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Zusammenfassung 

Dieser Bericht enthält die Resultate der ersten drei beschleunigten Verkehrslastsimulati-
onen der Empa im Rahmen der Kalibration der neuartigen Grossversuchsanlage MLS10, 
die durch die Universität Stellenbosch in Südafrika entwickelt und hergestellt wurde. 
Hierzu wurden verschiedene nach Schweizer Normen erstellte Belagsaufbauten mit der 
MLS10 belastet. Die dadurch gewonnenen Erkenntnisse sind hilfreich in Bezug auf eine 
Abschätzung der Anzahl Verkehrslasten bis zur Versagensgrenze bestimmter Belagsauf-
bauten. Da die MLS10 ein Prototyp ist, diente dieses Projekt auch als Möglichkeit, allfälli-
ge „Kinderkrankheiten“ zu erkennen und die Leistungsfähigkeit der Maschine zu verbes-
sern. 

Die vorliegende Forschungsarbeit bestätigte, dass die MLS10 in Kombination mit geeig-
neten Sensoren und Techniken zur Belagsbeurteilung in reproduzierbarer Weise wertvol-
le Informationen zur Ermittlung der Dauerhaftigkeit realer Beläge liefert. Es konnte ge-
zeigt werden, dass die MLS10 dank ihrer Mobilität und Flexibilität an verschiedenen Or-
ten eingesetzt werden kann. Ein zentraler Punkt der durchgeführten Tests war zudem, 
die Verbesserung der Funktionalität der Maschine und die Erarbeitung der notwendigen 
Kenntnisse, wie die MLS10 am effizientesten zu betreiben ist. Ausserdem erlaubte dieses 
Projekt sowohl eine anwendungsorientierte Optimierung verschiedener Sensor- und 
Messsysteme, wie Thermoelemente, Dehnungsmesstreifen und Beschleunigungssenso-
ren, als auch den periodischen Einsatz zerstörungsfreier Prüfmethoden, wie Querprofil-
messung, Portable Seismic Pavement Analyzer (PSPA), Falling Weight Deflectometer 
(FWD), ETH Delta Verformungsmessungen und Georadar (GPR). 

Das Kalibrierungsprojekt der MLS10 wurde Ende 2010 nach mehr als 2‘400‘000 Last-
wechseln und 5 getesteten Belägen abgeschlossen. Die Tests in „Filderen“ ergaben, 
dass die neue Belagsstruktur der Autobahn A1, wie auch eine schwächere Version der-
selben, eine hohe Steifigkeit und Tragfähigkeit aufweist und eine beträchtliche Zeit erfor-
dert, um mit der MLS10 signifikante Veränderungen in den Belagsschichten herbeizufüh-
ren. Dies bestätigt, dass die Dimensionierung und die Konstruktion des Belags nach den 
geltenden Schweizer Normen von guter Qualität ist. Auch konnte festgestellt werden, 
dass das in „Filderen“ mit der MLS10 auf neuen Belägen erzielte Verhalten vergleichbar 
war mit jenem eines 20 Jahre alten Belags auf dem “Rastplatz Suhr“, der eine gute Lang-
zeitperformance aufweist. Diese positiven Erkenntnisse wurden auch durch Resultate an 
der “Neuen Staffeleggstrasse“ bestätigt, bei welcher es sich zudem gezeigt hat, dass die 
MLS10 auch auf Belägen mit einer Steigung von 5% eingesetzt werden kann. Dies unter 
der Voraussetzung, dass sie so positioniert werden kann, dass die Last auf den Maschi-
nenrahmen gleichmässig verteilt wird. Allerdings sollte dies aus Sicherheitsgründen mög-
lichst vermieden werden.  

Die Resultate dieser Forschungsarbeit können als gute Referenz benutzt werden, um Be-
läge mit neu eingesetzte Materialien oder Einbautechniken zu vergleichen und zu beurtei-
len, da solche Beläge zumindest ähnlich positives Verhalten zeigen müssten als die in 
dieser Arbeit untersuchten Beläge.  

Für zukünftige MLS10 Einsätze wird vorgeschlagen, sich auf schwächere Belagsaufbau-
ten zu konzentrieren, um deren Tragfähigkeitsgrenze innerhalb einer vernünftigeren Zeit-
spanne zu erreichen und darauf basierend die Versagensmechanismen solcher Beläge 
analysieren zu können. Um solche Tragfähigkeitstests auch für neu entwickelte Beläge 
durchführen zu können, wird empfohlen, diese auf speziell für diesen Zweck hergestellten 
Testfeldern durchzuführen. 
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Résumé 

Ce rapport contient les résultats des trois premiers essais accélérés de revêtements réa-
lisés par l’Empa afin d’évaluer l’efficacité du simulateur de charge mobile MLS10, un pro-
totype développé et construit par l’Université Stellenbosch en Afrique du Sud. Différents 
revêtements, structures et matériaux correspondant aux normes suisses ont été testés à 
l’aide du MLS10 afin de procéder au calibrage de cette machine. Les informations re-
cueillies devaient permettre d’estimer la durée et le nombre de charges nécessaires pour 
induire des dommages évaluables sur un type de revêtement spécifique. Le MLS10 étant 
au stade de prototype, ces essais étaient aussi l’occasion d’identifier ses “défauts de jeu-
nesse” et de continuer à l’améliorer. 

Ce travail a confirmé que le MLS10, combiné avec le type de capteurs et les techniques 
d’évaluation de revêtements adéquats, fournissait des informations précieuses quant à 
l’évaluation de la réponse mécanique à la charge de vrais revêtements d’une manière re-
productible. Il a pu être démontré que le MLS10 pouvait être déployé sur un grand 
nombre de sites du fait de son design, montrant sa grande flexibilité et sa grande mobili-
té. Une des conséquences les plus intéressantes parmi les tests effectués est la possibili-
té d’améliorer la fonctionnalité du MLS10, et d’apprendre à s’en servir efficacement. 
L‘étude a également permis  de comparer et d’évaluer différentes méthodes de mesures 
en optimisant leur application avec une approche plus holistique, comme par exemple 
l’application de capteurs de température, de jauges de déformation et d’accéléromètres 
et l’utilisation de capteurs non-destructifs appliqués périodiquement, en particulier des 
mesures du profil transversal, un analyseur sismique de chaussée portable (en anglais 
PSPA, Portable Seismic Pavement Analyzer), un déflectomètre à masse tombante (an 
anglais FWD, Falling Weight Deflectometer), un appareil ETH Delta ainsi qu’un géoradar 
(an anglais GPR, Ground Penetrating Radar). 

Le projet de calibrage du MLS10 s’est achevé à la fin 2010 après plus de 2 400 000 ap-
plications de charges et 5 revêtements. Les résultats obtenus à “Filderen” (Canton 
d’Argovie) montrent que la nouvelle structure de l’autoroute A1, ainsi que des versions 
moins résistantes du revêtement, ont une bonne rigidité et une grande force portante et 
nécessitent un temps et des efforts considérables pour générer un changement significa-
tif à la réponse de dommages induits par la charge. Cela confirme que le dimensionne-
ment du revêtement et sa fabrication selon les standards actuels suisses est de bonne 
qualité. En effet, le comportement observé avec le MLS10 sur des revêtements neufs à 
Filderen était comparable au comportement d’un revêtement de vingt ans sur la 
“Rastplatz Suhr” avec des bonnes performances sur le long terme. 

Ces résultats positifs ont également été confirmés par les résultats d’essais sur le nou-
veau revêtement à la “Neue Staffeleggstrasse”, ce qui a pu montrer que le MLS10 pou-
vait être utilisé sur des revêtements avec des pentes à 5% indiquant qu’il peut être posi-
tionné de telle sorte que le chargement de la structure de la machine peut être réalisé en 
équilibre. Cependant, pour des raisons de sécurité, il est recommandé d’éviter des appli-
cations extrêmes. 

Les résultats trouvés lors de cette étude fournissent un bon point de référence pour des 
tests de revêtements neufs où des techniques récentes de construction et de nouveaux 
types de matériaux sont utilisés, étant donné que ces revêtements neufs devraient mon-
trer au moins un comportement positif similaire à ceux analysés dans cette étude. 

Pour les prochaines utilisations du MLS10, il est recommandé de se focaliser sur des es-
sais sur des revêtements moins résistants pour atteindre la limite de la force portante 
dans un temps raisonnable et donc pour connaître les mécanismes de fracture présents 
dans ce type de constructions. Afin de conduire également de tels essais de “torture” 
pour des développements de revêtements neufs, il est recommandé de réaliser ces tests 
sur des champs d’essais spécifiquement dédiés à cette étude. 
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Summary 

This report contains the findings of the first three accelerated pavement testing (APT) ex-
periments carried out by Empa as part of the calibration of full-scale Model Load Simula-
tor MLS10, which is a prototype developed and constructed by University Stellenbosch 
from South Africa. Different structures designed with Swiss Standards, materials and 
constructions were trafficked with the MLS10 in order to perform a sort of calibration of 
the machine. This information would help estimating the duration and number of load ap-
plications to induce an assessable distress in a certain type of pavement. As the MLS10 
is a prototype, this test would be also seen as an opportunity to identify start-up problems 
and continue improving the performance of the device. 

This work confirmed that the MLS10, in combination with the right type of sensors and 
pavement evaluation techniques, provides valuable information for evaluating the me-
chanical service capability of real pavements in a reproducible way. It was demonstrated 
that the MLS10 can be deployed to many places thanks to its design, which showed high 
flexibility and mobility. One of the most valuables outcomes of these tests was the possi-
bility to improve the functionality of the MLS10, and to learn how to operate the machine 
in an efficient way. The research also allowed to compare and evaluate different meas-
urement methods optimizing their application in a holistic way, such as combined applica-
tion of temperature sensors, strain gauges and accelerometers and the use of periodical-
ly applied non-destructive sensors, in particular transverse profilometers, portable seismic 
pavement analyzer (PSPA), falling weigh deflectometer (FWD), ETH Delta deflectometer 
and ground penetrating radar (GPR). 

The calibration project of the MLS10 was concluded at the end of 2010 after more than 
2’400’000 load applications and 5 trafficked pavements. The tests in “Filderen” revealed 
that the new structure of the A1 highway, as well as other weaker versions of this pave-
ment, have high stiffness and bearing capacity and require a considerable amount of time 
and effort to generate significant changes in the response from load induced distress. 
This confirms that the dimensioning of the pavement and its construction according to ac-
tual Swiss Standards is of good quality. In fact, the behavior observed with the MLS10 on 
the new pavements in Filderen was comparable to the behavior of a 20 year old pave-
ment on the “Rastplatz Suhr” with good long term performance. 

These positive findings were also confirmed by the test results of the new pavement in 
“Neue Staffeleggstrasse”, which also showed that the MLS10 can be used on pavements 
with a slope of 5% provided that it can be positioned such that the loading of the machine 
frame can be realized in a balanced way. However, it is recommended to avoid such ex-
treme applications for safety reasons. 

The results found in this research provide a good point of reference for testing new 
pavements where new construction techniques and new types of materials are used, 
since these new pavements would have to show at least similar positive behavior than 
the pavements investigated in this research. 

For next uses of the MLS10 it is recommended to focus on testing weaker pavements in 
order to reach the bearing capacity limit within a reasonable period of time and therefore 
learn what are the most common distress mechanisms present for this types of construc-
tions. In order to be able to conduct such torture tests also for new pavement develop-
ments it is recommended to perform those test on testing fields specifically devoted for 
that purpose. 
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1 Introduction 

Assessment of pavements under real load and climatic conditions is essential for under-
standing their response and performance in order to design and construct cost effective 
structures. One way to obtain information is by studying a pavement over years under re-
al traffic loads. Accelerated Pavement Testing (APT) is a technology that allows testing a 
pavement under realistic conditions but in a compressed period of time. This type of tests 
can help reducing the increasing costs for road construction and management, with a rel-
ative low investment. APT provides a mean of evaluating paving materials. It helps im-
proving the structural design and features, among other possible applications. 

Of primary concern is to simulate traffic volume in a reasonable short time and at ac-
ceptable cost by producing a measurable response or inducing significant deterioration of 
the structure. The acceleration of damage in testing can be achieved by an increased 
rate of load applications, increased load magnitudes (loads greater than the pavement 
design load), modification of loading characteristics, reduced pavement thicknesses, im-
posed adverse environmental conditions, or a combination of these factors. It is important 
that the APT conditions do not differ significantly from actual in-service conditions, such 
that the APT produces pavement distress types similar to those observed with in-service 
pavements. Therefore, application of traffic loads at an increased repetition rate, inducing 
more load applications in a short period of time, is the most desirable means of accelerat-
ing pavement damage. 

In 2008, Switzerland purchased through Empa the MLS10, a prototype APT device to re-
place the dismantled Circular Test Track (in German called Rundlauf). The Circular Test 
Track was a stationary APT equipment that was located in Dübendorf and was in service 
successfully for about 15 years. The report containing the purchase evaluation process of 
the MLS10 as well as the results of the firsts tests carried out by the South African manu-
facturer in Switzerland can be found in [1]. The device represents a new APT technology 
which has the ability of producing as much as 6’000 unidirectional load applications in 
one hour. A description of the MLS10 can be found in the next chapter. 

The MLS10 was first put into service in the region of Hinwil, Switzerland as part of the 
ASTRA Project 2004/07, with assistance of the South African designers from University 
of Stellenbosch. Objective of those tests was to evaluate the machine under Swiss cli-
matic conditions and to learn the basic principles of operation. This exercise provided a 
good overview of the functioning of the MLS10 allowed identifying many of the start-up 
problems, typical of prototypes. 

Following completion of important refurbishing work in the mechanic, electric and hydrau-
lic system, the MLS10 was ready for deployment under operation of a local team. It was 
decided to carry out an experimental project for evaluating the performance of the ma-
chine when testing pavements made according to Swiss Standards with local materials 
and construction techniques. These pavements had to be tested in order to estimate how 
many load applications are necessary to produce measurable distress in the structure 
and provide information about the distress mechanisms as well as the amount of time 
and other resources necessary to evaluate a road in Switzerland. 

After experiencing some deviations in the original plan, a dedicated testing site was con-
structed using the same material and design as for the A4 motorway Zürich Westring 
(called Zürich Westumfahrung). In total, four variations of the motorway’s pavement were 
constructed close by the real motorway, in the region called “Filderen”. On this test site, a 
total of 3’000’000 MLS10 load applications were planned. These tests were the first APT 
projected under supervision of Empa personnel. Due to the limited time window for the 
tests and some delays caused by repair and improvement work of the prototype, the final 
number of load applications applied in all the structures was about 1’600’000. This was 
not enough to reach the theoretical amount of load applications corresponding to the 
bearing capacity of the pavements. Moreover, the pavements proved to be very stiff and 
no significant sign of distress was observed after the applied MLS10 loading. 
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Consequently, two other APT campaigns with weaker pavements were planned in 2010. 
The first one was located in a rest area of the A1 motorway between Zürich and Bern, 
called “Rastplatz Suhr”. The old pavement of this area, which was closed for the APT, 
was trafficked with the MLS10 for about one month. The other pavement was a new can-
tonal road in Aargau, the “Neue Staffeleggstrasse”. This new construction was available 
for being trafficked with MLS10 during around two months previous to the opening of the 
road to normal traffic. 

In parallel to the work related to the MLS10 calibration project, two master students car-
ried out different research activities taking advantage of having access to APT. From their 
work, two master theses resulted: one in collaboration with University of Rosario, Argenti-
na, and the other with KTI Karlsruhe Institute of Technology in Germany. Publications re-
lated to the results obtained from their work can be found elsewhere [2] [3] [4]. 

The present report contains the description and the results obtained from the APTs car-
ried out at the three locations mentioned above. It is organized chronologically, with gen-
eral information about the machine and the objectives of the project at the beginning of 
the report. The first two Appendixes contain information concerning the construction of 
one of the sites. The Appendix III presents some publications derived from the findings of 
this research work. 
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2 The Mobile Load Simulator MLS10 

The MLS10 is a full scale mobile APT device developed by the University of Stellenbosch 
of South Africa, in collaboration with Empa and ETH/IGT. The machine loads the pave-
ment with unidirectional tire passings in a length of about 4.2m, simulating the load of half 
an axle of a truck. The rolling speed of the tires can go up to 22km/h, reproducing the 
passing of up to 6’000 half axles per hour. A hydro-pneumatic suspension system allows 
setting the loads applied by the tires up to 65kN, corresponding to 130kN axle load. The 
MLS10 and can be equipped with single and dual  tires. 

The MLS10 has a total weight of 32t and basically consist of a steel frame made of two 
large iron plates connected through four robust tanks of about 2m long and 1m diameter, 
attributing a very stiff configuration to the whole system (Fig.  2.1). One of the tanks is 
used for water storage and the other three for diesel, each having 1300l capacity. This 
provides additional ballast and allows operating the machine for about 300h without refu-
eling. Attached to the internal face of the frame plates are two pairs of guide rails that 
form a closed loop path, like a chain saw. 

 

Fig.  2.1  3D view of the MLS10 frame and detail of one of the bogies 

The tires for loading the pavement are mounted in bogies, which are strong steel framed 
carriages that are coupled to a kind of chain rolling along the guide rails. The 4 bogies of 
the MLS10 have steel wheels that fit within the rails. The bogies are pulled contactlessly 
by 24 linear induction motors (LIM). The rails are built in such a way that the freely revolv-
ing tires touch down smoothly to the surface before loading the pavement over the traf-
ficked path length. A schema of the loading system is depicted in Fig.  2.2. 
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Fig.  2.2  Schema of the loading principle 

The frame is enclosed by a noise reduction cover, confining all moving. In order to moni-
tor the loading during trafficking, the dynamic movements of the suspension system are 
registered electronically and transferred via Bluetooth to a computer. The MLS10 is 
equipped with four transport wheels which can be raised and lowered hydraulically, thus 
lifting up the whole frame by about 1m and giving room for maintenance work, such as 
checking tire pressures and pavement sensors, as well as measurements of profiles, 
crack and damage inspection or measurements with more elaborated devices, such as 
the portable seismic pavement analyzer PSPA or ground penetrating radar GPR. The 
transport wheels allow the maneuvering of the machine around the test site and to drive it 
to or off low bed trucks for long distance transport. The possibility of easily driving the 
MLS10 on a flatbed truck makes it fully mobile. The MLS10 has a generator for fully au-
tonomous powering of the machine. A bulk view of the MLS10 is presented in Fig.  2.3. 

 

Fig.  2.3  View of the MLS10 
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3 Objectives 

The present research project focuses on the performance oriented calibration and valida-
tion of the recently purchased Full Scale Mobile Load Simulator MLS10 for APT in Swit-
zerland. The term "performance oriented calibration test" used for the title of the project, 
refers to the following goals of the work: 

 Correlate the destructive effect of the MLS10 loading to different types of heavy 
traffic pavements designed and constructed using Swiss Standards under the in-
fluence of local weather conditions. The word “calibration” is used to account for 
the correlation between the numbers of load applications necessary to cause a 
certain distress in typical Swiss pavements. 

 Acquire experience in operating the MLS10 and assess the required human and 
technical resources needed to conduct APT tests. Conduct invaluable practical 
optimization with respect to the operational crew to improve the organization of 
resources in a cost effective way. 

 Evaluate the MLS10 itself, detect operational shortcomings and technical defects 
for improving the performance of the machine, which is a prototype and the first 
of this class in the world. The calibration was foreseen as an expensive and time 
consuming testing phase in which the machine has to be known and improved 
before testing under more extreme conditions. 

 Propose and evaluate testing procedures as well as instrumentation and software 
to collect research data. Establish and formalize the data handling, cleansing, 
processing, storage and software. 

These objectives were formulated considering the lack of previous practical experience in 
using a full-scale APT device of these characteristics in the country. 
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4 Location of the test sites 

The selection of the test sites was done bearing in mind technical, logistical and environ-
mental restrictions. One of the principal requirements had to do with the size and geome-
try of the area reserved for the tests. A testing site for MLS10 has to be compatible with 
the transportation and in-situ maneuverability of the machine. It should allow the imple-
mentation of the safety and environmental requirements such as noise level limitation 
during operation. It was recognized that these restrictions make the deployment of the 
MLS10 sometimes complicated. However, thanks to the active support of the members of 
the user’s advisory board (called Nutzerbeirat) it was possible to deploy the machine to 
three different locations. The Nutzerbeirat is a board formed by representatives of differ-
ent parties of interest that help managing the use of the MLS10 in the most effective way. 

For Test Site 1, the new pavement of the A4 motorway Zürich Westumfahrung was cho-
sen as the most suitable place for the initial phase of the calibration work. However due 
to the fact that the MLS10 can produce extensive damage to the pavement, it was decid-
ed not to carry out the tests on the motorway itself. Instead, an ad-hoc testing site (Test 
Site 1) with the same pavement structure as in the motorway was constructed in the 
“Filderen” area, in the Knonaueramt region from Canton Aargau (Fig.  4.1). Three other 
pavement sections were also built on the same site. The layout of the pavements will be 
discussed in the next chapter. The pavements were constructed between September and 
October 2008, using the same materials, layer geometry and same construction company 
involved in the construction of the motorway. Trafficking of the sections was done mostly 
during summer and autumn 2009. 

Test Site 2 was located in a rest area of the A1 motorway, named “Rastplatz Suhr”, be-
tween Rothrist and Lenzburg. The section was closed for vehicle drivers during a little 
more than one month between May and June 2010. In this period, the MLS10 was trans-
ported and set up. In addition, sensors were installed and trafficking was carried out. 

Test Site 3 was located in the new cantonal road near Aarau called "Neue Staffelegg-
strasse", where the machine was moved to in July 2010 for testing prior to the opening of 
the road in October 2010. 

 

Fig.  4.1  Map showing the location of the tests sites 
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5 Test Site 1: Filderen 

5.1 Experimental Setup 
5.1.1 Layout and construction of the test sections 

The test site comprised four different sections. Each section F1 to F4 was built in a rec-
tangular area of 5m x 20m, totalizing a paved surface of 10m x 40m, as outlined in 
Fig.  5.1. The main difference between each of the four sections was the number of as-
phalt layers. 

Section F4 was built following the exact design of the nearby real motorway pavement. It 
corresponds to the design of heavy duty full-depth asphalt pavements, described in the 
Swiss standards [4] [5]. This pavement is the thickest structure of the dimensioning cata-
logue, prepared for the highest traffic loading in Switzerland. It has 5 layers, 2 of them 
stabilized hydraulically with cement (called “Stabi 1” and “Stabi 2”) and 3 layers with bitu-
minous binder. The cement bounded layers were made of 65% recycled aggregate and 
35% Gravel Sand II. The hydraulic binder used for the mix was “Georoc Doroport RB N”, 
a special product of the cement producer Holcim, in a quantity of 86kg/m3. The cement 
bounded layers were designed to 220mm and 180mm thickness, and the material was 
characterized with compression tests, that can be found in Appendix I.4. A Stress Ab-
sorbing Membrane Interlayer (SAMI) was laid separating the asphalt concrete layers from 
the hydraulic stabilized layers. On top of the SAMI, a base layer of 80mm was construct-
ed using asphalt concrete material type AC T 22H according to the Swiss standard 
SN 640431-1b-NA [6]. The design of the 80mm binder layer type AC B 22 N and the 
30mm rough asphalt AC MR 8 was carried out following the same standard. The design 
protocols of the asphalt mixes can be checked in Appendix 0. Due to the modest bearing 
capacity of the original subgrade made of an old clay containing embankment, the mate-
rial was replaced by molasses with the addition of 25-30kg/m3 “Georoc Dorosol C 30”. 
The standard [7] sets a minimum ME value of 30’000MN/m2 for the static plate bearing 
tests. The results of the static plate bearing tests after the subgrade reinforcement are 
presented in Appendix I.2. 

The construction of section F3 was proposed as a structural variation of the pavements 
recommended in the Swiss standards. It had almost the same layer distribution and was 
built with the same materials as section F4, but with the only difference that it had no sur-
face layer. The construction of both pavements was carried out at the same time, but in 
section F3 the rough asphalt concrete layer AC MR 8 was not laid. As a result, a pave-
ment was obtained with a reduced bearing capacity that is weaker than the equivalent in 
the catalog pavement. In this way, the relative reduction of life expectancy according to 
the standards could be evaluated more accurately, since variables affecting the behavior 
of the pavement like material, construction practices, etc. would be the same for both 
sections. 

Following the same concept, the structural composition of section F1 was considered 
based on section F4. In order to reduce the bearing capacity to a higher degree, the sur-
face and the binder layers were not constructed. As a result, a 3 layer pavement com-
posed by Stabi 2, Stabi 1 and AC T 22N was obtained. 

Due to time restrictions and the exceptional performance of the other sections, section F2 
was not trafficked and therefore its detailed description is not included in this report. 
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Fig.  5.1  Distribution of the test sections and pavement structures. 

 

5.1.2 Load configuration 
The MLS10 machine was setup to apply 65kN in each of the four bogies, using a twin tire 
configuration. This is the maximum load that the MLS10 is able to induce with this type of 
tire and it corresponds to a total axle load of 130kN. The loads were measured using stat-
ic scales. The tire pressure was set to 7.5bar. The trafficking speed used for the tests 
was 22km/h. For these tests, the MLS10 was equipped with Goodyear 455/50 R22.5 twin 
tires. 

5.1.3 Number of expected MLS10 load applications 
According to the Swiss design standard SN 640324a [4], each of the pavements of sec-
tion F1, F3 and F4 correspond to a certain type of pavement characterized by the Struc-
tural Number (SN). The SN is calculated with the thickness of each of the layers of the 
pavement and the coefficient of bearing capacity (a) of the materials. Following the 
standard, it is possible to make a classification of the structure in one of 6 types. Each 
type is designed to last a certain amount of 8.16t axle loading in 20 years’ time. Since the 
MLS10 loading corresponds to a 13.3t axle, the destructive effect according to the Swiss 
standard SN 640320 [25] is 8.46 times higher. Fig.  5.2 summarizes the calculation of the 
number of expected MLS10 load applications to reach the bearing capacity of the pave-
ments of each test section. 
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Fig.  5.2  Number of loads required to reach the bearing capacity of each section 

Material 

F1 F3 F4 

Coef. bear-
ing capacity 

a 

Thickness 
[cm] 

Coef. bear-
ing capacity 

a 

Thickness 
[cm] 

Coef. bear-
ing capacity 

a 

Thickness 
[cm] 

AC MR 8 -  -  -  - 4 3

AC B 22 H  -  - 4 8 4 8

AC T 22 H 4 8 4 8 4 8

Stabi 2.4 48 2.4 48 2.4 48

SN 147 179 191

Pavem. type T6-S1 T6-S1 T6-S1

Loads appl. 8'628'900 8'628'900 8'628'900

 

5.1.4 Evaluation of pavement performance 
Deterioration of pavements is traditionally carried out by means of visual inspections, 
which provides a subjective appreciation of the cracking of road surface, or the develop-
ment of rutting, among other types of distress. The need of a more accurate definition of 
pavement distress, lead to the development of devices which can be transported and 
used in different sections of a road without creating damage. These devices usually 
measure the deflection of the surface to obtain an indication of the condition of the struc-
ture. Most recently, different kinds of sensors are available for being installed in roads for 
monitoring the deterioration over time. Instrumented pavements using strain gauges and 
temperature sensors are not rare nowadays [8] [9]. However, installation and robustness 
of the sensors as well as data acquisition process and interpretation are still a complex 
issue. In this research project, the deterioration of the pavement was evaluated using dif-
ferent types of methods and sensors. In this report they are classified as permanent sen-
sors embedded in the pavement or periodically applied non-destructive devices. The list 
of methods used in this project along with a short explanation about the installation is giv-
en below. 

 

Stationary sensors embedded in the pavement 

 Temperature sensors: Thermocouple wires type K, were placed between the layers 
during construction of the pavement. These wires are for general purpose temperature 
measurements in asphalt, concrete and ambient air. They have Teflon insulation and 
can be used successfully without further protection in the paving process, even at high 
temperatures. 

 

 Strain gauges: For measuring the deformation of the pavement under load, gauges 
were embedded at different depths of the pavement. The installation of the sensors 
was carried out simultaneously with the construction of the different layers of the 
pavement. Three different types of installation were tried. In the first one, the sensors 
were laid without any protection on top of one layer. However, sensors installed this 
way didn’t survive the construction. Therefore, another method was used in which the 
strain gauges were placed in an H shaped trench previously cut in that layer. For the 
last method, the H shaped trench was prepared by embedding wooden dummies in 
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the hot mix asphalt during compaction (see Fig.  5.3). After finishing the compaction of 
the layers, the dummies were taken out and the sensors were placed in the trench. 

 

 
Fig.  5.3  Strain gauges, installation in the pavement 

 Accelerometers: In order to obtain the dynamic deflection of the pavement under the 
MLS10, 3 accelerometers were installed in a line perpendicular to the trafficking direc-
tion. The mounting was done by drilling holes of 5cm diameter down to a depth of 3cm 
(see Fig.  5.4). The accelerometers were screwed to plates firmly attached to the bot-
tom of the hole. The sensors selected for this work were the capacitive accelerome-
ters model 3700 from PCB. These accelerometers are rugged and were specially pre-
pared with integrated water proof cabling to withstand extreme climatic conditions. Da-
ta acquisition was done simultaneously with the strain gauges and stored for post-
processing analysis. More information about the data analysis and interpretation can 
be found elsewhere [13] [14]. 

 

 
Fig.  5.4  Installation of the accelerometers 
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Periodically applied non-destructive sensors 

 Transversal profiles: Permanent deformation of the pavement surface was calculated 
by analysing three profile measurements for each section, all perpendicular to the traf-
ficking direction. Measurements were carried out with the MLS profiler. The profiler 
consists of a steel beam which has a wheel on the bottom side (see Fig.  5.5). For 
each measurement, the beam is fixed to two steel plates that are glued to the pave-
ment surface, outside the trafficked area which serve as “reference points”. The beam 
distance to pavement can be set with a pair of adjustable feet at each end of the 
beam. This setup provides a stable frame for the measurements. A moving wheel sit-
uated in the bottom part of the beam travels in contact to the surface of the pavement, 
following any unevenness up to 1mm. The combination of vertical and horizontal 
movement allows drawing the profile, which is expected to change throughout the 
tests due to permanent deformation. Consequently, measurements were taken recur-
rently after a regular number of load applications in order to follow the increase of rut-
ting versus the accumulated number of loads. 

 

 

Fig.  5.5  View of the profiler used for rutting measurements 

 

 Portable Seismic Pavement Analyser (PSPA): Monitoring of seismic stiffness of the 
pavement layers was conducted with the PSPA. The device uses the theory of wave 
propagation in continuous media to determine the seismic modulus of each layer. Lit-
erature describing the theory about PSPA stiffness calculations can be found in [10], 
[11] und [12]. The PSPA is composed of two ultrasonic receivers, one source and one 
spectral analyser that sample the analogous electric signal coming from the receivers 
into numerical data. The distance between the source and both receivers is fixed and 
defines the setup. The device is equipped with a thermometer in one foot, in direct 
contact with the pavement surface. Measured values are used later for temperature 
normalization. A picture of the device is presented in Fig.  5.6. For this APT three 
measurements per test section, two in each of the wheel paths and one outside the 
trafficking zone, were carried out. 
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Fig.  5.6  View of the PSPA in measuring position 

 

 Falling Weight Deflectometer (FWD): It is one of the most used devices for structural 
evaluation of pavements. It consists of a trailer containing a mass and a line of geo-
phones to measure deflection as shown in Fig.  5.7. It  can simulate the load of a pass-
ing truck by dropping a heavy weight on the pavement surface. The dynamic charac-
teristics of the load are controlled with a spring element. The transient impulse  load 
induces a deflection basin on the pavement surface, which is detected by a series of 
geophones in contact to the surface of the pavement. Surface  velocities are recorded 
and converted to deflection. The amplitude and shape of the deflection obtained with 
this device are generally considered as an indicator of the structural condition of the 
pavement. Literature about the FWD and its application in pavement engineering can 
be found elsewhere [15] [16]. 

 

 

Fig.  5.7  View of the Falling Weight Deflectometer (FWD) in testing position 
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 ETH Delta: The road deflection measurement device “ETH Delta”, allows measuring 
the static deflection bowl under an axle load [17]. The device consists of two main 
beams, 6m long and a transversal tube fixed on their front end (Fig.  5.8). Twelve fin-
gers with highly precise laser measurement sensors mounted at their tips are con-
nected to the transversal tube, providing a frame for the measurements. The two main 
beams are based at the ground about 4.5m away from the loading point. Since tem-
perature changes during measurement can make the device slightly moving, two mir-
rors for optical laser sensors are placed on the tube ends and its movement are 
measured from two points at the rear (approx. 7m) end of the beam. For obtaining the 
pavement deflection bowl, the device is placed at the measurement location and a 
heavy vehicle with known axle load (can be a truck, a heavy construction equipment 
or even the MLS10) is moved longitudinally towards and away from the position of the 
ETH Delta. The set of lasers of the device record the deflection while the vehicle is 
moving. The combination of the deflection records with the distance of axle load dis-
tance allows creating 2D or 3D deflection maps of the pavement under the axle load. 
The measured deflections can be used to calculate the elastic modulus of the layers 
and compare them at different loadings. In addition, the deflection maps for different 
loadings can be compared in order to detect visible changes due to modifications in 
pavement stiffness. 
 
 

 

Fig.  5.8  Measurement of pavement deflection with ETH Delta 
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 Ground Penetrating Radar (GPR): This is a non-destructive testing device that uses 
electromagnetic waves to determine the geometry of a structure. The working principle 
is based on the measurement of the change of the dielectric permeability of the differ-
ent materials. The device consists of an antenna that radiates an electromagnetic sig-
nal to the subsurface, which is reflected in every interface between layers. The same 
antenna collects the reflection of the signal, which is processed by the central unit and 
stored in a laptop for later post processing. Radar data is collected along parallel lines 
(see Fig.  5.9) as a series of single measurement tracks. When single track measure-
ments are plotted next to each other, the result is an image that will show the proper-
ties of the subsurface. Such a representation is called radar profile and the resolution 
and depth depends on the size of antenna. Antennas that produce high frequency sig-
nals have higher resolution (can detect changes in dialectical permeability in small ar-
eas), but only near the surface, whereas lower frequency antennas go deeper in the 
inspection, but the resolution is poor, compared to the first ones. 
 

 

Fig.  5.9  Inspection of the pavement with GPR. 

 

Additional assessments 

 Additionally to the measurements described above, visual inspection of the pavement 
surface to detect distress like cracking, bleeding, etc., were carried out periodically. 
Finally, forensic investigation of pavement deterioration, if any, was done by coring 
samples and taking slabs for later testing in the laboratory. 

 
 
 

5.1.5 Location of the sensors and non-destructive testing 
A scheme of the sensor postitions and a table with the depth of installation for each sec-
tion is depicted in Fig.  5.10, Fig.  5.11 and Fig.  5.12 for sections F1, F3 and F4 respec-
tively. The profiles to evaluate the permanent surface deformation were taken in the mid-
dle of the trafficking path and 1m to each side. PSPA measurements were carried out in 
each wheel path and outside the load application area. The set of three accelerometers, 
one in the middle of the trafficking path and the other two at 0.30m and 0.60m distance 
transversal to the trafficking axis are also shown in the figures. In section F1 no strain 
gauges were installed. 
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Section Thermocouple 

Depth 

Strain gauge 

Depth 

Direction 

[cm] [cm] 

F1 

T1T 0 - - - 

T1S -8 - - - 

 

Fig.  5.10  Schema with the position of the sensors embedded in the pavement and peri-
odic measurements in section F1, showing the designation of the different sensors to-
gether with their position and direction 
S: PSPA 
A: Accelerometer 
P: Transversal profile 
T: Thermocouples 
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Section Thermocouple 
Depth 

Strain gauge 
Depth 

Direction 

[cm] [cm] 

F3 

T3B 0 TQ3 -8 
 

T3T -8 TL3 -8 
 

 

Fig.  5.11  Schema with the position of the sensors embedded in the pavement and peri-
odic measurements in section F3, showing the designation of the different sensors to-
gether with their position and direction 
S: PSPA 
A: Accelerometer 
P: Transversal profile 
T: Thermocouples  
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Section Thermocouple 
Depth 

Strain gauge 
Depth 

Direction 
[cm] [cm] 

F4 

T4D 0 BQ4 -3 
 

T4B -3 BL4 -3 
 

T4T -11 TQ4 -11 
 

- - TL4 -11 
 

 

Fig.  5.12  Schema with the position of the sensors embedded in the pavement and peri-
odic measurements in section F4, showing the designation of the different sensors to-
gether with their position and direction 
S: PSPA 
A: Accelerometer 
P: Transversal profile 
T: Thermocouples 

  

 

 

 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  27 

For the FWD tests, a grid of points covering the trafficked and not-trafficked pavement 
was defined to carry out the measurements following a fixed arrangement (see Fig.  5.13, 
Fig.  5.14 and Fig.  5.15). The FWD was positioned in the regular pattern defined by lines 
and points comprising the load application area of the MLS10 and the zone outside this 
and the influence range of the MLS10. To that end, 5 lines from A to E with 9 measuring 
points per line were defined. In section F1 there were only 8 points per measurement line. 
For the tests, the FWD was placed so that the falling weight of the device coincides with 
the location of the points, having the FWD geophones aligned with the trafficking 
direction. The measuring grid, about 12m long and 3m wide had the MLS10 load 
application area in its center comprising the lines B and C (sections F3 and F4), more 
precisely the 13th, 14th, 15th, 22nd, 23rd and 24th measurement points. For section F1, the 
loading area comprised lines C and D and measuring points 20th, 21st, 22nd, 28th, 29th and 
30th. Deflections were obtained for loading impacts of 65kN and 90kN. Measurements 
were carried out at different trafficking times, as described later in § 5.2.3. 
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Fig.  5.13  FWD measurement grid in section F1 

 

 

Fig.  5.14  FWD measurement grid in section F3. 

 

 

Fig.  5.15   FWD measurement grid in section F4 
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ETH Delta deflection measurements were carried out using the MLS10 as vehicle to load 
the pavement. The MLS10 was driven from a far position until the front transport wheels 
of the machine reached the measuring location. The front right wheel, which load is about 
80kN, was fitted shortly between the lasers of the device. Then, the MLS10 was driven 
backwards to the starting position. In each section, two measuring positions A and B in-
side and outside the load application area respectively, were defined (see Fig.  5.16, 
Fig.  5.17 and Fig.  5.18). Measurements were carried out at different trafficking times, as 
described later in § 5.2.3. The outside position was planned to serve as measurement 
reference and to control the validity of the measurements, since it was expected that the 
results obtained in the not-trafficked pavement remain the same throughout the trafficking 
history. 
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Fig.  5.16  ETH Delta measuring positions in section F1 

 

 

Fig.  5.17  ETH Delta measuring positions in section F3 

 

 

Fig.  5.18  ETH Delta measuring positions in section F4 
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5.2 Operation 
5.2.1 Loading history 

The goal of the test program was to reach, in a first phase, 3’000’000 MLS10 load appli-
cations of 65kN. After reaching this amount of loads it would be decided if an extension of 
the test period was required to fulfill the main objective of the project. 

The MLS10 was deployed to the testing site during two seasons. The first operation peri-
od started 12th of November 2008 and finished on 5th of November 2009. Due to a crack 
in one of the bogies the machine was sent back for refurbishing during winter break. 
Newly designed bogies were installed and the MLS10 was operational again shortly after 
winter. The 28th of May 2009 the tests were continued until 4th of November 2009. In total, 
1’605’928 loads were applied to the three different pavements of Sections F1, F2 and F4 
throughout a total of 161 days. The machine was regularly displaced on the testing site to 
have, on average, the same temperature profile in each section. The accumulated num-
ber of loads through the duration of the tests is presented as a line in Fig.  5.19. Horizon-
tal segments in the line represent the days where the MLS10 was not operational due to 
holidays, weekends, breakdowns, measurements, installation of sensors, etc. The prob-
lems and actions done to improve the performance of the machine during this period are 
described in the next section. The line shows that, at the beginning of the tests, the per-
formance of the machine was poor because of prolonged breakdowns and repairing 
times. In the second half of the testing period, the performance increased, due to a clear 
reduction of the breakdowns. 

 

Fig.  5.19  Number of MLS10 accumulated load applications vs. time 

At the end of the testing period, the amount of accumulated load applications in each sec-
tion was: 

Section F1:  439’000 MLS10 load applications 

Section F3:  427’000 MLS10 load applications 

Section F4:  765’000 MLS10 load applications 
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5.2.2 Interruptions due to machine malfunctioning 
One of the objectives of this project had to do with the evaluation of the machine itself. It 
was expected that, as the MLS10 is a prototype, the occurrence of operational interrup-
tions due to malfunctioning would be much higher than for a mass production device. The 
MLS10 was purchased with a guarantee agreement, implying that any breakdown occur-
ring within one year after the acquisition had to be repaired and afforded by the South Af-
rican developer with the agreement and support of Empa. In this section, a list of the 
main breakdowns and the actions carried out are briefly presented. 

12.11.2008 Cracks in old bogies. 

During routine control of the MLS10, an extended fatigue crack was discovered in the 
center of one of the bogies (Fig.  5.20). After discussion with University of Stellenbosch, 
new bogies were designed, constructed and installed in the machine. These work lasted 
several months and were carried out during winter 2008/2009. 

 

Fig.  5.20  Crack in the old bogies (left) and replacement work carried out at Empa (right) 

 

24.06.2009 Damage on wheel bearing 

An inadequate installation of special bearings in the steel wheels of the new bogies 
caused breaking of one these bearings and extensive damage in one of the wheels. All 
bearings and a wheel had to be replaced (see Fig.  5.21). The work was carried out on 
site and caused a breakdown of more than 2 weeks. 
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Fig.  5.21  Damaged bearing (left) and replacement work carried out in Filderen (right). 

 

22.07.2009 Defect in the fixation of the trafficking wheel 

During a routine check, a problem in the fixation of the trafficking wheels was detected 
and the design was changed and improved (see Fig.  5.23). The repairing took several 
days. 

 

Fig.  5.22  Picture showing the insecure fixation of the trafficking wheel 

 

05.08.2009 Cracks in the new bogies 

After a routine check, new fatigue cracks were discovered (see Fig.  5.23). It was decided 
to fix them by welding on site and to revise the design of the the bogies for later 
reinforcement. The problem caused a delay of more than 2 weeks. 
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Fig.  5.23  Crack (links) and welding (right) 

Other problems, mostly due to broken screws and small pieces and leakage of cooling 
system, or hydraulic system, were solved relatively fast. In any case, they represented a 
sensible reduction in the efficiency of the work. 

5.2.3 Non-destructive tests history 
ETH Delta and FWD non-destructive tests were performed at different trafficking times. 
Fig.  5.24 gives detailed information about the history of the measurements. 

 

Fig.  5.24  Date and number of MLS10 load applications for each non-destructive test. 

Date 

FWD tests ETH Delta tests 

Section F1 Section F3 Section F4 Section F1 Section F3 Section F4 

29.06.09 0 0 353'000 - - - 

15.09.09 188'000 427'000 396'000 - - - 

16.09.09 - - - 188'000 427'000 396'000 

22.10.09 439'000 - 550'000 - - - 

10.11.09 - - - 439'000 - 740'000 

 

The FWD measurements were carried out with a device and personnel from KTI Karls-
ruhe Institute of Technology in Germany, as part of a master thesis of Martin Umminger 
[18]. Testing with ETH Delta device was carried out by staff of the Institute for Geotech-
nical Engineering (IGT) of ETH. 

 

5.3 Measurement results 
In this chapter, the data obtained from the sensors embedded in the pavement as well as 
the non-destructive testing carried out in the test sections are presented and analyzed in-
dividually. The interpretation of the results is focused in the detection of distress in the 
pavement. 
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5.3.1 Temperature 

Data Evaluation 

For each sensor, temperature values are obtained every 5 seconds and the average of all 
readings over 5 minutes are stored in a table with the date and timestamp in the first 
column. The information is stored in the internal memory of the Squirel, the data 
acquisition system (DAQ) device for temperature recordings. The data is downloaded to a 
computer using a special software and stored as an ASCII file. The tables are used to 
display the temperature evolution in time, as shown in next section, or to estimate the 
temperature profile of the pavement when required. 

Summary of the Temperature Records 

Fig.  5.25, Fig.  5.26 and Fig.  5.27 show the temperature distribution of each section dur-
ing the periods when the MLS10 was positioned for trafficking. The horizontal axis 
displays time and the vertical axis contains the temperature. The tracks in the figure show 
the records by each of the sensors, whose location was described in § 5.1.5. The lines 
show the temperature measured by each sensor and grey traces placed vertically over in 
the figure, reveal when the MLS10 was trafficking the section. The shapes of the curves 
show, as expected, an increase of temperature during the day and lower temperatures at 
night. Additionally, the sensors near the pavement surface are more sensitive to air tem-
perature changes or to the sunshine rays than the ones that are installed deeper in the 
pavement. 

 

 

Fig.  5.25  Temperature distribution measured in section F1 

 

Fig.  5.26  Temperature distribution measured in section F3 
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a) 

 

b) 

 

Fig.  5.27  Temperature distribution measured in section F4, for the two periods of MLS10 
trafficking in a) June and July and b) October and November 2009 

 

In some of the cases it can be noticed that the increase of temperature in the pavement is 
not only produced by the sun or the temperature of the air. There is also an increase of 
temperature that is partially caused by the transmition of the heat produced by the 
machine itself and the dissipation of the energy induced by the rolling of the tires over the 
pavement. This means that the pavement increases the temperature locally in the zone 
near the rolling tires. This can be explained as deformation energy produced by the 
rolling tires being transformed to heat due to internal friction in the pavement . Fig.  5.28 
shows an example of this effect in section F1. The figure shows the temperature during 3 
days in which the MLS10 was trafficking the section. The continuous lines show the 
temperature of each of the sensors in section F1 and how it grows in coincidence with the 
initiation of the trafficking (gray columns). As soon as the MLS10 stop trafficking the 
section, the temperature of the pavement decreases, even if it is during the daylight 
period. This means that the machine heats the pavement through the intense rolling 
intervals and the temperature will be always above the exterior air temperature. 
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Fig.  5.28  Increase of temperature due to MLS10 loading 

Fig.  5.27 summarizes the average temperatures over the testing period and the average 
temperature exclusively while the machine was running. These temperatures will be used 
for comparing the results of the different measurements in each of the test sectios, as 
they have a big influence on the pavement response. The table shows that, although the 
temperature over the testing period is quite similar for all the sections, during traffickingin 
they have a bigger variance. The highest temperature is of 29.6°C in section F3 and 
lowest of 18.7°C in section F4. 

 

Fig.  5.29  Average temperatures 

Thermocouple Average temperature  

over testing period [°C] 

Average temperature  

during trafficking [°C] 

T1T 19.7 27.5 

T1S 20.0 23.8 

T3B 23.2 28.5 

T3T 23.8 29.6 

T4D 22.6 23.4 

T4B 22.8 20.3 

T4T 22.5 18.7 

 

5.3.2 Transversal pavement profiles 

Data Evaluation 

Data is recorded in an ASCII file. The file contains a table with the position of the profiler’s 
small wheel perpendicular to the traffic direction and the vertical position. In this case, the 
length of the profile was set to 1400mm, taking a measurement every 1mm. The data is 
first cleaned, taking away any outliers caused by small stones that could have been 
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situated along the small wheel path, and then averaged considering 5mm windows. Then, 
the first measurement is set as reference. Next, every profile taken in the same position is 
substracted from the reference, obtaining the permanent deformation relative to the 
original pavement surface. 

Because of channelized trafficking, the tire treads produce clear longitudinal imprints on 
the pavement surface. The form of the rutting is therefore different from what is usually 
found in a road, where vehicles wander within the lane and tires have different shapes. 
Estimation of rutting outlined in the SN 640925b [26], as the maximum distance between 
a latch sitting perpendicular to the rut and the pavement below, is thus not used for 
MLS10 channelized trafficking. Fig.  5.30 shows a schema of the rut depth calculation 
methodology employed in this report, in the case of twin tires loading. 

 

Fig.  5.30  Example for the calculation of the rut depth from a profile measurement, where 
dAL:   dipping average left tire 
dAR:   dipping average right tireA 
dA:    dipping average 
sML:  shoving maximum left tire 
sMR:  shoving maximum right tire 
sM:   shoving maximum 
rP12   rut depth for Profile 12 

Deformation of the pavement surface is characterised by downwards dipping under the 
tires and, in some cases, by upward shoving along the wheelpath sides. The dipping av-
erage dA is calculated as the mean of the dipping average under each tire (dAL for left tire 
and dAR for right tire). 

݀஺ ൌ
1
2
ሺ݀஺௅ ൅ ݀஺ோሻ 

In the case that the pavement presents upwards shoving, sM is defined as the highest 
value between the shoving maximum on the left and right side of the wheel path (sML and 
sMR respectively). 

ெݏ ൌ ெ௅ݏ ൐  ெோݏ

If there is no upwards shoving, sM is equal to zero. The rut depth is then defined as the 
difference between the shoving sM (positive value or zero) and the dipping average dM 
(negative value). For the Profile 12 the rutting rP12would be: 

௉ଵଶݎ ൌ ெݏ െ ݀஺ 

After calculating the rut depth for every profile measurement, the values are plotted 
against the number of MLS10 loads applications, as presented in next chapters. The evo-
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lution of the rut depth vs. the number load applications is modeled using potential func-
tions. 

 

Summary of the Results 

Fig.  5.31, Fig.  5.32 and Fig.  5.33 show the progressive surface deformation of the 
pavement in the middle profile of each section. The colored lines are the relative total rut-
ting at different trafficking times. The vertical axis in the figures is scaled to -20mm for lat-
er comparison with other pavement profiles. Inside each figure, a window subfigure pre-
sents the rutting progress of the pavement vs. the number of MLS10 load applications. It 
includes the approximation of the results with a potential function, the coefficient of de-
termination R2 and the average pavement temperature calculated in the previous chapter. 

 

Fig.  5.31  Rutting profiles P12 measured in the middle section F1. The subfigure pre-
sents the progressive rut depth vs. number of MLS10 applications fitted with a power 
function, including 95% prediction bounds 
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Fig.  5.32  Rutting profiles P32 measured in the middle section F3. The subfigure pre-
sents the progressive rut depth vs. number of MLS10 applications fitted with a power 
function, including 95% prediction bounds 

 

 

Fig.  5.33  Rutting profiles P42 measured in the middle section F4. The subfigure pre-
sents the progressive rut depth vs. number of MLS10 applications fitted with a power 
function, including 95% prediction bounds 

 

In section F4, the first 60’000 load applications were carried out in year 2008. Trafficking 
was resumed after several months’ interruption in 2009. During this break the testing field 
was used for other purposes and the fix references for the profile measurements were 
removed. Therefore, the results show a clear discontinuity in the progression trend 
(Fig.  5.33). This is also observed in the poor coefficient of determination R2 of the poten-
tial approximation. 

Fig.  5.34 shows the rutting progression vs. the number of MLS10 load applications for 
the three testing sections. The figure reveals that in all cases measured rut depth re-
mained below 2mm. This means that the pavement tested in Filderen are very stiff, as 
expected. In some cases rutting showed a small reduction, probably due to errors pro-
duced by the deformation of the profiler from different temperatures. In or-der to model 

Interruption at 60k 
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the deformation, the points were approximated with a power function. Note that section 
F4 shows larger rutting in spite of the lower average temperature. Hence, this rutting be-
havior cannot be attributed to temperature but to the accumulated permanent deformation 
of the bituminous layers. 

 

 

Fig.  5.34  Predicted rut depth vs. number of MSL10 load applications for each section, 
including 95% prediction bounds 

 

The approximation functions to predict maximum rut depth in each section and the coeffi-
cients of determination R2 are listed below: 

Section F1, Profile12:     ݎ௉ଵଶ ൌ 3.2	10ିସ ൈ ܰ଴.ହ଼    ܴଶ ൌ 0.95 

Section F3, Profile32:     ݎ௉ଷଶ ൌ 4.3	10ିଷ ൈ ܰ଴.ସସ    ܴଶ ൌ 0.88 

Section F4, Profile42:     ݎ௉ସଶ ൌ 3.3	10ିଷ ൈ ܰ଴.ସ଼    ܴଶ ൌ 0.66 

where N is the number of MLS10 load applications and r is the rut depth for one profile, in 
mm. As mentioned before, the coefficient of determination R2 for the approximation func-
tion of profile 42 is quite poor, while the approximation of profile 12 is reasonably accu-
rate. Nevertheless, a calculation of the expected rut depth by 8'628'900 MLS10 load ap-
plications, when it is expected to reach the bearing capacity of the pavements (see 
§5.1.3) and considering a prediction bound of 95%, would lead to the following rut values: 

Section F1, Profile12:     ݎ௉ଵଶ ൌ 0.5݉݉ െ 	4.0݉݉ 

Section F3, Profile32:     ݎ௉ଷଶ ൌ 1.0݉݉ െ 	5.8݉݉ 

Section F4, Profile42:     ݎ௉ସଶ ൌ 2.5݉݉ െ 	14.1݉݉ 

According to these results, the expected failure due to rutting will happen far after the ex-
pected service of 20 years. The thickest structure (section F4) will have the biggest rut-
ting whereas the weaker (section F1) will have the less rutting. Since pavement in section 
F4 was the only one with an MR 8 surface course, means that the permanent defor-
mation of the pavement is mostly caused by the deformation of the top bituminous layers. 
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5.3.3 Strain gauges 
Signals obtained with the strains gauges were recorded every 5 minutes. Each of the 
records comprised blocks of 30s measurements, saved as ASCII files and named with 
the measurement timestamp. The sampling rate was set to 1200Hz. The measurements 
were triggered and recorded automatically. 

Fig.  5.35 shows a typical strain signal recorded with one of the strain gauges. In this ex-
ample, only 2 s of the signal are displayed, showing the strains induced by the passing of 
3 MLS10 loading axles. The figure contains also the timestamp of the file as well as the 
measured temperatures. 

 

Fig.  5.35  Example of the strains recorded in the pavement. 

 

Normally, positive values represent tensile and negative values compressive strains. 
However, due to normal baseline signal drift of the sensor and data acquisition system, or 
because of non-compensated temperature fluctuation, it is difficult to determine the zero-
line. Consequently, all measurements were set to zero before start of recording. 

 

Data Evaluation 

With respect to strain data evaluation, the main assumption is that any change in meas-
ured strain amplitudes over time (or number of load applications) might show a change in 
the structural response from the development of distresses. For example, it is expected 
that formation and progress of cracks will increase the pavement deformation when 
loaded. 

However, not only distress has an effect on the deformation of the structure. The change 
of temperature throughout the day changes the stiffness of the asphalt concrete. 
Normally, temperature, measured strains and pavement deformation increase from 
morning to evening while the modulus of asphalt concrete decrease. A similar effect is 
produced by slowly moving loads which produce larger strains, corresponding to lower 
modulus values. This means that the deformation of the pavement is affected not only by 
the loss of stiffness from traffic induced damage, which is the main focus of interest of 
these measurements, but also from temperature and load induced change of its 
viscoelastic mechanical response. In order to detach the strains from the influence of the 
loading speed, only measurements at MLS10 speed of 22km/h where taken in 
consideration. 
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With the purpose of characterizing the deformation by a strain value that is independent 
of temperature and loading speed, the following methodology and procedure was applied: 

Measurements were analysed automatically with a post processing script using the soft-
ware Matlab. The script worked with the files containing strains and temperature meas-
urements and number of MLS10 cycles. As a result, it delivered a table summarizing the 
strains. Previously to the analysis, it was necessary to check the data and discard cor-
rupted files and/or files with noise, outliers, etc. The valid files were stored in folders 
named with the date when the measurements were carried out. The script read each 
folder and went through each of the files taking the following steps: 

 

1. Perform low pass filtering of the records with 20Hz cut-off frequency to clean for 
high frequency noise. 

2. Calculate the absolute difference between the maximum and minimum strain 
peak of each load cycle, regardless where the zero-line is. 

3. Determine average of all strain differences of each loading cycle, obtaining one 
single strain value (strain amplitude) for each file. This value is then assigned to 
the timestamp of the file. 

4. Use of the timestamp, to obtain the temperature of the pavement from the tem-
perature file and combined it with the strain amplitude in a table. 

5. Assign the strain amplitudes of a single day to the number of accumulated load 
applications up to that date and store them in the same table. 

The process is carried out through every day with measurements, giving as a result a ta-
ble with four columns: in the first one the timestamp, in the second one the strain ampli-
tude, in the third one the pavement temperature and the last one the number of load ap-
plications. The number of rows is equal to the number of valid measurements. 

Then, the script uses this table and the temperature file, carrying out the following steps: 

6. Calculate the average temperature throughout the tests  

7. Use a sigmoidal function to approximate the strain amplitudes obtained during 
one measurement day. 

8. The coefficients of the sigmoidal approximation employ for estimating a strain 
value for the average temperature (equivalent strain). Fig.  5.36 shows an exam-
ple of how the equivalent strain is calculated. 

9. Store the equivalent strains in a summary table that contains also the accumulat-
ed number of load applications of the day. 

10. Finally, display the equivalent strains vs. the number of MLS10 load applications. 
Fig.  5.37 shows an example for the results of sensor TQ3. In the figure, the 
equivalent strains present a trend, which is fitted with a linear equation. 
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Fig.  5.36  Example of the script calculation methodology and definition of equivalent 
strain 

 

 

Fig.  5.37  Example of the script output for section F3, strain gauge TQ3. 
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Summary of the Results 

Section F3 

Strain under MLS10 loading, measured with sensors TQ3 and TL3 installed 3cm below 
the surface of section F3, are shown in Fig.  5.38. The strains recorded with the gauge 
installed in the trafficking direction (TL3) show that in this spot the pavement is 
“compressed” before the twin tires reach the position of the sensor. Then, when the tire is 
above the sensor there is a “tensile” peak that changes to “compressive” when the tires 
roll away from the gauge position. The gauge that is positioned perpendicular to the 
trafficking direction (TQ3) shows that the horizontal strains produced by the rolling tires in 
this location of the pavement are only of “compressive” nature. The form of the peaks is 
asymetric which means tha the pavement deformates differently before and after the tire 
passing. The strains return to the zero-value gradually, showing the viscoelastic nature of 
the bituminous materials which are part of the pavement. The results obtained are similar 
to those that can be found in the literature [19] [20]. 

 

 

Fig.  5.38  Strains measured in Section F3, 8cm below the surface. 

 

The analysis of the strains following the method described in the last chapter shows an 
increasing strain amplitude with increasing temperature. The shape of the equivalent 
strain values during the course of the tests also exhibits a good correlation with a 
sigmoidal curve. Fig.  5.39 presents the calculated equivalent strains in section F3. 
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a) 

 

 
b) 

 

Fig.  5.39  Evolution of strain amplitudes during the course of the tests in section F3, for 
strain gauges a) TL3 and b) TQ3 
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Fig.  5.40 presents the calculated equivalent strains for a temperature of 29.1°C  vs. the 
number of MLS10 load applications. For TL3, the equivalent strains during the whole test 
remain constant at around 13. Also BQ4 results present a constant strain level at 41. 
This suggests that the pavement did not show any type of change in the mechanical 
properties cased by cracking or any other type of distress until the end of the tests. 

a) 

 

 
 b) 

 

Fig.  5.40  Equivalent strains vs. MLS10 load applications, calculated for the average test-
ing temperature in section F3, for strain gauges a) TL3 and b) TQ3 
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Section F4 

Sensors TQ4 and TL4 installed 11cm below the pavement surface in Section F4, 
registered very small strains, almost below the resolution of the system; they are therfore 
not presented in this report. 

BL4 and BQ4, 3cm below the surface, show shapes of curves as in section F3 (see 
Fig.  5.41 and Fig.  5.38): for the strain gauge that is installed in the trafficking direction 
(BL4), the pavement is “compressed” before the twin tires reach the position of the 
sensor. Then, when the tires are above the sensors a “tensile” peak occurs that changes 
to “compressive” when the tires roll away from the position. The gauge BG4 that is 
positioned perpendicular to the trafficking direction shows only “compressive” strains. 

 

 

Fig.  5.41  Strains measured in section F4, 3cm below the surface. 

 

The analysis of the results shows that with increasing temperature also the strain 
amplitude increases. As in section F3, the combination of the equivalent strains 
throughout the tests also exhibit a good correlation with a sigmoidal curve (see 
Fig.  5.42). However, in the first part of the tests, the strains seem to scatter slightly from 
this tendency, at least for sensor BL4. This can be explained as an effect from the 
interruption of the tests in section F4 which was necessary when trafficking section F3. 
This interruption may have lead to pavement healing during this period, and therefore to a 
small change in the measured strains. In addition, the temperature of the pavement 
decreased dramatically between the first and second period. This might also have played 
a role in the development of the strains. 
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a) 

 

 
b) 

 

Fig.  5.42  Strain amplitudes during the course of the tests in section F4, for strain gauges 
a) BL4 and b) BQ4 
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Fig.  5.43 presents the calculated equivalent strains vs. the number of MLS10 load 
cycles. For BL4, the strains remain at around 10 from the beginning to the end of the 
tests whereas the BQ4 results show a decrease in the equivalent strains, from around 
150 to 30. However, this difference seems more related to the sigmoidal curves used 
for approximating the equivalent strains, rather than to a real change induced by distress. 
This can be interpreted as a sign that the pavement did not show any type of change in 
the mechanical properties produced by cracks or other types of distress. 

 

a) 

 

 
b) 

 

Fig.  5.43  Equivalent strains vs. the number of MLS10 load cycles for the average tem-
perature of 20.3°C, for strain gauges a) BL4 and b) BQ4 
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Fig.  5.44 presents a summary of the equivalent strain amplitudes in section F3 and F4 at 
the beginning of the tests and how they would be after 1’000’000 load applications if the 
linear relationship previously obtained was applied. 

 

Fig.  5.44  Summary of the equivalent strains of section F3 and F4 

Section 
Strain 
gauge 

Depth [cm] Temp. [°C] 
Initial  

equivalent strain 
 

1Mio. Load appl. 

equivalent strain 
 

F3 

TL3 -11 29.1 13 22 

TQ3 -11 29.1 41 50 

F4 

TL4 -11 20.8  - 

TQ4 -11 20.8  - 

BL4 -3 20.8 13 7 

BQ4 -3 20.8 150 30 

 

5.3.4 Accelerometers 

Data Acquisition 

Accelerations were recorded every 5 minutes using the same data acquisition system as 
for the strain gauges. Each of the records comprised blocks of 30s measurements, saved 
as ASCII files and named with the measurement timestamp. The sampling rate was set to 
1200Hz. The measurements were triggered and recorded automatically. 

Data Evaluation 

The original data evaluation strategy was to obtain pavement deflections from accelera-
tion records and analyse the deflection in the same way than the strain gauge records, as 
explained in §5.3.3. Hence the deflection amplitudes from each file was calculated in the 
same way than the strain amplitudes. In this way and from there, to obtain an equivalent 
deflection value (equivalent strain) for the average temperature was obtained, for every 
day of analysis. As a result it was expected to obtain a diagram showing the equivalent 
deflection vs. the number of MLS10 load applications, as described in pages 43 and 43. 
However, due to the high rigidity of the pavements it was not possible to obtain reliable 
deflection results. The low acceleration level recorded by the sensors was weaker than 
the environmental noise (see Fig.  5.45). 

Instead, the pure acceleration was used as an indicator of the pavement response to 
MLS10 loads, under the assumption that a change in deflection amplitudes means also a 
change in acceleration amplitudes since acceleration is the second derivative of a dis-
placement. The acceleration records were previously low pass filtered with 10Hz cut-off 
frequency (lower than for strain gauges), as acceleration records are more sensitive to 
high frequency noise vibrations. Similar to the strain amplitude as explained before, the 
terms acceleration amplitude and equivalent acceleration are used in the same way as 
for strains. 
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Fig.  5.45  Acceleration measured in section F1. 

 

Summary of the Results 

Below, a summary of the results obtained from the 3 accelerometers installed in sections 
F1, F3 and F4is shown. 

Section F1 

The analysis of the acceleration records following the method described in the last 
section shows an increasing strain amplitude with increasing temperature. As expected, 
the acceleration amplitude close to the load application area recorded by sensor A11 is 
higher than for the more far accelerometer A13. Fig.  5.46 presents the calculated 
equivalent accelerations in section F1. 
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a) 

 

 
b) 

 

 
c) 

 

Fig.  5.46  Acceleration amplitudes during the course of the tests in section F1, for accel-
erometer a) A11 and b) A12 c) A13 

 

Fig.  5.47 presents the calculated equivalent accelerations vs. the number of MLS10 load 
applications. The values are below 0.1m/s2 and remain almost constant during the tests. 
This is an indication that the pavement did not change the properties due to MLS10 
trafficking. 
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a) 

 

 
b) 

 

 
c) 

 

Fig.  5.47  Equivalent acceleration vs. number of MLS10 load applications for section F1, 
for accelerometer a) A11 and b) A12 c) A13 
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Section F3 

As expected, the acceleration amplitude close to the load application area recorded by 
sensor A31 is higher than for the more far accelerometer A33. Fig.  5.48 presents the 
calculated equivalent accelerations in section F3. 

a) 

 

b) 

 

c) 

 

Fig.  5.48  Acceleration amplitudes during the course of the tests in section F3, for accel-
erometer a) A31 and b) A32 c) A33. 

Fig.  5.49 presents the calculated equivalent accelerations vs. the number of MLS10 load 
applications. The values are below 0.03m/s2 and remain almost constant during the tests. 
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This is an indication that the pavement did not change the properties due to MLS10 
trafficking, confirming the results obtained with the strain gauges. 

a) 

 

 
b) 

 

 
c) 

 

Fig.  5.49  Acceleration vs. number of MLS10 load applications for section F3, for accel-
erometer a) A31 and b) A32 c) A33 
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Section F4 

As expected, the acceleration amplitude close to the load application area recorded by 
sensor A41 is higher than for the more far accelerometer A43. Fig.  5.50 presents the 
calculated equivalent accelerations in section F4. 

a) 

 

b) 

 

c) 

 

Fig.  5.50  Acceleration amplitudes during the course of the tests in section F4, for accel-
erometer a) A41 and b) A42 c) A43. 
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Fig.  5.51 presents the calculated equivalent accelerations vs. the number of MLS10 load 
applications. The values are below 0.03m/s2 and remain almost constant during the tests. 
This is an indication that the pavement did not change the properties due to MLS10 
trafficking, verifyying the results obtained with the strain gauges. 

a) 

 

b) 

 

c) 

 

Fig.  5.51  Equivalent acceleration vs. number of MLS10 load applications for section F4, 
for accelerometer a) A41 and b) A42 c) A43. 
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Fig.  5.52 presents a summary of the equivalent strains in section F1, F3 and F4 at the 
beninning of the tests and how they would be after 1’000’000 million load applications if 
the linear relationship previously obtained was applied. 

 

Fig.  5.52  Summary of the equivalent acceleration of section F1, F3 and F4 

Section Accelerometer 
Distance to 
load [cm] 

Temp. [°C] 
Initial 

equivalent acc. 
[m/s2] 

1Mio. Load appl. 

equivalent acc. 
[m/s2] 

F1 

A11 0 25.7  0.084  0.088  

A12 30 25.7  0.074  0.080  

A13 60 25.7  0.068  0.068  

F3 

A31 0 29.1  0.026  0.028  

A32 30 29.1  0.025  0.043  

A33 60 29.1  0.016  0.015  

F4 

A41 0 20.8  0.022  0.016  

A42 30 20.8  0.017  0.017  

A43 60 20.8  0.017  0.017  

 

Acceleration measurements in all sections show that the deflections under MLS10 
loading are extremely low; the highest equivalent acceleration obtained being of about 
0.084m/s2 for A11 in section F1, which is the weakest section. Accelerations in sections 
F3 and F4 are of almost the similar oder of magnitude. This is a reasonable result 
considering that both pavements have almost the same structure and only the AC MR 8 
top layer of 3cm is missing in F3. The development of the equivalent accelerations also 
displays a small change thoroughout the experiments, remaining almost constant. These 
results confirm the conclusions from strain gauge measurements about the pavement 
properties remaining almost unaltered after trafficking. 

 

5.3.5 Falling Weight Deflectometer (FWD) 

Data acquisition 

FWD data was collected by the Karlsruhe Institute of Technology (KIT) in Germany and 
the data comprised the maximum measured deflection for the nine geophones of the 
device, the maximum drop loads and the air and surface temperature. The data was 
saved in spread sheet formate which is editable with Excel. 

Data Evaluation 

These measurements are considerably influenced by temperature. In order to reduce this 
influence and detect possible damage areas in the trafficked sector, a special data analy-
sis strategy, different form that suggested by KIT [18] was proposed. The data analysis 
strategy uses the maximum deflections under FWD impacts for obtaining deflection maps 
of the grid area where the tests were carried out. Under the assumption that temperature 
is constant during the tests and the pavement is homogeneous, the deflection should be 
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equal in each of the measurement points. Still, pavement stiffness is not homogeneous 
but is expected to change due to trafficking damage. By comparing the maximum 
deflection of each point of the measurement grid, it is possible to identify comparatively 
weak zones in the area tested with the FWD. Therefore, deflections maps for each 
section and measurement campaign were calculated and compared. In order to achieve 
a better contrast, the deflection at each point was normalized to the maximum deflection 
of the area and plotted toghether with the deflection maps. If the value at one cell of these 
normalized deflection matrix is 1, it means that this point has the maximum deflection of 
the area. If the value was close to 0, then the deflection at this point was small, compared 
to the highest deflection. The deflection maps show in scale the deflections in different 
colors. The normalized deflection matrix shows schematically where is the maximum 
deflection. Red color indicates the position of the maximum deflection whereas green 
means the lowest deflection of the area. Empty white areas in the matrix indicate that no 
valid measurement for that point was obtained. 
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Summary of the Results 

Section F1 

In Fig.  5.53, deflecion maps and deflection matrices for section F1 at different trafficking 
times are plotted. Unfortunately, in the initial FWD tests only 2 lines of measurements had 
valid records. According to the figure, the sector with highest relative deflection remains 
unchanged throughout the tests and is not located in the loaded area. This suggests that 
the pavement did not show any type of change in the mechanical properties caused by 
cracking or any other type of distress in the load application area. 

a) 

b) 

 
c) 

 

Fig.  5.53  Deflection maps (left) and normalized matrix (right) for section F1 at different 
trafficking times 
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Section F3 

In Fig.  5.54, deflecion maps and deflection matrices for section F3 at the beginning and 
end of the trafficking period are plotted. Unfortunately, in the intial FWD tests, only 2 lines 
of measurements had valid records, making the deflection map a little coarse. According 
to the figure, the sector with highest relative deflection remains unchanged throughout the 
tests and is not located in the loaded area. This, again, suggests that the pavement did 
not show any type of change in the mechanical properties caused by cracking or any 
other type of distress in the load application area. 

a) 

 

b) 

 

Fig.  5.54  Deflection maps (left) and normalized matrix (right) for section F3 at different 
trafficking times 
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Section F4 

Fig.  5.55 presents deflecion maps and deflection matrices for section F4 at 3 trafficking 
times. According to the figure, the sector with the highest relative deflection changed 
throughout the tests, from the area around coordinates (12m,-1.5m) to the coordinates 
(6m,-0.2m), which corresponds to the center of the load application area. This change of 
the position of the highest relative deflection suggests that the pavement might have 
suffered of a loss of bearing capacity near the load application area at around 550000 
load applications. 

a) 

 
b) 

 
c) 

 

Fig.  5.55  Deflection maps (left) and normalized matrix (right) for section F4 at different 
trafficking times 
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5.3.6 ETH Delta 

Data acquisition and evaluation 

Similar to FWD, the data obtained with the ETH Delta device can be used to prepare 3D 
deflection maps. In Fig.  5.46Fig.  5.56, Fig.  5.57 and Fig.  5.58, the results for section 
F1, F3 and F4 are presented respectively. 

a) 

 

Temperature: 18.5°C 

 

b) 

 

Temperature: 5.5C 

Fig.  5.56  3D graph of the deflection measured with ETH Delta for 2 trafficking conditions 
in section F1, outside (left) and inside (right) the load application area 

 

a) 

 

Temperature: 27.4°C 

Fig.  5.57  3D graph of the deflection measured with ETH Delta for 2 trafficking conditions 
in section F3, outside (left) and inside (right) the load application area 
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a) 

 

Temperature: 23.0°C 

 

b) 

 

Temperature: 4.8°C 

Fig.  5.58  3D graph of the deflection measured with ETH Delta for 2 trafficking conditions 
in section F4, outside (left) and inside (right) the load application area 

The shape and order of magnitude of the deflection bowls don’t show clear signs of 
changes after trafficking. It can be seen that the amount of load applications were not 
enough to induce a significant change in the structural response. 

 

5.3.7 Portable Seismic Pavement Analyzer (PSPA) 

Data acquisition and analysis 

In order to reduce the influence of temperature on the results, measurements outside and 
inside of the trafficking zone were carried out simultaneously. Further, great care was 
taken to avoid the influence of the sun, affecting differently the measuring spots, i.e. 
measurements were carried out in the shadow. After data collection, the data is pro-
cessed by the data acquisition software of the device. Results are plotted in an apparent 
seismic modulus graph versus depth as shown in the example of Fig.  5.59. 
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Fig.  5.59  Example of seismic modulus versus depth for different numbers of load appli-
cations. 

Then, the recorded stiffness in the PSPA measurement at -5 cm, -10 cm, -16 cm (same 
depth as the temperature sensors) was plotted vs. the number of load applications, to 
show the evolution during trafficking. Three positions were measured in the field: two of 
them in the trafficking path and the other one outside, in a not-trafficked area (see 
Fig.  5.10, Fig.  5.11 and Fig.  5.12). The last one was used as reference, as the stiffness 
values are expected to change only because of temperature fluctuations and not because 
of distress. Therefore, as a last step in the evaluation of the data, measurements in the 
wheel path were normalized to those measurements outside the wheel path. If the nor-
malization gives values near to 1, it means that the stiffness in the trafficked zone is simi-
lar to the one in the not-trafficked area. Values above 1 indicate higher stiffness whereas 
values below it are due to lower stiffness. The assumption for the interpretation of the da-
ta was that changes of these initial normalized values over the course of the tests might 
indicate a change of stiffness induced by the action of the MLS10 loads. A loss of stiff-
ness in the trafficked area due to distress would produce an increment of the normalized 
values. On the other hand, an increase of the stiffness in the trafficked area would pro-
duce a increment in the normalized stiffness. 

 

Summary of the Results 

Section F1 

Due to a problem in the device while section F1 was trafficked, not enough valid data for 
the analysis was obtained. 

Section F3 

The results of the analysis are displayed in Fig.  5.60. The analysis of the general evolu-
tion at the analyzed depths indicates that the asphalt as well as the stabilization layers 
have an apparent seismic modulus of around 15-25GPa. There is no clear change in 
stiffness between the layers. The seismic stiffness measured near the surface (at -5cm) 
shows the biggest difference among points. However, the normalized values indicate that 
there is no clear change in both the stiffness trend throughout the tests and the stiffness 
in the trafficked area (S31 and S32). For the other depths (-10cm and -15cm) stiffness is 
even more homogenous with no significant change after trafficking. 
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Fig.  5.60  Evolution of seismic modulus vs. depth and number of load applications for 
section F4. 
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Section F4 

The results of the analysis in section F4 are displayed in Fig.  5.61. The asphalt layers 
have an apparent seismic modulus of around 15-25GPa, with a peak at S43 of almost 
30GPa. If this peak is not considered (the stiffness should not increase that much for the 
not-trafficked area), it can be seen that there is a small tendency for the stiffness to in-
crease in the trafficking path. However, this change is not significant enough to draw con-
clusions about changes in the stiffness of the layers after trafficking. 
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Fig.  5.61  Evolution of seismic modulus vs. depth and number of load applications for 
section F4. 
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5.3.8 Ground Penetrating Radar (GPR) 
The objective of the ground penetrating radar inspections was to detect possible distress 
mechanisms inside the pavement structure using electromagnetic waves. This non-
destructive test method allows to detect changes in the dielectric permeability of the ma-
terials composing the pavement and to indirectly link this change to a modification of the 
material properties due to trafficking. Further, with Ground Penetrating Radar (GPR) it is 
possible, for example, to detect the exact position of the strain gauges embedded in the 
pavement, as shown in Fig.  5.62 or to detect areas with possible poor compaction 

Therefore, one measurement was carried out before loading the pavement and one at the 
end of the tests in section F4. Unfortunately, due to a problem in the data acquisition sys-
tem, the data of the last measurement was not valid and it was not possible to carry out 
the comparison. 

 

 

Fig.  5.62  GPR inspection showing the strain gauge BQ4 before loading. 

 

5.3.9 Laboratory tests 
Several cores were taken inside and outside the load application area (trafficked and not-
trafficked respectively) and different laboratory tests were carried out. The position and 
names of the cores in section F4 is shown in Fig.  5.63. Coring comprised the bituminous 
layers. No evaluation of the cement stabilized layers or subgrade was done after the ex-
periments. From GPR inspections at the beginning of the tests, three possible weak are-
as were detected at a depth of -90mm. These areas, named G1, G2 and G3 are dis-
played also in Fig.  5.63. Several cores were taken from these areas, in order to verify the 
GPR results in the laboratory. The laboratory tests on the three top courses included indi-
rect tensile tests and evaluation of interlayer bonding between layers. 

Stain gauge 
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Fig.  5.63  Position and designation of the cores taken from section F4. 

 

5.3.9.1 Bulk Specific Gravity 
4 cores of the trafficked area and 4 cores of the not-trafficked area were used to calculate 
the bulk specific gravity. Cores of G1, G2 and G3 sectors (see Fig.  5.63) were used for 
the tests in the not-trafficked areas. The results were compared to the Marshall compac-
tion values and presented in Fig.  5.64 in terms of degree of compaction. 

 

Fig.  5.64  Degree of compaction relative to Marshall values, cores from section F4. 

It was expected, that the bulk specific gravity of the cores from the trafficked area would 
be higher than in the rest of the cores. However, this did not happened since the traffic 
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compaction was quite small due to the stiffness of the pavement. Nevertheless, cores 
4U06 and 4U07 did not even reach 85% of the Marshall compaction values, probably 
caused by a poor compaction as confirmed by initial GPR inspections. 

 

5.3.9.2 Indirect tensile test 
The elastic resilient moduli of each bituminous layer were calculated from the indirect 
tensile test results following the European Standard EN 12697-26 [21]. To that end, 3 
cores from the load application area (trafficked) and 3 cores from outside the load appli-
cation area (not-trafficked) were used. An average elastic resilient modulus for each case 
was calculated and compared. Results are presented in Fig.  5.65 and Fig.  5.66 showing 
that the difference between both cases is negligible. However, it is interesting to see that 
the AC MR8 had a much lower modulus. This may be the reason for the rutting results 
shown in § 5.3.2. 
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Fig.  5.65  Elastic resilient modulus of not-trafficked and trafficked cores  

Layer Temp. Elastic resilient modulus 

Not-trafficked  

Elastic resilient modulus 

Trafficked 

Difference 

(°C) [MPa] [MPa] % 

AC MR8 

5 9'543 9'395 1.6 

10 6'900 6'622 4.0 

15 4'442 4'594 -3.4 

20 3'435 3'481 -1.3 

25 2'367 2'449 -3.5 

30 1'128 1'187 -5.2 

35 859 871 -1.4 

AC B22 H 

5 18'948 19'490 -2.9 

10 14'668 13'561 7.5 

15 9'925 10'700 -7.8 

20 7'348 7'647 -4.1 

25 4'856 5'019 -3.4 

30 3'268 3'247 0.6 

35 2'231 2'175 2.5 

AC T22 H 

5 20'248  19'865 1.9 

10 15'985  14'279 10.7 

15 11'295  11'109 1.7 

20  8'060  7'927 1.7 

25  5'170  5'058 2.2 

30  3'522  3'332 5.4 

35  2'315  2'235 3.5 
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a) 

 

b) 

 

c) 

 

Fig.  5.66  Comparison of elastic resilient moduli of not-trafficked and trafficked cores 
from section F4. 
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5.3.9.3 Interlayer bonding 
The bonding of the interlayers of 4 cores from the load application area (trafficked) and 4 
cores from outside the load application area (not-trafficked) were tested with the layer 
parallel direct shear test (LPDS) according to the Swiss standard SN 670’641 [22]. In to-
tal, 2 interlayers were analyzed: between MR8 and AC B 22H (top and second course) 
and between AC B 22 H and AC T 22 H. The results are presented in Fig.  5.67 and 
Fig.  5.68 showing that in both cases the interlayer properties of the top interface im-
proved after trafficking in term of both interlayer maximum shear force and stiffness 
(slope of the curve). 

 

Fig.  5.67  LPDS interlayer shear test results 

 Interlayer 1-2 
MR8 - AC B 22H 

Interlayer 2-3 
AC B 22H - AC T 22H 

 Trafficked Not-trafficked Trafficked Not-trafficked 

Max. Load 
41.9 32.9 37.1 39.5 

[kN] 

Max. Tension 
2373.0 1864.3 2099.5 2235.3 

[kN/m2] 

Def. at Max. 
2.7 2.2 1.5 1.3 

[mm] 
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a) 

 

 

b) 

 

Fig.  5.68  Comparison of the LPDS test results for both not-trafficked and trafficked load-
ing condition in each interlayer. 

 

5.4 Summary and Conclusions 
The main goal of the activities summarized in this section was to calibrate the full scaled 
load simulator MLS10, which is a prototype and was for the first time operated exclusively 
by personnel from Empa. Hence, the MLS10 was transported to a testing site with three 
pavement structures of different thicknesses that were trafficked with the load simulator. 
The thickest structure corresponds to the strongest pavement type of the Swiss design 
catalogue. 

Regular measurements of rutting, static deflections with ETH Delta, etc. were carried out 
in order to evaluate the pavement response and detect any sign of distress. Finally, cores 
were taken from the pavement and laboratory tests were performed to determine key ma-
terial properties of the different pavement layers. 

The analysis of the data shows that no clear change in pavement responses occurred 
during the course of the tests. Profiles show very little rutting, not even reaching 2mm. It 
is interesting to remark that rutting of the pavement with multiple bituminous layers (sec-
tion F4) performed the worst. This shows that the permanent deformation was produced 
mostly by the compaction of the asphalt layers and not by the stabilized and subgrade 
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courses. FWD measurements in section F4 also indicate that relative deflection increased 
in the trafficked zone. This can be understood as initiation of a distress mechanism in the 
structure. As for laboratory tests, the interlayer bonding between the top and second lay-
ers appears having increased after MLS10 trafficking. The rest of the laboratory experi-
ments confirmed that the material properties did not change after the tests. 

These results show that the pavements were well constructed and did not display unex-
pected premature failure. With these results it has also been demonstrated that stiff and 
well-built constructions require quite much trafficking load, and, therefore time, to show 
clear signs of distress. On the other hand, it means that a pavement that would have 
shown clear distress after this comparatively limited MLS10 number of loadings ranging 
from 427’000 to 765’000  would have to be rated of low quality. Hence, on the basis of 
these results, the MLS10 may well be used as a tool to assess quality right after con-
struction. This may be particularly useful in cases of new materials or uncertainties re-
garding construction qualities. 

Nevertheless, for research purposes and for acquiring information on specific bearing ca-
pacity questions (e.g. regarding the effect of overlays in case of maintenance), it is rec-
ommended that, in future, the MLS10 is used for evaluating weaker structures since this 
could give reliable answers in a shorter period of time. 

However, acquiring experience during a period of seven month was the most valuable 
profit of the project. In this time, many shortcomings of the MLS10 and missing operation 
skills were identified and improved. Moreover, the instrumentation of the pavement, data 
acquisition and analysis, which were demanding tasks, could be accomplished success-
fully, since almost all sensors worked as required over the whole time period 

 

5.5 Further experiments: Comparison between the MMLS3 and 
MLS10 

5.5.1 Introduction and objectives 
As part of the master thesis of Andrés Pugliessi from University of Rosario (Argentina) [2], 
a comparison was carried out between the pavement response to the full scale load 
simulator MLS10 in the field and to the down-scaled model mobile load simulator MMLS3 
in the laboratory. The MMLS3 is a one-third scaled version of the MLS10 and the princi-
ples of operation are similar. The configuration of the MMLS3 equipment is simple and 
consists of four wheels of 300mm diameter, each loading the pavement with a maximum 
of 2.1kN using a spring suspension system, at a maximum speed of 2.5m/s (9km/h). This 
speed allows reaching up to 7200 load applications per hour. In this case, the wheel load 
is applied over a length of about 1.0m. A view and schema of the equipment is presented 
in Fig.  5.69. 
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Fig.  5.69  View and schema of the MMLS3. 

Because of the different load configurations, both load simulators induce different strain 
conditions in the same pavement. This might lead to different distress mechanisms. 
Therefore, the investigation was focused in comparing the effect of both simulators in the 
same pavement by measuring and simulating the strain levels. Additional reading on this 
study was published and presented in the APT 2012Accelerated Pavement Testing con-
gress in California [23] and can be found in Anhang III.4. 

 

5.5.2 Experimental setup 
After the field experience with MLS10, a total of 6 pavement slabs 1100mm x 700mm 
were taken out from the trafficked area. Due to the high adhesion of the SAMI between 
the asphalt and the stabilized layer, the removal was difficult, and as a result the thick-
ness of the slabs was variable (see Fig.  5.70). This was corrected by embedding the 
slabs in concrete. 

 

Fig.  5.70  Pulling out of one of the pavement blocks 

 

Once in the laboratory, one of the slabs from section F4 was prepared for trafficking with 
the MML3. The selected slab contained the temperature and strain gauges sensors in-
stalled during the construction of the pavement. All the sensors were re-connected to the 
data acquisition system. When the slab was ready, it was placed in a container with tem-
perature control. The MMLS3 was positioned on top of the slab. 

Thermal conditioning of the slab was carried out for 24h and for temperatures of 20°C, 
25°C, 30°C and 35°C. After reaching the temperature, the MMLS3 was run at 1.5 km/h, 
3.4 km/h, 5.3 Km/h, 7.1 km/h and 9.0 km/h and strain measurements were carried out. 
Fig.  5.71 presents a comparison of both tests conditions. 
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Fig.  5.71  Summary of field and laboratory test conditions 

 MLS10 MMLS3 

Pavement 
Field test Lab test 

Load 
Twin tires Single tire 

Infl. Pressure [Mpa] 
0.8 0.6 

Speed [km/h] 
22 1.5 

  
  3.4 

  
  5.3 

  
  7.1 

Temperature [°C] 
variable 20 

  
  25 

  
  30 

  
  35 

 

5.5.3 Simulation of the pavement response  
Simulation of the pavement response to the MLS10 and MMLS3 loadings were per-
formed with both finite element (FEM) and analytical models. FEM were used to verify the 
measurements made in the field. 

5.5.3.1 Finite element models 
The FEM software Abaqus was used to simulate the response of the pavement to a sin-
gle tire passing of the MLS10 and MMLS3. The geometry of the models was defined as a 
piece of the pavement of 2250mm length and 2000mm width (Fig.  5.72). The model of 
the MLS10 loading included the asphalt and stabilization layers. The geometry simulating 
the MMLS3 trafficking did not include the stabilization layers because they were not rele-
vant for the testing in the laboratory. Temperature dependent linear elastic and viscoelas-
tic material models were used for the asphalt layers. Linear elastic material was used to 
model the cement stabilized layer. The values for the material models (temperature de-
pendent elastic modulus) were obtained from laboratory tests, as described in §5.3.9.2. 
The loads of both load simulators were modeled as a constant vertical pressure, moving 
along the load application path. Therefore, for each simulation speed, load and size of the 
tire footprint was taken into account. Further, in order to simulate the material response to 
dynamic loading, inertia was taken into account. 
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Fig.  5.72  View of the geometry of the models. On top, MLS10 model and on the bottom 
the MMLS3 model 

 

5.5.4 Summary of the results 

5.5.4.1 Measurements with strain gauges 
Strain amplitudes were calculated in the same way as explained in § 4.3.3. The results 
for both load simulators for the longitudinal and transversal strain gauges BL4 and BQ4 
are shown in Fig.  5.73 and in Fig.  5.74 respectively. 

Load application area 

Load application area 

ACMR8:  30mm 

ACB22H: 80mm 

ACT22H:  80mm 

Concrete:  300mm

ACMR8:  30mm 

ACB22H: 80mm 

ACT22H:  80mm 

SAMI:    10mm 

STABI:   400mm
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a) 

 

 

b) 

 

Fig.  5.73  Measured longitudinal strains for a) MLS10 tests at 22km/h and b) MMLS3 
tests at 9km/h. 
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a) 

  

b) 

 

Fig.  5.74  Measured transversal strains for a) MLS10 tests at 22km/h and b) MMLS3 
tests at 9km/h. 

The relationship between the strains induced by both machines in the same pavement is 
presented in Fig.  5.75 and Fig.  5.76. To calculate the relationship between MLS10 and 
MMLS3 responses, the strain values, which are temperature dependent, are approximat-
ed with sigmoidal functions. Then, for each temperature, it is possible to calculate the 
strain amplitudes produced by both machines. 
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Fig.  5.75  Relationship between the absolute longitudinal strain amplitudes for MLS10 
and MMLS3 

 

Fig.  5.76  Relationship between the absolute transversal strain amplitudes for MLS10 
and MMLS3 

Although the load of the MMLS3 is much lower than the MLS10 load (2.1kN to 65kN), the 
measured longitudinal strains at -30mm are higher for the first one. On the other hand, 
the transversal strains for the MLS10 are more than double the strains of MMLS3. This 
can be explained because of the type and size of the tires: the MLS10 has twin tires and 
the MMLS3 single tires of quite small footprint. This might have a big influence on the 
strains measured near the application of the load and road surface. 

5.5.4.2 Finite Element simulations 
The response of the strain gauges was compared with the theoretical strains obtained 
with the finite element models. After adjusting some material parameter values, the finite 
element calculations of the MLS10 loading show results that are in good agreement with 
those obtained in the measurements, as presented in Fig.  5.77 and Fig.  5.78. However, 
for MMLS3, the finite element calculations have some differences with measured strains 
(Fig.  5.79 and Fig.  5.80). This might be because the small tire of the MMLS3 produce 
higher strains concentrated around the footprint area which are more difficult to simulate 
with the present model. Further investigation should be done in order to refine the finite 
element models. 
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Fig.  5.77  Comparison of strains under the wheel track in the longitudinal direction ob-
tained from the FE model and in situ measurements, for MLS10 loading 

 

 

Fig.  5.78  Comparison of strains under the wheel track in the transversal direction ob-
tained from the FE model and in situ measurements, for MLS10 loading 
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Fig.  5.79  Comparison of strains in the transversal direction obtained from the FE model 
and in situ measurements, for MML3 loading 

 

Fig.  5.80  Comparison of strains in the longitudinal direction obtained from the FE model 
and in situ measurements, for MMLS3loading 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

86 October 2013 

6 Test Site 2: Rastplatz Suhr 

6.1 Introduction 
Between January and March 2010, a major control and reinforcement work was carried 
out at Empa, looking forward to solving and preventing breakdowns during testing. The 
bogie chain was taken out of the frame of the machine and several changes were carried 
out. The most important improvements are listed below: 

 

Reinforcement of the new bogies 

Due to the fatigue cracks observed in the bogie frames, a new calculation of the structure 
was carried out by the South African constructor as part of warranty work. The solution for 
repairing the cracks consisted of reinforcement plates welded onto the existing frame 
(see Fig.  6.1) 

 

 

Fig.  6.1  View of bogie reinforcement 

 

Improvement of bearing setup 

All bearings were revised and some pieces of the setup were re-designed, constructed 
and mounted again. 

 

Changing the frame 

Due to the alterations in the geometry of the bogies, the frame of the machine had to be 
changed to let the running parts move without touching the construction and to make the 
structure fit for super single tires (Fig.  6.2) 
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Fig.  6.2  Change in a beam of the frame 

After the revision, the machine was prepared for deploying to the motorway rest area 
“Rastplatz Suhr” where an aged pavement was to be tested. 

 

6.2 Experimental setup 
6.2.1 Layout of the test sections 

The test site was located on a by-pass road section for a rest area of highway A1, direc-
tion Bern (see Fig.  6.3). The rest area called “Rastplatz Suhr” was closed to traffic for a 
little more than one month in summer 2010. 

It is known, that the pavement was built more than 20 years before the tests. However, at 
the beginning of the tests the pavement structure at the test site was unknown. Later, af-
ter trafficking and before rehabilitating the pavement, samples of the bound layers were 
taken in order to examine the structure and type of construction. 

 

Fig.  6.3  View of testing site and thickness of the pavement 

 

40m

100m

180m
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6.2.2 Load configuration 
The machine was setup to apply 65kN in each of the four bogies, using a twin tire config-
uration. This is the maximum load that MLS10 is able to induce with this type of tire and 
corresponds to a total axle load of 130kN. The loads were calibrated using static scales. 
The tire pressure was set to 7.5bar. The trafficking speed for the tests was 22km/h. The 
MLS10 was equipped with Good-year 455/50 R22.5 twin tires with a inflation pressure of 
7.5bar. 

 

6.2.3 Evaluation of pavement performance 
As explained in § 5.4.1, several stationary sensors and periodic non-destructive tests 
were used, as listed below: 

Stationary sensors embedded in the pavement 

 Thermocouples 

 Strain gauges 

 Accelerometers 

Periodic measurements 

 Transversal profiles 

 Portable Seismic Pavement Analyzer (PSPA) 

 ETH Delta 
 
 

6.2.4 Location of the sensors and non-destructive testing  
A schematic of the position of the sensors is depicted in Fig.  6.4. 
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Fig.  6.4  Schema with the position of the stationary sensors and periodic measurements 
in the pavement showing the designation for different sensors and strain gauges, togeth-
er with their position and direction:  
 
P: PSPA 
A: Accelerometer 
DMS: Strain gauge 
T: Thermocouple 

The strain gauges were glued to the pavement surface, since it was not possible to put 
them inside the structure of this pavement. DMS 1 was installed along the trafficking axle, 
between the twin tires. DMS 2 was mounted parallel to DMS 1 but 47cm to the left side 
from the axle. DMS 3 and DMS 4 were installed on the pavement surface perpendicular 
to the trafficking direction: the position of DMS 3 was positioned 55cm and DMS 4 was 
situated 67cm away from the axle.  

Thermocouples were installed inside the pavement by drilling small holes at different 
depths. Thermocouples T1 to T4 were placed in the trafficking axle on the surface and at 
depths of 50mm, 100mm and 150mm. T5 to T8 were installed at the same depths, but 
1m away from the axle. 

Only one accelerometer, A1, was installed on the surface between the twin tires. 

Two transversal profiles were taken to evaluate permanent surface deformation on one 
side of the trafficking path. 

PSPA measurements were carried out in each tire path (P1 perpendicular to the traffick-
ing direction, P2 and P3 along the wheel path) and outside the trafficking area (P4). 
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6.3 Operation 
6.3.1 Loading history 

The goal of the test program was to reach 1’000’000 MLS10 load applications of 65kN. 
However, the time window when the test section was available was much shorter than 
expected. Therefore only half of the number of load applications could be conducted. 

The MLS10 was deployed on the 10th of May 2010 and was moved away from the site on 
the 22nd of June 2010. A total of 405’000 load applications was carried out. The accumu-
lated number of loads through the duration of the tests is presented as a line Fig.  6.5. 
Horizontal segments in the line represent the days where the MLS10 was not operational 
due to holidays, weekends, breakdowns in the functioning of the machine or because of 
measurements, installation of sensors, etc. Details regarding the machine performance 
during this period are described in the next section. 

 

 

Fig.  6.5  Number of MLS10 accumulated load applications vs. time 

 

6.3.2 Interruptions due to machine malfunctioning 

Cracks in diagonal struts 

Daily routine checks, allowed to discover small cracks in the bogie chain (see Fig.  6.6). 
These were welded before having a complete break of the strut. 
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Fig.  6.6  Crack in a strut connection 

 

Breaking of bolts 

After reinforcement of the bogies, an unexpected problem started to occur regularly: Bolts 
fixing the so called reaction plates to the bogies had to be replaced because the fixation 
of the brackets holding them to the bogies (called C-Brackets) started failing on a regular 
basis (see Fig.  6.7). The reaction plates are parts that are responsible for pulling the bo-
gies while trafficking. The reason of the problem was unknown and the policy adopted to 
deal with the problem was to replace the broken bolts and continuing testing until a final 
solution could be found. A total of 3 screws broke during these tests. 

 

Fig.  6.7  Failure of a bolt in a C-Bracket 

 

6.3.3 Non-destructive tests 
Non-destructive tests were performed at different trafficking times. Fig.  6.8 informas 
about when ETH Delta measurements were carried out. 

Fig.  6.8  Date and number of MLS10 load applications for ETH Delta tests. 

Date Number of MLS10 load applications 

17.05.10 0 

04.06.10 270178 

21.06.10 405'000 

 

ETH Delta tests were carried out by staff of the Institute for Geotechnical Engineering 
(IGT) of ETH. 
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6.4 Measurements results 
6.4.1 Temperature 

Fig.  6.9 presents the temperature profiles measured by sensors T1 to T8. 

a)  

 

 

b) 

 

Fig.  6.9  Temperature distribution measured during the testing period; a) T1-T4 in the 
wheel path below the wheels and b) T5…T8 distance of 1m away from the wheel path. 

Fig.  6.10 summarizes the average temperatures over the testing period and the average 
temperature only while the machine was running. This table shows that the average tem-
peratures near to the rolling tires are higher that the temperatures outside the wheel path. 
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Fig.  6.10  Average temperatures 

Thermocouple Average temp. over hole  
testing period [°C] 

Average temperature  

during trafficking [°C] 

T1 20.6 24.5 

T2 20.1 22.6 

T3 19.7 21.0 

T4 18.5 20.0 

T5 20.7 22.1 

T6 19.9 20.0 

T7 19.4 19.3 

T8 17.3 17.7 

 

 

6.4.2 Transversal pavement profiles 

Data Evaluation 

Data evaluation was performed according to § 5.3.2. 

Summary of the Results 

Fig.  6.11 shows the progressive deformation of the pavement in both measurement posi-
tions P01 and P02, obtained with the MLS profiler. The same figure shows the average 
deformation under and beside the wheels at the end of the tests, relative to the initial 
measurements. 
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a) 

  

 

b) 

 

Fig.  6.11  Measured permanent vertical deformation and progressive rut depth vs. num-
ber of MLS10 load applications fitted with a power function, including 95% prediction 
bounds. For positions P01 and P02. 

The coefficients for the power functions used to fit the measured data, with the 95% con-
fidence bounds, as well as the coefficient of determination R2 are presented in Fig.  6.12: 

Fig.  6.12  Power function fit parameters 

Profile a (with 95% confidence bounds) B (with 95% confidence bounds) R2 

P01 9.1 10-4 (-2.9 10-3, 4.7 10-3) 0.67 (0.34, 1.0) 0.94 

P02 4.3 10-4  (-1.6 10-3, 2.5 10-3) 0.73 (0.36, 1.11) 0.94 

 

The shapes of the transversal profiles show that rutting was produced by a shoving of 
asphalt material from below to the sides of the tires, showing that there was no compac-
tion of the subgrade. By the end of the tests after ca. 400’000 load applications, the rut-
ting was of about 6mm. In both cases the coefficient of determination R2 shows that the 
approximations with power functions are quite accurate. 
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6.4.3 Strain gauges 

Data acquisition and evaluation 

Data evaluation was done according to § 5.3.3. 

 

Summary of the results 

Fig.  6.13 shows one example of measurements with all strain gauges. As expected, the 
record of DMS1 and DMS 2 display a tension-compression-tension shape. When the tire 
arrives to the position of the sensors, the pavement will suffer tension and when the tire is 
at the same position of the sensor, a compression situation occurs that will reverse when 
the rolling tire passes by. As anticipated, the values of DMS1 are bigger than those of 
DMS 2, because DMS1 is closer to the tire. DMS 3 and DMS 4 show purely tensile 
strains, following the shape of the deflection bowl. DMS 3 values are slightly higher than 
DMS 4 values, since it is installed closer to the tire. 

 

Fig.  6.13  Example of strain gauge measurement. 

The sensor DMS 1 installed on the surface, between the trafficking twin tires registered 
strain amplitudes of 67 at the beginning of the tests and 71 at the end (Fig.  6.14). 
This means that they almost remained equal through trafficking. As explained before, 
DMS 2 registered lower values of around 29 which remained stable until the end of 
trafficking. DMS 3 and DMS 4 measured almost the same values, 15 and 14 at the 
beginning of the tests and slightly increased values of 17 and 15respectively at the 
end. The tendency shown in these calculations reveal that the strains did almost not 
change during trafficking (Fig.  6.15). This can be interpreted as a sign that the pavement 
did not show any significant sign of change in the mechanical properties caused by 
cracks or other distress types. 

Fig.  6.16 presents a summary of the results obtained with the strain gauges. 
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a) 

 
b) 

 

c) 

 

d) 

 

Fig.  6.14  Evolution of strain amplitudes during the course of the tests. 
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a) 

 
b) 

 
c) 

 
d) 

 
Fig.  6.15  Equivalent strains during the course of the tests and equivalent strains vs. the 
number of MLS10 load cycles. 
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Fig.  6.16  Summary of the equivalent strains 

Strain gauge 
Distance to tire 
[cm] 

Temp.  

[°C] 

Initial  

equivalent strain 

1Mio. 

equivalent strain 

  

DMS 1 0 24.5 71 78 

DMS 2 47 24.5 67 77 

DMS 3 55 24.5 14 22 

DMS 4 67 24.5 16 19 

 

6.4.4 Accelerometers 

Data acquisition and evaluation 

Data evaluation was done according to § 4.3.4. 

Summary of the Results 

Fig.  6.17 shows the results obtained with the accelerometer A1. According to the results, 
the deflection increases slowly with the amount of load applications. The acceleration 
amplitudes at the beginning and after 1 million load applications are presented in 
Fig.  6.18. 

The acceleration amplitudes tend to increase with the accumulated number of load appli-
cations. However, there is no apparent inflection point in the linear development of the 
calculated equivalent accelerations, which would indicate a sudden change in the pave-
ment stiffness. 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  99 

a) 

 

b) 

 

Fig.  6.17  a) Acceleration amplitude vs. temperature and b) equivalent acceleration vs. 
number of MLS10 load applications. 

 

Fig.  6.18  Summary of the equivalent acceleration 

Initial  

equivalent acc. 

1Mio. load applications 

equivalent acc. 

[m/s2] [m/s2] 

1.10 1.46 

 

6.4.5 ETH Delta 

Data acquisition and evaluation 

The data obtained with the ETH Delta was used to prepare 2D deflection maps.  
Fig.  6.19 shows the measured deflections at the beginning, in the middle and at the end 
of the tests. 

It can be observed, that the shape and order of magnitude of the deflection bowls do not 
show clear signs of changes after being trafficked. It can be seen that the amount of 
405’000 load applications was not enough to induce a clear change in the structural re-
sponse. 
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a) 

 

b) 

 

c) 

 
Fig.  6.19  2D deflection maps for different trafficking times obtained with ETH Delta 
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6.4.6 Portable Seismic Pavement Analyzer (PSPA) 

Data acquisition and analysis 

Data evaluation was done according to § 5.3.7. 

Summary of the Results 

The seismic moduli vs. depth before and after trafficking are displayed in Fig.  6.20. The 
normalized seismic modulus at the reference position P4 is presented in Fig.  6.21. The 
observation of the general modulus evolution in the analyzed depths indicates that the 
stiffness of the asphalt layers range between 15 and 25GPa. 

There is no clear change in the stiffness between the layers. In fact, the values normal-
ized in Fig.  6.21 with respect to the modulus at position P4 show that there is no clear 
change in the stiffness trend throughout the tests. For the other depths (-10cm and -
16cm) the stiffness is even more homogenous with no significant change after trafficking 

 

 

Fig.  6.20  Seismic modulus from PSPA measurements versus depth before and after 
trafficking at pavement positions P1,…P4 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

102 October 2013 

a) 

 

b) 

 

c) 

 

Fig.  6.21  Normalized seismic modulus from PSPA measurements at different depths vs. 
number of load applications 

 

6.4.7 Laboratory tests 
Several cores were taken from the trafficked and not-trafficked areas for conducting dif-
ferent laboratory tests. The position and labelling of the cores is shown in Fig.  6.22. Cor-
ing comprised only the bituminous layers. After a visual inspection of the cores and from 
their smell, it was concluded that the second layer from the top was probably a tar con-
taining mixture. Therefore, it was decided not to carry out any further laboratory test with 
the cores other than the layer parallel direct shear test (LPDS) to check for interlayer 
bonding properties. 
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Fig.  6.22  Position and labelling of the cores 

 

6.4.7.1 Interlayer bonding 
Four cores taken from the trafficked area were tested with the layer parallel direct shear 
test (LPDS) according to the Swiss standard SN 670641 [22] and compared with results 
obtained from not trafficked cores. Only the interlayer between the top and binder course 
was tested. Other than in case of Test Site 1 (Filderen) the results show that the interlay-
er properties got worse after trafficking (see Fig.  6.23). This indicates that the interlayer 
was considerably weakened during loading eventually increasing the risk of interlayer 
debonding as observed on Swiss pavements under real traffic [24]. 

 

 

Fig.  6.23  Comparison of the LPDS interface test results between top and binder course 
for both not-trafficked and trafficked cores. 

 

6.5 Summary and Conclusions 
The MLS10 was transported to an old existing T4-S1 pavement on a by-pass road sec-
tion of a rest area. It turned out that the second layer from the top was probably a tar con-
taining mixture. Regular measurements of rutting profiles, static deflections with ETH Del-
ta, etc. were carried out in order to evaluate the pavement response and detect any sign 
of distress. 

From the analysis of the data it was found that no clear change in the pavement respons-
es occurred during the 405’000 load applications of this test. Profiles show low rutting but 
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almost twice the rutting obtained at the Test Site 1 in Filderen. In any case, the pavement 
showed a very stiff behavior and indications of long remaining life expectancy. However, 
as for the LPDS interlayer shear results on cores after trafficking, a clear reduction of in-
terlayer stiffness was observed, which points to a certain weakening of the structure. This 
confirms earlier findings in a test section in Hinwil [1]. 
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7 Test Site 3: Neue Staffeleggstrasse 

7.1 Experimental setup 
7.1.1 Layout of the test sections 

The new constructed cantonal road in Aargau was chosen as Test Site 3, prior to its 
opening to normal traffic (see Fig.  7.1). The road has two segments with different types 
of pavements. It was decided to install the MLS10 in the area where both types of pave-
ments change, so in case one of the pavements shows strong damage signs, the ma-
chine could be easily positioned on the other pavement. However, because of the good 
performance of the road only the pavement of section F1 was loaded and included in this 
report.. 

 

Fig.  7.1  View of testing site and thickness of the pavement. 

One disadvantage of this site was that the machine had to be positioned on a section with 
a comparatively steep slope. Hence, the MLS10 had to be positioned in the direction of 
the flowing water, i.e. in an angle of about 28° to the road axis in order to allow equal 
wearing of the bogie rails. This special situation caused some additional unexpected 
complications that will be briefly explained in the next paragraphs, but allowed to obtain 
information about the limits of testing pavements in mountainous regions with the MLS10. 

 

7.1.2 Load configuration 
The machine was setup to apply 65kN with each of the four bogies, using a twin tire con-
figuration. This is the maximum load that MLS10 is able to induce with this type of tire 
and corresponds to a total axle load of 130kN. The loads were measured using static 
scales. The tire pressure was set to 7.5bar. The trafficking speed used for the tests was 
22km/h. For these tests, MLS10 was equipped with Good-year 455/50 R22.5 twin tires. 
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7.1.3 Evaluation of pavement performance 
As explained in § 5.1.5, in this test section several sensors and non-destructive tests 
were carried out, as listed below: 

Sensors embedded in the structure 

 Thermocouples 

 Strain gauges 

 Accelerometers 

Periodic measurements 

 Transversal profiles 

 Portable Seismic Pavement Analyser (PSPA) 

 Falling Weight Deflectometer (FWD) 

 ETH Delta 
 

7.1.4 Location of the measurement devices 
A schematic of the position of the sensors is depicted in Fig.  7.2. Almost the same sen-
sor configuration as in Suhr was used. 
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Fig.  7.2  Schema with the position of the stationary sensors and periodic measurements 
in the pavement showing the designation for different sensors and strain gauges, togeth-
er with their position and direction: 
 
P: PSPA 
A: Accelerometer 
DMS: Strain gauge 
T: Thermocouple 

The strain gauges were glued to the pavement surface, since it was not possible to install 
them inside the structure. DMS 1 was installed along the trafficking axle, between the 
twin tires. DMS 4 was mounted parallel to DMS 1 but 47cm to the left side from the axle. 
DMS 2 and DMS 3 were installed on the pavement surface perpendicular to the traffick-
ing direction; DMS 2 was positioned 55cm and DMS 3 was situated 67cm from the axle. 

Thermocouples were installed inside the pavement by drilling small holes at different 
depths. Thermocouples T1 to T4  were placed in the trafficking axle at the surface and at 
depths of 50mm, 100mm and 150mm. T5 to T8 were installed at the same depths, but 
1m away from the axle. 

Three accelerometers, were attached to the surface of the pavement. A1 and A2 were 
placed along the trafficking axle, between the twin tires and A3 was installed 55cm beside 
the axle. 

Two transversal profiles were taken to evaluate permanent surface deformation on one 
side of the trafficking path. 
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PSPA measurements were carried out in each tire path (P1 perpendicular to the traffick-
ing direction, P2 and P3 along the wheel path) and outside the trafficking area (P4). 

FWD measurements were carried out according to the grid presented in Fig.  7.3. 

 

 

Fig.  7.3  FWD measurement grid. 

 

7.2 Operation 
7.2.1 Loading history 

The MLS10 was deployed on the 2nd of July 2010 and was moved away on the 2nd of July 
2010. A total of 400’000 load applications was carried out. The accumulated number of 
loads through the duration of the tests is presented as a line in Fig.  7.4. Horizontal seg-
ments in the line represent the days where the MLS10 was not operational due to holi-
days, weekends, breakdowns in the functioning of the machine or because of measure-
ments, installation of sensors, etc. Details regarding the machine performance during this 
period are described in the next section. 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  109 

 

Fig.  7.4  Number of accumulated MLS10 load applications vs. time. 

 

7.2.2 Interruptions due to machine malfunctioning 

Change of brakes 

The steep slope in which the MLS10 had to operate turned to be highly risky for the safe-
ty of the personnel working with the machine. Therefore, the complete breaking system of 
the machine was revised and replaced for a stronger one (see Fig.  7.5). 

 

 

Fig.  7.5  Revision of the machine breaks. 
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Breaking of bolt of the reaction plates 

Bolts fixing the reaction plates to the bogies though the C-Brackets continued failing in a 
regular basis, as described in § 6.3.2. A total of 5 screws broke during these tests. 

Cracks in bogies 

Small cracks appeared again in the bogies (see Fig.  7.6). However, it was decided to 
continue the work, making regular visual inspections to evaluate the progress of the 
cracks and prepare a reinforcement to be carried out after these tests. 

 

Fig.  7.6  Crack in a bolt fixation area 
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7.3 Measurements results 
7.3.1 Temperature 

Fig.  7.7 presents the temperature profiles measured by sensors T1 to T8. 

a) 

 

 

b) 

 

Fig.  7.7  Temperature profile measured during the testing period T1-T4 in the wheel path 
below the wheels; T5…T8 distance of 1m away from the wheel paths. 

 

Fig.  7.8 summarizes the average temperatures over the testing period and the average 
temperature only while the machine was running. This table shows that the average tem-
peratures near to the rolling tires are higher that the temperatures outside the wheel path. 
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Fig.  7.8  Average temperatures 

Thermocouple Average temp. over hole  
testing period [°C] 

Average temperature  

during trafficking [°C] 

T1 26.3 27.9 

T2 26.0 25.4 

T3 26.0 24.6 

T4 26.0 24.4 

T5 26.7 25.9 

T6 26.7 24.8 

T7 26.8 24.3 

T8 26.7 24.1 

 

7.3.2 Transversal pavement profiles 

Data Evaluation 

Data evaluation was done according to § 5.3.2. 

Summary of the Results 

Fig.  7.9 shows the progressive deformation of the pavement in each section, obtained 
with the MLS profiler. The same figure shows the average deformation under and beside 
the wheels at the end of the tests, relative to the initial measurements.  
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a) 

 

 

b) 

 

Fig.  7.9  Measured permanent vertical deformation and progressive rut depth vs. number 
of MLS10 load applications fitted with a power function, including 95% prediction bounds. 
For positions P01 and P02. 

 

The coefficients for the power functions used to fit the measured data, with the 95% con-
fidence bounds, as well as the coefficient of determination R2 are presented in Fig.  7.10: 

 

Fig.  7.10  Power function fit parameters 

Profile a (with 95% confidence bounds) B (with 95% confidence bounds) R2 

P01 0.14 (-0.40, 0.68) 0.27 (-0.05, 0.68) 0.91 

P02 0.12 (-0.27, 0.52) 0.23 (-0.03, 0.48) 0.91 

 

By the end of the tests after ca. 400’000 MLS10 load applications, the rutting was of 
about 2mm to 4mm, depending on the profile position. From the shapes of the transversal 
profiles it can be deducted that rutting was produced by a compaction of the material be-
low the tires. In the same figure it is possible to observe the longitudinal joint of the 
pavement. The material of the joint, flowed between the threads of the tire forming bumps 

Long. joint 

Long. joint 
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on the surface of the pavement. In both cases the coefficient of determination R2 shows 
that the approximations with power functions are quite accurate. 

 

7.3.3 Strain gauges 

Data acquisition and evaluation 

Data evaluation was done according to § 5.3.3. 

Summary of the Results 

Fig.  7.11 shows one of the measurements registered with all strain gauges. As expected, 
DMS 1 and DMS 4 curves display tension-compression-tension shapes. When the tire ar-
rives to the position of the sensors, the pavement will tension and when the tire is at the 
same position of the sensor, a compression situation occurs that will reverse when the 
rolling tire passes by. As anticipated, the values of DMS 1 are higher than DMS 4 values, 
because DMS 1 is closer to the tire. DMS 2 and DMS 3 show pure tension, following the 
shape of the deflection bowl. DMS 2 values are slightly above those of DMS 3 values, 
since DMS 2 is installed closer to the tire. 

 

Fig.  7.11  Strain gauge measurement 

As presented in Fig.  7.12, sensor DMS 1, installed on the surface between the trafficking 
twin tires, registered strains of 95 at the beginning of the tests and 93 at the end. 
This means that the strains remained almost equal during trafficking. As explained be-
fore, DMS 4 registered lower values, of around 38, which remained stable until the end 
of trafficking. DMS 2 and DMS 3 measured almost the same values, 22 and 21, at 
the beginning of the tests. DMS 2 strains remained almost the same throughout the tests 
whereas DMS 3 strains show a light decreasing tendency to 18. The trends shown in 
these calculations reveal that the strains did practically not change during trafficking 
(Fig.  7.13). This can be interpreted as a sign that the pavement did not change its me-
chanical properties due to cracking or other distress types. 

Fig.  7.14 presents a summary of the results obtained with the strain gauges. 
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a) 

 
b) 

 
c) 

 
d) 

 

Fig.  7.12  Evolution of strain amplitudes during the course of the tests. 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig.  7.13  Equivalent strains vs. the number of MLS10 load cycles. 
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Fig.  7.14  Summary of the equivalent strains 

Strain gauge 
Distance to tire 
[cm] 

Temp.  

[°C] 

Initial  

equivalent strain 

1Mio. 

equivalent strain 

  

DMS 1 0 27.9 95 93 

DMS 2 47 27.9 40 38 

DMS 3 55 27.9 21 18 

DMS 4 67 27.9 22 23 

 

 

7.3.4 Accelerometers 

Data acquisition and evaluation 

Data evaluation was done according to § 4.3.4. 

Summary of the Results 

Fig.  7.16 shows the results obtained with the accelerometer A1 and A3. Accelerometer 
A2 was damaged during the tests. 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

118 October 2013 

a) 

 
 

b) 

 

Fig.  7.15  Evolution of acceleration amplitudes during the course of the tests 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  119 

a) 

 

 

b) 

 

Fig.  7.16  Equivalent accelerations vs. the number of MLS10 load cycles 

The scattering in the results for accelerometer A1 might be a sign that the accelerometer 
was not firmly attached to the pavement. The equivalent accelerations at the beginning 
and after 1 million load applications are presented in Fig.  7.17. 

Although the acceleration, in this case, tends to decrease with the accumulated number 
of loads, there is no apparent inflection point in the linear development of the calculated 
equivalent accelerations, which would indicate a sudden change in the pavement stiff-
ness. 

 

Fig.  7.17  Summary of the equivalent acceleration 

Accelerometer Initial  

equivalent acc. 

1Mio. load applications 

equivalent acc. 

[m/s2] [m/s2] 

A1 1.20 0.96 

A2 0.29 0.23 
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7.3.5 ETH Delta 

Data acquisition and evaluation 

The data obtained with the ETH Delta was used to prepare 2D deflection maps. Fig.  7.18 
shows th the measured deflections at the beginning and at the end of the tests  at two 
locations. 

However, due  to a combination of factors like different climatic conditions during 
measurements and the generally very stiff pavement, the deflections obtained were 
extremely small. Therefore, unfortunately the validity of the data is not guaranteed. 
Nevertheless the results support the observation from other measurements that 
pavement stiffness remained invariable after the 404’000 load applications also on this 
test site. 

a) 

 

 

b) 

   

Fig.  7.18  2D deflection maps obtained with ETH Delta device after different numbers of 
load applications 
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7.3.6 Falling weight deflectometer (FWD) 

Data acquisition and evaluation 

Measurements were done only at the end of the tests. Data evaluation was performed fol-
lowing the procedure outlined in § 5.3.5. 

Summary of the Results 

The deflection map for the measurement carried out at the end of the test is presented in 
Fig.  7.19. The results show that there is a weak area in one of the corners of the 
investigated area, corresponding to the border of the road. This is reasonable, because 
road pavement edges are usually lacking of lateral confinment. However, the trafficked 
area does not seem weaker or different  than the rest of the pavement. 

 

 

Fig.  7.19  FWD measurement setup (top), deflection maps (below left) and normalized 
matrix (below right) at the end of the tests. The dotted line shows the weaker area of the 
pavement 

 

7.3.7 Ground Penetrating Radar (GPR) 

Equipment 

The equipment used for the measurements was a GSSI SIR-20 control unit, with a 
1.5GHz antenna and a 2.6GHz antenna 

Section layout 

Fig.  7.20 shows the measurement setup. The blue zone in the left picture indicates the 
loaded area. The picture on the right shows the full surface view after MLS10 traffickin. 
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Measurements were carried out using a special setup to move the antenna over the 
pavement surface, covering an area of 6m x 3m. To that end, 60 measurements were 
done following lines of 3m length. The lines were spaced every 0.1m. All measurements 
were then combined to prepare 2D and 3D images of the pavement structure. 

a) 

.   

 

b) 

  

Fig.  7.20  a) setup of GPR measurement and b)  view of the pavement surface after 
MLS10 testing 

Data evaluation 

Original GPR data is collected in form of a vector, showing wave data in a line. The data 
has to be converted to 2D format and displayed as figures. This is done by dedicated 
software to compare measurements with 1.5GHz and 2.6GHz antennas before and after 
404’000 load applications with MLS10. 

Summary of the Results 

Comparison 2D data of GPR 

Line 1 (Fig.  7.21) is situated outside the trafficking zone. Fig.  7.22 shows 2D data of 
Line 1 before and after MLS10 testing with the 1.5GHz antenna. As expected, no differ-
ence between measurements before and after testing was found. Fig.  7.23 shows the 
same Line 1 inspected with the 2.6GHz antenna. Again, no difference between meas-
urements before and after MLS10 testing was observed. 

Load application area 
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Line 31 (Fig.  7.24) lies in the middle of the trafficking zone. Fig.  7.25 presents 2D data of 
Line 31 using the 1.5GHz antenna before and after MLS10 testing. Here, it appears pos-
sible to detect some rutting of the pavement due to MLS10 testing. The same Line 31 
measured with the 2.6GHz antenna is shown in Fig.  7.26. This result shows clearly signs 
of rutting of the pavement, mostly located near the surface. No other sign of distress can 
be detected from these images. 

Line 61 (Fig.  7.27) is located outside the trafficking zone. Fig.  7.28 shows 2D data of 
Line 1 before and after MLS10 testing with the 1.5GHz antenna. Again, as expected, no 
difference between measurements before and after testing was found. Similar follows 
from Fig.  7.29, where corresponding results from measurements with the 2.6GHz anten-
na are depicted. 

These results also show that the 2.6GHz antenna has an advantage over the 1.5GHz an-
tenna for detecting changes near surface since it provides more detailed information. 

Line 1 

 

Fig.  7.21  Position of the measurement Line 1 

  
Fig.  7.22  1.5GHz antenna before (left) and after (right) trafficking 

  
Fig.  7.23  2.6GHz antenna before (left) and after (right) trafficking 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

124 October 2013 

Line31 

 

Fig.  7.24  Position of the measurement Line 31 

  
Fig.  7.25  1.5GHz antenna before (left) and after (right) trafficking marking the region 
with some indication of possible rutting near the surface 

  
Fig.  7.26  2.6GHz antenna before (left) and after (right) trafficking marking the region 
where some rutting near the surface appears visible 
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Line61 

 

Fig.  7.27  Position of the measurement Line 61 

  
Fig.  7.28  1.5GHz antenna before (left) and after (right) trafficking 

  
Fig.  7.29  2.6GHz antenna before (left) and after (right) trafficking 

 

Comparing 3D data of GPR 

After analyzing the 2D data, data was converted to 3D images with a special software. In 
order to perform a systematic analysis, slices of the complete scanned area at different 
depths, were plotted and compared. Then, changes within of the pavement were detect-
ed using a simple procedure. 

Fig.  7.30 to Fig.  7.43 present 3D analyzed data showing GPR area data in slices at dif-
ferent depths. These figures show clear tire traces from both1.5GHz and 2.6GHz meas-
urements down to 3cm depth from the surface. One diagonal line on all figures (top left to 
bottom right) shows a pavement joint. The reason for showing the pavement joint parallel 
to the trafficking direction is due to the fact that the MLS10 had to be positioned in the di-
rection of the flowing water, i.e. in an angle of about 28° to the road axis. The white short 
line on the top center in the pictures after trafficking is a strain gauge. 

These figures show almost no difference between 1.5GHz antenna and 2.6Ghz results. 
However, 3D data of 2.6GHz antenna near the surface appear to transform into slightly 
clearer pictures than those of 1.5GHz antenna data. 
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3D data from the 2.6GHz antenna in about 1,5cm depth from the surface (Fig.  7.33) 
shows other wheel traces marked by red boxes. These traces may have been caused by 
the MLS10 driving wheels since the MLS10 had to be moved away to allow GPR meas-
urements. Furthermore, these traces may have been influenced also by moisture be-
cause measurements were done just after rain and the surface was still a little wet. 
 

Slice 1, depth 0 (Pavement surface) 

  

Fig.  7.30  1.5GHz antenna before (left) and after (right) trafficking. 

  

Fig.  7.31  2.6GHz antenna before (left) and after (right) trafficking. 
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Slice 2, depth -1.5cm  

  

Fig.  7.32  1.5GHz antenna before (left) and after (right) trafficking. 

  

Fig.  7.33  2.6GHz antenna before (left) and after (right) trafficking; square markers show 
traces from MLS10 driving wheels when moving the machine away from the GPR meas-
urement area. 

 

Slice 3, depth -2cm  

  

Fig.  7.34  1.5GHz antenna before (left) and after (right) trafficking. 

  

Fig.  7.35  2.6GHz antenna before (left) and after (right) trafficking. 
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Slice 4, depth -3cm  

  
Fig.  7.36  1.5GHz antenna before (left) and after (right) trafficking. 

  
Fig.  7.37  2.6GHz antenna before (left) and after (right) trafficking. 

 

Slice 5, depth -5cm  

  
Fig.  7.38  1.5GHz antenna before (left) and after (right) trafficking. 

  
Fig.  7.39  2.6GHz antenna before (left) and after (right) trafficking. 
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Slice 6, depth -10cm  

  
Fig.  7.40  1.5GHz antenna before (left) and after (right) trafficking. 

  
Fig.  7.41  2.6GHz antenna before (left) and after (right) trafficking. 

 

Slice 7, depth -20cm  

  
Fig.  7.42  1.5GHz antenna before (left) and after (right) trafficking. 

  
Fig.  7.43  2.6GHz antenna before (left) and after (right) trafficking. 

 

Conclusions 

According to this experiment, 2D data and 3D data show various aspects of asphalt 
pavement conditions. GPR data show clear difference between before and after MLS10 
testing. The 2.6GHz antenna is better suited to determine the internal situation near sur-
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face than of the 1.5GHz antenna. This is because the electromagnetic wavelength of the 
2.6GHz antenna is shorter than the 1.5GHz antenna and therefore the resolution below 
the surface becomes clearer. 

7.3.8 Portable Seismic Pavement Analyser (PSPA) 

Data acquisition and analysis 

Data evaluation was done according to § 4.3.7. 

Summary of the Results 

The seismic moduli vs. depth before and after trafficking with 404’000 load applications 
are displayed in Fig.  7.44. The normalized seismic modulus at the reference position P4 
is presented in Fig.  7.45. The observation of the general modulus evolution in the ana-
lyzed depths indicates that the stiffness of the asphalt layers range between 10 and 
15GPa. Hence, stiffness appears lower than for Test Section 2. There is no clear change 
in the stiffness between the layers. The values normalized in Fig.  7.45 with respect to the 
modulus at position P4 show that there is no clear change in the stiffness trend through-
out the tests. For the other depths (-10cm and -16cm) the stiffness is even more homog-
enous with no significant change after trafficking. 
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Fig.  7.44  Seismic modulus from PSPA measurements versus depth before and after 
trafficking with 404’000 load applications at  pavement positions P1..P4 
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a) 

 

b) 

 

c) 

 

Fig.  7.45  Normalized seismic modulus from PSPA measurements at different depths vs. 
number of load applications 

 

7.3.9 Laboratory tests 
Several cores were taken from the trafficked and not-trafficked areas and different labora-
tory tests were carried out. The position and labelling of the cores is shown in Fig.  7.46. 
Coring comprised but the bituminous layers. 
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Fig.  7.46  Schema with the position and labelling of the cores. 

 

7.3.9.1 Interlayer bonding 
Four cores taken from the trafficked area were tested with the layer parallel direct shear 
test (LPDS) and compared with results obtained from not-trafficked cores. The results 
show that the interlayer properties hardly changed after trafficking except for the interlay-
er between AC B 16S and AC T 22H where trafficking appears related to an increase in 
the maximum stresses (see Fig.  7.47 and Fig.  7.48) 

 

Fig.  7.47  LPDS interlayer shear test results 

 Interlayer 1-2 
SMA 11 - AC B16S 

Interlayer 2-3 
AC B16S - AC T22H 

Interlayer 3-4 
AC T22H – KMF 22 

Trafficked Not-
trafficked 

Trafficked Not-
trafficked 

Trafficked Not-
trafficked 

Max. Load 
[kN] 

38.7 39.3 40.3 30.2 41.4 42.0 

Max.Tension 
[kN/m2] 

2190.0 2223.9 1709.0 2280.5 2342.8 2376.7 

Def. at Max. 
[mm] 

3.90 3.88 3.4 2.6 5.2 4.2 
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a) 

 

b) 

 

c) 

 

Fig.  7.48  Comparison of the LPDS test results for both not-trafficked and trafficked load-
ing condition in each interlayer. 

7.4 Summary and Conclusions 
The MLS10 was transported to a testing site for loading a new T4-S1 pavement, still not 
open for use on a comparatively steep slope. Regular measurements of rutting, static de-
flections with ETH Delta, etc. were carried out in order to evaluate the pavement re-
sponse and detect any sign of distress. 
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The analysis of the data shows that no clear change in the pavement responses occurred 
during the 404’000 load applications of the test. Profiles show low rutting of the same or-
der of magnitude than in Rastplatz Suhr. The pavement showed a very stiff behavior 
pointing towards long remaining life expectancy. 
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8 Conclusions 

The experience gathered in the three testing sites with channelized twin tire loading at 
22km/h and 65kN half axle load confirm that the MLS10 is an important tool for simulating 
traffic loading of a pavement with full-scale rolling loads in an accelerated way and vali-
dating the construction of pavement and /or confirming the bearing capacity and remain-
ing service life of old pavements. 

This work confirmed that the MLS10, in combination with the right type of sensors and 
pavement evaluation techniques, provides valuable information for evaluating the me-
chanical service capability of real pavements in a reproducible way. It was demonstrated 
that the MLS10 can be deployed to many places thanks to its design, which showed high 
flexibility and mobility. Hence, the device is characterized by the following clear ad-
vantages: 

 Compact size in comparison with other similar machines. It is relatively easy to 
transport the MLS10 to the test location and displace it on the site by its own driv-
ing wheels. 

 Unidirectional loading direction, similar to real traffic. 

 High amount of realistic load applications in a relatively short period of time 

 With a speed of 22km/h, the load is the most realistic one compared to other mo-
bile machines. 

For short periods of time, the machine can work continuously during a day of about 8.5 h 
and load the pavement with up to 40’000 load applications. For a longer period of time, 
e.g. in case of stiff pavements this performance reduces since these tests require a high 
amount of load cycles. Although the MLS10 continuously increased the performance and 
many of the problems of this prototype were identified and solved, unexpected break-
downs may still occur that can reduce the performance and efficiency of the machine. 

One of the most valuables outcomes of these tests was the possibility to improve the 
functionality of the MLS10, and to learn how to operate the machine in an efficient way. 
The research also allowed to compare and evaluate different measurement methods op-
timizing their application in a holistic way, such as combined application of temperature 
sensors, strain gauges and accelerometers and the use of periodically applied non-
destructive sensors, in particular transverse profilometers, portable seismic pavement 
analyzer (PSPA), falling weigh deflectometer (FWD), ETH Delta deflectometer and 
ground penetrating radar (GPR). 

The tests in “Filderen” revealed that the new structure of the A1 highway, as well as other 
weaker versions of this pavement, have high stiffness and bearing capacity and require a 
considerable amount of time and effort to generate significant changes in the response 
from load induced distress. This confirms that the dimensioning of the pavement and its 
construction according to actual Swiss Standards is of good quality. In fact, the behavior 
observed with the MLS10 on the new pavements in Filderen was comparable to the be-
havior of a 20 year old pavement on the “Rastplatz Suhr” with good long term perfor-
mance. 

These positive findings were also confirmed by the test results of the new pavement in 
“Neue Staffeleggstrasse”, which also showed that the MLS10 can be used on pavements 
with a slope of 5% provided that it can be positioned such that the loading of the machine 
frame can be realized in a balanced way. However, it is recommended to avoid such ex-
treme applications for safety reasons. The results found in this research provide a good 
point of reference for testing new pavements where new construction techniques and 
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new types of materials are used, since these new pavements would have to show at least 
similar positive behavior than the pavements investigated in this research. 

However, with respect to those new developments it is recommended to improve the sig-
nificance and validity of MLS10 even under conditions where significant distress has 
started and where maintenance has been delayed. For next uses of the MLS10 it is also 
suggested to focus on testing weaker pavements in order to reach the bearing capacity 
limit within a reasonable period of time and therefore learn what are the most common 
distress mechanisms present for these types of constructions. In order to be able to con-
duct such torture tests also for new pavement developments it is advised to perform 
those test on testing fields specifically devoted for that purpose. Another recommendation 
would be to investigate the performance under super single loadings (which is known to 
be more severe) and under lateral wandering conditions. 
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I Test site 1: Filderen – Results of construction 
control tests  

I.1 Layers 
 

 

Fig. I.1  Composition of the layers. 
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I.2 Static plate bearing tests 

 Fig. I.2  Static plate bearing test results Nr. 1 of the subgrade in section F1. 
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Fig. I.3  Static plate bearing test results Nr. 2 of the subgrade in section F1. 
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Fig. I.4  Static plate bearing test results Nr. 1 of the subgrade in section F2. 
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Fig. I.5  Static plate bearing test results Nr. 2 of the subgrade in section F2. 
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Fig. I.6  Static plate bearing test results Nr.3 of the subgrade in section F2. 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  145 

 

Fig. I.7  Static plate bearing test results Nr.1 of the subgrade in section F3 
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Fig. I.8  Static plate bearing test results Nr.2 of the subgrade in section F3. 
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Fig. I.9  Static plate bearing test results Nr.3 of the subgrade in section F3. 
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Fig. I.10  Static plate bearing test results Nr.1 of the subgrade in section F4. 
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Fig. I.11  Static plate bearing test results Nr.2 of the subgrade in section F4. 
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I.3 Asphalt mix: particle size distribution 
 

 

Fig. I.12  Aggregate size distribution of the top layer. 
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Fig. I.13  Aggregate size distribution of the binder course. 
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Fig. I.14  Aggregate size distribution of the base course. 
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I.4 Stabilization: compression tests 

 

Fig. I.15  Compression tests of the cement stabilized material layer 
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II Test site 3: Neue Staffeleggstrasse – Results 
of construction control tests 

II.1 Static plate bearing tests  
 

Fig. II.16  Static plate bearing tests results of the subgrade. 
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Fig. II.17  Static plate bearing tests results of the subgrade. (cont.) 
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II.2 Asphalt mixes: particle size distribution. 

 

Fig. II.18  Aggregate size distribution of the top layer. 
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Fig. II.19  Aggregate size distribution of the binder course. 
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Fig. II.20  Aggregate size distribution of the base course. 
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Fig. II.21  Aggregate size distribution of the sub-base course. 
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II.3 Control of compaction KMF 
 

 

Fig. II.22  Compaction of the sub-base course. 
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Fig. II.23  Compaction of the sub-base course (cont.). 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

162 October 2013 

III Publications 

III.1 APT congress in Davis, California (2012), paper 1 
 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  163 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

164 October 2013 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  165 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

166 October 2013 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  167 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

168 October 2013 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  169 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsi-
mulation auf Strassenbelägen in der Schweiz 

170 October 2013 

 

 

 



1432  |  Praxis-Kalibrierung der neuen mobilen Grossversuchsanlage MLS10 für beschleunigte Verkehrslastsimulation 
auf Strassenbelägen in der Schweiz 

October 2013  171 

III.2 APT congress in Davis, California (2012), paper 2 
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III.3 Strasse und Autobahn 
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III.4 Strasse und Verkehr 
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Abbreviations 

Abbreviation Definition 

MLS10 Mobile Load Simulator 

APT Accelerated Pavement Testing 

Empa Eidgenössische Materialprüfungs- und Forschungsanstalt (Swiss Federal Laboratories for 
Materials Science and Technology) 

ETH Eidgenössische Technische Hochschule Zürich (Swiss Institute of Technology) 

FWD Falling Weight Deflectometer 

LIM Linear Induction Motor 

SAMI Stress Absorbing Membrane Interlayer 

IGT  Institute for Geotechnical Engineering 

DAQ Data Acquisition System 

KIT Karlsruhe Institute of Technology 

ASTRA Bundesamt für Strassen (Federal Roads Office) 

UVEK Eidgenössisches Departement für Umwelt, Verkehr, Energie und Kommunikation 

DATEC Dipartimento federale dell'ambiente, dei trasporti, dell'energia e delle comunicazioni 

DETEC Département fédéral de l'environnement, des transports, de l'énergie et de la communication

FEM Finite Element Method 

GPR Ground Penetrating Radar 

LPDS Layer-Parallel Direct Shear 

MMLS3 Model Mobile Load Simulator 

PSPA Portable Seismic Pavement  Analyzer 

SN Structural Number 

VSS Schweizerischer Verband der Strassen- und Verkehrsfachleute (Swiss Association of Road 
and Transportation Experts) 

DMS Dehnungsmessstreifen (Strain gauge) 
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