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ABSTRACT
Texture is required on pavements to provide safe and comfortable ride performance for road users. This paper provides the first
meaningful analysis of a long-term study of texture data obtained using TRACS (TRAffic Speed Condition Survey) over a 24-year
period, at a site in the UK. TRACS data were collected annually, at 10 m intervals over a 2 km stretch of motorway from 1995 to
2019. A new data analysis approach utilising time series data with spectral analysis and spatial filtering procedures is presented.
The results reveal that the approach enables legacy TRACS laser profile Sensor Measured Texture Depth (SMTD) data to be used to
determine long term rates of change in road surface macrotexture. Thus, the technique has unlocked the potential for SMTD data
collected annually for 7000 km of the Strategic Road Network in the UK, to inform essential road maintenance programmes by
extrapolation. Additionally, results expose a systematic periodicity occurring each year within the SMTD data studied,
corresponding to longitudinal oscillations with wavelengths between 33 and 62 m. The time-invariant periodicity of these
oscillations suggests that it is ‘imprinted’ in the early life of the pavement. ‘Imprinting’ may theoretically arise occur with as a
consequence of either cyclic tyre loading applied by the suspension systems of heavy vehicles or during road construction[Q1].
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1. Introduction
Road surface texture is essential for the safe and effective operation of road networks (Meegoda and Gao 2015). Texture influences
noise and vehicle rolling resistance and by that fuel consumption and carbon monoxide emissions (Ejsmont et al. 2017, Hong et al.
2018). Texture also contributes to wear, with texture measurements taken from road networks helping to inform when maintenance
is required (Meegoda and Gao 2015). The texture components of a highway surface have been characterised at four increasing
wavelength scales: megatexture and unevenness, macrotexture and microtexture (International Organization for Standardisation
2009). Megatexture relates to wavelengths between 63 and 500 mm and amplitudes of between 0.1 and 50 mm, unevenness is
characterised by wavelengths between 0.63 and 50 m. Highway pavement megatexture and unevenness is known to impact ride
quality and driver comfort (Loprencipe 2019). Microtexture and macrotexture influence skid resistance and the friction available at
the interface between the tyre and the road (Moore 1975, Klüppel and Heinrich 2001, Persson 2001). Macrotexture represents the
texture with wavelengths between 0.5 and 50 mm and amplitudes of between 0.1 and 20 mm (formed by the shape, size and
gradation of road aggregates on a pavement surface). Microtexture represents the asperities on the surface of road aggregates
and has wavelengths up to 0.5 mm and amplitudes in the range of between 0.001 and 0.05 mm. Skid resistance on a pavement
surface is essential for vehicle safety and is also affected by temperature, presence of contaminants, speed and tyre tread thickness
(Kane and Edmondson 2018). The preservation of adequate pavement texture is achieved by a regime of monitoring and
maintenance undertaken by road agencies; national practices vary, but data are typically collected at least annually (Design Manual
for Roads and Bridges 2008, European Collaborative Project 2014). Generally, at road network scale unevenness, megatexture and
macrotexture are monitored at traffic speed, using laser profile sensor techniques and video cameras mounted on specialist survey
vehicles (Meegoda and Gao 2015). Microtexture which influences skid resistance at low speeds (Cunto and Branco 2016) and
requires contact between a tyre tread and the surface asperities of road aggregates, is monitored using contact techniques. At the
road network scale these contact techniques frequently used a fixed or braking test wheel, which measures the frictional contact at
traffic speed made with the wheel and a wetted highway pavement. Kogbara et al. (2016) provide a full summary of contact
devices and their operating principles.
Road infrastructure assets represent the largest capital assets of most countries (Organization for Economic Co-operation and
Development 2001). The pavement geometry data obtained from surveys is commonly held in a pavement management system
(Meegoda and Goa 2015) and made available to government authorities, road agencies, asset managers, engineers, and suppliers
to enable them to reach decisions on road pavement maintenance priorities and programming. The aim is to provide the road user
with a reliable level of service and ride safety (Transport Research Board 2016). Maintenance planning presents to the stakeholders
two key fundamental challenges: the identification of locations on a large road network requiring investigation, and the
deterioration characterisation of these locations to facilitate timely, appropriate and effective maintenance approaches.
Furthermore, characterising suitable intervention engenders the additional challenge of judging when preventative maintenance is
required, which typically offers lower cost repair options to extend pavement life, and when full resurfacing is needed. Pavement
texture changes over time, these variations have previously been characterised into ‘long-term variations’ and ‘short-term
variations’ (Vaiana et al. 2012). ‘Short-term variations’ have been established to arise due to meteorological conditions such as
temperature and rainfall (Masad et al. 2009). ‘Long-term variations’ are given to be predominantly due to traffic actions (Viana
et al. 2012). Traffic flow has a significant influence on the evolution of pavement texture (Plati and Pomoni, 2019) and as a result
maintenance planning. Pavement texture deterioration has been shown to be influenced particularly by the percentage of heavy
goods vehicles in a trafficked lane (O’Brien and Haddock 2009, Ragland et al. 2010, Khasawneh et al. 2016). Recently, an inverse
trend between skid resistance and pavement macrotexture deterioration has been identified, associated with a minimum
cumulative traffic threshold (Plati and Pomoni, 2019). With trafficking, macrotexture evolution was found generally to increase by
Plati and Pomoni (2019) and skid resistance to reduce after the minimum cumulative traffic threshold. The threshold was given to
mark the point where sufficient polishing of fine aggregates had occurred, resulting in the coarse aggregates dominating skid
resistance. Hence, routes with higher volumes of traffic are likely to require prioritisation in maintenance planning. Due to the
complexity of the interaction of traffic flow and meteorological conditions with pavement materials, the final decision on
intervention is left to the judgement and experience of the road manager after a visual inspection.
Pavement condition and performance indices that support the decision making process are based on analysis of the survey data
held within the pavement management system (FSV-Austrian Transport Research Association 2008). For longitudinal pavement
texture there are a number of accepted pavement condition indices utilised across the world. The International Roughness Index
(IRI) models the virtual response of a ‘golden car’ travelling at 80 km/hr on a road profile [Sayer et al. 1986, ASTM International
2015, European Committee for Standardisation 2017]. The ‘golden car’ is a simulated system utilising standardised values for the
damping, springs and masses relating to a portion (or a quarter) of a car supported upon one wheel, often termed the quarter-car.
IRI represents the dimensionless ratio, of the accumulated vertical motion of the ‘golden’ quarter-car’s suspension, divided by the
distance travelled; known as the evaluation or segment length. Acceptable IRI threshold values are specified on a country by
country basis for new, reconstructed or rehabilitated roads. Depending upon the country of application, these IRI thresholds are
reported either as a constant value for an evaluation length, the average value of a series of segments within an evaluation length,
or as a percentile. The evaluation or segment lengths typically vary from 10 to 1600 m. Furthermore, the IRI thresholds can be

specified by a country as a function of the road surface type, category (e.g. motorway or minor road), speed limit or traffic flow.
Mucka (2017) provides a full summary of the IRI specifications used around the world. Another approach to the characterisation of
longitudinal road profiles is presented in ISO 8608 (International Organization for Standardization 2016). The ISO 8608 standard
provides a description and classification of synthetic road profiles for use in computational modelling, based upon vertical
displacement power spectral density (PSD). PSD is represented on a logarithmic scale and is defined by two parameters of a
straight line: an unevenness index and waviness. The road classifications presented in ISO 8608 are primarily used for vibration
modelling and are not directly linked to real road categories, although some research has been completed to derive validation
(Mucka 2018). Within the UK, texture threshold values are adopted to define minimum advisory road texture levels in relation to
both longitudinal profile (with an evaluation length of 100 m) (Design Manual for Roads and Bridges 2008) and also skid resistance
(Design Manual for Roads and Bridges 2015). The specification of threshold values is based upon road condition and road
category, with areas found to be below advisory levels prioritised for visual inspection by a road manager.
A limitation of the pavement condition indices reviewed, is the sensitivity of the techniques to the evaluation length (Transport
Research Laboratory 2006). The selection of evaluation length defines the granularity of the texture data. This can be illustrated by
a simple assessment of texture level against a minimum threshold. In such a case where pavement texture is averaged over a long
length which contains sections of localised texture variability, the averaged result will smooth the texture data, potentially masking
the true condition of shorter lengths. Stakeholders evaluating road texture for maintenance, require confidence in the deployment
of follow-up resources for visual inspection and condition assessment. A preferred approach is to augment pavement condition
indices with a method to track and understand the rate of change of texture condition at every location on a real road network.
This would support the identification of deteriorating sections of the road network; but to date the rate of change for pavement
texture at discrete locations on a real road network has been difficult to estimate reliably (Rainsford and Parkman ND). Today,
access to ‘big data’ (Mauro et al. 2016[Q2]) in the format of pavement management systems containing historic pavement
geometries, and advances in data processing techniques means that data can now be analysed in new ways. This paper presents a
new method to analyse legacy Sensor Measured Texture Depth (SMTD) (Transport Research Laboratory 2006) legacy data obtained
using the TRAffic Speed Condition Survey (TRACS) system in the UK (Department for Transport 2019) and stored in the Highways
England Pavement Management System (HAPMS; UK Government, 2019) over 25 years for 7000 km of Class A highway. A novel
data processing approach utilising time series data with spectral analysis and novel wavenumber filtering procedures is presented,
producing a rare long-term evaluation of the rate of texture change on real road networks.
2. Selecting the site and legacy data
The study site was a 2 km length of the northbound route of the M6 motorway located within Cumbria, UK Figure 1.

Figure 1. Field Site Location and Equipment: (a) The field site. (b) TRACS (TRAffic Speed Condition Survey) road survey
equipment. (c) Photograph of the field site at chainage 1480 m looking northwards, clearly depicting the construction joint
(e.g. i) in Lane 2 and 3 and the construction joint at 1500 m in Lane 1 (e.g. ii). (d) Photograph of the field site at chainage 600
m looking southwards, showing localised patched repairs (e.g. iii); a construction joint across (e.g. iv) all three lanes and the
change to thin surfacing material (e.g. v).

The route, a predominantly straight section of rural link motorway is typically at 300 m above Ordnance Datum with some gentle
longitudinal undulations. The three northbound lanes climb uphill at a maximum gradient of 3% between chainages 600 and 1500
m and are at an downhill incline of a maximum gradient of 3% between chainages 0 m to 600 and 1500 to 2000 m. The nearest
traffic counter to the site operated by the country’s roads agency, Highways England, held traffic data for a six-year period from
2011 to 2016. These data revealed no significant fluctuation in traffic flow for that period, with an overall mean average 24 h traffic
flow of 17652 AADT one-way and overall mean percentage of large vehicles of 23.19%. The texture data relate to Lane 1 the
nearside lane and Lane 2, the middle lane of the three-lane motorway. For Lane 1, the test section of road was constructed
originally of dense bitumen macadam (DBM) laid on 11th October 1970. On the 27th August 2004 the DBM was replaced with
heavy duty macadam (HDM) between chainage 0 and 600 m. This surface was replaced again on the 1st October 2016 as part of a
resurfacing of the lane between chainage 0 and 1500 m with a thin mastic asphalt (Manual of Contract Documents for Highway
Works 2019). Finally, on the 3 rd March 2008, a thin polymer surfacing was laid between chainage 1500 and 2000 m (Manual of
Contract Documents for Highway Works 2019). In Lane 2, the test section of road was constructed from thin surfacing (Manual of
Contract Documents for Highway Works 2019) laid on 27th August 2004 for chainage 0 m to 600 m, hot rolled asphalt (HRA) laid
on 5th April 1998 between chainage 600 m and 1480 m, and older HRA laid on 11th October 1970 chainage 600 m to 2000 m.
Road texture data for the pavement surfaces were captured using TRACS (refer to Figure 1(b)), a purpose built road surface survey
vehicle (Department for Transport 2019) over a 24-year period. The data were collected on behalf of Highways England as part of
the annual maintenance survey of the UK Strategic Road Network, which encompasses the Class-A (Department for Transport 2012)
principal motorways and all-purpose trunk roads within England (Highways England 2019). The TRACS vehicle was calibrated in
accordance with the UK standard (Department for Transport 2019), to safeguard the quality of data during the stages of data
collection, storage and extraction for post processing. The TRACS texture data were obtained at a traffic speed 50 km/h using laser
triangulating profile sensors (Zhang et al. 2018). The texture data were measured by TRACS in a 300 mm wide swath, positioned
over the nearside wheel track of the lane being surveyed, collecting profiles at approximately 1 mm longitudinal intervals. The
TRACS survey vehicle utilises an inertia-corrected global positioning system (GPS) data in conjunction with distance measurements,
to reference the location of a texture reading to a longitudinal accuracy of ± 1 m.
3. Data processing method
The raw texture depth data reported by TRACS was pre-processed by Highway Agency’s Machine Survey Pre-processor (MSP)
software to report the SMTD (Transport Research Laboratory 2006, Department of Transport 2019). The MSP software prefiltered
the raw texture data to remove the effect of vehicle bounce and any random noise signals. The standard deviation of the filtered
texture data was then calculated for each 300 mm evaluation length by the MSP software; before being aggregated to calculate an
average texture height for all the evaluation lengths within a 10 m length. The averaged texture height was reported as the SMTD
and stored within HAPMS, and essentially represents the root mean square measure of texture depth, both above and below the
mean level for a 10 m section. The SMTD is distinct from the mean profile depth (International Organization for Standardization
2019), which measures the height of the highest peak above the mean level. SMTD is used in the UK for texture reporting and has
been previously found to be related to MPD by the relationship:

\hbox{MPD}\, = \, 1 .4\, \hbox{x}\, \hbox{SMT}\hbox{D}^{ 0 .840}\quad {\rm \; }\lpar
{\hbox{Transport}\, \hbox{Research}\, \hbox{Laboratory}\, 2006} \rpar
The SMTD data were extracted from HAPMS for the different surveys completed over the 24-year period, and plotted
longitudinally, in time series, in years commencing from the initial survey date for each lane. A low pass zero-phase 0.1 m− 1
wavenumber filter (Gubbins 2004) was then designed and applied to the SMTD data using MATLAB, to remove high wavenumber
(short wavelength) noise from the longitudinal road texture signal. The filtered profiles for each lane have been presented as areal
plots with the x-axis as chainage, and the y-axis as a time axis in days from the date of the first survey in the time-lapse sequence.
Differencing techniques (Williams 2012) have also been applied to the filtered SMTD data to reveal the change in road surface
condition with time. The baseline SMTD data from the initial survey was removed from the later survey results to illustrate change,
and cumulative change was also aggregated by finding the mean rate of change in days over each time epoch. The long-term rate
of change in SMTD for the surfacing in each lane section was characterised by fitting a linear regression with a 95% prediction
interval to scatter plots of SMTD against time in days from the initial survey. Finally, wavenumber amplitude spectra were
calculated using a Fast Fourier Transform designed in MATLAB (Bloomfield 2000). The wavenumber amplitude spectra were used
to characterise the dominating wavenumbers within the data. Examining the spectra, the dominating wavenumbers occurred within
a band of between 0.01 and 0.035 m− 1 . Consequently, a 0.01–0.03 m − 1 band-pass wavenumber filter, with a gentle ‘roll off’ on
either side was applied to the filtered SMTD data. This second filter attenuated the high and low wavenumber signals within the
SMTD data. The results for each survey date were plotted longitudinally, in time series, in years commencing from the initial survey
date.
4. Validating results and discussion
4.1. Filtered Road Texture Time Series Data

The processed SMTD data were validated against maintenance records held in HAPMS for the two lanes. Figure 2(a) shows the
SMTD for the different surveys completed over the 24-year period, for which Lane 1 have been plotted in time series (years) from
the initial survey date of the 1st April 1995 (refer to Figure 2(b)).

Figure 2. Raw Data: (a) Sensor measured texture depth data for Lane 1 of the northbound route of the M6 motorway in
Cumbria, UK. (b) Sensor measured texture depth data represented spatially, in time series, in years.

The low pass zero-phase 0.1 m− 1 wavenumber filtered SMTD data are shown in Figures 3 and 4 for Lane 1 and Lane 2 respectively.
Plotted in time series (days) the data for Lane 1 clearly delineates the construction joints at chainage 600 m (refer Figure 1(d)) and
chainage 1500 m (refer to Figure 1(c)). Furthermore, the change in colour of Section 1 from broadly keppel and yellow colour tones
to blue just before 4000 days (refer to Figure 3 (i)), and just after 8000 days (refer to Figure 3 (ii)) indicates there has been a marked
change in road surfacing. This matches the HAPMS construction records for Lane 1, that confirm a heavy-duty macadam was laid
on the 27th August 2004 and a thin mastic asphalt on the 1st October 2006. The change to thin mastic asphalt just after 8000 days
is again evident in the colour sequencing extending into Section 2. Similarly, for Section 3, there is a change in colour tones
between typically cyan shades to deep blue at a time epoch 5000 days. This is again validated by the HAPMS construction records,
which record that a thin polymer surfacing was laid at this location on the 3rd March 2008. Universally, the spatially plotted filtered
SMTD data was shown ‘roughing-up’ or having increased texture depth through the lifetime of each surface, with plot colours
progressing to become more yellow with time prior to resurfacing. A general trend of increase in SMTD in this manner matches the
recent findings of Plati and Pomoni (2019).

Figure 3. 0.1 m−1 Wavenumber Filtered Time Series Sensor Measured Texture Data Lane 1: (i) indicates a change in road
surfacing after the 12th June 2004 survey date. (ii) indicates a change in road surfacing after the 19th July 2016 survey date.
(ii) indicates a change in road surfacing after the 13th December 2007 survey date.

Figure 4. 0.1 m−1 Wavenumber Filtered Time Series Sensor Measured Texture Data for Lane 2. (i) indicates a change in
road surfacing after the first survey date 12th June 2004.

Correspondingly, for Lane 2 of the M6 motorway, the low pass zero-phase 0.1 m− 1 wavenumber filtered SMTD data clearly indicate
that the road texture is increasing in roughness with the passage of time for Section 1 and Section 2. Section 1 demonstrates a
typical increase in road texture from 1.5 mm to 2 mm, and Section 2, 2.0–2.5 mm respectively. In a similar manner Section 3 (refer
to Figure 4) of Lane 2 demonstrates some increase in roughness from the 2000 days epoch, starting at approximately chainage
1900 m, with road texture increasing from typically 1.6 to 1.9 mm. The spatially represented data depict the construction joints at
chainage 600 m and chainage 1480 m shown in Figure 1(c) and (d). Additionally, the change in colour of Section 1 (refer to Figure
4) of the road, from predominately turquoise (representing road texture of 2 mm) to blue (representing road texture of 1.2 mm)
between the zero and 500 days epoch, indicates that there has been a change in road surfacing between the first survey and the

second survey on 11th June 2005 (refer to Figure 4 (i)). This is consistent with both the construction records for this section of the
road that state a thin surfacing was laid on the 27th August 2004, and the localised patch repairs to the highway surface found in
this location (refer to Figure 1(d)). The Section 3 of the lane (refer to Figure 4), does not appear to have experienced as much road
texture wear as the Section 1 or 2. Again, this matches the road conditions found in the field, with the HRA road surface after the
construction joint at chainage 1480 m laid at a different date to the HRA between chainage 600 and 1480 m (refer to Figure 1(c)).
The HRA between chainage 600 and 1480 m forms a climbing gradient section of the motorway, ascending uphill towards the
summit of a fell in Cumbria. The uphill section of the motorway receives slower moving traffic, as trucks and articulated vehicles
climb to the fell crest, and consequently the HRA road surface is likely to experience sustain greater loading with the probable
result of an increased rate of texture change (refer to Figure 4(b)). The SMTD of the HRA between chainage 600 and 1480 m
(Section 2) is reported as being deeper, typically 2–2.5 mm, than the adjacent Section 3 comprised of HRA, where SMTD is typically
between 1 and 1.5 mm (refer to Figure 3). The increase in the SMTD within Section 2 of the study length might indicate a condition
failure of the surface, fretting for example may increase texture depth if gaps left by the lost aggregates form a higher overall
texture than with the stones present. Finally, the difference in texture between Section 2 and 3 might be attributed to variability in
the bitumen penetration index or binder mix between the two road sections (Wu et al. 2012). The bitumen binder mix influences
pavement stiffness, and can harden with exposure to oxygen and different temperature effects, contributing to variability in the
deterioration of the pavement (Visscher and Vanelstraete 2017). Overall, the results demonstrate that it is possible for the filtered
SMTD time series to be plotted spatially and used effectively to visually observe segments of a road surface which are changing at
different rates. Within Section 2 of the Lane 2 the changing SMTD appears as yellow bands, which widen progressively with the
passage of time. This advance presents the potential for future research to explore the use of visual recognition software to identify
‘change traces’ and establish if they coincide with areas of poor pavement condition in order to improve pavement management
systems.
4.2. Road texture change data

The mean cumulative change of SMTD for all the sections of the 2 km study length are shown on Figure 5(b) for Lane 1 and Figure
6(b) Lane 2. The mean cumulative change has been plotted spatially against the time lapsed from the initial survey, in days for each
lane. The plots reveal the changes in surfacing that have occurred in each lane through time and the location of the construction
joints. The figures confirm that the new analysis method make it possible to track the change in SMTD over time, generating useful
monitoring data for pavement management systems and underpinning highway maintenance decisions. A long-term rate of
change for each section of lane has been characterised by fitting a linear regression with 95% prediction interval to scatter plots of
SMTD against time in days from the initial survey (refer to Figure 5(c) and Figure 6(c)). The long-term rate of change is distinct from
the evolution of surface texture, characterised spatially on the 0.1 m− 1 wavenumber filtered times series SMTD data plots (refer to
Figure 3 and Figure 4). In Lane 2 the thin surfacing of Section 1 demonstrates the most rapid rate of long-term change at 1.301 ×
10− 4 mm/day, this might be expected because thin surfacing represents a surface rejuvenation technique and is known by road
managers to have a shorter service life. In Lane 2 the HRA in Section 2 is changing at 1.021 × 10− 4 mm/day, a long-term rate 328%
faster than Section 3 at 0.311 × 10− 4 mm/day over the same time period of 4122 days. Section 2 is an uphill climbing section and is
likely to experience sustained greater loading from slower climbing vehicles leading to increased change. Interestingly, in Lane 1
the long-term rate of change for the DBM in the uphill climbing section of Section 2 is 0.787 × 10− 4 mm/day, and in contrast to
Lane 2, is less than Section 3 at 1.021 × 10− 4 mm/day. However, the long-term rate of change for Section 2 is influenced by the time
epoch for section. The DBM remained in-situ as a highway surfacing for 7780 days from the first survey in Section 2, 67% longer
than the DBM surfacing in Section 3 which was replaced after 4639 days. Assessed over the same 4639 d epoch, the long-term rate
of change of Section 2 is 1.063 × 10− 4 mm/day, which is 4% faster than Section 3, suggesting that that uphill and downhill sections
of DBM were wearing at largely the same rate. The DBM in Section 2 Lane 1 is also changing more slowly than the HRA in the same
section in Lane 2. The DBM is in the nearside land of the motorway, which is generally accepted to receive a higher proportion of
slow-moving heavy vehicles. The slower rate of wear might indicate that the negative texture of the DBM is more favourable to
climbing sections of road than HRA long-term, but further research of surfacing of comparable age, over the same epoch would be
required at a number of sites to establish if this is the case. Being able to categorise a linear rate of change has unlocked the
potential to develop a method for forecasting the future long-term rate of change of SMTD by extrapolation, for highway surfaces
at discrete lane locations upon a road network. Thus, enabling legacy data collected annually for 7000 km of the UK Strategic Road
Network, relating to SMTD, to be used in predictive planning of texture depth thresholds for essential road repair (Design Manual
for Roads and Bridges 2008, and 2015). Further developing, this method would need to take account of potentially non-linear
variables influencing future road conditions such as traffic volumes and weather patterns. Additionally, the long-term rate of
change of SMTD might feasibly be adapted to estimate skid resistance in the manner of Plati and Pomoni (2019), were available
data enables the minimum cumulative traffic threshold to be established.

Figure 5. Lane 1 Rate of Change of Road Texture With Time: (a) A difference plot of the sensor measured texture depth
data for Section 2 of Lane 1. (b) Mean cumulative change in sensor measured texture depth for Lane 1. (c) The change in

sensor measured texture depth with time for Section 2 of Lane 1. (i) A linear regression line illustrates the rate of change in
sensor measured texture depth. (ii) The 95 percent prediction interval.

Figure 6. Lane 2 Rate of Change of Road Texture With Time: (a) A difference plot of the sensor measured texture depth
data for Section 2 of Lane 2. (b) Mean cumulative change in sensor measured texture for Lane 2. (c) The change in sensor
measured texture depth with time for Section 2 of Lane 2 (i) A linear regression line illustrates the rate of change in sensor
measured texture depth. (ii) The 95 percent prediction interval.

4.3 . Road spectra analysis data

A difference plot of the SMTD data for Section 2 of Lane 1 and Lane 2 (refer to Figure 5(a) and Figure 6(a)) confirms the findings
from the filtered time series SMTD data and mean cumulative SMTD change graph, further illustrating the change in road surface
condition with time. It is evident that the SMTD becomes rougher with time, and that wavenumber signal also grows larger.
Additionally, there is a clear periodicity to the wavenumber signal, represented by the regular sinusoidal signal of the road texture.
Greater SMTD change occurs at the peaks of the sinusoidal wave as opposed to the troughs. The amplitude of the periodicity
changes at chainage 600 and 1480 m suggesting that the spaced changes in pavement texture might be triggered as a moving
vehicle’s suspension passes across a construction joint. Wavenumber amplitude spectra of the SMTD data calculated using a Fast
Fourier Transform characterises the periodicity of the sinusoidal wavenumber signal observed in the difference plot (refer to Figure
7(a)). The wavenumber spectra have three clear bimodal shape peaks occurring between wavenumber 0.01–0.035 m− 1 respectively,
demonstrating that the signal is dominated by wavelengths within this wavenumber banding. Accordingly, a 0.01–0.03 m − 1 bandpass wavenumber filter was applied to the

Figure 7. Spectra Analysis and Band Pass Filtered Data: (a) A 0.1 m−1 wavenumber low pass 1D spectral analysis of the
sensor measured texture depth data for Section 3 Lane 2 (b) A 0.01–0.03 m−1 band pass wavenumber filter with a gentle ‘roll
off’ on either side has been applied to the sensor measure texture depth data for Lane 2.

SMTD data to attenuated the high and low frequency wavenumber signals within the raw data. Figure 7(b) illustrates the band-pass
filtered SMTD data for each survey represented temporally on the y-axis, in time series, in years commencing from the initial survey
date of the 12th June 2004. The filtered data have a periodicity extending systematically through the 11 years of survey data
analysed. The invariant nature of the periodicity through time suggests that the unevenness might be constructed into the road
(possibly as a consequence of the use of highway paving plant), or perhaps imprinted during its early history after construction.
The periodicity is associated with a wavelength typically of between 33 and 62 m, which represent the location of the two highest
peaks (Peak A and Peak B, Figure 7(a)) of the spectral analysis at wavenumbers of 0.0163 and 0.0305 m− 1 . It is known that the
suspension systems of heavy vehicles such as a buses and trucks apply a cyclic loading to a pavement surface via the tyre-road
interaction. The suspension system of a large vehicle such as a bus, can be simplified to a spring-mass-dashpot model and for a
bus has previously been shown to have a resonance frequency of around 0.5 Hz (Sekuic and Dedovic 2011). At this resonance, the
tyres of a vehicle travelling at a speed of 96.56 km/h would apply a cyclic load to a pavement surface with a wavelength of 53.6 m.
On climbing sections of motorway, heavy vehicles such as trucks or buses tend to travel more slowly, and this would shorten the
distance between the application of each tyre load; for example at 72.42 km/h a truck or bus with a suspension system operating at
0.5 Hz would apply a load every 40 m. As the periodicity observed at the study site was banded with wavelength between 33 and
62 m, a plausible causation theory is that the cyclic loading of heavy vehicle suspension systems has imprinted the undulating
wavelengths into the road surface early in the road’s life. Imprinting may have arisen through a process of the intermittent-localised
compaction of the lower pavement layers or the pavement surface when the bitumen matrix becomes marginally softer in the
warmth of the summer. The periodic features observed are systematically well-organised, meaning that the heavy vehicles such as
trucks or buses would have to be in phase with each other when driving along the pavement surface, which is what would be
expected. Synchronisation of traffic flow is a recognised phenomenon (Kerner 2018) and in phase movement of vehicle suspension
in traffic flow could be triggered by an irregularity such as a bump or more likely a construction joint within the road. Indeed,
Figure 7(b) shows a step in the periodicity features occurring at both chainage 600 m and chainage 1480 m, which coincide with
known construction joints for Lane 2. Conceivably, the construction joints act as triggers at consistent points on the route, exciting
high amplitude resonances within the suspension systems of the travelling vehicles and leading them to move up and down in
phase with each other. Subsequent change in the pavement surface through compaction arising from the cyclic tyre load, would

reinforce the resonant excitation of the heavy vehicle and thus maintain them in phase with one another. The proposed influence of
the cyclic tyre loading action of the heavy vehicles to the pavement is supported by Figure 5(a) and Figure 6(a) which shows change
of SMTD generally coinciding with the peaks of the periodicity features, and this change being amplified with time suggesting
consistent and progressive tyre-pavement interaction at these locations.
The influence of trafficking on the development of SMTD upon a road surface is further illustrated by comparing the wavenumber
amplitude spectra for Section 2 of Lane 1 and Lane 2 (refer to Figure 8(a,b), respectively). Lane 1 clearly contains more signal
frequencies than Lane 2 demonstrating a greater mix of vehicle loading conditions in the more congested nearside lane of the
motorway, arising from cars and heavy goods vehicles travelling at different speeds. The amplitude of the wavenumber spectra
signal rises steeply at 0.01− 1 m delineating the start of the dominance of wavelengths at 100 m. Cars have been shown to have a
resonance frequency of between 1 and 2 Hz (Barbosa, 2012). A car travelling at 144.84 km/h, a typical speeding velocity for a
performance vehicle in the UK, with a median frequency of 1.4 Hz, will have a wavelength of 100 m. Figure 8(a) has three dominant
peaks; Peak A at 0.0167 m − 1 and Peak B at 0.0208 m − 1 correspond to wavelengths of 60 and 48.2 m respectively. These signals
might be introduced to the SMTD as discussed before by a heavy vehicle with a resonance frequency of 0.5 Hz travelling between
86.76 and 108 km/h. The Peak C at 0.0274 m − 1 matches a wavelength of 36.4 m and equates to a car travelling at 131 km/hr again
with a resonance frequency of 1.4 Hz. The comparison of wavenumber amplitude spectra reinforces the potential effect of cyclic
tyre load action on the highway surface by different vehicle types. The influence of cyclic tyre load action from the initial findings
of this studying characterising dominant wavelengths and discovering a periodicity in SMTD, suggest that further research in this
field is warranted. If vehicle suspension systems are found to influence texture evolution through cyclic tyre loading, then this will
have implications for the future design of highway pavements.

Figure 8. Comparison of Spectra Analysis Data for Section 2 of Lane 1 and Lane 2: (a) A 0.1 m−1 Wavenumber low pass 1D
spectral analysis of the sensor measured texture depth data for Section 2 Lane 1. (b) A 0.1 m−1 wavenumber low pass 1D
spectral analysis of the sensor measured texture depth data for Section 2 Lane 2.

5. Conclusions

In conclusion, the paper has provided rare and a valuable long-term study of SMTD. A new computational process has been
developed and applied to reveal a number of key and important trends influencing long term change in pavement texture as
follows:
It is possible for wavenumber filtered SMTD time series time-lapse data to be used to visually observe discrete
segments of a road surface which are changing with time
Change ‘traces’ are evident within the wavenumber filtered SMTD time series. This presents the potential for further
research to use visual recognition software to identify change ‘traces’ in order to locate areas of poor pavement
condition.
The study presents a viable method to track the rate of change of SMTD over time, generating essential monitoring
data for pavement management systems and highway maintenance decisions.
The long-term rate of change in SMTD could be used to predict the useful working life of a pavement surface and to
predict when maintenance or preventative interventions will be necessary.
At unevenness scale a periodicity is observable in the data systematically through time, suggesting that unevenness
might be imprinted into a road surface during construction or early in its life.
A plausible theoretical cause of the observed unevenness periodicity is that it is ‘imprinted’ in the early life of the
pavement. ‘Imprinting’ may occur as a consequence of cyclic tyre loading applied by the suspension systems of heavy
vehicles.
Construction joints in pavement surfaces, in combination with vehicle travel speeds, have the potential to trigger
periodically spaced change in pavement texture.
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