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ABSTRACT

The Traffic Speed Deflectometer (TSD) is being developed at the Transport Research Laboratory
on behalf of the English Highways Agency as a tool to enable network structural surveys to be
carried out at traffic speeds of up to 80km/h, avoiding traffic disruption and expensive traffic
management.

The sensing equipment consists of four velocity measuring lasers mounted on a stiff beam, which
is housed in the trailer of an articulated lorry. Three of these lasers (P100, P300 and P750) are
used to calculate the slope of the deflection bowl in three positions (100mm, 300mm and 750mm
in front of the rear axle) relative to the fourth (P.s) laser, which is in a position where the
deflection slope is close to zero. Moreover, the lasers are inclined from the vertical by small
angles (around 2 degrees) that have to be known with great accuracy as they have a significant
effect on the final outputs, the deflection bowl slopes.

Determining the calibration angles (geometric calibration) is a key point in the development of
this technology and has been researched in various ways. The most effective of these has been the
installation of a high-specification accelerometer into the surface of a relatively strong pavement
that enables a comparative measurement of the pavement’s deflection slope under TSD loading.
The measurement also provides a simultaneous means of absolute reference calibration of the
system where the accelerometers are also installed in a range of pavement constructions. This
paper describes the research performed to date, the encouraging results obtained and the steps
necessary to take this technology forward.
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1. INTRODUCTION

In recent years, the volume of traffic carried by the UK Motorway and Trunk Road network has
increased significantly. The Highways Agency (HA) 2004-2005 Business Plan (Highways
Agency, 2004) listed headline objectives to reduce congestion and improve road safety for both
road users and persons undertaking highway maintenance. In order for these objectives to be
achieved, it is necessary that the work on active highways be kept to a minimum. Therefore, there
Is a need to collect pavement structural and condition data at traffic-speed wherever possible.
Deflection measurements are at present the only reliable non-destructive method for determining
the structural strength of flexible and flexible-composite pavements. In the UK, pavement
deflection measurements are currently undertaken by two devices; the Deflectograph and the
Falling Weight Deflectometer (FWD). Both these devices provide a stationary frame of reference
relative to which the pavement deflections are measured and to-date, these devices are the only
ones capable of achieving the required resolution and accuracy. However, both employ slow-
moving measurement techniques that are relatively expensive to operate and can be hazardous for
operators and disruptive for road users. These limitations resulted in suspension of the
Deflectograph for routine network-level assessment in 2000. However, due to the importance of
deflection measurement on treatment design, the Deflectograph and the FWD continue to be used
for Highways Agency scheme-level pavement assessment.

The successful development of traffic-speed survey machines that provide surface condition
parameters, for example TRACS and SCRIM (Christie et al, 2000), have naturally created a
demand for equivalent traffic-speed deflection surveys. Such surveys would not require lane
closures and therefore would reduce traffic delays, improve levels of safety and significantly
decrease traffic management costs. Testing at traffic-speed would also provide high levels of
daily road coverage, thereby reducing survey costs and potentially allowing a single machine to
survey appropriate parts of the HA network at least once a year. Such surveys would also
dramatically improve the ability to undertake trend analysis and therefore provide a further
indication of possible structural deterioration, as well as monitoring seasonal variations in
pavement strength. In due course such information would also provide improved information for
the valuation of the asset.

In 2004 TRL identified a prototype machine, the Danish ‘High-Speed Deflectograph’, later
renamed the ‘Traffic-Speed Deflectometer’ or TSD, that was considered to be capable of
performing deflection surveys at traffic speed. TRL was subsequently commissioned by the HA
to procure a second prototype machine and has continued improving the machine with the aim of
developing a survey tool which can reliably perform structural condition surveys of the trunk
road network at traffic-speed. Key to the work undertaken by TRL was assessment and
improvement of long and short-term data repeatability, development of a reliable calibration
method, and relating the results from the TSD to those of other deflection measuring devices.

2



Session 6 — Road Transport (1)

This report describes the equipment installed in the TSD and how it combines to produce a
measure of structural condition. The report then turns to the need for calibration and defines the
geometrical method of calibration currently employed by TRL. The report concludes by
considering the remaining work required to develop an absolute method of calibration for the
TSD such that it can be implemented as a routine survey tool.

2.  THE TRAFFIC SPEED DEFLECTOMETER (TSD) AND ITS OPERATION
2.1. TSD Equipment

The TSD contains a complex array of instruments and recording equipment within an insulated
steel container. The container is mounted on a single rear axle trailer assembly having a rear axle
load of 10 tonnes. This is made up of a 5 tonne removable lead ballast weight as well as the
weight of the container and equipment. The layout of the primary instrumentation is shown in a
cutaway in Figure 1.
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Figure 1: Cutaway of the HA TSD. Inset: the TSD surveying.

The basic functionality is designed to measure the pavement response under one of the loaded
rear wheels by using four Polytec OFV 503 Doppler vibrometer heads positioned on a rigid steel
beam. The beam is supported by gas struts and servo motors and, to keep the lasers in focus, its
height is continually adjusted using data from a distance measuring laser mounted under the
container. This laser monitors the distance between the container and the pavement. The Polytec
instruments measure velocity along the axis of the laser by exploiting the Doppler effect. All
four Doppler laser sensors are connected to their own Polytec LSV6200 Velocimeter Controller
units that process the signal and extract the velocity measurement from the frequency content of
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the reflected laser light. The lasers take measurements at over 900 Hz, during processing these
are averaged over 0.1m intervals to smooth out noise.

The three measurement lasers are located at the rear of the beam and measure pavement surface
velocity at distances of 100mm, 300mm and 750mm in front of the rear wheel assembly. In this
paper the outputs from the lasers are referred to as P1oo, P30, and Prso, respectively, or generically
as Px. The fourth Doppler laser is located 3.6m in front of the rear axle of the trailer (and
approximately 3m behind the rear axle of the tractor) and measures the pavement response (Pres)
at a point that is designed as far as possible to be unaffected by the load applied by the axles of
the trailer or tractor unit. Its response can therefore be used to remove the unwanted signals from
the three measurement lasers (Figure 2).. If the lasers were all mounted at exactly the same angle
then this could simply be done by subtracting Pt from the Py values. However, this is not the
case so a correction must be made to take into account the small difference between the angles of
the measurement lasers, Py, and the reference, Ps. This is the basis of the need for a geometrical
calibration method (Section 4). A further correction is then made to take into account the fact
that Py is at the opposite end of the beam to the measurement lasers. This correction is provided
by the pitch gyro which is mounted on the measurement beam.

Figure 2: Position of lasers in deflection bowl

A number of other accelerometers and gyroscopes are also mounted on the TSD for monitoring
purposes. The accelerometer mounted close to the lead ballast can be used to monitor the
dynamic loading the TSD imparts on the pavement and this may be used, in the future, to
standardise load. Another accelerometer, mounted near the distance measuring laser, can be used
in combination with data from the selocom laser to give a measure of longitudinal profile. Again,
this may be used in the future to audit data where the profile of the road is such to compromise
the reliability of the TSD data.
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2.2. Processing of TSD data

Once data has been collected, it must be processed to perform the corrections described in the
previous section, this then provides deflection velocity data for the surveyed pavement. The
deflection velocity data is dependent on the driving velocity of the TSD and, as this cannot be
kept constant during a survey, it must be taken into account. This is done by dividing the
deflection velocity by the instantaneous survey speed to give a measurement of deflection slope.
Deflection velocity is measured in mm/s whilst survey speed is measured in m/s; therefore
deflection slope measurements are output in units of mm/m.

Figure 3 shows the results of six runs of the TSD at 70 km/h on the test track at TRL, during
acceptance testing. As can be seen, the data shows good repeatability, thereby yielding a low
coefficient of variation over the six runs (lowest line in Figure 3), with the small increase being
due to the very low deflections of the rigid pavement. The TSD reads a much lower deflection
slope on the concrete than the asphalt on every run, indicating that the TSD can differentiate
between structurally weak and relatively strong pavement structures.
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Figure 3: Results of TSD at 70km/h on TRL test track
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3. GEOMETRICAL CALIBRATION OF THE TSD

For ideal operation, the lasers require a constant velocity input. This cannot be achieved by
mounting the lasers perfectly vertically as they would then measure the highly variable vertical
suspension movements of the trailer. The problem is solved by mounting the lasers at an angle of
approximately 2° from the vertical. This gives an approximately constant speed input, as a
component of the horizontal vehicle velocity is measured, whilst having little effect on the
component of vertical velocity measured. In this configuration the lasers measure velocities from
three sources;

¢ the horizontal vehicle velocity,

e the vertical and horizontal vehicle suspension velocity; and

e the vertical pavement deflection velocity.

The reason for developing a TSD ‘calibration’ process is the need to derive a correction for the
difference between the angles of the lasers. This correction needs to be made to a high precision;
an error in angle of 0.005° could produce a 25% error in the final results although this is
dependent on other factors including the speed of the survey vehicle.

An initial calibration procedure was proposed by the manufacturer of the TSD, Greenwood
Engineering of Denmark. The procedure involved removing the 5 tonne lead ballast and running
the TSD over a stiff concrete pavement. Under these circumstances it is assumed there will be
negligible vertical deflection velocity as the stiff road deflects little under the reduced load. The
calibration angles of the measurement lasers can then be calculated such that they produce a
deflection slope of zero over the calibration length. There are obviously some limitations with
this procedure. Whilst the assumption that there will be little deflection on a stiff concrete
pavement is approximately correct, it will result in negative values of deflection slope being
recorded if a later survey is conducted on a stiffer section of road. It also makes it necessary to
return to the same length of road each time calibration is required. Further to these and most
importantly the procedure makes the further assumption that the road condition is the same as for
the previous calibration. As a result of these problems alternative dynamic calibration procedures
were investigated.

Dynamic calibration methods rely on being able to derive a comparable measurement to that
already made by the TSD and it was decided that instrumentation mounted in the pavement to
measure the pavement response was the best way forward. Development started in 2007 when
preliminary work began on identifying suitable instrumentation. The use of an accelerometer was
chosen because of their low cost and ease of installation.

A suitable accelerometer was identified, a mount designed and a method of installation in the
road pavement developed. This is shown diagrammatically in Figure 4. The accelerometer was
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mounted on a steel plate which itself was mounted vertically below a second, circular steel plate,
that was inset into the pavement surface. The accelerometer was installed in the road pavement
by coring two holes. The first smaller diameter hole was cut deep enough to prevent the
accelerometer touching the bottom of the hole. The second larger diameter hole was cut such that
the top steel plate would be a few millimetres below the road surface. A slot was then cut to run
the data and power cable away from the accelerometer to the side of the carriageway. The
assembly was held in place with an epoxy resin and then a flexible sealant was poured on top of
the circular plate to leave a flush surface to the pavement.
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1. Circular steel top plate
2. Steel mounting plate
3. Accelerometer

4. Road surfacing

Figure 4: Accelerometer mounting (approximate dimensions shown).

Prior to testing on the TRL track with the TSD, an FWD was used to verify both accelerometers
were functioning correctly. The FWD tests were made with the loading plate placed centrally
over the accelerometer and the time histories from the central geophone were recorded along with
the accelerometer output. The two instruments could then be compared to check that the
response from the accelerometer was reasonable. The results from the concrete section are
shown in Figure 5. The deflection velocity has been used in this comparison as this is the
parameter relevant to the TSD. The deflection can be gained from the accelerometer by twice
integrating the acceleration data it produces. This is done in a post-processing program that first
filters the data to remove drift frequencies and other unwanted noise before performing a
numerical integration. The two instruments clearly recorded very similar results, with the FWD
signal showing slightly more noise on the signal. This result confirmed that the accelerometer
was accurately reproducing the pavement response. A similar agreement was obtained from an
accelerometer installed and tested on an asphalt section.
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Figure 5: Comparison of the response from the accelerometer and an FWD on a rigid concrete
pavement construction.

The second stage of the experiment was to compare both the asphalt and concrete sections to an
impulse from the TSD to observe the response of the accelerometer. The results are shown in
Figure 6. The distance scale on the horizontal axis is produced by multiplying the time by the
speed of the TSD as it passed over the accelerometer. The deflection velocity was produced by
integration as before.

The results from the accelerometer show that the concrete and asphalt respond very differently as
the TSD passes over it. Firstly the magnitude of deflection velocity is much greater on the
asphalt pavement than on the concrete. This was confirmed by separate FWD surveys which
showed that the concrete section was considerably stiffer than the asphalt sections having peak
deflections in the order of 100 microns compared to 400 microns of the asphalt section. Also, the
response on the concrete section was more symmetrical than that of the asphalt section. This may
be an indication of the visco-elastic nature of the asphalt compared to the near elastic nature of
the concrete. Finally, it can be seen that the response of the accelerometer is over a shorter length
on the concrete pavement than the asphalt. All of these features are worthy of further
investigation and it is hoped that in the future, finite element modelling will be used to inform on
the phenomena observed.
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Figure 6: Accelerometer response to TSD on asphalt and concrete pavements.

The calibration procedure proposed by TRL, involved running the TSD over a relatively short
length of road having a uniform deflection. The velocity recorded by the each of the four lasers
is then integrated to produce a distance. This distance is dependent on three variables;

¢ the horizontal distance travelled by the TSD;

o the deflection velocity of the pavement under TSD loading, and

o the angle from the vertical that the laser is mounted.
Therefore, if the horizontal distance travelled and the vertical deflection velocity are known it is
possible to calculate the angle from the vertical for all four lasers. The geometric calibration
procedure has been shown to work over a period of 6 months. The development of the procedure
now ensures that the TSD slope measurements recorded do remain consistent with time. This
makes it possible to establish whether other factors, such as temperature, affect the reponse of the
pavement to the TSD load.

4, ABSOLUTE CALIBRATION OF THE TSD

Now that a geometric calibration procedure has been developed it is possible to relate how road
deterioration relates to the measure of deflection velocity. In this paper this process has been
referred to the ‘absolute calibration” of the TSD. In the future it is planned that sufficient TSD
data can be collected to enable pavement performance to be directly related to TSD deflection
slope, without an intermediary stage. This will take more research and involve testing multiple
pavements, using the TSD to collect data from a pavement’s construction possibly through to the
end of its life. This will enable TSD data to be directly related to structural strength and residual
life, providing the ‘absolute calibration’.
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In doing this the confidence limits on the relationships will be improved and therefore there will
be a greater assurance in the estimates on pavement performance given by the TSD. However, in
the short-term, it is planned to relate the value of TSD deflection slope to the absolute deflection
as measured by the Deflectograph. This relation, if satisfactory, will allow TSD measurements to
be related to road performance through the deterioration relationships already established for
Deflectograph measurements (Lister et al, 1982). The relation with the Deflectograph is to be
established by testing a range of road pavements on the HA network with both the Deflectograph
and the TSD. An example of one such comparative study is given in Figure 7.
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Figure 7: TSD and Deflectograph data from A31 site

Preliminary results have clearly shown that the TSD and Deflectograph measurements are related
and work is now underway to formalise this relationship.

5. CONCLUSION

The TSD offers the possibility of delivering structural surveys at traffic speed. This would give
great benefits in terms of reduced survey costs, increased worker safety and greater survey
coverage. The work TRL has done on a geometrical calibration has shown that the TSD can
deliver repeatable results and the comparison to the Deflectograph has demonstrated that the TSD
can be related to a measure of road deterioration. This relationship will be developed and used as
an ’absolute calibration’ before the data necessary to derive an ‘absolute’ relationship between
TSD deflection slope and road deterioration has been collected.

10



Session 6 — Road Transport (1)

ACKNOWLEDGMENTS

Copyright Transport Research Laboratory 2009. This report has been produced by TRL Limited
as part of a contract placed by the UK Highways Agency. Any views expressed in it are not
necessarily those of the Agency.

REFERENCES

Christie, C., B. W. Ferne, C.K. Kennedy and S. McQueen (2000). Comprehensive pavement
condition monitoring - from research to practice. Surface Transport 2000 Conference,
Crowthorne, June 2000

Highways Agency (2004) Business Plan 2004-05. Highways Agency Publications Centre,
Wetherby, UK.

Lister, NW., C. K. Kennedy and B. W. Ferne (1982). The TRRL method for the planning and
design of structural maintenance. Proceedings of the 5" International Conference on the
Structural Design of Asphalt Pavements Vol. 1, Delft, University of Michigan, pp 709-725.

11



