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Abstract

The aim of asset management of urban roads is to find the optimum balance between minimum
financial investment and maximum service life of the infrastructure. To make this possible, it is
necessary to be able to forecast their condition and condition development as precisely as possible.
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One possible solution is offered by the German regulations for the computational prognosis of the
condition development of traffic routes, which are currently used almost exclusively for heavily used
roads, such as highways. This involves using data on the road structure, traffic load, temperature
conditions and the laboratory-tested properties of the materials used to predict the damage and
remaining service life of the road pavement.

In the mFUND project "Data-based assessment of the resilience of urban road infrastructure - DaRkSeit",
funded by the German Federal Ministry for Digital and Transport, temperature sensors and Weigh-in-
motion (WIM) systems were installed in an inner-city main road in Minster to collect data on the urban
traffic load, i.e. the amount of traffic, statistical distribution of vehicle types and measurements of axle
loads, as well as on the prevailing temperature conditions in the road. With this measurement data and
the results of the material tests, the temperature and thus material conditions of the asphalt layers can
be continuously calculated and the damage caused by each load change can then be determined.

The results, which are based on the measurement data collected over two years, already provide a good
impression of the effects of daily and seasonal influences due to temperature and traffic on the
condition development of the individual asphalt layers. In addition, clear differences can be seen when
comparing the results of predominantly shaded and sunlit road sections as well as in the fatigue
progression of the two years, mainly due to different seasonal weather conditions.

The composition of the traffic, the changes in temperature and the development of the condition of the
asphalt layers at the measuring stations can be tracked since the beginning of 2023. The associated data
basis grows with each additional year and the experience gained can be applied to other urban roads
where the costly installation of sensor technology is not possible. At the point at which damage is
detected in the asphalt layers, the calculation results can be calibrated to the actual condition, thereby
improving the quality of the condition forecast and asset management.

Introduction

Municipal infrastructures are important building blocks for social coexistence and interaction and
knowledge about their condition and development is therefore essential. However, local authorities
generally do not have a sound basis for assessing the structural condition development of their road
network, for example. In most cases, the condition of the road is only assessed on the basis of visual
features on the road surface. Knowledge about the materials used, the layer thickness of the existing
layer structure or information about previous new construction or maintenance measures is usually
lacking. This also means that there is no basis for sustainable maintenance and financial management.

The aim of the project DaRkSeit was to expand the road maintenance management system to include a
constructive condition assessment with the help of a team from industry, administration and science. By
linking measurement data on traffic load, climate and investigations into the materials used, the aim
was to develop software that would map the condition of the roads in real time for the first time, taking
design aspects into account. The knowledge gained from this should form the basis for deriving and
planning necessary road maintenance measures at an early stage in the future.

A possible solution is offered here by the German regulations for the computational dimensioning of
traffic areas, which are currently used almost exclusively for heavily loaded roads, such as highways. The

Page 2 of 15



Calculation of the condition development of urban roads using measurement data to improve asset
management

damage and remaining service life of the road pavement are predicted with the help of the construction
data, statistical distributions of the traffic load and the temperature conditions, the materials used and
their properties. As there was previously no data on the local traffic load, i.e. the amount of traffic,
statistical distribution of vehicle types and measurements of axle loads, several Weigh-in-motion
sensors were installed in a main inner-city road in Minster to measure the traffic load in moving traffic.
In addition, temperature sensors were installed in the asphalt roads at the measuring stations and at
selected locations in various urban climate zones in the city of Miinster.

This was intended to significantly increase the accuracy of the condition forecast, as for the first time no
statistically processed annual distributions of temperature and traffic were used. Instead, the
temperature sensors were used to continuously calculate the temperature and thus the material
condition of the road surface, so that the damage caused by each individual load change could be
determined using the measurement data from the axle load scales.

Measuring stations

As part of the research project, combined measuring stations for temperature and axle load
measurement were to be set up at two locations in the city of Minster. When selecting the locations, it
was important that a technical infrastructure (electricity, network) was already in place or could be
expanded at low cost, that the characteristics of the vehicle traffic (composition, volume) were different
and that the technical requirements for accurate measurements of the axle load scales were met. These
technical requirements are:

Figure 1. Locations of the two measuring stations on Albersloher Weg
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e Vehicles move as evenly as possible (no braking and accelerating)
e No inclination of the roadway (longitudinal and transverse)
e New road surface if possible
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The choice of location fell on Albersloher Weg, a main inner-city road with two lanes in each direction
and leading towards the city center on one side and towards an industrial area on the other (see

Figure 1). The preparatory work that the City of Miinster had to carry out consisted of laying the power
supply for the "City center" measuring station from a nearby public transport stop and renewing the
asphalt surface and asphalt binder course at the "Industrial area" measuring station. Due to security
concerns and the potential risk to the city's data network infrastructure, the measuring stations were
not integrated into the City of Miinster's intranet, but were connected to the Internet via cellular
network and therefore operate autonomously. Data access to the measuring stations for software and
security updates as well as for downloading measurement data was made possible by setting up a
virtual private network (VPN)™.

Weigh-in-motion measuring

With the help of the two Weigh-in-motion measuring stations on Albersloher Weg in Minster (see
Figure 2), many vehicle characteristics can be measured that are relevant for predicting service life and
are of interest for research. The following data is recorded for each pass:

e Passing time

e Total vehicle weight

e Axle loads

e  Wheel loads

e Vehicle speed

e Overall vehicle length

e Axle spacing

Figure 2. Left: Installation diagram of the weigh-in-motion sensors with
induction loops (red), Lineas WIM sensors (blue) and temperature sensor (black).
Right: Built-in weigh-in-motion system on Albersloher Weg towards the city center.
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Source: Kistler Instrumente AG Source: City of Miinster

This information enables not only the continuous measurement of the traffic load, but also the
evaluation of overloading and incorrect loading as well as the creation of municipal vehicle type
distributions for the creation of standard distributions in order to be able to dimension municipal roads
more realistically in the future.
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In the case of the condition forecasts as part of the DaRkSeit project, mainly the data of the passing time
and the axle loads were used. Here, the time stamp of the pass of the scale was used to determine the
prevailing temperature condition in the road and the axle load was used to calculate the damage caused
by this load change in the individual layers.

In order to ensure comparability between the dynamic loads when a vehicle passes over the Weigh-in-
motion sensors and the real static loads of this vehicle, its axles and its wheels, the system was

calibrated accordingly by the manufacturer in cooperation with the City of Miinster.

Temperature measuring

Two different types of temperature sensors were installed at the locations of the two measuring
stations. One temperature measuring point is the temperature sensor of the Weigh-in-motion system,
which is located at a depth of around 20 mm, and the other measuring point consists of three radio-
frequency identification (RFID) temperature sensors, which were installed in a borehole at three
different depths between 70 mm and 210 mm (see Figure 3). While the WIM temperature sensor is
directly connected to the hardware of the WIM system and its data can be continuously retrieved and
processed, the RFID sensors work with batteries and the measurement data is stored in the devices. This
data must be downloaded manually using a reader

Figure 3. Positions of the temperature sensors at the Albersloher Weg measuring station “City center” -
WIM sensor (yellow), RFID sensors (red)

Source: City of Miinster

Material testing

Knowledge of the properties of all materials used is essential for determining the durability and service
life of asphalt layers. As far as technically, financially and temporally possible, these should be object-
related test and measurement results in order to be able to guarantee a high quality of the forecast. If
this is not possible, standard values and technically sound assumptions must be used.

During the calculations of the fatigue condition of the asphalt layers, model parameters and values for
the following material properties of the bound and unbound layers were required for the methodology
of the DaRkSeit project:
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Material stiffness

Layer thickness

Poisson’s ratio

Layer bond

e Temperature conductivity

e Fatigue (only for asphalt layers)

e Low temperature behavior (only for asphalt layers)

The asphalt materials were tested with regard to their fatigue and stiffness behavior in accordance with
the German regulations "Technical Test Specifications for Asphalt - TP Asphalt-StB"? Part 24 (fatigue) and
Part 26 (stiffness). The model parameters were determined using the indirect tensile test on core
samples taken from the road at the measuring points (see Figure 4). The layer thicknesses of the asphalt
superstructure were also measured on them. All other necessary material properties, such as Poisson's
ratio, low-temperature behavior and thermal conductivity, were taken from the regulations or were also
based on engineering assumptions.

Figure 4. Specimen of the Albersloher Weg measuring station towards the industrial area

Source: PTM Dortmund GmbH
Problems

Despite the identical design of the two measuring stations and the effort put into the installation, it was
not possible to prevent isolated technical problems. These problems were concentrated exclusively on
the measuring station in the direction of the industrial area. These problems were:

e March 2023: Delayed start of measurements due to software problems

e August 2024: Failure of two RFID temperature sensors due to empty battery
September 2024: Six-day total failure of the measuring station due to an electrical problem
November 2024: Failure of a Lineas WIM sensor (right lane, right sensor)

Due to the problems and the associated interruptions in the measurements, the fatigue calculations are
only possible to a limited extent. Therefore, mainly the results of the measuring station in the direction
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of the city center are presented below. Only statistically evaluated results are shown for the measuring
station in the direction of the industrial area, where the influence of the missing data is only minor.

Procedures

Calculation of the vertical temperature curves

The temperatures are measured by the measuring sensors at a specific interval. This is 5 minutes for the
WIM temperature sensors and 30 minutes for the RFID temperature sensors. The temperature sensors
of the measuring stations are located at different depths in the asphalt pavement and so the
temperatures are interpolated in a two-dimensional grid to ensure comparability of the temperature
measurement data and to enable calculation of the temperature curves in the road surface. The time
and the depth below the road surface are the two axes of the grid.
The temporal interpolation of the temperatures between two measurements is linear. A physical model
is used for the spatial interpolation, which is defined in the German regulations® and the following
boundary conditions must be present:

e vertical temperature profile at the start of the calculation

o the temperature at a depth of 12 mis a constant 9.5 °C

Equation 1 is used to calculate the vertical temperature values. It describes how the temperature of a
calculation point changes within a time step by calculating the thermal conductivity of the material and
the temperature differences to the calculation points immediately above and below.

Injerr = i + @9 1z (Onesie = 2 Inc + Onvc) Equation 1
with
Unr  Temperature at grid point with depth n after time step k [°C]
Qg Thermal conductivity of the material at the grid point [mm?2/min]
At Time step of the calculation [min]
Ax Vertical distance between the grid points [mm]

To ensure the numerical stability of the calculation method, the following condition must be met:

ay -AATtZ <05 Equation 2

The positional accuracy of the temperature sensors is 5 mm and this was also defined as the vertical
spacing of the grid points. As the thermal conductivity of asphalt is assumed to be a,y = 46.83 mm?/min,
15 seconds is used for the length of the time steps in the method. This results in 5,760 temperature
curves for each day with complete measurement data. This temporal resolution of the temperature
curves ensures a very precise determination of the material conditions for each individual load change.

Condition prognosis

The calculation of the fatigue condition and its progression over time is carried out according to the
algorithm of the German regulations for the computational design of asphalt traffic surfaces?, which is
currently used almost exclusively for highly loaded roads such as highways. Representative annual
distributions for the temperatures and traffic loads are used here. These are divided into discrete classes
(26 axle load classes, 13 temperature classes, each with 12 normalized, characteristic temperature
curves) and, when combined, form the set of possible stress states. The respective tensile strains are
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calculated for these 4,056 stress states using multi-layer theory. Using the parameters of the fatigue
behavior, the degree of damage to the asphalt material can be calculated for each stress state.
According to Miner's hypothesis®, these partial damages are multiplied by the number of occurrences of
the stress state and these are then added up to the total damage (see Figure 5).

Figure 5. Scheme of the algorithm of the German design code for asphalt roads

Representative Representative
traffic data temperature data

Model parameters

Layer thicknesses of the materials

13 temperature
classes, 12 vertical
temperature curves

26 axle load
classes

156 material
conditions

4,056 fatigue
levels of the
structure

4,056 stress states
of the structure

Source: TU Dresden

As measured values rather than statistical distributions for temperature and traffic were available for
the calculation of the fatigue forecast in the DaRkSeit research project, this algorithm was adapted. As
previously described, the vertical temperature curves were calculated with a time interval of 15 seconds
using the measured temperature values. At the time a vehicle passes over the Weigh-in-motion sensors,
the corresponding existing temperature and thus material condition can now be used to determine the
damage to the asphalt layers caused by the load. These partial damages are then also added up to the
total damage according to Miner's hypothesis (see Figure 6).

Figure 6. Scheme of the adapted algorithm of the DaRkSeit project

Measured Measured Measured layer Model parameters
traffic data temperature data thicknesses of the materials

Axle load Calculated vertical Calculated material

at time x tempera‘ture cHne conditions at time x
at time x

Calculated stress Calculated fatigue
state of the structure of the structure
due to the load due to the load

Source: TU Dresden

As the sum of the damage has a significantly higher value than the value "1.0" used by Miner to achieve
the damage criterion, it must be multiplied accordingly by a calibration factor. In Germany, this
calibration of the damage sum is based on the empirical set of rules " Guidelines for the standardisation
of pavement structures of traffic areas"®.
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Results
Traffic results

The traffic load measurements have been carried out for two years and the results to date show that,
with a few exceptions, traffic mainly flows in weekly cycles. The absolute traffic figures change within
these cycles, but the relative composition of cars and trucks remains more or less the same (see
Figure 7).

Figure 7. Absolute (top) and relative (bottom) distribution of vehicles
at the “City center” measuring point
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The weekly cycle distinguishes between working days and weekends in terms of the absolute volume of
traffic and its rhythm is mainly interrupted by public holidays (e.g. Easter, Christmas). In addition, the
pattern is influenced by school vacations, as can be clearly seen in July, for example. However, this
influence is not recognizable in the relative course, so that it affects the absolute volume of traffic, but
not its relative composition. The two striking deviations in the relative course were caused by the annual
Miunster City Triathlon, whose cycle route passed over the sensors of the measuring station.

Another important result of the two measuring stations is the daily distribution of heavy traffic. While
the delivery traffic in the direction of the industrial area is distributed relatively evenly over the duration
of daylight, the delivery traffic in the direction of the city center is clearly concentrated in the morning
hours (see Figure 8). As the air and road temperatures are relatively low during this period, the asphalt
also has the highest stiffness during the time of highest traffic load. This tends to lead to less material
fatigue and therefore also to a longer service life than, for example, in a condition forecast with
corresponding stochastically independent distributions for temperature and traffic load.
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Figure 8.

Average daily distribution of the number of axles of heavy traffic vehicles in the direction of
the city center (blue) and in the direction of the industrial area (orange).
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At the beginning of the research project, the plan was to combine the measurement data from the two
types of temperature sensor into one measurement due to their proximity and to determine the
temperature curves in the road with four support points. Once all the sensors had been installed and
were providing data from December 2022, this worked well. However, in spring 2023, when
temperatures rose, the resulting temperature curves became increasingly implausible, so it was decided
to evaluate the temperature measuring station separately. The cause of the implausible temperature
curves turned out to be the varying degree of shading (see Figure 3).

Figure 9. Selected temperature curves and the sensor depths of the RFID temperature sensors
at the “City center” measuring station on 25.06.2023
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While the deciduous trees have no leaves in winter and the heating of the asphalt surface by the sun has
no significant influence, both temperature measurements can be combined - these changes in spring
and summer. The WIM temperature sensor is then in the shade for most of the day due to its location
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and the trees and bushes along the roadside, while the location of the RFID temperature sensors is
mainly exposed to the sun (see Figure 9 and Figure 10).

Figure 10. Selected temperature curves and the sensor depth of the WIM temperature sensor
at the “City center” measuring station on 25.06.2023
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It can be seen from the temperature curves of 25.06.2023 that under the conditions prevailing at that
time, the temperatures of the road surface at the position of the RFID temperature sensors were always
at least 10 °C higher during the day than at the position of the WIM temperature sensor and that
temperatures of over 60 °C were reached in the asphalt surface layer. At the Albersloher Weg measuring
station in the direction of the industrial area, this difference between the two temperature measuring
points is not as pronounced, as both sensor positions are exposed to almost the same amount of
sunlight.

Fatigue results

German road traffic regulations stipulate that on roads with several lanes in one direction and with
flowing traffic, slow vehicles must drive in the right-hand lane. As a result, trucks usually use the right-
hand lane, which is much more congested than the other lanes (see Figure 11). For this reason, the
right-hand lane will also fail much sooner than the left-hand lane, which can be taken into account when
planning future maintenance and renewal measures.

The exact positions of the points with the respective maximum fatigue depend on the layer and the
materials used there. In the case of the measuring stations on Albersloher Weg, these points are on the
upper side of the asphalt surface and binder course outside the load area and on the underside of the
asphalt base course in the middle below the load area (see Figure 12). As the highest degree of fatigue
of the asphalt layers occurs in the asphalt binder course of the right-hand lane, all the following results
are shown for this layer.
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Figure 11. Maximum fatigue conditions of the two lanes and three asphalt layers
of the “City center” measuring station with the WIM temperature data
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As described, the main fatigue occurs in the asphalt binder course. If the effects of the different shading
situations described above are compared for this asphalt layer, it can be seen that the sun-induced
higher temperatures in the asphalt have a major influence on the durability of the road (see Figure 13).
As the development of the fatigue status is directly related to the different temperature conditions, the
two graphs run almost parallel in the autumn and winter months and diverge in the spring and summer
months. As a result, the fatigue status of the asphalt binder course at the predominantly sunlit position
was 17.7 % higher after one year and 17.8 % higher after two years.

Figure 12. Graphic representation of the distribution of the predicted fatigue condition below the wheel
of the three asphalt layers in the cross-section from low (blue) to high (red)

Source: TU Dresden
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Figure 13. Comparison of the fatigue conditions at the two temperature measuring points of the
Albersloher Weg measuring station towards the city center
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These seasonal differences in the development of the two fatigue states can also be clearly seen when
comparing the weekly increase at the two temperature measurement stations (see Figure 14). The
differences are concentrated in the middle of the year and only for a few weeks. In these few weeks,
however, the difference can be up to 87 % (week 25, year 2023). If you look at the weather data for this
week for the City of Minster, you can see that there was no rain during this time and daily highs of 35 °C
every day, with an average of14 hours of sunshine. Although these values are extreme for Germany,
they are becoming increasingly likely as a result of climate change.

Figure 14. Weekly increase in fatigue status at the temperature measuring points on Albersloher Weg
towards the city center for the year 2023 (top) and 2024 (bottom)
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When comparing the weekly increases in the fatigue status in 2023 and 2024, it is noticeable that the
values are lower over the course of the year and especially in summer 2024 than in 2023. If the annual
trends in the status development are superimposed on each other, this becomes even clearer (see
Figure 15). The reason for this is the cooler temperatures over the course of the year and thus a natural
annual fluctuation in the weather. Overall, these have led to the condition of the asphalt binder courses
deteriorating around 15 % less in 2024 than in the previous year.

Figure 15. Comparison of the annual increase in fatigue states at the Albersloher Weg measuring station
in the direction of the city center for both types of temperature sensors and the years 2023 and 2024
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Conclusion and outlook

Despite the fact that the results of the measuring stations are only random samples from the total
number of possible traffic scenarios, the underlying research project was able to gain a good overview of
the range of results with regard to the correlations between traffic load and time of day, between
weathering and service life as well as the fatigue conditions of main and secondary lanes. This becomes
particularly clear in the example of the effects of the previous temperature measurements shown here.
In order to better assess the extent and distribution of these influences and to be able to adequately
take them into account in the future, further measuring stations for combined temperature and axle
load measurements, such as the one on Albersloher Weg, are needed. With a larger data basis and
simpler technical methods for collecting the data, it will then also be possible to carry out similar
condition forecasts for all municipal roads. With the data already collected, however, it is already
possible to see how the service life of new or existing asphalt stretches can be positively influenced by
means of shading through planting at the roadside or the installation of lighter asphalt surface courses.

The calculation results of the fatigue condition are currently mapped to empirical experience using a
calibration factor. This factor is included in the calculation on a linear basis and therefore has an
immense influence on the forecast result of the remaining service life. In future, when damage occurs in
the road at the measuring stations, the calculation results can be calibrated to reality with the help of
the extensive database in order to improve the quality of the condition prognosis.

The differences in the calculation results for 2023 and 2024 give an idea of the natural fluctuations to
which the conditions of the asphalt layers are subject. As the future changes and effects of the climate
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and the volume and composition of traffic can only be predicted to a limited extent, it is very difficult to
accurately forecast the remaining service life of the current condition. For the planning of maintenance
and new construction measures as part of an asset management system, it is therefore better to use
sensors to permanently monitor the surface temperature of the road and the traffic in order to
continuously determine the actual condition of the asphalt layers. Once a calculated warning value has
been reached, this can be verified by material tests and appropriate measures can then be planned.

The measurement data from the measuring stations are freely available via the Mobilithek” and are
updated as soon as possible.
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