulative area under the slope profile starting at the tail is then
equal to the vertical deflection at that point.
Step B: The difference between any two deflection points is equal to the area under
the slope profile curve between these two points.

The method was shown to fit very well to experimental data from Queensland, while the
method needed modifications to fit data from New South Wales. Roberts et al., 2014, states
that the advent of TSDs with more than four Doppler sensors should allow the use of the
original AUTC method.
It is at present unclear if the TSD deflection bowl will be analysed similar to the FWD
deflection bowl or whether simpler bearing capacity indices will be used for structural
pavement assessment.
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Figure 9: Australian TSD data interpretation method, The Area Under The
Curve (AUTC) method. From Roberts et al. 2014 (based on Muller and Roberts,
2013).

3.3.7 Survey specifications relating to the TSD
Two national sets of TSD specifications currently exist: in Italy and in the United Kingdom.
The Italian specifications (ANAS, 2008) specify that the measurements should include:






Surface curvature indices SCI200 and SCI300
Deflection values at distances 200, 300 and 1800 mm from load centre
Load should be provided by a 12-tonnes axle load
The reference load should be 1700 kPa
Allowable air temperature range: 10-20 °C, reference temperature: 14 °C.

The UK specifications stem from the TRASS tests, and the key issues specified are:








Dimensions and layout of testing device for the Highways Agency TSD
Testing conducted at a steady driving speed of 70 km/h, in direction of normal traffic
flow nearside wheelpath, dry road surface, pavement temperature at 40 mm’s depth
between 5 and 35 °C.
Data delivered: 3-D coordinates of equipment position during testing, average
operating speed, equipment longitudinal profile in nearside wheelpath, deflection
slopes recorded by 3 measurement lasers, beam temperature, tyre pressures, tyre
temperatures, air and road surface temperatures.
Frequency of data: 800 samples/second.
Reporting interval: 10 metres.
Acceptance levels for Doppler sensor data rate, survey speed, temperature of
measuring beam, temperature difference between sensors, tyre pressure, pavement
temperature.
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3.3.8 Summary: current status of TSD surveys
Intensive use of the TSD for practical testing purposes is seen – and described – in
Denmark, the UK, Italy and Australia. Denmark and Italy use the Surface Curvature Index
concept for bearing capacity characterisation of their road networks, while the UK uses the
TSD slope for bearing capacity characterisation. In Australia, the 7-sensor device is used to
derive a deflection bowl similar to the FWD deflection bowl.
In Denmark and the UK the TSD is used for network maintenance management and
especially evaluation of the need for structural maintenance. The purpose of the Australian
TSD activities seems similar. In Italy, the TSD is used for acceptance testing in connection
with construction and performance contracts.
The needs statements from the European national road authorities presented in section 3.1
have – to a great extent – been met by the TSD. Road authorities can now obtain pavement
bearing capacity information collected at high or traffic speed. This data can support the
authorities in obtaining an overview of the current condition of the road networks, and
provided valuable input to prediction of future pavement condition and hence future
pavement maintenance costs. It is noticeable, though, that the TSD delivers data for network
level pavement evaluation, while the authorities have said that bearing capacity information
is primarily interesting at the project level. The reason for this may be that the main, currently
available device, for bearing capacity testing (the FWD) is best suited for project level testing.
Another reason may be that road authorities commonly base pavement network level
planning on surface characteristic parameters like evenness as the latter is easily linked to
road user ride comfort according to the AASHO Road Test (AASHO, 1962).

3.4 Ground Penetrating Radar (GPR)
3.4.1 Overview of Ground Penetrating Radar (GPR)
The GPR technique works by emitting low powered electromagnetic (EM) waves into the
pavement which are reflected at material boundaries within the pavement. The ratio of how
much EM energy is reflected from a material boundary and how much continues to
propagate onto deeper layers of the pavement is a function of the contrast of the electrical
properties of the two materials present at the boundary; materials of similar electrical
properties such as an asphalt wearing course to an asphalt base course produce weak
reflections, whereas asphalt to concrete produces a stronger reflection.
GPR can be used in a wide variety of applications (as seen in Table 3) including utility
detection and assessment of condition aspects such as delamination of asphalt layers,
however it is not currently possible to resolve all of these features from GPR data collected at
traffic speed due to the spatial density of the data. Key to the use of GPR for traffic speed /
network level surveys is that the equipment does not need to be in intimate contact with the
pavement surface and even equipment described as ‘ground coupled’ can produce good
quality data provided the separation of the antennae to the pavement surface is minimised.
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Table 3: Example GPR Applications

Condition Information

Structure Information

Application

Description

Construction
changes

Identifying where changes in
construction type (flexible, rigid etc)
or thickness occur

Material thickness

Identifying the thickness of
pavement material

Material type

Classifying construction materials
into generic engineering groups
such as asphaltic concrete and
granular base

Feature used to identify from in
GPR data


Change in time to horizontal reflector



Change in amplitude of reflector



Change in time to horizontal reflector



Change in amplitude of reflector



Changes in attenuation of GPR signal



Material velocity/Dielectric



Geometrical relationship of reflectors



Hyperbolic reflection



Geometrical relationship of reflectors



Hyperbolic reflection



Increase in amplitude of horizontal

Reinforcement
detection

Identifying the arrangement and
cover to reinforcing steel or load
transfer dowel

Utility detection

Identifying the presence and depth
of buried utilities

Delamination

Identifying separations between
layers of bound material
Identifying structural or nonstructural voiding below the bound
material layers



Voiding

Identifying areas where the
aggregate and binder have
separated in asphaltic concrete
pavements



Stripping

reflector

signal

Moisture

Change in amplitude of reflected GPR
signal


Identifying areas of increased
moisture content within or below
the bound materials

Change in amplitude of reflected GPR

Loss of high frequency component within
the reflected GPR signal



Change in time to horizontal reflector



Change in material velocity/Dielectric

In the time domain GPR data are generally displayed as ‘radargrams’ which are cross
sections through the road where the X axis is distance (chainage) and the Y axis is two way
travel time; this is the time it has taken the EM wave to travel down to a material boundary
and then back to the road surface..

3.4.2 Ground Penetrating Radar (GPR) equipment
There are several mainstream manufacturers of GPR equipment suitable for network level
pavement investigation each with their own specific configuration. However, generically GPR
systems comprise of three main components:
 a computer based control system
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 a transducer (antenna/receiver)
 a positioning system.
Control System - The computer based control system typically generates the electromagnetic
pulse which is radiated by the antenna. Systems generally have a range of user definable
settings which are used to specify parameters such as the time range (depth of investigation)
and how often scans are collected along the length of the pavement (trace increment).
All modern systems suitable for pavement investigation record data to hard disk / solid state
memory in digital format to allow post processing of the resultant data.
Traditionally control systems are referred to as “single channel” or “multi-channel”, in the
case of multi-channel, this describes the ability to connect more than one transducer to the
control system, meaning that transducers of different center frequencies can be collected
along the same profile simultaneously or that several non-coincident profiles can be collected
simultaneously e.g., from each wheel track or the entire lane width.
Transducer - GPR antennae emit a relatively broad spectrum of low power EM energy. The
centre frequency of the antenna loosely describes the modal frequency emitted by the
antenna. The centre frequency is important as it characterizes the likely penetration and
resolution properties of the transducer. Generally, low frequency transducers have good
depth penetration and relatively poor lateral/vertical resolution whereas higher frequency
transducers have relatively poor depth penetration and good lateral/vertical resolution.
For pavement investigation antennae with a centre frequency anywhere between ~200 MHz
to ~2.5 GHz could be used depending on the application. Table 4 gives some general
information of likely depth penetrations of different frequency antenna and some example
applications.

Table 4: GPR Antenna Frequencies
Frequency

Likely depth
1
penetration

Example application

200 - 300 MHZ

1.5 – 3 m

Investigation of the formation materials

300 - 600 MHz

1 - 1.5 m

Investigation of sub-base material

600 – 1000 MHz

0.5 – 1 m

Investigation of the base course

1000 – 2000 MHz

0 – 0.5 m

Investigation of the wearing course

2000 MHz plus

0 – 0.3 m

Investigation of the surface course

1

Advice given for depth penetration is for normal ground conditions. Penetration could be
significantly reduced if the ground contains conductive materials such as moisture rich soils or
clay.

Selection of the appropriate antenna centre frequency requires a good understanding of the
survey objectives. In some situations it may not be possible to meet all of the survey
objectives using a single transducer e.g. where information on the upper bound and lower
unbound layers is required. In these situations use of multiple transducers of different centre
frequencies is required.
There are three main types of transducers suitable for pavement investigation:
 Air-coupled / Horn – these devices are suspended approx. 400 mm above the
pavement surface and at least 1 m away from metallic objects. Due to the physical
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separation between the antenna and the pavement surface air-coupled antenna
are inherently suited to traffic speed pavement survey.
Air-coupled antenna are generally produced with relatively high centre frequencies
meaning that they have good vertical resolution and are good for resolving very
thin layers or defects in the wearing course but struggle to penetrate to the lower
engineered layers.
Due to the arrangement of the receiver unit this type of transducer can be affected
by interference from other EM sources such as mobile phone antenna and CB
radios which introduces undesirable “noise” into the recorded data.

Figure 10: Air-coupled antenna1 (Photo courtesy of GSSI)


1

Ground-coupled / Dipole – these devices are used either in contact with or
marginally (~20 mm) elevated above the pavement surface.
Ground-coupled antennae are generally produced in a wider range of frequencies
also covering lower frequencies than air-coupled antennae. As the antenna is
coupled with the ground and generally has a lower frequency content, penetration
is normally better than that achieved with air-coupled antenna. However, resolution
of very thin surfacing layers can be poor as the direct waves (those that travel
straight from the antenna to the receiver) and surface reflections can mask
reflections from shallow material boundaries.
Signal-to-noise ratios in this sort of transducers are generally better than those
achieved by air-coupled antenna as the physical proximity to the ground shields
unwanted EM interference entering the receiver.

Please note: It is illegal to mount the antenna on the front of the vehicle in some jurisdictions.
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Figure 11: Ground-coupled antenna.
From right 400 MHz (red), 900 MHz
(black), 1600 MHz (red)


Figure 12: Ground coupled antenna
being used at traffic speed – note 20
mm clearance from pavement surface

Stepped frequency antennae are a relatively new addition to the GPR industry and
are available in both ground coupled and air coupled configurations. Unlike most
GPR antenna which are manufactured to a certain centre frequency a stepped
frequency antenna produces a series of discrete EM pulses with each pulse
assenting in frequency within a specified bandwidth which is typically quite broad.

Figure 13: Stepped frequency GPR antenna
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There are some advantages of stepped frequency antennae over the alternatives such as:
 The potential of a broad spectrum means the user is able to achieve both high
resolution and high penetration simultaneously.
 The array nature of some manufactures equipment means that several longitudinal
profiles can be collected simultaneously. These data can then be merged to form a
3d ‘block’.
 As the collected data are in the frequency domain it is possible to do some more
advanced signal filtering than data collected in the time domain
There are also some negatives, data volumes can be large, and the increased complexity
of the system means that the users need to be more knowledgeable to set up and monitor
the system.
With regard to array type systems it could be considered that collection of several
longitudinal profiles is of limited benefit (compared to the cost) for network wide surveys
when deflection equipment is only investigating a single profile.
Positioning - Modern GPR systems have two types of positioning system; linear offset and
co-ordinate.
 Linear offset positioning is generally possible by using a laser encoder or an
optical encoder either connected to a wheel hub on the survey vehicle or via a fifth
wheel. The control system software generally has functionality to allow calibration
of the encoder.
Most modern GPR systems use the encoder wheel to trigger the receiver gate to
open thus recording a GPR scan at a set distance increment. This results in a
record where the GPR scans are equidistant and independent of the speed of the
collection vehicle. Some older GPR systems only collect data based on time and
are prone to relocation errors due to fluctuations in the speed of collection.
 Modern GPR systems allow tagging of the GPR traces with a coordinates from
Global Navigation Satellite Systems (GNSS). Collection of this information is
essential if the results are to be incorporated into a GIS application or integrated
into other survey results.

3.4.3 Ground Penetrating Radar (GPR) data collection
Compared to most deflection and surface condition equipment, GPR equipment is relatively
small and can be deployed in a in a number of different ways. For network level investigation
the equipment is mounted into/onto a survey vehicle. Sometimes this is a standalone survey
vehicle but there is an increasing trend for GPR equipment to be integrated into other survey
vehicles to allow the simultaneous collection of GPR and surface condition and/or deflection
data. In the UK, the Highways Agency has recently integrated a GPR system into their TSD
(Figure 14) and plan to start collecting data with it in 2015.
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Figure 14: Ground Penetrating Radar Equipment mounted on UK TSD

3.4.4 Ground Penetrating Radar (GPR) Processing Software
There are numerous software packages available for processing GPR data. Most of the
mainstream equipment producers support their own equipment with proprietary processing
software. There are also several software packages available which have not been produced
by an equipment manufacturer and therefore are capable of handling data from many
different makes of equipment.

3.4.5 Ground Penetrating Radar (GPR) Reportables
Following processing and filtering of GPR data, for structure evaluations there are two main
parameters to be reported from the data set:
 Material thickness
 Material type
To report material thickness the two way travel time of the reflection propagated by a
material boundary must be multiplied by the velocity at which EM waves travel through the
material (which is a function of the relative permittivity of the material). All pavement
materials have slightly different velocities as a result of differing electrical characteristics of
the aggregates, binders and differing moisture and void contents. Whilst all materials have
subtly different velocities, they generally sit within bands of velocities for major material
classifications such as asphaltic concrete (0.9-1.2 m/ns), Portland Concrete (0.8-1 m/ns) and
dry/clean unbound limestone aggregates (1-1.3 m/ns). As can be seen from the velocities
there is some overlap between different classes of material. As a result it is not always
possible to positively identify material type solely from the velocity. This is a problem when
considering the use of GPR without other supporting information/investigation to determine
the material type.
To further complicate matters differing conditions of pavement materials can also have an
affect the velocity and can create a larger overlap between material types than those noted in
the previous paragraph, for example a stripped or disintegrated asphalt base layer will have
a different velocity to the same base material in good condition due to the change in void and
/ or moisture content. Likewise unbound sub-base material contaminated with fines will have
a different velocity to the same material with its void space intact.
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To overcome the challenge of differing material velocities, the state-of-the-practice for GPR
surveys is to supplement the GPR data set with in situ intrusive testing to allow a known
depth to be used to calculate the apparent material velocity (for each layer) and thus report
depth from the GPR data in the construction segment surrounding the intrusive test point.
Whilst this has the advantage of creating a reasonably robust data set, the limitations as
previously listed for intrusive testing (section 3.1.5) still persist. The approach can be
enhanced by targeting the intrusive testing following initial assessment of the GPR data,
using this methodology the amount of intrusive testing can be optimized and the extent to
which the intrusive test results are representative is better understood.
Other methodologies can be used to calculate thickness from travel time with the ‘surface
reflection’ method and various forms of ‘common midpoint’ (CMP), ‘common depth point’
(CDP) or Wide Angle Reflection & Refraction (WARR) being the main alternatives. All of
these approaches also have their technical limitations in terms of the material thickness
calculation (from GPR) but the main drawback of using these approaches in isolation is that it
is not possible to robustly determine the material type as knowing the velocity alone is not
conclusive due to the overlap of material velocities as previously described.

3.4.6 Survey specifications relating to Ground Penetrating Radar
There appears to be a lot of guidance available to agencies on what GPR is and its potential
applications but there is very little information to help survey commissioners ensure they get
appropriate results that can be used alongside and within deflection data processing. Whilst
some specifications cover issues surrounding GPR data collection there is very little on the
processing and interpretation of GPR data or how the information should best be reported to
integrate with deflection data. There is also very little European information available of
suitable ongoing QA/QC regimes, however a number of countries have attempted to
undertake some form of equipment/vendor accreditation to ensure there is a minimum level
of capability/competence.
Analysis of the available GPR specifications (from Ireland, Sweden, UK and USA) has
shown that requirements can vary greatly due to the differing uses of GPR data but network
level GPR surveys tend to have the following collection parameters:
 Scans at ≥200 mm intervals
 ≤ 2 longitudinal profiles – generally only one profile from one of the wheel tracks or
the oil track.
This level of information can be used to get a general understanding of the pavement
structure, such as resolving layer thickness and the location of changes in construction which
is likely to be sufficient detail for inclusion into deflection calculations, which in the case of the
TSD, are averaged over 10 m.
By comparison, project level investigations are generally carried out a slow speed either from
a vehicle (within a lane closure) or on foot to allow greater spatial resolution and positional
accuracy. The investigation can be designed to identify particular features related to the
pavement and / or its condition; however, in most cases a project level investigation will have
the following collection parameters:
 Scans at ≤100 mm intervals
 Multiple longitudinal profiles
 Transverse profiles (depending on the application)
 Multiple antenna frequency (depending on the application).
The primary reason for the slower speed of collection is to increase the density of GPR
scans along the length of the pavement to improve the lateral resolution. A coincidental

33

CEDR Call 2013: Ageing Infrastructure Management

benefit of slower data acquisition is that positional accuracy also improves greatly. This is an
important factor when locating relatively small/isolated features.

3.5 How do TSD and GPR data complement each other?
Traditionally, bearing capacity and structure information are both needed for a proper
structural assessment of a road pavement. Traditional FWD evaluation needs reliable
structure information as described above (section 3.1.4). There is, however, a difference
between project and network evaluation. For evaluation at project level, the road owner
needs detailed information regarding pavement structure, climate, traffic, bearing capacity
and surface condition (evenness, rutting, cracking, etc.). This information is needed for the
current situation and especially for the future situation to allow for detailed modelling of
pavement performance. For network level investigation this very detailed information is not
necessary to provide road owners with an overview of, e.g., current condition of road
pavements and future expenditure for structural pavement maintenance. Performance
modelling at the network level can take place using rather simple empirical models with lower
requirements to input information. The input information does not necessarily include
structure information. In most cases the road system will be evaluated based on sections
instead of discrete points.
With regard to TSD and GPR tests at network level, the former should be seen as dynamic
data while the latter can be seen as static. Once a road section is constructed, only the upper
layers are replaced or overlaid. With a proper Pavement or Asset Management System it is
possible to update the structure information every time a section gets a new overlay. Hence,
it can be recommended that TSD tests are conducted rather more frequently than GPR
testing.
Looking at the eight current TSDs, most owners aim to add equipment to their TSD for
surface condition evaluation (evenness, rutting, cracking, etc.) rather than structure
information. This makes sense, as surface defects change continuously while layer
thicknesses can be seen as constant (and changes can be monitored rather easily). A
multipurpose testing device should combine TSD and monitoring of surface characteristics
(evenness, rutting, cracking, etc.) as both types of data are dynamic. If the quality of the
construction and layer thickness data stored in the PMS/AMS could be upheld, GPR tests
should only need to be applied separately on sections with unknown structure or for project
level investigations. However, if the quality of the PMS/AMS data is not good and
maintenance records are not kept accurately, then GPR data may be needed on the same
frequency as the TSD data.
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4 Definitions
The following subsections list the technical terms to be used, along with the definitions of the
terms as they will be used within the HiSPEQ project.
Accreditation
Accreditation is a process that is usually implemented at the start of a survey regime. The
aim of the process is to demonstrate whether a high-speed survey device is capable of
delivering the data required by the survey, and to the level of accuracy required.
Accuracy
A system’s accuracy is how closely its measured data reproduces reference data.
Derived Parameter
A parameter, such as rutting, IRI or area of cracking, calculated from the measured raw
profile or image data.
Filter
In the context of this work a Filter can be considered to be a mathematical transformation
applied to measured profile data to remove features (wavelengths) considered undesirable in
the calculation of a derived parameter.
Fleet consistency
Fleet consistency is how closely matched data is, when collected by multiple (different)
devices surveying the same route.
IRI
International Roughness Index, a parameter calculated from longitudinal profile data
Longitudinal Profile
The longitudinal profile is a measure of the shape of a road surface, in a single line parallel
with the direction of travel. It is usually measured in the wheel paths and sometimes
measured in the middle of the lane.
Quality Assurance (QA)
Quality Assurace (QA) is the process that is implemented during the course of a survey
regime, to ensure that the data quality has remained at an acceptable level.
Ride quality
Ride quality is indicated by a parameter or parameters that are derived from the longitudinal
profile. These parameters attempt to quantify the level of comfort or discomfort that road
users will experience when driving down the road.
Rutting
Rutting is the permanent deformation of pavement layers which can accumulate over time. It
is limited to asphalt roads, and can be indicative of pavement failure. There are two types of
rutting that can develop on a road: Surface course rutting and structural rutting. Surface
course rutting only occurs in the top ~50mm of the pavement and is caused by the surface
course mixture being displaced by vehicle wheels, usually during hot weather. Structural
rutting is the result of excessive consolidation of the pavement along the wheel path due to
either reduction of the air voids in the surface layers, or the permanent deformation of the
base or subgrade. It is this type of rutting that causes most concern to road engineers, since
it is most indicative of pavement failure.
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Surface deterioration
In general surface deterioration includes any deterioration in the condition of the road
surface, for example, cracking, fretting/ravelling, pot holes, fatting up, bleeding. Since the
HiSPEQ project is concerned with measuring the durability of a pavement, we will only be
considering defects that either effect the structural integrity of the surface layers, or might
allow water ingress into the lower layers of the pavement i.e. cracking and pot holes (fretting
tends to develop into cracking or potholes when it gets severe enough to effect the structural
integrity of the surface layers).
System repeatability
The repeatability of a system is how precise an individual device is i.e. how closely matched
data is when collected by the device during two separate surveys.
Transverse Profile
The transverse profile is a measure of the shape of a road surface, in a single line running
across the lane, perpendicular to vehicle travel.
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